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PREFACE TO THE REVISED 1ST EDITION

Ken Pitney wrote the Ney Contact Manual in 1973. Since then, it has become 
the bible for anyone beginning a career in either using or designing signal level 
electrical contacts. It fulfilled Ken’s dream by being the hands-on manual for 
two generations of engineers. Although most of the fundamental teachings 
remain unchanged, the past 48 years have produced dramatic changes in the 
available materials, measurement technologies, and the range of applications 
requiring signal level contacts. I had two major objectives in undertaking 
the first revision to the Contact Manual. First, to pay homage to Ken for his 
pioneering vision and preserve his straightforward, practical approach to 
teaching. Second, to introduce some of the technologies and applications 
that did not exist in 1973.

As with Ken’s initial undertaking, this revision is not the work of one person. 
I would like to specifically thank Dr. Pat Bowen for his technical assistance 
and Dan Montone and Michael Sipes for the upgraded graphics, page styling 
and typesetting. Special thanks goes out to all the members of the J.M Ney 
and Deringer Ney Research Departments for their friendship, support, and 
everything we learned together over the past 33 years. Finally thanks goes 
out to the current Management team at DNI for their commitment to Ken’s 
vision and their enthusiastic support to keep the Contact Manual relevant and 
available for the next generation of contact engineers.

Dr. Edward F. Smith, III 
Retired VP, Research and Development 
Deringer-Ney Inc. 
March, 2022



Ney Contact Manualiv

PREFACE TO THE 1ST EDITION

This text was written for the practicing design engineer who wants to avoid 
complex derivations, but yet needs a basic understanding of electric contact 
technology. Emphasis has been put on the practical aspect of all theory and 
design principles. It is not intended as a text for the researcher in electric 
contact phenomena, principally because of the simplification and abbreviation 
of the theory, which details are admirably covered in the references cited 
in the bibliography. For easy reading, references are not cited within the 
text; however, there is no claim of originality in regard to the theory section, 
although much of the theory has been verified in the Ney laboratory.

A knowledge of basic electricity and mechanics is necessary for many of the 
topics covered.

It would be impossible to give individual thanks to all who have contributed 
in some way to this book. I wish to acknowledge in particular the efforts of 
Mrs. M. K. Milstein, whose accurate secretarial work was indispensable, as 
well as Anthony T. Procaccini, who assisted in preparing the drawings and 
sketches. Special thanks are also due to the officers of The J. M. Ney Company 
for providing the necessary time of all concerned.

K. E. Pitney 
J.M. Ney Company 
Bloomfield, Conn. January, 1973
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1Chapter 1: General Contact Theory

CHAPTER 1:  
GENERAL  
CONTACT  
THEORY

1.1 INTRODUCTION

The engineer or designer who wants to design or select electrical contact 
systems must first have a good understanding of general contact theory. This 
knowledge must include a grasp of the nature of contact surfaces, the cause 
and prediction of contact resistance, the effect of thin surface films, and the 
various thermal and arc phenomena that can occur in the contact apparatus. 
These underlying principles will influence the performance of all contact 
systems, so their importance must not be underestimated.

1.2 SURFACE TOPOGRAPHY

The purpose of electrical contacts is to allow electrons to flow freely from 
the atomic lattice of one contact member to the atomic lattice of another 
member. This flow of electrons takes place in a manner that can best be 
visualized by considering the topography of the surfaces involved.

First, we must recognize that practical surfaces are quite rough when 
compared to atomic or molecular dimensions. Metals have atomic dimensions 
of only a few Å (Angstroms), at most about 10-8 inches. Obviously, a surface 
smoothness in this order of magnitude does not exist in the mechanically 
produced surfaces in engineering use today. Even if it were possible to produce 
such smoothness, it would be destroyed the first time two such surfaces were 
forced together and then separated, or subjected to sliding.

1
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1,000 X

10,000 X

Figure 1-1 Magnified cross section of metallic surface.

A magnified view of a highly reflective, ideally clean, smooth surface will 
appear as shown in Figure 1-1. In visualizing this surface, please notice that 
the vertical magnification is ten times that of the horizontal. This means that 
the actual slopes on the hills and the valley are more gradual than pictured.  
The hills that create surface roughness are called asperties. The hills and 
valleys are very real, so that when two surfaces similar to this are brought 
together, they will first touch on just a few asperities, as pictured in Figure 
1-2. Even as the asperities deform due to localized high pressures as force 
between the members is increased, the majority of the space at the contact 
interface is occupied by air or the gas of the local environment.

Air

Metal

Metal

Figure 1-2 Touching surfaces.

1.3 ELASTIC DEFORMATION

Starting with the condition in which some asperities just barely touch, let 
us apply a gradually increasing force (P) to these members. The asperities 
will deform, and new asperities will begin to touch. At first the deformation 
(strain) is elastic, i.e., it would disappear if the stress were removed. The sum 
of the areas of all these tiny spots will be just large enough to support the 
applied load. In the cases where the macroscopic shape of the members would 
tend to produce round strained areas (assuming for a moment that perfect 
contours are present without asperities) the radius, a, of the equivalent load 
bearing area can be calculated by
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  a = 0.087  3 √ 
_

 P r  (  1 _  E  1    +   1 _  E  2   )     1.1

where in the metric system

a = load bearing radius in millimeters

P = force in grams

r = contact radius in millimeters

E1, E2 = Modulus of elasticity in kilograms/mm2

In engineering units common in the United States the equation becomes

  a = 0.11  3 √ 
_

 P r  (  1 _  E  1    +   1 _  E  2   )     1.2

where

a = load bearing radius in inches

P = force in grams

r = contact radius in inches

E1, E2 = Modulus of elasticity in psi

Since the equivalent area is πa2, we see that the load supporting area is 
proportional to P2/3 when deformation is wholly elastic.

The concept of equivalent area is illustrated in Figure 1-3. We solve for 
(a) however, because it will be used later in the formulas for electrical 
contact resistance.

Equations 1.1 and 1.2 can be used for contact pairs of a spherical member 
against flat, crossed round wires of equal diameters, or any configuration that 
would produce an equivalent load bearing area whose shape comes close to 
being round.
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a

Figure 1-3 Equivalent area of radius (a) equals sum of smaller dark areas.

1.4 PLASTIC DEFORMATION

The type of deformation that takes place when the applied stress exceeds the 
elastic limit of a material is called plastic deformation or plastic strain. It is a 
result of a permanent displacement of atoms in the material whereas in elastic 
strain the same neighboring atoms are retained after the force is removed.

Considering again that the mechanically produced surfaces in normal contacts 
are rough, the pressures in the small asperities become very high, so some 
plastic deformation is inevitable. Forces well under one gram cause plastic 
deformation to some degree in almost all cases.

It is quite a convenience that a certain ball indentation hardness, namely 
Brinell hardness (HB), is expressed in terms of the area of plastic deformation 
that is created by the application of a given force, i.e., HB is expressed in 
kilograms/millimeter2. The Brinell hardness also has been shown to have 
a distinct relationship to the total area of real contact that appears when 
asperities are brought together and deformed plastically so as to support a 
given applied load. Expressing this equivalent area in terms of its radius (a), 
we find that

  a = 1.78 ×  10   −2   √ 
_

   P _  H  B       1.3

where

a = radius in millimeters

P = force in grams

HB = Brinell hardness of the softer member

and in common US engineering units the equation becomes
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  a = 7.0 ×  10   −4   √ 
_

   P _  H  B       1.4

where

a = radius in inches

P = force in grams

HB = Brinell hardness of the softer member

Equations 1.3 and 1.4 apply when the deformation is principally plastic in 
nature and is restricted to bulk geometries that would produce essentially 
round equivalent load bearing areas. This would include spherical members 
pressed against flat members and crossed wires or rods of about the same 
diameter. Note that the Brinell hardness used is always the hardness of the 
softer of two mating materials and this is the member which yields plastically.

1.5 CONSTRICTION RESISTANCE

If we had a rod of metal (Figure 1-4) of length (l) and cross-sectional area (A), 
it electrical resistance (R) could be calculated from the basic formula

l

Figure 1-4

  R = ρ   l _ A     1.5

Where in the metric system

R = resistance, ohms

ρ = resistivity, ohm centimeters

l = length, centimeters

A = cross sectional area, centimeter2
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or as expressed in U.S. engineering Units

  R = ρ   l _ A  = ρ   4l _  πd   2    1.6

R = resistance, ohms

A = cross sectional area, inches2

ρ = resistivity, ohm-inch

l = length, inches

d = cross sectional diameter, inches

Suppose this rod were broken and the matching surfaces were placed together 
again, being careful to line up the contours of break as closely as practical. Even 
assuming perfectly clean surfaces, when a force P is applied, the resistance 
now measured for the length l (Figure 1-5) is found to be substantially higher 
than that calculated from Equations 1.5 or 1.6. It remains substantially higher 
even if P is increased to a very high value. Evidently the pieced-together 
member now has a resistance term to be added to the previous equation.

RC

P

l

Figure 1-5

  R = ρ   l _ A  +  R  c    1.7
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The added resistance Rc is called constriction resistance. In order to explain 
its existence, we return to what is known about the real surface and its 
deformation properties which have already been discussed. The previously 
mentioned asperities which touch and deform to support the applied load are 
the only places through which electrons can flow with relative ease. A single 
load-bearing area, asperity or a-spot, as it is commonly called, is shown in 
Figure 1-6. Also shown are the lines of current flow: the paths that electrons 
follow as they travel from one member to the other. Just as a constriction in a 
water pipe results in a pressure drop and therefore represents a “resistance” 
to flow, so also does the constriction of electron current paths cause a 
resistance, appropriately named constriction resistance.

a spot: electron flow Pipe water flow

Figure 1-6 Constriction of current in an a-spot and of water in a pipe.

A general equation for calculating constriction resistance Rc is

   R  
c
   =   ρ  1   +  ρ  2   _ 4a    1.8

Rc = constriction resistance, ohms

ρ1, ρ2 = resistivity, ohm centimeters

where ρ1 and ρ2 are the resistivities of the two mated materials and (a) is the 
same radius of the equivalent load-bearing area as calculated from the elastic 
deformation or plastic deformation equations in Sections 1.3 and 1.4. The 
equations are usually combined since the user is ordinarily interested only in 
determining what constriction resistance is to be expected.
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   R  
c
   = 29    ρ  1   +  ρ  2   _  3 √ 
_

 P r  (  1 _  E  1    +   1 _  E  2   )       1.9

in which

Rc = constriction resistance, ohms

ρ1, ρ2 = resistivity, ohm centimeters

P = force, grams

r = radius, millimeters

E1, E2 = modulus of elasticity, kilograms/mm2

When the resistivity is expressed in ohm cir. mil/ft., the force in grams, 
modulus of elasticity in psi and r in inches, the equation becomes

   R  
c
   = 15 ×  10   −8     ρ  1   +  ρ  2   _  3 √ 

_
 P r  (  1 _  E  1    +   1 _  E  2   )       (elastic deformation)  1.10

In a similar way, the equations for plastic deformation can be combined 
with the expression for constriction resistance (Equation 1.8) so that the 
constriction resistance can be calculated directly from the dimensions, 
materials properties, and applied force. Rc values calculated from the plastic 
deformation equations are the most useful in a practical sense. Their usefulness 
probably stems from the fact that the high pressures in the asperities cause 
them to deform mostly in the plastic mode.

   R  c   = 1.4 ×  10   2  ( ρ  1   +  ρ  2  )   √ 
_

   H  B   _ P      (plastic deformation)  1.11

where

Rc = constriction resistance, ohms

ρ1, ρ2 = resistivity, ohm centimeters

HB = Brinell hardness of the softer member

P = force, grams

If the resistivity is expressed in ohm circular mils per foot, and the load 
expressed in grams, as was common in the United States, only the constant 
changes, so that
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   R  c   = 23.4 ×  10   −6  ( ρ  1   +  ρ  2  )   √ 
_

   H  B   _ P      (plastic deformation)  1.12

In the several preceding sections the equations show that the constriction 
resistance is a function of the applied force, or Rc ∝P-n where n varies between 
1/2 and 1/3. This applies when the a-spots are clustered together such as 
they would be for a sphere against a flat surface or for crossed rods and is the 
Rc that would be measured when the contacts are kept stationary after being 
brought together. If both surfaces are flat and well aligned, the number of 
a-spots rather than their size increases with load, with the result that Rc  ∝  P-1.

In any case, the real area of intimate contact is several powers of ten less the 
apparent contact area.

1.6 SHARVIN RESISTANCE

The preceding discussion of constriction resistance applies to most common 
contact interfaces. However, as the diameter of the contact asperities gets 
extremely small (on the order 50 nm or less), the physical dimensions of 
the contact are roughly equivalent to the mean free path of the electrons 
in the metal. At this point, the conduction mechanism moves away from a 
conventional ohmic response and the laws of quantum physics apply.  In 
this regime, the electrons travel ballistically through the interface and the 
resistance is no longer related to the path length. Timset1 has suggested that 
the ohmic and ballistic (Sharvin) components should be treated as series 
resistances. The ohmic factor will dominate for large asperities and the 
Sharvin factor dominating at submicron sized contact spots. Physically, these 
very small asperities could result from extremely light loads, extremely rough 
surfaces (so called high fractal dimensioned topographies) or cold welded 
sliding contacts just before fracture. The Sharvin resistance can be calculated 
by the following equation:

  R  
S
   =  λ ( ρ  1   +  ρ  2  )  _ 2a   

where λ is the average mean free path length of electron travel2,3 For a metal 
at 20°C, λ is on the order 103 Å.4

An understanding of this phenomenon will become more important as 
contact sizes and loads dramatically shrink in microelectromechanical 
system (MEMS) type devices, and contacts utilize other meso to micron sized 
components. The effect of incorporating the Sharvin resistance on a gold on 
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gold contact can be seen in Figure 1-7. For very small contact spots, using just 
the conventional ohmic resistance will significantly underestimate the actual 
contact resistance.

Figure 1-7 Plot of contact resistance vs contact size illustrating the 
relative contributions of the conventional ohmic contact resistance and 

Sharvin resistance1,3.

1.7 FILM PHENOMENA, GENERAL

All of the foregoing information in Sections 1.1 through 1.6 has been presented 
with the assumption that the metallic surfaces were perfectly clean. Except 
for surfaces in outer space or in a hard vacuum, perfectly clean surfaces exist 
only as laboratory curiosities. In a real-life environment, metallic surfaces will 
be covered with a film of some type.

Base metals (reactive metals such as copper, aluminum, iron, nickel, etc.) that 
are exposed to air quickly form a surface film of metal oxide as well as sulfides, 
chlorides, and other compounds when the air has its usual contaminants. In 
a few minutes (at times within seconds) these films are from 10 to 30 Å thick. 
Then, the films gradually grow to thicknesses of several hundred Angstroms.

Contrary to the layman’s popular belief, noble metals also have films on their 
surfaces; however, the films are much thinner than those of base metals. The 
films on noble metals consist of such things as adsorbed gases, water vapor 
and organic molecules, but they are usually innocuous because of their small 
thickness of less than 20 Å. This will be explained in detail in the next section.

Films of oxides, sulfides, carbonates and other “oxidation” products of 
metals are good insulators or at least semi-conductors whenever they are of 
sufficient thickness. Thus, they can interfere with the free flow of electrons 
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between atomic lattices of two mating contacts. The conditions under which 
they interfere noticeably can now be considered.

1.7.1 Thin Films and Tunneling

Base metal contacts that have had their films removed a few minutes before 
testing, conduct quite efficiently even though we know that there is a thin 
film present. It happens that if the films are less than about 20 Å thick, they 
conduct at low impressed voltages by the tunnel effect despite the fact that 
they are insulators in bulk form. Tunnel effect exists because of the wave 
nature of conduction electrons as embodied in quantum mechanics.

Tunnel resistance (Rft) as a function of Brinell hardness (HB) of the underlying 
metal and the applied load (P) in grams is calculated from

   R  
ft
   =  10   5    σ  t    H  B   _ P    1.13

where the tunnel resistivity (σt) is expressed in ohms cm2. This tunnel 
resistance should, technically speaking, be added to the bulk resistance (RB) 
and the constriction resistance (Rc) in order to determine the total resistance 
(RT) of contact members, or

   R  T   =  R  B   +  R  C   +  R  ft    1.14

When forces are at the level of a few grams and the metal resistivities 
moderate (as in alloys) the tunnel resistance term can be neglected according 
to our practical experience. This is probably due also to the presence of 
multiple a-spots and elongated a-spots that exist in most cases, both of which 
decrease the calculated constriction resistance, thereby counter-balancing 
any tunnel resistance that is present. Mechanical fracture of such thin films 
also makes it unlikely for them to have a great effect. Voltages higher than 
about 30 mV also help to obliterate the effect of tunnel resistance.

In the case of laboratory experiments that search out contact mechanisms, 
the Rft term should be included.

Table 1-1 shows some typical values of tunnel resistivities for a few film 
thicknesses. It is apparent that this resistivity is increasing rapidly as a function 
of film thickness.
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Table 1-1 Typical tunnel resistivities for various film thicknesses

Film Thickness (Å) Tunnel Resistivity, σt (Ωcm2)
5 10-8

15 10-7 to 7×10-7

20 2×10-7 to 10-6

100 10-3 to 10-2

1.7.2 Thick Films and Fritting

We will call films thick when they are about 100 Å or more in average 
thickness. Conduction by tunnel effect can be neglected at these thicknesses. 
Aside from mechanical fracturing of the film to allow intimate metal to metal 
contact, the only other way that current can flow efficiently is to electrically 
puncture the film. Such electrical puncturing is called fritting.

When the voltage level across an insulating thick film reaches about 105 to 
106 volts/cm, electrons start to flow in selected areas of the film. The selected 
areas are those where the film is thinnest or where its composition makes 
it more conductive than elsewhere, as tarnish films are notoriously variable 
both in thickness and composition. This localized current heats the film and 
underlying metal and the film is punctured, which allows intimate metal to 
metal contact. The metal-to-metal contact is signified by a sudden decrease 
in voltage drop across the contact members. At this stage we say that fritting 
has taken place. A metallic bridge exists in the parted film.

After fritting has taken place, a cross section of the contacts on a magnified 
scale would appear schematically as in Figure 1-8. Notice that the load bearing 
area consists of the metallic bridge, metal that is touching but not micro-
welded, and a portion that remains covered with film.
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AIR

A 2

A 3

A 1

Metal

Film

AIR

Figure 1-8 Condition after fritting. A1 is area of metallic bridge or microweld, 
A2 is where metals touch without weld; insulating films touch at A3. All three 

areas help support the mechanical load P.

Once a film has been fritted and a given current level established, a further 
increase in current will cause a widening of the hole through the film due 
to the thermal and electrical stresses on the film. Contact resistance will 
decrease accordingly.

In regard to the voltage necessary to cause fritting, i.e., the 105 to 106 volts/cm 
mentioned, one exception should be noted. This is the fact that any voltage 
less than 30 millivolts will not permanently damage a film. The importance of 
this fact will become apparent when application and testing are discussed in 
later sections.

1.8 CONSTRICTION THERMAL EFFECTS

When current is passed through a constriction or a-spot, the current causes 
Joule heating (I2R heating) in the tiny spot. To understand the manner in 
which this heating affects overall contact performance a classical crossed-
rod experiment will be described, as pictured in Figure 1-9. Clean contact 
members will be assumed in order to eliminate some extraneous variables, 
and a mechanical load “P” will be applied.
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V

E
I

P

Figure 1-9 Four wire crossed-rod experiment.

The voltage V is measured across points where no current flows, which means 
that the voltmeter will measure the voltage drop across the constriction 
resistance alone, eliminating the drop across any bulk resistance of the 
members. This provides a means of calculating Rc, from Ohm’s Law, Vc = I Rc, 
as will be discussed later.

Thermal currents in the constriction follow the same paths as electrical 
currents. Also, the Wiedemann-Franz-Lorenz law establishes a relationship 
between electrical resistivity and thermal conductivity. Mathematical 
combination of the above two facts provides a distinct relationship between 
temperature in the constriction and voltage drop across a constriction, 
as follows:
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   V  C  2   = 4 L ( T  c  
2  −  T  0  

2 )   1.15

where

Vc = voltage drop across the constriction, volts

L = Lorenz constant, volts2/Kelvin2 = 2.4 × 10-8 volts2/Kelvin2 for 
most metals

Tc = temperature in a constriction, Kelvin (= °C + 273)

T0 = bulk temperature, Kelvin (= °C + 273)

With temperature-voltage relationship now established, the behavior of Rc, 
the constriction resistance, can be explained. As current is increased and the 
temperature within the constriction increases due to I2R heating, resistance 
would be expected to increase because of the metal’s positive temperature 
coefficient of resistance, α. The original Rc,0 at T0 tends to increase to a value 
of Rc,t when its temperature is Tc, so that

   R  c,t   =  R  c,0   [1 +  2 _ 3  α ( T  c   −  T  0  ) ]   1.16

And this equation will be found to hold true until a temperature is reached 
at which softening of the metal starts to occur. If we were now to recalculate 
Rc from Vc = IRc we would find that the constriction resistance had decreased 
slightly from the value it had just before this softening occurred. The joule 
heating in the asperity has raised the asperity temperature to such a value 
that the metal has softened.

We have already seen (Section 1.5) that constriction resistance is dependent 
on hardness. The softening means that the real contact area must increase in 
order to support whatever gram load has been applied. The voltage observed 
in the first region of resistance decrease is called the softening voltage. It is not 
a sharp, well defined voltage, but rather is a fairly narrow spread of voltages 
at which relaxation of the metal asperities occurs. In practice, however, it is 
assigned a single value.

A typical plot of constriction voltage drop versus Rc is shown in Figure 1-10. 
The resistance decrease described is quite evident. Softening voltage values 
for Deringer-Ney alloys and several unalloyed materials are given in Table 1-2.
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Figure 1-10 Voltage across a constriction vs. resistance of the constriction.

It is important to realize that the temperature rise mentioned takes place 
primarily in the asperities and that bulk temperature of the contact members 
is not significantly changed from ambient conditions.

If current were increased well beyond that necessary to produce softening, 
it follows that I2R heating can raise the temperature of a-spots to such an 
extent that melting occurs. The asperities collapse and increase their area 
to a size necessary to cause cooling. The voltage drop has reached a limiting 
value, which indicates that Rc has decreased abruptly. Any further increase in 
current will cause additional melting, refreezing and further decrease of Rc. 
See Table 1-2 for melting voltage values.
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Table 1-2 Typical tunnel resistivities for various film thicknesses

Material
Material 

Condition

Approximate 
Softening 

Voltage (mV)

Melting 
Voltage (mV)

Paliney 6 Age Hardened 200 390

Paliney 7 Annealed 220 385

Paliney 7 Age Hardened 220 400

Paliney 8 Age Hardened 200 390

Neyoro G Annealed 230 350

Neyoro G Age Hardened 150 360

Neyoro 28 Work Hardened 90 370

Neyoro 28A Work Hardened 100 340

Neyoro 28B Work Hardened 100 340

Neyoro 69 Work Hardened 100 340

Ney 90 Work Hardened 50 290

Gold Work Hardened 80 400

Silver Work Hardened 90 370

Platinum Work Hardened 250 710

Palladium Work Hardened -- 570

In the region between softening and melting the resistance assumes a 
gradually increasing value if long term stress relaxation properties of the 
materials are not allowed to influence the experiment.

Equation 1.15 is useful for calculating melting voltages of materials from 
the metallurgical properties of liquidus and solidus which often are known, 
whereas the cross-rod experiment may not be convenient. The value of 
2.4 × 10-8 for the Lorenz constant does not apply for iron, nickel, platinum, 
or tungsten.

1.9 MAKE AND BREAK CONTACTS

Contacts that make and/or break current are differentiated from those 
that operate principally in a sliding mode even though almost all make and 
break contact systems have some degree of sliding present. Make and break 
contacts behave in various ways, dependent on whether or not they are 
arcing and also on the type of arc that exists. The case of non-arcing contacts 
will be explained first.
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1.9.1 Non-Arcing Systems

When voltages and currents are at sufficiently low levels, arcing generally 
will not occur. Two contact members approaching each other will first touch 
at the mating of two asperities and initially the full source voltage appears 
across this a-spot. If the source voltage is high enough, softening or melting 
of the tiny spot will occur. Microscopically this can occur despite the presence 
of current limiting resistors in the circuit. At the very first instant of touching, 
the a-spot is so small that almost all of the source voltage appears across it. 
Consequently, the temperature that can exist momentarily in the a-spot is 
controlled by the source voltage.

Beyond the first microscopic touching, as deformation of the members 
increases, micro-welding takes place at the asperities, again assuming clean 
contact members.

Having been fully engaged with micro-welds existing, the contacts will now be 
separated. In the separating process the a-spots gradually decrease in area and 
an increase in resistance and temperature follows as a result of this change in 
area. When the melting voltage of the material appears across the interface, 
a liquid is formed which is then drawn out by surface tension with further 
separation. It happens, with both members of the same material, that the 
anode is hotter than the cathode. Material near the cathode thus cools first 
and final rupture of the liquid leaves a build-up of material on the cathode. 
Figure 1-11 pictures the sequence of events in separating contacts. The 
material transfer just described is called bridge transfer. With identical mating 
members, the cathode always gains material; however, the direction can be 
controlled by using different materials for anode and cathode. The magnitude 
of bridge transfer on breaking contact is approximately proportional to the 
square of the rupture current for currents over two amperes and roughly 
proportional to the cube of the rupture current for values under two amperes.
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Figure 1-11 Representation of bridge transfer in parting contacts.

1.9.2 Arcing Systems

For our purposes an arc will be defined as a gaseous electrical discharge 
involving electrons, metal vapors, and ions. It is characterized by high current 
density in the arc column and high electrode temperatures. Other gaseous 
discharges such as the spark and glow discharge will be important only to 
the extent that they help initiate an arc. The spark consists principally of an 
electron avalanche while the glow discharge is characterized by a relatively 
low cathode temperature and low current density, such as found in a neon 
tube. The contact erosion they cause is ordinarily considered part of the 
arc erosion.

Contacts in the “make and break” category can arc when they are in the 
process of establishing a current flow (i.e., making) or interrupting (i.e., 
breaking) the flow of current provided certain conditions are met. When a 
space exists between two polarized contacts they become electrodes whose 
instantaneous spacing, relative voltage and ability to provide sufficient current 
will determine whether or not an arc will exist. Composition and conditions of 
the atmosphere in the electrode gap also have an influence on arc initiation 
and duration.
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Electrical erosion of contacts during an arc is substantial. This erosion limits 
the life and reliability of contact systems that operate in an arcing mode. Thus 
the arc is an important aspect of contact theory.

1.9.2.1 Closure Arcs

Arcs which begin their life as two contacts approach each other, will be 
called closure arcs. Other names for this class of arc are make arcs and pre-
contact arcs. These arcs are initiated in one of three ways, the first of which 
occurs when the voltage across the contacts is a few hundred volts or more, 
depending on the ambient gas, its pressure1 and, of course, the distance 
between the electrodes. The relation of these variables is given by the 
Paschen curve, as shown in Figure 1-12. Note that the voltage necessary for 
breakdown has a minimum value of 330 V, and depends on the product of the 
pressure (p) and the spacing (s). In Figure 1-12, p is in millimeters of mercury 
and s is in millimeters.
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Figure 1-12 Paschen curve for air at 20°C.

As an example of the use of the Paschen curve, take the case of two contacts 
in normal air (760 mm pressure) which have 500 volts applied to them and 

1 To be strictly correct the voltage and spacing that is necessary depend on the density of 
the ambient gas rather than its pressure.  The two are related, however, and to account for 
temperature changes an “equivalent” pressure pz can be calculated from pz= prt(Trt / Tz) where 
temperatures are expressed in Kelvin.  Subscript rt refers to room temperature.
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their initial spacing is 0.5 mm. The product p × s then equals 760 × 0.5 = 380, 
which puts us on the right hand side of the curve. This p × s would require 
about 2,500 volts for an arc to ignite. Since the available voltage is 500 V no 
arc will occur. As these contacts are moved closer and closer together the 
product p × s also decreases and eventually a product value of slightly under 
20 will be reached at which time an arc will start. If the source continues to 
supply enough power, the arc will burn until the contacts are fully closed. 
Product values to the left of the 330 volt minimum are of use only when a 
certain p × s relationship exists and then the voltage is applied. The left rising 
portion of the curve is seldom of practical significance.

The sequence of events in a Paschen breakdown is an electron avalanche, 
which immediately results in a glow discharge, which then, in negligible time, 
forms the real arc.

From the Paschen curve it would appear that closure arcs cannot occur below 
330 V, but this is not so, as even the casual observer will recall seeing arcs 
on closure at voltages much lower than 330 V. This brings us to the second 
mechanism for closure arc initiation, namely field emission.

When contacts are approaching each other, even with voltages well below 
the Paschen minimum breakdown voltage, the voltage gradient or volts/cm 
becomes increasingly large. Without delving deeply into the exact physical 
processes, which are still disputed among the physicists, we can reason that 
when the field strength reaches a high enough value, electrons can be pulled 
from the cathode toward the anode. Some of these electrons will bombard 
the anode causing heat; some will collide with molecules of the ambient gas in 
the gap, causing positive ions which ions will bombard the cathode, producing 
heat and more electrons to cause a rapid regenerative cycle resulting in a 
true arc. Usually a voltage gradient of 106 to 107 volts/cm is required for this 
field emission from cold surfaces, but the apparent field is increased by a 
factor of 100 or more at the sharp peaks or whiskers that can exist on typical 
contact surfaces.

A third way in which a closure arc can be formed is by the momentary touching 
of small asperities. Being unable to conduct the current without gross heating, 
temperature reaches the boiling point of the metal, resulting in the formation 
of a metal vapor which then becomes an arc.
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1.9.2.2 Opening Arcs

Arcs which are initiated as two mated or closed contacts (conducting through 
their metallic a-spots) are separated, will be called opening arcs. Other names 
found for this class of arc are drawn arcs, post-contact arcs, separating arcs 
and break arcs.

Explanation of the opening arc again requires an assumption that the power 
source can deliver adequate voltage and current to the contacts. These voltage 
and current values will be discussed more in detail later (Section 1.9.2.3).

As contacts separate, a molten metal bridge appears between the contact 
surfaces due to Joule heating of the steadily decreasing area of intimate 
contact, as already explained. The molten bridge continues to decrease in 
area as separation continues and the temperature approaches the boiling 
temperature of the metal. When this extremely hot column ruptures, 
temperatures at the parted surfaces are high enough to cause thermionic 
emission of electrons from the cathode surface. In traveling to the anode, 
these electrons cause ionization of ambient gas and anode metal providing 
the necessary ingredients of the arc.

1.9.2.3 Arc Characteristics

A fully developed stable arc of sufficient length has a potential distribution, 
as shown qualitatively in Figure 1-13. The cathode drop region is very thin 
and accounts for a substantial portion of the voltage drop across the total 
arc. Within the positive column region (the visible part of most arcs) the 
potential gradient is much smaller than in the cathode drop region. Another 
steep voltage gradient is seen terminating at the anode surface. For a given 
electrode material, the drops at the cathode and anode are fairly constant 
and their sum represents the characteristic arc voltage seen in contacts of 
the type considered here; i.e., where arcs are much less than a centimeter in 
length. In an opening arc the characteristic arc voltage is the value to which 
voltage across the contacts rises as an arc forms. This voltage will persist 
(increasing only slightly with distance) until the arc ceases.
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Figure 1-13 Voltage within an arc vs. distance from cathode to anode.

An oscillograph of opening contacts would appear as in Figure 1-14. At the 
beginning the contacts are closed with a negligible voltage drop across them, 
represented by region A. As they are opened, a molten bridge forms and 
the voltage drop increases during B. When the bridge ruptures, the voltage 
immediately jumps to the characteristic arc voltage of 12 volts in this case. 
The arc burns at the voltage during C until further separation extinguishes the 
arc and voltage abruptly rises to the source voltage, in this case 18 V.
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Figure 1-14 Representation of an oscillography of an opening arc.  Contacts 
are closed at A, molten at B, and arcing at C.  Source voltage is 18 V.

Each clean contact material has its own minimum arc voltage (Vm) and 
minimum arc current (Im) which are necessary in order to sustain an arc. The 
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two are inter-related and are not singular values; thus the higher the source 
voltage, the lower the minimum current can be for an arc to continue burning; 
the higher the current is, the lower the source voltage that will allow an arc 
to continue. Vm and Im are essentially properties of the cathode material and 
the ambient atmosphere and are derived by noting the values of voltage and 
current at which an established arc ceases to burn. Since the listed values 
for Im and Vm are derived for strictly ohmic circuits free from inductance and 
capacitance, care must be used in their application.
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Figure 1-15a Voltage and current combinations at which an arc goes out. 
Silver electrodes in air. Arc length in mm. After Holm5.

However, recent work by Ben Jemaa et.al.6,7 and Hasegawa et. al.8,9 has shown 
that arcing can still occur below the traditional Im and Vm values. Using 
oscilloscopes capable of detecting arcs lasting only a few nanoseconds, they 
found intermittent arcing is possible at very low power levels. These arcs 
were found to be very short duration (5 to 100 ns). Both investigators also 
found the probability of micro-arcing decreasing with lower currents until 
a true limiting current (Ilim) was reached. Below which arcing is no longer 
observed. The limiting current is material dependent and as shown in Table 
1-3 Ilim is generally below 100 ma. As shown in Figure 1-15b, Slade10 has 
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summarized these new findings by updating the classic Holm min arc voltage/
current diagram.

The micro-arcing phenomenon is of particular importance to contacts which 
are susceptible to frequent separations under applied potential. An example 
may be a sliding electrical contact (Section 1.10) under vibrational load, where 
unstable arcs could be numerous, and cause aggregate damage to the contact 
pair. In general, unstable arcing will not be a primary concern for connectors, 
plugs, or similar devices that are infrequently disconnected.
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Figure 1-15b Enlarged view of the low power portion of Figure 1-15a 
showing both the minimum arc current and the limiting arc current. 

After Slade10.

Table 1-3 Minimum arc currents and voltages

Material Im (Amperes) Vm (Volts)

Carbon 0.01‒0.03 15‒22

Silver 0.4‒0.9 11‒12.5

Gold 0.38‒0.42 11.5‒15

Palladium 0.67 15

Platinum 0.67‒1.1 15‒17.5

Paliney 7 0.1 10‒12
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1.9.2.4 Short Arcs

When an arc exists with electrode spacing so small that the anode is near 
the cathode drop region (i.e., the positive column is very short), practically 
all of the electrons emitted from the cathode bombard the anode at high 
velocity. They have not lost energy in ion-forming collisions on their trip to the 
anode. The anode is then heated so that it has a higher temperature than the 
cathode and material transfer is from anode to cathode.

Another way of explaining the short arc and its accompanying anode erosion 
is by making use of the fact that in an ordinary arc, the column diameter 
increases from cathode to anode. If the electrodes are far enough apart, the 
anode heating is distributed over a relatively large area whereas the cathode 
spot remains small, so the cathode erodes more than the anode. However, 
when the electrode spacing is very short, there is little fanning out of the 
arc so that the anode spot heats more than the cathode spot (see Figure 
1-16) and thus the anode erodes more than the cathode. From the erosion 
it causes, the short arc is also called an anode arc. Arcs which are longer are 
termed cathode arcs since the cathode suffers the erosion.

Hot

Hot

+ +

Plasma arcShort arc

Figure 1-16 Representation of a short arc and a plasma arc.

Each contact material has its own critical spacing (sc) below which an anode 
arc prevails and above which a cathode arc is dominant. For pure silver the 
critical distance is 3 × 10-3 mm and for palladium it is 5 × 10-4 mm.
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1.9.2.5 Activation

In the presence of certain hydrocarbon vapor, arcing causes carbonaceous 
deposits on the contact surfaces which enhance subsequent arcing. It activates 
the surfaces. Platinum, palladium, gold, silver and copper are capable of 
activation, but none occurs on tungsten, molybdenum, iron, or nickel. The 
principal effects of activation are the lowering of the electrical field at which 
an arc will begin and a lowering of the minimum arc current. Both of these 
serve to increase erosion. Also there is a change in the visual appearance of 
the electrodes with active vs inactive arcs. The customary mound and crater 
of the inactive arc is changed to an erosion that is uniform over a larger area 
with active arcs. Evidently a carbonaceous spot is destroyed during an arc and 
each subsequent arc originates on a new spot. In general, an active arc causes 
about four times the erosion of that caused by an inactive arc.

1.9.2.5.1 General Comments on Arcing

The field of arcing is a vast one that could occupy a textbook in its own right. 
ASTM Committee B04 on electrical contacts lists the following major variables 
which affect the rate of arc erosion:

1. Shape, diameter and thickness
2. Contact velocity and maximum arc length
3. Contact orientation with respect to earth gravity
4. Environment (gas, liquid, its type, pressure, temperature)
5. Arc current, source voltage, load circuit
6. Arc time
7. Contact bounce
8. Contact body temperature
9. Number of arcing operations
10. Arc motion (such as by magnetic fields)
11. Polarity

An attempt has been made in the foregoing sections to point out many 
important features of arcing even though Deringer-Ney alloys are not 
intended for long life under arcing conditions. For a more complete treatise 
of arc phenomena, the reader is referred to the early texts of Holm11, Jones12, 
or Germer and associates13,14.  For a more recent review, the reader is referred 
to reference book edited by Slade10.
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SLIDING CONTACTS

Adding the factor of tangential motion to the basic theory already presented 
introduces many complicating facts which must be considered. Gross sliding, 
such as in a slip ring assembly, rotary switch or precision potentiometer, 
dictates that friction, mechanical wear, electrical noise and the environmental 
effects on all of these become important.

With few exceptions, the review here will be limited to those sliding systems 
which are either free from arcing or those in which arcing is incidental, 
such as that caused by wiring inductances. Metal-to-metal systems will be 
considered. Thus carbon motor brushes and power commutating devices are 
outside of the scope of this work.

Many of the points discussed will apply to the lesser degrees of sliding which 
take place in make-and-break contacts, particularly those in which a scrubbing 
action is inherent in the design.

1.9.3 Friction

Friction is the resistance to motion produced when one object moves, 
or attempts to move, tangentially with respect to another object which 
it touches.

B

A

P

Fm

F

Figure 1-17 Sliding bodies.

Figure 1-17 shows two bodies A and B which are touching with a normal force 
P applied. If a tangential force Fm is applied, it would cause motion, provided 
the frictional force F is less than Fm. The ratio of the frictional force F to the 
normal load P is the coefficient of friction, µ:
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  μ =  F _ P   1.17

Static coefficient of friction is the value of µ at which a body first begins 
motion. It could be measured by applying a gradually increasing Fm and noting 
its value when motion first starts for a given normal load. Static friction is 
important since it determines the force that must be available to start 
motion in a sliding system. The kinetic coefficient of friction is the value that µ 
assumes when motion is continuous, and it has a slightly lower value than the 
static coefficient. This tells us simply that it takes more force to start a body in 
motion than to keep it in motion that has already begun.

From earlier sections of this text, we recall that real contact, either metallic or 
quasi-metallic, occurs only at a few asperities and that the tiny metallic areas 
are welded together microscopically. Most of the frictional force stems from 
the shearing of those micro-welds. Some of the frictional energy can also be 
from mechanical interlocking of surface irregularities and from the ploughing 
effect when a hard substance deforms a softer or more pliable member.

Frictional energy is dissipated in the form of heat which is conducted into 
the sliding bodies and eventually to the ambient atmosphere. With the 
contact forces and surface speeds encountered in instrument contacts, the 
temperature developed in the asperities from frictional effects plays an 
insignificant role. The surface speeds considered are up to 200 inches/second 
(~500 cm/sec), above which frictional heat could have some influence. With 
these speeds as a maximum, the kinetic coefficient of friction is not changed 
in value as a result of the self-generated heat.

Friction is very sensitive to conditions at the interface of two members. 
The extremes are well lubricated surfaces and materials that are perfectly 
clean, sliding in a vacuum. Whereas the lubricated pair would have a kinetic 
coefficient of friction of 0.05 or less, values above 5.0 are common in a vacuum 
environment. Between these two extremes we find a region of µ values in 
which practical contact systems perform as intended. Values of µ from 0.1 to 
0.5 will be found for all but very special purpose systems. For Deringer-Ney 
alloys, we usually suggest that a value of 0.5 be used for static coefficient of 
friction in normal (unclean) air.

1.9.4 Wear

Some amount of wear is inevitable on one or both members of a sliding 
electrical contact pair. Perhaps it would be possible to imagine a system in 



Ney Contact Manual30

which all contact force is supported by a coherent film that is thin enough to 
conduct efficiently by the tunnel effect, but this is far removed from today’s 
known technology.

In many respects the factors affecting wear correspond exactly to what would 
be intuitively forecast. For instance, the volume of wear is directly proportional 
to the distance of sliding, directly proportional to the force between the two 
members, and inversely proportional to the hardness of the members. The 
basic formula for wear is

  W = k   Ps _  H  B     1.18

where

W = wear volume

k = wear constant of the system

P = force between sliding members

s = distance of sliding

HB = Brinell hardness

Although Equation 1.18 is very useful, it is far from a quantitative law of wear. 
Wear rate can change substantially due to many factors, which is the same 
as saying that k is not a single numerical constant that applies to all systems. 
This wear constant, k, will change with environmental changes to the system 
and therefore should be defined appropriately. Factors not accounted for in 
Equation 1.18 are the ambient atmosphere, its humidity and film forming 
capabilities, the possible change from “mild wear” to “severe wear” as 
the load P becomes increasingly large, and the “rpm effect” which dictates 
the time available for surface changes before the next surface encounter 
takes place.

The usefulness of the wear equation stems from the fact that under a given 
set of operating conditions, change in force, distance and hardness (such 
changes being within reasonable limit) cause a predictable change in the 
volume of wear produced.

Two types of wear are prevalent in sliding contact systems, adhesive wear and 
abrasive wear. In adhesive wear, asperities are micro-welded and material 
transfer first takes place from the softer member to the harder, then back 
transfer occurs with an occasional breaking off of a fragment to form a wear 
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particle. Surprisingly, the wear is not always limited to only the softer member 
but both members can show wear when long term sliding allow a full sequence 
of events. Figure 1-18 shows the typical appearance of a Paliney 7 brush which 
has been sliding against a Neyoro G flat surface for 24 million inches of travel. 
It represents wear that is principally adhesive, with its transfer-back transfer 
process. The bright pad of transferred material shown by the black arrows has 
the gold color of Neyoro G and is at the leading portion of the brush (motion 
of mating surface was from left to right). This area was supporting the load 
at this particular period of the wear cycle. Apparently this pad builds up and 
is then back transferred to the mating surface with a portion being lost as 
wear fragments. The area shown by the white arrow is worn flat but at this 
particular moment of life is not in intimate contact with the mating ring since 
the transferred pad is at a higher level than this worn area. Paliney 7 is slightly 
harder and stronger than Neyoro G, yet we see that it does wear during the 
adhesive wear process.

 

Figure 1-18 Paliney 7 wire contact surface appearance at two 
magnifications, showing transferred metal (black arrow) and wire wear 

(white arrow).

Abrasive wear takes place when materials drastically different in hardness 
slide against one another or when a soft material which contains hard 
particles slides against a soft member. The action is simply a machining or 
abrading process. There is no transfer or back transfer present in wear that 
is exclusively of the abrasive type. Of course, both adhesive and abrasive 
wear can be present at the same time, usually with one type predominating. 
Additionally, abrasive wear can be caused by the movements hard foreign 
particulates trapped between two softer surfaces. This is generally referred to 
as three body abrasive wear.  A wear scar on a hemispherical contact button 
where wear is primarily of the abrasive type is shown in Figure 1-19. Note the 
absence of any significant transfer.
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Figure 1-19 Abrasive wear.

Paliney 7, age hardened, is the accepted sliding contact material for rhodium 
plated surfaces. The wear of the Paliney 7 is principally abrasive due to the 
extreme hardness of the rhodium. As might be expected, the surface contours 
of the rhodium must not have sharp peaks or a file-like character in order to 
prevent gross machining of the Paliney 7 contacts.

Generally speaking, abrasive wear results in a more rapid wear rate than 
adhesive wear due to the fact that most machined-off particles immediately 
become wear debris whereas in the adhesive mechanism transfer and back 
transfer conserve the material for future use. Only occasionally do particles 
break off and become lost to the system in adhesive wear. An exception must 
be taken in the case of severe galling and gross seizure but this situation is 
religiously avoided anyway.

Sliding systems in which both members are of identical chemical composition 
and metallurgical structure are to be avoided. When identical, atoms can join 
together with relative ease, so that the danger of high friction and wear is 
too threatening for long-life devices unless extreme measures are taken to 
control surface conditions.

Most times the wear of the larger member, i.e., the slip ring or switching disc, 
is negligible in relation to wear of the smaller brush or wiper. It is negligible 
because the ring wear is normally distributed over an area that is hundreds or 
thousands of times that of the apparent wiper contact area. Even though the 
wear volumes may be about the same, the relatively small dimensions of the 
brush make it the member deserving the most attention. Thin electroplated 
ring surfaces would be an exception to this rule.

Returning to the wear equation, some typical ranges of K can be stated for 
brush wear involving several common material combinations and operating 
conditions. In the USA, wipers and discs are dimensioned in inches, distance of 
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sliding in inches and contact force in grams. This mixed system of units means 

that the wear constant K is expressed as    cubic inches of wear volume  _________________  (distance of sliding ) (gram of force)   in 
order to determine the cubic inches of wear volume W in the equation

  W = KPS  1.19

W = wear volume, inch3

K = wear constant, inch3/inch-gram

P = contact force, grams

S = sliding distance, inch

Note that the wear constant, K, now includes any hardness effects as it has 
been obtained from actual test data.

In the metric system, using Equation 1.19, if K is expressed as cm3/cm-
gram, P in grams, and S in centimeters, then W is in cm3. Values of K in both 
systems are listed in Table 1-4. Note that multiple wear constants are listed 
for the same material pairs. This shows the importance of understanding the 
service environment and cautions trying to extrapolate this data to vastly 
different conditions.

With reference to Figure 1-20, a phenomenon known as stick-slip motion 
can be explained. The wire brush shown is flexible and is at a steep angle 
with the horizontal. When the cross-hatched body is moved to the right, 
frictional force moves the tip of the wiper to the right. The wire bows slightly 
and stores energy, which stored energy is always trying to move the wiper 
back to its original position. At some moment when frictional force is lower 
for some reason, the brush snaps back to its original position, there to start 
the cycle over again. This cyclic motion of a wiper is called stick-slip motion. 
Electrical conduction is best during the stick and worst during the slip and in 
the extreme, undesirable physical separation of the surfaces can occur during 
the slip period.
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Wiper

Figure 1-20 Stick-slip.

Whereas a slender wire has been used to explain stick-slip behavior, the 
occurrence is not limited to this geometry. In more rigid members the 
feedback of energy can come from the elastic freedom of material bulk or any 
natural resonances in the entire assembly. The general means to avoid stick-
slip are by proper mechanical design to avoid the feedback of energy to the 
system even with the inevitable momentary changes in frictional force. These 
methods will be discussed in later sections.
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Table 1-4 Wiper wear constants

Ring or Switch Disc Brush
Ambient 

Conditions

Wiper Wear 
Constant, K

Material
Dia 
(in)

RPM Material
Force 

(gf)
10-14  

     i  n   3  _ in − g  
10-14  

   c  m   3  _ cm − g  
Rhodium 1‒3 200 Paliney 7 

Age 
Hardened

5‒10 Uncontrolled lab 0.01‒ 
0.09

0.06‒ 
0.58

Rhodium 1‒3 200 Neyoro G 
Age 
Hardened

5‒10 Uncontrolled lab 0.08‒ 
0.15

0.52‒ 
0.97

Neyoro G 1 200 Paliney 7 
Age 
Hardened

10 Uncontrolled lab 0.001‒ 
0.01

0.006‒ 
0.06

Neyoro G 2 180 Paliney 7 
Age 
Hardened

2 Low organic 
vapor, <5% R.H.2

0.5‒ 
3.0

3.2‒ 
19.3

Neyoro G 1‒2.5 180 Paliney 7 
Age 
Hardened

2 Low organic 
vapor, 30‒50% 
R.H.

0.001‒ 
0.05

0.006‒ 
0.32

Neyoro 69 0.5 200 Paliney 7 
Age 
Hardened

1 Uncontrolled lab 0.04‒ 
0.07

0.26‒ 
0.45

Neyoro G 1‒2.5 200 Paliney 7 
Stress 
Relieved

1‒3 30‒50% R.H. 0.002‒ 
0.01

0.01‒ 
0.06

1.9.5 Lubrication

In order to reduce wear, it would be very desirable to lubricate sliding contact 
systems. This would be simple, were it not necessary to pass the electrical 
intelligence through the sliding members. The electrical aspects impose 
several restrictions on the nature of lubricants that are permissible.

Lubrication by fluids and greases can be classified generally into hydrodynamic 
lubrication and boundary lubrication. In hydrodynamic lubrication the two 
surfaces are completely separated by a layer of liquid. Frictional forces are 
those that occur from the shearing of the fluid. Hydrodynamic lubrication is 
useless in contact technology, except for liquid metal apparatus, because the 
liquid films are continuous, insulating, and too thick to permit conduction by 
the tunnel effect.

2  R.H. = Relative humidity
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Boundary lubrication is that in which part of the load is supported by the 
metals (i.e., there is some intimate contact of asperities) and the remaining 
portion of the load is supported by a thin lubricating film. The presence of 
some intimate metallic contact and micro-welds allows current to flow as 
does the thinness of the films which may conduct by tunnel effect.

It is important to recall that except for extreme vacuum conditions, all metallic 
surfaces contain some “natural” lubrication in the form of sulfides, chlorides, 
adsorbed gases, water vapor and organic molecules. Any of these natural 
lubricants fall in the category of boundary lubrication in successful sliding 
contact systems. Thus, lubricated contacts are referred to as those which have 
some intentional lubricant added, ordinarily in the form of a liquid or grease.

Contact lubricants cannot be classified into groups as excellent, good, poor, 
nor can any general rule be applied as to whether or not to use any lubricant. 
A few specific guidelines and precautions can be cited, however.

1. A lubricant is totally unsatisfactory under any conditions where the 
combined effect of surface speed, contact force, geometry, viscosity 
or temperature would produce hydrodynamic lubrication. The 
physical separation of the surfaces is intolerable.

2. Silicone compounds can decompose in the presence of an arc, 
producing silica deposits (sand) and resultant high abrasive 
wear. Hydrocarbon lubricants carbonize in an arc to cause erratic 
contact resistance.

3. In cases where the chosen contact materials oxidize too readily, 
surfaces can be protected from ambient atmosphere effect by use of 
a lubricant.

4. Some applications of lubricant have been known to increase wear 
rather than decrease it by preventing the formation of beneficial 
natural films.

5. Lubricants can act as dust collectors and carriers for the products 
of abrasion, producing a lapping compound. Viscous lubricants 
do not permit wear debris to readily fall from the wear path or be 
brushed aside.

6. A carefully selected lubricant has the potential for substantially 
reducing stick-slip, wear, and improving electrical performance. The 
selection usually will entail verification of performance under all 
extremes of contact force, speeds, and ambient conditions.
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Among the lubricants presently used in sliding contact systems are 
hydrocarbons, chlorofluorocarbons, polyphenyl ethers, chlorinated biphenyls, 
diesters, and silicones. Unfortunately, complete information on conditions 
under which each was used is lacking and falls short of answering the many 
questions raised in the foregoing list of guidelines and precautions.

1.9.6 Electrical Erosion in Sliding

The total erosion in a sliding contact system consists of mechanical wear 
plus any electrical erosion that may occur. These two types of “wear” can be 
segregated readily by conducting tests with and without electrical loads.

Recalling the earlier discussions of softening voltage, melting voltage and 
minimum arc voltage, it would be expected that the source voltage could have 
a great effect on electrical erosion. If the source voltage is below the softening 
voltage, certainly no electrical erosion would be expected since no physical 
change of the contact materials can be attributed to the applied voltage. The 
materials can’t even soften, much less melt or vaporize. The magnitude of the 
current would also be expected to influence total erosion.

Except where specifically stated otherwise, the following remarks on current-
carrying and current-switching, sliding contacts are restricted to voltages of 
28 volts and under and currents of 100 milliamperes or less at which levels 
the Deringer-Ney family of alloy are principally used.

The effect of the electrical load on total erosion is quite different for cases 
where switching is performed compared to the non-switching or slip ring type 
of operation.

In the non-switching cases, where current is not interrupted by the contacts, 
the voltage that appears across the contact interface at any instant is equal to 
Rc×Ic, the product of the constriction resistance and the current through the 
a-spots. Although the a-spots are continually being created and destroyed, 
it can be assumed that at least one a-spot is in contact at any instant in a 
properly operating sliding system. Constriction resistances are normally < 100 
milliohms in a static situation and allowing an order of magnitude increase 
at certain moments due to sliding, gives about 1 ohm which when multiplied 
by even sizeable instrument currents, say 100 milliamperes, gives a value less 
than the softening voltage (see Table 1-2) of most materials. As a result, the 
source voltage has little effect on the erosion of non-switching contact. If for 
any reason the sliding members part, due to bouncing, vibration, or stick-slip, 
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the erosion will be more like that in a make-and-break situation in which the 
source voltage and current can have a decided effect.

Some questions could be raised about the time necessary to form the a-spots 
during sliding. The time is negligible because the cohesion in metals is mainly 
due to “free electrons,” the same electrons which carry the current. Since 
these electrons move with velocities approaching the speed of light (~ 3 × 108 
meters/sec) and the spacing is of atomic dimensions (a few Å) we see that 
the time of formation of a cold weld or a-spot is truly negligible. They can be 
considered as being formed instantaneously.

The lack of effect of source voltage on the total erosion of non-switching 
noble metal alloy system is illustrated in Figure 1-21 and Figure 1-22.

    

Figure 1-21 (a) Neyoro G disc surface, 133× magnification, and (b) mating 
brush Paliney 7 31.5× magnification after operation for 11×106 passes at 7.0 

mV, 7 mA DC.
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Figure 1-22 (a) Neyoro G disc surface, 133× magnification, and (b) mating 
brush Paliney 7 31.5× magnification after operation for 11×106 passes at 6 V, 

10 mA DC.

In Figure 1-21 the surface of a disc slip ring (pancake type) and its mating 
brush are shown. These have been operated for 11 million wipes with a source 
voltage of 7.0 millivolts and were passing 7.0 milliamperes DC. Compare these 
with the disc and brush shown in Figure 1-22 where all conditions were the 
same except that the source voltage was 6.0 volts and the current was 10.0 
milliamperes. The similarities of the appearance and magnitude of wear are 
quite striking. The only noticeable difference is that the 7 millivolt brush has 
less of its transferred pad (bright area) remaining at this moment of its ever-
changing condition. These figures also illustrate the fact that the disc wear is 
negligible in relation to wear of the brush or wiper.

When considering sliding contacts which switch current, the analysis and 
prediction of total erosion becomes considerably more complex. A typical 
switching disc and a magnified portion of the switching section are shown in 
Figure 1-23. Note that the contacts operate in the break-before-make mode 
and that there is an insulating material (usually epoxy plastic) between the 
conducting segments. We will see that the insulating plastic has a decided 
effect on performance in certain cases.
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Figure 1-23 Typical disc used for performance testing of Ney sliding 
contact systems.

The switching situation will first be covered for currents and voltages at which 
no arcing is present. Starting from an insulating position (wiper positioned in 
a non-conducting region) as the wiper approaches the segment edge they will 
first touch at the mating of two asperities and initially the full source voltage 
appears across the a-spot being formed. Softening or melting of the tiny spot 
will occur if the source voltage is high enough.

Despite the presence of current limiting resistors in the circuit, at the first 
instant of touching the a-spot is so small that practically all of the source 
voltage appears across it. Thus the source voltage determines the a-spot 
temperature that exists at the first moment conduction is established.

Temperature almost as high as in the a-spot are present at the edge of the 
plastic insulation and some temporary softening or minor carbonization of 
the epoxy may occur. Evidence of the plastic softening is seldom seen, but 
with source voltages somewhat above the melting voltage of the metals the 
carbonizing can be seen with the aid of a microscope.

As an illustration, compare Figure 1-24 and Figure 1-25. The test conditions 
were the same except that the disc pictured in Figure 1-24 was operated 
at 7 mV, 7 mA DC, while that shown in Figure 1-25 was switching 6.0 V, 
10 mA DC. The plastic at the edge of the metal of the 7 mV disc shows no 
noticeable change while there is evidence of minor plastic carbonization and 
erosion on the 6.0 volt disc, as shown by the arrows. Both disc pictured have 
been operated for 11 million revolutions, at the end of which there was no 
significant difference in the rate of total wiper wear.
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 Figure 1-24 Figure 1-25

Our experience in the Ney laboratories is that for currents of 10 mA or below, 
it takes applied voltages above the minimum arc voltage before the observed 
contact (wiper) erosion is significantly different from that due to mechanical 
wear alone. The applied voltage in this case is meant to be the source voltage 
plus any voltage peaks resulting from inductive spikes.

1.9.7 Electrical Noise in Sliding

The idealized performance of a sliding contact system would be such that it 
would transfer both DC and AC signals from the moving contact member to 
the stationary member (or vice versa) with no change in amplitude. Thus in 
Figure 1-26, where there is relative motion between members A and B, the 
outputs would be the same as if RL were moved to the phantom position R’L 
i.e., I0 and Eout would be the same as I’0  and E’0. The fact that this idealized 
performance is approached but never attained will now be explained.

Io

Ein

A

B

Eout

RL
RL

Io

Figure 1-26
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One deviation from idealized performance is due to the fact that the ring 
and brush materials have resistances which are in series with the load. The 
current passing through these resistances causes a slight loss in the voltage 
that appears across RL. The loss is simply I×RB, where RB is the bulk resistance 
of the members. This bulk resistance can be computed from the resistivities 
and dimensions of the members by using Equation 1.5 or 1.6.

In long conduction paths or where the cross-sectional area of the members 
is small, the bulk resistance may be significant, but for small currents (high 
values of RL) the effect is usually negligible.

Another possible deviation from ideal performance is caused by the frictional 
heat generated by the sliding. The interface then acts as a thermocouple 
producing small voltages dependent on the interface temperature. The 
magnitude of this voltage is a function of the relative thermal EMF characteristic 
of the two members, and is not constant since localized temperature varies 
from moment to moment. Contacts operating at just a few grams force and 
at surface speeds below 50 inches/sec (~125 cm/sec) are seldom troubled 
with this type of spurious voltage. One exception is that in which the sliding 
contacts are expected to transmit thermocouple signals.

Variation in the instantaneous contact resistance is called electrical noise. 
Any factor that would affect stationary contact resistance will, if it changes, 
have an effect on sliding or dynamic contact resistance. Thus, changes in the 
instantaneous force, a-spot shape, number of a-spots, hardness, proportion 
of mechanical load that is supported by films, and the momentary film 
thickness can cause noise. Because of the microscopic roughness, wear 
debris, and sliding motion, a-spots are continually being created, obliterated 
and changed in size, shape and number; the same applies to load bearing 
areas and the proportion of them that are supported by films. We recall that 
minor films are always present to some extent except in a hard vacuum.

In the case of stick-slip motion, contact resistance is momentarily low 
during stick and high during slip—even to the extent of the whole source 
voltage appearing across the contact surfaces, since they may be physically 
separated. This is appropriately termed “open circuit noise.” Of course, 
thick non-conducting films and contact bounce are other sources of “open- 
circuit noise.”

The simplified concept of the ohmic nature of noise leads one to expect that 
its magnitude is directly proportional to current. This has been verified for 
currents up to several hundred milliamperes.
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Except for “frictional polymer,” which will be covered in a Section 1.10.8, the 
major sources of noise are:

1. Tarnish or corrosion films
2. Embedment or compaction of foreign matter
3. Stick-slip motion
4. Contact bounce
5. Variation in size and number of a-spots

By using noble metal alloys and with careful mechanical design, the noise 
of moderate speed instrument slip rings can be kept to a typical maximum 
value of 10 microvolts/milliampere, or an equivalent noise resistance of 10 
milliohms in an ideal environment. Multiple points of contact are used to 
good advantage in all cases where noise requirements are stringent.

1.9.8 Noise in Wire Wound Potentiometers

A precision potentiometer is an electromechanical transducer dependent 
upon the relative position of a moving contact (wiper) and a resistance 
element for its operation. It delivers a voltage output that is some specified 
function of applied voltage and shaft position. The wire wound potentiometer 
is manufactured in its simplest form as a three terminal device, as shown 
schematically in Figure 1-27.

Ein

Wiper
Eout

Figure 1-27 Potentiometer circuit (voltage divider).

Turns of resistance wire are wound on a form (mandrel) producing the 
element shown in Figure 1-28a, and the wiper can traverse from a point of 
zero resistance to a resistance value equal to the total resistance of the wire 
wound element, thus functioning as a voltage divider. However as shown 
in Figure 1-28b, each turn of the resistance wire in a potentiometer has a 
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finite resistance, Rturn,  equal to R = ρ   l _ A   (see eq 1.5) where l equals the coil 
circumference, A equals the cross sectional area of the wire and ρ equals the 
specific resistivity of the wire.  As the wiper is moved from one turn to the 
next, the resistance and output voltage change in steps rather than changing 
in a smooth linear manner. This step-like change is called “resolution noise.” 
Resolution noise must be added to the noise caused by other factors, as 
previously covered in Section 1.10.5.

a) 

b) 

Wiper

Turn Resistance

Figure 1-28a Wire wound resistance element from a potentiometer 
illustrates the actual resistance wire wound around a round mandrel.

Figure 1-28b schematically illustrates the contact wiper sliding across the 
resistive element, with the absolute resistance changing by a discrete step as 

the wiper reaches the peak of the next wrap.

1.9.9 Noise in Sliding Switches and Encoders

A sliding contact system often takes the form of a switching device with 
alternate periods of conduction and non-conduction. A simple switching 
device with its wiper members in place, and a complex encoder disc pattern 
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are shown in Figure 1-29. In both cases the wipers (brushes) slide from an 
insulating area (dark portion of disc pattern) to a conducting area and then 
back to the insulating area, as rotation occurs.

 a)  b)

Figure 1-29 (a) A switching assembly and (b) typical encoder disc.

It is axiomatic that as the wiper travels from an insulating portion of the 
surface (usually a plastic insulating material) to the conducting metal, there 
will be a transition period during which the mechanical load is transferred 
from the plastic to the metal. At the first instant of this transition there 
must be just one a-spot supporting a very small portion of the load. Thus, 
the constriction resistance is high, although finite. As the wiper travels an 
incremental distance farther, this single a-spot will enlarge as it supports 
more load; also new a-spots will begin to appear, and some will be destroyed. 
The tendency is for the contact resistance to decrease but this is practically 
never the instantaneous decrease that would be ideal. Instead, the transition 
takes place in some random sequence of steps and ramps until the load is 
fully supported by metal-to-metal surfaces.

The reverse situation takes place as the contact leaves the conducting surface 
to begin its travel across the plastic insulation of the switch or encoder.

From the foregoing explanation, the noise that exists on the make and break 
of sliding contacts appears as shown in Figure 1-30. This noise phenomenon 
is termed edge noise in the encoder industry.
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Wiper

Conduction

Non-Conduction

MetalPlastic

Figure 1-30 Electrical behavior at switching edges of sliding contacts. The 
irregular transition from non-conduction to conduction (and vice versa) is 

called “switching noise” or “edge noise.”

In order to keep edge noise to a minimum, the plastic used for insulation 
must have a minimum tendency to be smeared or wiped onto the conducting 
segments by the brushes. Also, the metal segment material must not flow 
plastically under the influence of the brush force and tangential motion; 
otherwise a fin of metal will be dragged onto the plastic and cause increased 
duration of edge noise.

1.9.10 Environmental Effects on Sliding Contacts

The performance and useful life of a sliding contact system is always related to 
the environment in which it operates. Chief among the environmental items 
that affect sliding contacts are temperature, humidity, corrosive constituents, 
organic vapors, and dust. All of these modify the surface characteristics, 
resulting in variations in friction, wear and electrical performance (contact 
resistance). The contact resistance initially is dependent upon the film 
originally on the metal surfaces, but as sliding proceeds, it depends on whether 
or not these surfaces have reacted with the environment. Coherent films that 
are thick enough to be visible are insulating, unless they are ruptured either 
mechanically or electrically (fritted). The environment always determines the 
nature of any film and affects the rate of its growth.
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Increased temperature raises the electrical resistivity and lowers thermal 
conductivity of metals due to the increased thermal motion of the atoms. In 
general, it also accelerates any tarnish or corrosion that takes place.

Decreasing the temperature has the opposite effect on metals, i.e., resistivity 
is lowered, thermal conductivity is raised, and corrosion rates are normally 
slowed down. The condensation and even solidification of water and other 
vapors will occur with a sufficiently low temperature. These newly formed 
films and the increase in viscosity or strength of films already present, can 
mean that more load is supported by the films so that the metallic a-spot size 
is reduced. If temperature is low enough, the sliding contact can actually ride 
on top of the solidified layer and completely lose contact with the mating 
surface, creating a momentary open circuit. This is more likely during low 
gram force applications.

The presence of dust in the environment has the potential for causing some 
difficulties but normally is adequately handled by careful contact system 
design. When it is a source of trouble, it is because

a. dust particles physically separate mating contacts;

b. particles are hard and become imbedded in one contact member and 
abrade the opposing member; and/or

c. the dust is hygroscopic and causes localized increased tarnish rates of 
alloys which are not sufficiently high in noble metal content.

The wiping action with its tendency to brush aside particles which fall on a 
surface is very effective in minimizing these effects.

The effect of corrosive atmospheric pollutants on base metals and silver 
is widely known. Thus the use of silver and high silver alloys is drastically 
restricted because of its susceptibility to sulfide film formation. As an 
example, with only 0.1 ppm (parts per million) hydrogen sulfide in humid 
air, a silver sulfide film 200 Å thick grows within 100 hours. Because of the 
detrimental effect of these tarnish films, alloys most suitable for low electrical 
signal level applications contain principally noble metals and limit the base 
metal additions used to improve strength, hardness, and other mechanical 
properties. Once again, this is especially true for small components with low 
normal forces between the contacts.

Noble metal alloys which contain enough gold, palladium, and platinum are 
considered essentially non-tarnishing in all the common air pollutants even 
in highly industrialized areas. The necessary quantity of high noble metals in 
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an alloy, for excellent tarnish protection is upward from 50 atomic percent. Of 
the gaseous corrosive agents found in the proximity of industrial processes, 
the halogens (particularly moist halogens) are one of the few items that 
trouble high nobility alloys. The mechanical action of sliding is again beneficial 
in minimizing the effects of minor tarnish or corrosion.

The chief effect of humidity in sliding contact systems of noble alloys is to 
reduce adhesive wear or galling. Any relative humidity above 10% (at 20°C) is 
considered sufficient for good wear performance. When tarnishing is present 
because of insufficient noble metal content for the conditions present, 
increased humidity tends to accelerate the tarnish or corrosion.

One of the very important environmental factors in sliding contact systems 
concerns the presence of organic vapors. When certain metals slide in the 
presence of many of the hydrocarbon vapors, amorphous solids are formed. 
These “frictional polymers” are most efficiently produced by the platinum 
family metals (platinum, palladium, ruthenium, rhodium) and to a lesser 
degree, by molybdenum, tantalum, and chromium. Gold produces very little 
and for practical purposes, silver, copper, iron, and tungsten do not produce 
any frictional polymer.

     

Figure 1-17 Paliney 7 wear tracks on rhodium surfaces. Magnification 
approximately 50×. 1. Flushing plastic. 2. Multiple contact tracks on rhodium 

commutator. 3. Black deposit, side lighted to show height of piles. 4. 
Rhodium slip ring. 5. Black deposit. 6. Thin films. 7. Thin transfer of contact 

alloy. In both photographs, note that the majority of the debris is plowed out 
of the actual contact path.

Frictional polymer serves to decrease adhesive wear, and in limited amounts 
is beneficial. However, when it exists in excess, it is likely to be a source of 
electrical noise or increase in the static contact resistance across the interface.
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The formation of frictional polymer does not depend on the flow of any 
electrical current or the presence of voltage. Rather it depends on motion, at 
least for it to be produced in amounts where it is readily visible or significant 
in an electrical performance sense.

From a simplified practical viewpoint, it is reasonable to think of organic vapors 
being adsorbed by clean surfaces of a catalytic metal and being transformed 
to an amorphous solid (i.e., polymerized). Prior to sliding, the area of the 
metal covered by catalyzed organic film  may only be a small fraction of the 
total surface available, and the film thickness in these areas may be a few 
monolayers. The film is then wiped from the areas in which it was formed 
by the movement of the contacts, exposing the clean catalytic metal again. 
This surface can then initiate additional film formation. Therefore, a portion 
of the polymerization can take place prior to sliding and a portion can occur 
during  sliding.

Even when the required organic vapors are present, the production of frictional 
polymer is in some way dependent on the nature of the residual films that 
exist on the mating surfaces. For example, surfaces which are contaminated 
with a few monolayers of stearic acid (one of the constituents of many animal 
and vegetable oils and fats) form frictional polymer at a faster initial rate than 
surfaces which are extremely clean.

A wide range of organic compounds are capable of producing frictional 
polymer, including saturated and unsaturated ring and chain compounds. Of 
the vast number of vapors investigated in the thorough work at Bell Telephone 
Laboratories15 only the following produced no polymer after four million wipes 
of palladium versus palladium, using air saturated with the organic vapor:

Carbon tetrachloride Ethane

Ethylene diamine Formaldehyde

Methane Methylamine

Propane
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Those compounds which produced the largest amount of polymer under the 
same conditions were principally the aromatic hydrocarbons, including:

Benzene Croton aldehyde Toluene

Butyraldehyde Xylene Cyclohexanone

Naphthalene Limonene Cyclohexene

Styrene Benzaldehyde Acrylonitrile

Acrolein

Frictional polymer range in color from a light brown to black after enough 
has formed so that it is readily visible in its powdery amorphous form. 
Fortunately, it is usually a rather fragile material and readily pushed to the 
side of the wiper track by the sliding motion. It takes on an electrostatic charge 
readily and clings to the metallic surfaces adjacent to the areas of contact, as 
illustrated in Figure 1-32 and 1-33. The yield of polymer for a given set of 
operating conditions is proportional to the square root of the contact force. 
We have already seen (Section 1.4) that the load bearing area is proportional 
to the square root of the load for plastic deformation, and it is logical that the 
production of polymer be proportional to the area in contact.

   

Figure 1-32 Frictional polymer on flat disc of Neyoro G alloy after 11×106 
revolutions with a Paliney 7 wiper.
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Figure 1-33 Frictional polymer (dark specs and lumps) clinging to twin wiper 
after 1.5×108 cm of travel at 3 grams contact force.

The relative susceptibility to polymer formation of various metals and alloys 
in benzene saturated air is given in Table 1-5.

Table 1-5 Relative polymer formation of selected metals and alloys in 
benzene saturated air environment, 4 million cycles, 170 micron stroke, 30 g 

load, after Hermance and Egan16

Slider Mating Surface
Relative Polymer 

Production

Platinum Platinum 100

Palladium Palladium 95

Ruthenium Ruthenium 55

69Au-25Ag-6Pt Palladium 50

75Au-25Pd 75Au-25Pd 37

Quartz Palladium 30

70Au-30Ag Palladium 20

Gold Palladium 16

69Au-25Ag-6Pt 69Au-25Ag-6Pt 12

Gold Gold 5

Silver Silver 0

Copper Copper 0

Zinc Zinc 0

Changes in humidity have an effect on the rate of frictional polymer 
production. In the 40% to 60% relative humidity range, the amount decreases 
almost linearly with an increase in humidity and at 85% R.H. the amount is 
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very small. Possibly the water vapor occupies portions of the metal surface 
in relation to its concentration, reducing the sites occupied by organics. 
Additionally, the friction polymer formation kinetics tend to increase with 
decreasing sliding speeds.

As shown in Table 1-5, likely because of their catalytic properties, the unalloyed 
platinum group metals are the most prolific friction polymer surfaces. It is also 
noteworthy that significant polymer formation can still occur if only one of 
the two mating surfaces is catalytically active (i.e., quartz vs Pd). In contrast to 
the pure elements, the tendency to form friction polymer generally decreases 
with alloying content, but by no means in a linear fashion. This effect is 
more pronounced if the alloying elements do not form friction polymers on 
their own (i.e. adding Ag or Cu to Pd). For example, Crossland and Murphy17 
found that adding 30% Ag to Pd produces a minimum 10x decrease in the 
contact resistance values after 1 million cycles in a 200 ppm isopropyl alcohol 
environment. As shown in Figure 1-34, higher Ag additions were effective in 
further reduction in the friction polymer formation and the resultant contact 
resistance. It should also be noted that for heat treatable alloys, like many 
of the Paliney and Neyoro alloys, the alloy has a lower propensity to form 
friction polymer in the ordered state.

Figure 1-34 The resultant static contact resistance after 1-5 million cycles 
of various Pd-Ag alloys mated against themselves in a 200 ppm Isopropyl 

alcohol environment with a 17 μ  wipe at 5hz and 30 gr load.
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Frequently the organic vapors become available for polymerization via the 
outgassing of structural members and other components in or near the 
sliding contacts. Cellulose acetate, polyester, phenolics, polyvinyl chloride, 
thermosetting plastics and partially cured epoxies are ready sources. Elevated 
temperature seems to accelerate outgassing of plastics and thereby increases 
the production of frictional polymer.

In fact, the weight loss of plastics at elevated temperature can be used as a 
guide to the tendency to form frictional polymer, taking into consideration 
the nature of the outgassed products.

The following materials are suitable for use in reliable contact devices:

Nylon

Diallyl phthalate and Diallyl isophthalate  Polycarbonate

Certain alkyds Teflon and Kel-F

Certain acrylics and polyesters Polyvinylformal-wire insulation

Certain fully cured epoxies—more specifically, epoxies with non volatile 
hardeners

Note particularly that none of the materials listed as being acceptable lost 
more than 0.5% of their weight after 1500 hours at 165°F or more than 1.0% 
after 1100 hours at 220°F.
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Table 1-6 Relative polymer formation of selected metals and alloys, 
(Reference for Table 1-6 is Sandia Corp. Technical Memorandum SCTM 73A-

60(16) Feb., 1960.)

Material Filler
Maximum Percent Weight Loss

1500 hrs, 165°F 1100 hrs, 220°F

Teflon and plasticized 
Kel-F

— — < 0.01%

Polycarbonate — — 0.1%

Silicone Glass 0.1% 0.15%

Polyester Glass 0.15% 0.25%

Diallyl isophthalate Glass — 0.25%

Mylar film — 0.25% 0.15%

Epoxy Unfilled, glass, and mica 0.3% 0.4%

Diallyl phthalate Orlon, glass 0.3% 0.5%

Alkyd Glass 0.35% 0.45%

Acetal resin — — 0.6%

Nylon — 0.5% 0.8%

Phenolic Glass, mineral 0.75% 0.8%

Phenolic Paper — 2.0%

Polyurethane with 
MOCA hardener

— — 1.0%

Phenolic Rag — 2.0% @ 100 hrs

Silicone rubber — — 5.0% @ 200 hrs

Melamine Glass — 6.0% @ 900 hrs
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CHAPTER 2:  
PROPERTIES  
OF  
MATERIALS

2.1 INTRODUCTION

From the General Contact Theory portion of this book we have seen that 
several material properties enter into even the most basic considerations. 
Such factors as hardness, modulus of elasticity, and resistivity have to be 
known to allow the necessary computations. In this chapter many mechanical 
and electrical properties will be discussed in sufficient detail to give the reader 
a working knowledge of the subject. Properties important to the structural 
design of contact systems will be included.

2.2 MECHANICAL PROPERTIES

Hardness, strength, ductility, and elasticity are among the mechanical 
properties of a material that would probably first come to mind. In order to 
know how each of these characteristics is put to use, it will be necessary first 
to define a few common engineering terms.

Stress is defined as the force per unit of area, and is expressed as pounds per 
square inch (psi) or in the metric system, in kilograms per square centimeter 
(kg/cm2) or some other convenient metric form of force per unit area. 
Whereas a load is an external force, stress is an internal force per unit of area.

2
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Strain is the deformation of a material caused by stress and is expressed 
as the number of inches of deformation per inch of original length, or as a 
percentage of the initial length. Strain may be elastic or plastic.

Elastic strain is reversible deformation; it disappears after the stress is 
removed. With most wrought metals the magnitude of elastic strain is nearly 
proportional to the stress that is applied, and this is shown in the partial 
stress-strain diagram of Figure 2-1. It will be found that the ratio of stress 
to strain is a constant for a given material when the applied stress is such 
that the strain is elastic. This ratio of stress to strain is called the modulus of 
elasticity or Young’s modulus.
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Strain

Figure 2-1 A stress-strain curve for the region where stress is proportional 
to strain.

The units of Young’s modulus are psi, since the fraction is pounds per square 
inch divided by inches per inch. It is a measure of the relative stiffness of 
a material.

The proportionality between stress and strain holds true only up to the 
proportional limit (or elastic limit). It is possible for the elastic limit to be 
slightly higher than the proportional limit, but for our purposes the two will 
be considered as being the same.  At stresses above the elastic limit, plastic 
strain takes place. The portion of the strain that is non-elastic, i.e., non-
recoverable, is the plastic strain. In Figure 2-2 if a material were subject to 
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increasing stress starting at point O, then point A would be the proportional 
limit, and if the loading were reduced starting at point B, distance OC would 
represent the plastic strain.
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B

O C

Figure 2-2 A stress-strain curve with proportional limit at A. Distance OC 
represents plastic strain caused by stressing to B.

The amount of plastic strain that has occurred at the breaking stress is called 
elongation and is ordinarily expressed as a percentage, stating the gage length 
over which it is measured. In addition to elongation as a measure of ductility, 
the reduction in area at the point of fracture is used principally in large size 
structural materials. Possibly because of the small dimensions of most noble 
alloy shapes, the reduction in area is seldom utilized as a measure of ductility 
and percent elongation is used almost exclusively.

Ultimate tensile strength is by custom the value obtained by dividing the 
highest load reached before breakage by the original cross-section area.

2.2.1 Methods of Tensile Tests

The important properties of ultimate tensile strength, proportional limit 
and elongation are determined by subjecting a specimen (usually round or 
rectangular in cross-section) to an axial load causing the sample to stretch 
and increasing this axial load until fracture occurs. When the applied stress 
is plotted against the resulting strain, the properties of the specimen are 
revealed. Elongation is frequently determined by piecing together the broken 
specimen and measuring the distance between gage marks; which were 
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placed on the piece before stress was applied. Graphical methods similar 
to that showing plastic deformation in Figure 2-2 are also applicable for 
determining elongation.

The most common technique for measuring the mechanical properties of 
metals is to impose a steadily increasing tensile strain on a sample until it 
fractures. Generally, this is performed using constant displacement rate 
testing equipment where the test specimen is held between clamps or grips 
and these grips are then separated at a constant velocity. The specimen is thus 
forced to stretch at a prescribed rate. Current test equipment is computer 
controlled and uses either a threaded screw drive or hydraulic pressure to 
apply the force required to stretch the sample. Although there are multiple 
design platforms for tensile testers, the major difference is how the mechanical 
frame is constructed to ensure it is stiff enough to endure the loads required 
to fracture the test samples, without influencing the output. Typical single 
and dual column units are shown in Figure 2-3. The single column desktop 
units are the smallest and least expensive units, but they are limited to the 
smallest fracture loads. Typically, maximum loads are roughly 1100 lbs (5KN) 
or less. Dual column electromechanical (screw driven) units can range from 
desktop to floor mounted units capable of reaching nearly 11,000 lbs (50KN). 
Specially designed hydraulic units can actually have load capabilities that 
exceed 125,000 lb (550KN).

Figure 2-3 Single and dual column tensile test equipment.
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Figure 2-4a Schematic diagram of electromechanical tensile tester.

Although the units vary in size, they all have the same basic components. As 
shown in Figure 2-4a, the frames all have a stationary base (A) and movable 
beam (B). A set of grips (C) are attached to the beams to hold the test specimen 
(D) at each end. Current grip designs can use either mechanical or hydraulic 
action to clamp sample in place. One of the grips is mechanically attached 
to a load cell (E) before it is attached to the crossbeam. The load cell coverts 
the load applied to the sample into an electrical signal that is sent to the 
units computerized controller (G) for analysis and display (F). The computer 
also controls and records the crosshead movement during the test. For most 
systems, the actual sample elongation is lower than the crosshead movement 
and the offsets will be different in the elastic versus plastic strain regions of 
the test. Under either a tensile or compressive load, at least three different 
sections of the tester can flex- 1) the load frame (including the crosshead 
member), 2) the load string components (i.e. – the grips, fixtures, couplings, 
load cells, etc.), and 3) the sample itself. In order to eliminate the system 
errors, it is better to measure the sample elongation directly by using an 
extensometer (H). As shown in Figure 2-4b, there are a wide variety of both 
contacting and non-contacting extensometers available for use. In all cases, 
these devices define a gage length on the sample and monitor the change in 
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length of this segment during testing. Simultaneous monitoring of the axial 
and traverse strains is needed to calculate Poisson’s ratio. The non-contacting 
video extensometer is recommended for samples that cannot support the 
side loading associated with the clip-on design. For most DNI alloys, we 
recommend the use of the non-contacting extensometer for testing wire 
diameters below 0.010 in. It is also used with materials that are very notch 
sensitive. In all cases, the extensometer will convert the sample elongation 
into an electrical signal and feed into the system computer.

Figure 2-4b Various types of extensometers used in mechanical testing of 
metals: A) Axial clip-on, B) Transverse clip-on, and C) Non-Contact video.

Figure 2-5  Simplified schematic of a typical stress strain curve. In actual 
fact, for today’s modern tensile machines, there would be at least 150 data 

measurements taken between each of the points shown in this figure.
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Once the load, sample cross section, gage length, and elongation data are 
processed, the result is a stress-strain diagram similar to that shown in 
Figure 2-5.

There are multiple versions of these mechanical testing machines and 
depending on the features added to the base unit, they can be used 
for compression, fatigue, or torsional testing as well as tensile testing 
described above.

2.2.2 Hardness

The tests for hardness of contact materials includes Knoop, Vickers, Brinell, 
and Rockwell hardnesses. Hardness cannot be considered a fundamental 
property of a material but is a composite property including in some way 
tensile strength, proportional limit, ductility, work-hardening properties, 
shear strength, modulus of elasticity, and other properties.

In general, these indentation hardness measurements are obtained by 
forcing an indenter, under a known load, into the specimen’s surface and 
then measuring some dimensions of the impression that has been made by 
the indenter.

Brinell hardness (HB) is determined by applying a known load to the 
surface of the material to be tested through a hardened steel ball of known 
diameter. Then:

  Brinell Hardness =   Load on indenter (kg)  _________________  Surface area of impression (m  m   2 )   2.1

In practice, the diameter of the impression is measured, from which the 
surface area is computed. The diameter of the indenter ball and the load 
used can make a difference in the observed hardness and therefore should 
be stated in any test report. The operation of placing an indentation on strip 
specimen is pictured in Figure 2-6. Although the machine is used to make the 
impression, no measurements are made while the specimen is on the machine. 
It is first removed from the machine and placed in a measuring microscope for 
a determination of the indentation diameter from which the Brinell hardness 
number is calculated. The Brinell hardness has been commonly used in the 
determination of load bearing area of mating contact member.
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Figure 2-6 Rockwell superficial hardness machine being used to place Brinell 
hardness indentations on a strip sample.

For a sense of scale, the Brinell impression compared to the Knoop impression 
(100 gram indenter load) is shown in Figure 2-7.

Figure 2-7 Brinell and Knoop impressions in Paliney 7 alloy. Brinell 
indentations made with a 1/16” ball and 15Kg test load. Knoop indentations 

made with 100 g load.

Additionally, as shown in Figure 2-8, the size of the microhardness 
indentations scale with the applied load. This allows the tester to conform 
to the ISO guidelines and still appropriately size and locate the indentations 
on small parts. Note that at any given load the minor diagonal on the Knoop 
indentation is smaller than the Vickers diagonal. This is useful in testing small 
diameter wire samples.



Ney Contact Manual64

Figure 2-8 Knoop and Vickers impressions.

A microhardness testing machine is shown in Figure 2-9. This machine very 
gradually lowers the indenter onto the mounted specimen, applies the 
required indenter load in a smooth fashion, and then automatically raises 
the indenter. The newer machines have edge recognition software that can 
then measure the long diagonal of the impression and determine the Knoop 
hardness number.

Figure 2-9 Microhardness test apparatus.

The camera view appears in Figure 2-10, with software edge detection 
activated to show the major diagonal measurement highlighted by the small 
rectangular box. Older microhardness testers require the operator to measure 
the diagonal length by using a calibrated filar eyepiece.
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Figure 2-10 A screen shot taken from a modern microhardness tester 
showing the use of optical edge detection to measure the indent length and 

calculate the resultant hardness.

Knoop hardness number (HK) is a number signifying the ratio of the applied 
indenter load to the projected area of the impression made by a rhombic 
pyramidal diamond indenter having an accurately defined shape, as:

  Knoop Hardness =   Load on indenter (kg)  __________________  Projected area of indentation (m  m   2 )   2.2

In practice, the length of the long diagonal is measured, after which tables 
of length versus Knoop hardness for specific indenter loads are used to 
conveniently convert to hardness number.

Vickers hardness (HV), formerly called Diamond Pyramid Hardness or DPH, 
is occasionally used in specifications for noble metal alloys. Ordinarily this is 
done by using the same equipment as for Knoop hardness by replacing the 
indenter with one that is an equal-sided pyramid. Vickers hardness represents 
the ratio of the indenter load to the surface area of the indentation:

  Vickers Hardness =   Load on indenter  (kg)   _________________  Surface area of indentation  (m  m   2 )    2.3

Rockwell hardness and Rockwell superficial hardness machines are used at 
times when the items to be tested are large enough and of such a shape 
that uniform surfaces are available for placement against the anvil and for 
the impressions. All Rockwell machines measure hardness by determining the 
depth of penetration of an indenter into the specimen, with the depth being 
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measured while a prescribed “minor load” is applied. The indenter may be 
a hardened steel ball, or a spherically-ended diamond cone (Brale). Various 
combinations of loading and indenter pairings are given coded designations. 
For example, Rockwell C hardness indicate that a diamond indenter has been 
used with a major load of 150 kilograms; while Rockwell 15T signifies that 1/16 
in diameter ball indenter has been used in conjunction with a 15-kilogram 
major load.

In Rockwell hardness testing, the fact that the depth of the impression 
is measured means that the specimens must not be mounted in plastic or 
supported by anything other than a rigid member; otherwise, the reading is 
erroneous to the extent that the supporting member has deformed during 
any of the loading cycle. This is in contrast to most other hardness systems 
where mounting in plastic is the preferred method.

Conversions from one hardness scale to another are difficult to do with 
accuracy because of the differing effects of elastic recovery, work hardening, 
etc., among the various hardness measuring systems. Thus, tests comprising 
a multitude of measurements are needed for each material, in each 
metallurgical condition (i.e., work hardened, annealed, age hardened, etc.) to 
establish the correlation between two types of hardness.

Even at their best, conversions are subject to significant error. The nature 
of the error can be visualized by referring to Figure 2-11, which show data 
points from actual measurements of HK100 (Knoop hardness, 100 gram 
indenter load) and HV100 (Vickers hardness, 100 gram indenter load) on the 
same specimens of age hardened Paliney 7. Each data point represents the 
hardness measurement of one specimen and the line shown is what would 
be used for conversion purposes. It is obvious that the conversion “factor” is 
a band whose axis has a positive slope. Notice, however, that the increase in 
one type of hardness are not always accompanied by observed increases in 
the other, although it is true on the average.
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Knoop Hardness, 100g Load
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Figure 2-11 Plot of data and resultant best straight line for hardness 

conversion.  Data obtained on Paliney 7, age hardened.

2.2.3 Relation of Tension Properties and Hardness

All of the types of hardness tests that have been reviewed here measure in 
some way the resistance to permanent deformation. In a general way, this 
is a strength characteristic so we would expect hard materials to be those 
with high tensile strengths and proportional limits. While this is true on the 
average, it is not reliable to the extent that any accurate conversion can be 
made from hardness to any tensile property, or vice versa. Considering that a 
tensile test gives a measure of the strength of the weakest “link in the chain” 
over the full volume of the gage section; while a hardness test averages the 
strength over the deformed area, it is not surprising that conversions from 
one property to the other are only approximate.

Sometimes one will be faced with choosing between tensile testing and 
hardness testing for certifying that properties of a material are correct. 
The tensile test is to be favored in this case because it reveals multiple 
characteristics, i.e., ultimate tensile strength, proportional limit and 
elongation. Conversely, the hardness test averages all these together in some 
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unknown manner. However, the small size of the hardness indentation can be 
desirable for validating the properties of actual parts when the corresponding 
tensile strip is no longer available. This is especially true for very small parts or 
parts whose geometry is not suitable for a tensile test.

2.2.4 Fatigue and Endurance Limit

Fatigue is the name given to the failure of materials due to the action of 
applied stresses which fluctuate repeatedly, usually in some cyclic manner. 
A minute crack forms at some location due to a microscopic fault, scratch or 
other stress concentration and gradually penetrates through the cross section 
until breakage occurs. This breakage happens at an applied repetitive stress 
level much lower than that needed to cause breakage if the load were applied 
only once. Fatigue failure can be avoided by

a. operating at a sufficiently low value of applied stress,

b. having a small enough variation or fluctuation in the applied stress, 
or by

c. operating below a given number of cyclic stress applications.

In other words, fatigue failure depends on the magnitude, variation and 
number of excursions of the applied stress.

As an illustration of the sort of contact assembly in which one consideration 
in the material election would be the fatigue properties, see Figure 2-12. 
Each blade, made of strips of Paliney 7, serves as a self-contained beam, cam 
follower, and contact member. The blade is pushed toward the rivet contact 
by the cam (not shown) until it applies the proper contact force. Stresses 
(enumerated in Section 3.2.1 Design and Application) in the blade thus vary 
from zero to some maximum value and then back to zero. This is generally 
called a tension-tension type fatigue test.
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Figure 2-12 Contact assembly subject to fatigue producing stress

Tests to determine the fatigue properties of the Ney alloys have been 
performed on the test mechanism shown in Figure 2-13. This apparatus tests 
round wire specimens, which are straight, until installed in the tester where 
they assume the form of a loop. By deflecting the wire into the shape of a 
loop of specified dimensions, the desired stress is applied. Stresses over a 
wide range are obtainable by varying the distance between the two ends of 
the loop, the test wire diameter or both. Two bushings hold the test wire in 
position; the left bushing holds the wire loosely so that it can rotate about 
its own axis, the right bushing grip the specimen tightly and is rotated by a 
motor inside the case. Thus, with each rotation a cyclic stress ranging from 
maximum tension, to zero, to maximum compression, to zero and back to 
maximum tension is applied. This constitutes one cycle of stress. This is called 
a rotating-bending fatigue test and falls in the general category of a tension-
compression fatigue test. In general, a tension-compression fatigue cycle is 
more severe than a tension-tension cycle (taken to the same maximum stress 
level) and will fail at a lower number of stress cycles.

Figure 2-13 Fatigue tester for small diameter wire.  As manufactured by 
Ametek, Inc., Hunter Spring Division
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Result of a series of tests are plotted as shown in Figure 2-14. The maximum 
tensile stress at which a sample was run is plotted against the number of 
cycles at which failure (in the form of wire breakage) occurred. (A symbol → 
means no failure.) A plot of this type is commonly called an S-N diagram. Note 
that the curve has been constructed so that it passes through the minimum 
data points, which makes the curve conservative. The S-N diagrams in Figs. 
2-15 through 2-19 have been obtained and plotted in the manner described. 
This rotating-bending test is considered a more severe test than either of the 
more common tension-tension or tension-compression test typically used 
with a simple cantilever beam.
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Figure 2-14 Typical actual data points and resultant S-N curve from rotating-
bending test

Another factor of importance in the interpretation of the curves is that no 
special surface preparation was used prior to the tests. The wires tested were 
from typical production runs; thus the results are what can be expected from 
material purchased from Deringer Ney on a routine basis.

The size of wire tested ranged from .006” to .017” diameter, depending on 
the stress desired for a particular alloy.
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Figure 2-15 S-N curve for Paliney 6 alloy given Ney’s standard age hardening 
treatment from the annealed condition.
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Figure 2-16 S-N curve for Paliney 7 alloy.
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Figure 2-17 S-N curve for Paliney 8 alloy, given Ney’s standard age hardening 
treatment from the annealed condition.
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Figure 2-18 S-N curve for Neyoro G alloy.
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2.3 ALLOY CLASSIFICATION

Materials produced by Deringer-Ney are described by the alloy name and the 
final processing condition for example Paliney 7 – Age Hardened.

The alloy chemistry is determined during casting, the constituents of the alloy, 
i.e., the elements it contains, are accurately weighed, placed in a crucible, 
melted, and cast into ingot form.  This ingot would now be reference by the 
alloy name consistent with its chemistry, such as Paliney 7.

The ingot is then processed by rolling, wire drawing, etc. to the final 
dimensions required and a final thermal cycle may be applied to achieve the 
desired mechanical properties, For example, if the final process step for the 
production of Paliney 7 wire a was an age hardening thermal treatment, the 
resulting wire would be classified as Paliney 7-Age Hardened.

Figure 2-20 Metallographic structure of Paliney 7 cast ingot. Note the 
dendritic (branch-like) structure.  Magnification 67×.

2.3.1 Work Hardening

When the rolling or wire drawing is done below the temperature range at 
which annealing (softening) would occur, it is called cold working. The plastic 
deformation during cold working causes strain hardening or work hardening, 
whereas the ingot immediately after casting is annealed (but not necessarily 
homogenized). Work hardening tends to raise the strength and hardness 
properties and decrease the ductility, often to the extent that rolling or 
drawing must be interrupted periodically for an in-process anneal. A material 
that is work hardened is one which has gained some significant portion of its 
strength or hardness properties by virtue of the deformation received during 
processing. The increased properties are the result of internal stresses in the 



Ney Contact Manual74

material. All of the Ney alloys are work hardenable to some extent, although 
not all of them are regularly used in this condition.

Figure 2-21 Metallographic structure of Paliney 7 in the work hardened 
condition.  The direction of working is parallel to the elongated fibers.  

Magnification 532×.

The amount of cold working given to a material following its last in-process 
anneal is expressed in one of three ways: by the temper designation as used 
by the copper alloy industry; by Brown & Sharpe (B&S) gage numbers of 
reduction; or by percent reduction in cross sectional area. The interrelation of 
these designations is given in Table 2-1.

Table 2-1 Relation of cold working nomenclature

Temper 
Designation

Reduction B&S 
Gage Numbers

Approx. % Reduction

Wire Strip

Quarter Hard 1 20.7% 10.9%

Half Hard 2 37.1% 20.7%

Three-Quarter Hard 3 50.0% 29.4%

Hard 4 60.5% 37.1%

Extra Hard 6 75.0% 50.0%

Spring 8 84.4% 60.5%

Extra Spring 10 90.2% 68.7%

Note that the percent reduction for wire is different from that for strip, where 
both have the same gage number reduction. This is because percent reduction 
is based on cross sectional area. If, for example, a wire is reduced from 0.020 
inches in diameter to 0.010 in the percent area reduction (%AR) is:
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  %AR = 100 −    (0.010)    2  _   (0.020)    2   × 100 = 75%  2.4

whereas if a strip is reduced from 0.020 in to 0.010 in thickness, the width 
does not change appreciably and the percent reduction is:

  %AR = 100 −  0.010 _ 0.020  × 100 = 50%  2.5

As expected, wire and strip with the same temper designation (Table 2-1 
Relation of cold working nomenclature) will not ordinarily have the same 
tensile and hardness properties. The strip will be softer and lower in tensile 
properties than the wire, due to the lesser percent reduction in cross-sectional 
area. For this reason, and because terms like quarter hard, half hard, etc. have 
different meanings in different industries, these terms should be avoided in 
ordering or specifying noble metal alloys. The use of limits on tensile and 
hardness properties is much preferred.
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Figure 2-22  Work Hardening response of annealed Neyoro 28 and Neyoro 
28A wire.

2.3.2 Annealing

After a material has been work hardened, the internal stresses causing the 
increased strength and reduced ductility can be removed by subjecting it to 
a thermal treatment (a controlled heating and cooling) which is known as 
annealing. As with most thermal treatments, there is a time-temperature 
effect. Some part of this thermal treatment must be at temperatures high 
enough to cause recrystallization, in which the distorted elongated grains 
produced by the previous cold working are replaced by small more symmetrical 
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grains which continue to grow at the expense of the strained grains until the 
latter are replaced by the newly formed un- stressed grains. If the annealing 
time and/or temperature is excessive, undesirable grain growth results, as 
shown in Figure 2-23 and Figure 2-24. This weakens the material but in this 
case its ductility is lower than a properly annealed material.

Figure 2-23 Metallographic structure of Paliney 7 in the annealed condition.  
Note the formation of small grains. Some of the effect of work hardening is 

still visible. Magnification 532×.

 a)  b) 

Figure 2-24 (a) Metallographic structure of an alloy annealed at the proper 
temperature; and (b) Metallographic structure of the same alloy from (a) but 

annealed at a temperature 100°F too high. Magnification 500×.

The recrystallization temperature is different for each alloy and is decreased 
for a given alloy with an increased amount of cold working. Thus, a severely 
worked material recrystallizes at a lower temperature than one with less 
residual cold work. Solution annealing will be described in Section 2.5.

With materials that can be hardened only by the work hardening mechanism, 
the application of heat can have only one effect, which is the tendency to 
soften them.
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2.4 STRESS RELIEVING

In the broadest sense, stress relieving is a partial annealing accomplished 
without producing significant recrystallization. As used in the noble metal 
industry, stress relieved material is that in which the time-temperature 
treatment applied to work hardened material has been geared to reducing 
enough internal stresses for improved ductility, but at the minimum 
sacrifice in tensile strength and hardness. The process of heat straightening 
inherently produces stress relieving in a material that hardens only by cold 
working. At times the need for straightness is the sole reason for the stress 
relieving operation.

Figure 2-25 Metallographic structure of Paliney 7 in the stress relieved 
condition.  Note the similarity to work hardened structure, as shown in.

2.5 AGE HARDENING

When a material undergoes a thermal treatment that increases its tensile 
strength and hardness, we say that it has been age hardened. (Unfortunately, 
in many cases, this condition is also called “heat treated”. However, “heat 
treated” could apply to any treatment at an elevated temperature, independent 
of whether the mechanical properties increase or decrease.) Recent studies 
suggest that multiple, complementary metallurgical mechanisms may be 
responsible for the age hardening response of the DNI alloys. Depending on the 
alloy composition and thermal treatment, it is possible to have contributions 
from at least three different hardening mechanisms: discontinuous/
continuous precipitation, spinodal decomposition, and ordering.1

Before controlled age hardening can be accomplished, the alloy must be given 
a solution anneal during which it is heated to a suitable temperature and 
held at that temperature long enough to allow one or more of the alloying 
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constituents to enter into solid solution. Rapid cooling then holds these 
constituents in solution. The metal is now in a supersaturated unstable state 
and ready to be age hardened. Depending on the alloy, the solution annealing 
may be done before the final work hardening, as, for instance, with copper-
beryllium alloy, which can be purchased work hardened, yet is heat treatable. 
It should also be noted a similar complex aging phenomenon favoring spinodal 
composition reactions can be found in the Cu-Ni-Sn systems.2,3

As shown in Figure 2-26, hardening reactions can be metallurgically complex 
and strongly dependent on the overall processing history of the individual alloy.
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Figure 2-26 Schematic diagram illustrating possible phase transformation 
mechanisms during the age hardening of Paliney 7. a) Time temperature 

relationship for the different reactions. b) Discontinuous precipitation 
preceding into a supersaturated matrix. c) Discontinuous precipitation 

preceding into an ordered (spinodal) region. d) Discontinuous coarsening 
preceding into previously precipitated region.1

These complex and interactive mechanisms act to control the resultant 
mechanical properties of these alloys. As shown in Figure 2-27, it is 
possible to achieve similar mechanical properties through a variety of time 
temperature profiles. From a practical standpoint, however, it is generally not 
recommended to use extremely short aging times (i.e., less than 20 minutes) 
to achieve peak age hardened properties. These treatments tend not to be 
very reproducible and often show wide lot-to-lot variations. This variability 
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can result both from variations in the upstream processing history as well 
as differences in the actual heat treatment process due to factors such as: 
variations in the heating and cooling rates, batch size, thermal profiles within 
the heat treat oven, thermal mass of any heat treat fixturing, etc.
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Figure 2-27 Time of age hardening vs. mechanical properties for annealed. 
Paliney 7 aged at temperatures between 700°F and at 1000°F.
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a)  b)  c)

Figure 2-28 Metallographic structure of Paliney 7 in the (a) ductile HT 
(partially age hardened) condition; (b) full age hardened condition; and (c) 

over-aged condition.  Magnification for all 532×.

In the case of age hardening by the ordering mechanism, the atoms of the 
unaged alloy are in random or disordered positions as a result of annealing 
or cold working. Then by treating the alloy at a suitable time-temperature 
combination, preferential position (ordering) of the atoms within the structure 
is obtained. This ordering reaction produces lattice strains and boundaries 
between ordered domains, both of which result in an increase in strength 
and hardness. 

This type of hardening mechanism is typical of gold-copper alloys and is the 
principal reason for Neyoro G being age hardenable. The hardening can be 
obtained in Neyoro G from either the annealed state, stress relieved or in 
the work hardened state.  As shown in Figure 2-29 the heat treatment can 
be performed at temperatures ranging from 700 to 900°F with both time and 
temperature being selected to produce specific desired physical properties. 
At 1000°F, the alloy begins to overage (disorder) after very short exposures 
and the mechanical properties quickly decrease from the peak aged values. 
As will be discussed later, the order/disorder reactions in the Au-Cu system 
are not as thermally stable as the spinodal decomposition reactions in the Pd-
Ag-Cu systems, and care should be taken in using these alloys in applications 
requiring prolonged exposures above 150°C.
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Figure 2-29 Time of age hardening vs. mechanical properties for stress 
relieved Neyoro G aged at temperatures between 700°F and at 1000°F.

2.6 ALLOY DESCRIPTIONS

In the sections that follow, current DNI alloys are described and the general 
characteristics of each are summarized. The alloys are presented in the order 
of their total noble metal content. DNI considers gold, platinum, palladium, 
rhenium, ruthenium, and iridium to be noble metals. Because of its extensive 
use in early coinage and jewelry applications, silver is often referred to as 
a precious metal and it is frequently alloyed with noble metals. Metals not 
considered noble are usually referred to as base metals. DNI works carefully 
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to combine the noble, precious and base metals to achieve alloys that offer a 
wide range of chemical reactivity and mechanical properties.

In general, a lack of chemical reactivity is what sets the noble metals apart 
from their base metal counterparts. Pure noble metals do not readily form 
bulky oxides, sulfides or other corrosion products in the presence of room 
temperature air. This quality makes noble metals an ideal constituent of 
jewelry, coins, and sensors. The combination of good electrical conductivity 
and low surface reactivity make noble metals ideal for use in electrical 
contacts to ensure low contact resistance over their lifespan.

Some argue that the most distinctive feature of noble metals is their high 
electronegativity values which are derivative of their high effective nuclear 
charge and, in some cases, partially filled s-orbitals. These high electronegativity 
values lead to weakly-polar covalent bonds formed between noble metals 
and oxygen, resulting in their resistance to oxidation. Gold maintains the 
highest electronegativity value of all metals, making it least likely to bond 
with electronegative elements like oxygen.

Not all applications require the same magnitude of nobility. Contacts made for 
marine applications, of course, require a higher nobility content than contacts 
made for climate-controlled environments. As shown in Table 2-2, DNI 
maintains an alloy portfolio that covers a broad spectrum of alloy nobility, and 
carefully matches the nobility of the alloy to the application. For comparison, 
the alloys are grouped according to their major alloying element (Silver, 
Palladium, Gold and Platinum), along with some important alloy properties. 
The table predominately lists the age hardened alloy characteristics. For 
non-age hardening alloys, the work hardened properties are listed. A more 
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complete summary, including alternative temper data, is contained in the 
appendix of this chapter.

Alloy Temper
Conductivity

% IACS
Hardness

Hk
% Noble Content

(Au+Pt+Pd+Re+Ru+Ir)

Silver Alloy

Ney 75 Cold Worked 70.0 160 0.0%

Palladium Alloys

Paliney 2000 Age Hardened 13.5 300-350 29.0%

Paliney 5 Age Hardened 9.9 275-335 32.2%

Paliney H3C Age Hardened 14.0 425-525 40.0%

Paliney 6 Age Hardened 6.7 320-400 45.0%

Paliney 8 Age Hardened 6.9 360-460 45.0%

Paliney 25 Age Hardened 28.0 380-450 53.0%

Paliney 7 Age Hardened 5.5 340-400 55.0%

Paliney 9 Age Hardened 4.7 275-340 55.0%

Paliney S Stress Relieved 3.6 300 67.8%

Gold Alloys

Neyoro K Age Hardened 10.4 280-345 57.8%

Neyoro 69 Cold Worked 10.9 150 75.0%

Neyoro 28 Cold Worked 16.7 110-145 75.0%

Neyoro 28A Cold Worked 14.3 175 75.0%

Neyoro 28B Cold Worked 14.3 155 75.0%

Neyoro G Age Hardened 11.9 270-340 84.5%

Platinum Alloy

Deriney 72 Cold Worked 3.5 625 78.2%

2.6.1 Silver Alloys

2.6.1.1 Ney 75

Ney 75 is a silver-copper-nickel alloy developed to offer a combination of 
high electrical conductivity with moderate mechanical properties and good 
wear resistance. The alloy is wrought hardened with the final strength and 
conductivity characteristics being strongly dependent on the final temper. 
The alloy properties make it a good candidate material  for brush assemblies 
in higher current slip ring applications and sliding applications in moderate 
tarnishing environments.
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2.6.2 Palladium Alloys

2.6.2.1 Paliney 2000

Paliney 2000 is a patented palladium-silver-copper alloy developed by 
Deringer-Ney to have mechanical properties similar to Paliney 6 alloy. 
It is currently the lowest Pd content alloy of the Paliney family. Even with 
this reduced noble metal content, this alloy offers good wear resistance 
combined with moderate tarnish protection. It also offers improved electrical 
conductivity relative to some of the higher Pd content Paliney alloys and is 
being used successfully in hearing aids and sliding contact applications.

2.6.2.2 Paliney 5

Paliney 5 is also a heat-treatable palladium-silver-copper alloy. It was 
developed to offering tarnish and corrosion properties approaching Paliney 
6 but with a reduced Pd level. However, the mechanical properties of Paliney 
5 are slightly below that of Paliney 2000 and Paliney 6 and therefore would 
generally not be ideal for extreme miniaturization applications.

2.6.2.3 Paliney H3C

Paliney H3C, which stands for High-Hardness / High Conductivity, is a 
patented palladium-copper-silver based alloy designed for applications such 
as semiconductor test probes where extreme hardness and higher levels 
of electrical conductivity are required.  Paliney H3C is the hardest of the 
Paliney family of alloys produced to-date by Deringer-Ney and is currently 
only available in wire form. This alloy is designed to be drawn down to wire 
diameters as fine as 0.001 in. and to allow secondary processing operations 
including forming, coining and pointing.

2.6.2.4 Paliney 6

A palladium-silver-copper alloy with small additions of other elements. It is 
more economical to use than Paliney 7, both because it contains no gold and 
because of its lower specific gravity. It has high strength and hardness (without 
brittleness) in the age hardened condition, providing wear resistance and 
making it suitable for self-contained cantilever beam-contacts. The combined 
noble (45%) and precious (silver, 38%) content gives this alloy good resistance 
to tarnish and corrosion. In the annealed condition, it is ductile and can be 
readily formed and bent.
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2.6.2.5 Paliney 8

A palladium-silver-copper alloy with small additions of other elements 
The combined noble and precious content provides tarnish and corrosion 
characteristics similar to Paliney 6. Although, its strength and hardness 
properties in the fully age hardened condition are slightly higher than Paliney 
6, it can be somewhat brittle in this condition. The Ductile HT condition 
avoids this brittleness with only a small reduction in strength and hardness 
properties. The properties make it well suited to self-contained cantilever 
beam-contact construction. In the annealed condition it is ductile and can be 
readily formed and bent.

2.6.2.6 Paliney 25

Paliney 25 is Deringer Ney’s newest heat-treatable palladium-silver-copper 
alloy. This alloy was developed to serve the semiconductor probe market. 
Because of IC demand for increasingly smaller features, IC test probes must 
touch down on increasingly smaller pads. This requires the need for even 
smaller wire diameters (currently targeting 0.0012 in. (30 micrometers) and 
below). However, the power demands on these probes are also increasing, 
thereby necessitating a probe material capable of carrying higher current 
densities with increasingly smaller cross sections. Paliney 25 (US patent 
10,385,424) offers nearly double the bulk conductivity of Paliney H3C and 
almost five times the conductivity of Paliney 7. Mechanically it maintains 
properties roughly equivalent to Paliney 7. In addition to semiconductor test 
applications, Paliney 25 can be used in miniature power sliding applications 
requiring tarnish and mechanical properties superior to high silver after alloys.

2.6.2.7 Paliney 7

A palladium-silver-gold-platinum-copper alloy with a noble metal content of 
55% and a precious (silver) content of 30%, making it exceptionally resistant 
to tarnish and corrosion. It is not affected by most industrial atmospheres 
even at moderately elevated temperatures. The mechanical properties of 
Paliney 7 can be altered to a marked degree by heat treatment, a factor 
that has made it exceptionally successful in a wide variety of applications. 
For example, in the annealed condition its excellent ductility permits easy 
and extensive drawing, rolling, stamping and forming to intricate shapes. On 
the other hand, when age hardened it can be made to develop very high 
strength, hardness, and wear resistance without brittleness. Self- contained 
cantilever beam-contact members of this alloy are outstanding. This alloy 
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gives exceptionally good service because of the following properties: (1) 
high indentation hardness for resistance to deformation under pressure or 
impact and resistance to mechanical wear; and (2) resistance to corrosion 
which assures maintenance of low contact resistance even after long periods 
at low contact force. Paliney 7 can be provided in two additional tempers with 
improved ductility to assist in subsequent forming operations. One of these 
conditions is the Stress Relieved condition and is applied principally to wire. 
It is produced by passing work hardened material rapidly through a furnace. 
The effect of the heat creates a slight decrease in the hardness and tensile 
strength, but the ductility and straightness are improved relative to the cold 
worked wire. The other condition, applicable to wire, rod or strip, is termed 
the Ductile HT condition and is obtained by subjecting solution annealed alloy 
to a partial age hardening.

2.6.2.8 Paliney 9

Paliney 9 is an alloy with a chemical composition similar to that of Paliney 7. 
It is a palladium-silver alloy that also contains gold, platinum, and copper. The 
principal difference in composition is that Paliney 9 does not contain zinc and 
therefore can be used in hard vacuum or deep space applications. Paliney 9 
does not age harden in the same manner as Paliney 7 due to the absence of 
zinc. Its best spring characteristics are developed through cold drawing or 
work hardening followed by a stress-relieving operation. This produces wire 
that has sufficient ductility to permit forming and strength to be used as a 
cantilever member. Paliney 9 is used most often for low current make-and-
break switching applications; however, its hardness does permit its use in 
sliding contact applications. The corrosion resistance of this alloy is similar to 
that of Paliney 7.

2.6.2.9 Paliney S

Paliney S is a wrought hardened palladium alloy developed as part of a 
potentiometric contact system for automotive fuel level sensors. In contrast 
with the other Paliney alloys, Paliney S was designed to produce a dispersion 
of hard second phase particles during casting and subsequent processing. 
These particles act a bearing surface during sliding and can significantly 
increase the wear life of contacts mated to potentially abrasive substrates. 
Figure 2-30 shows a typical distribution of the hard second phase particles in 
Paliney S strip.
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Figure 2-30 Longitudinal cross section of Paliney S strip illustrating a typical 
distribution of the hard second phase particles.

2.6.3 Gold Alloys

2.6.3.1 Neyoro K

Neyoro K is a markedly lower cost gold base alloy developed by DNI to 
counter the increasing costs of precious metals yet maintain the benefits of 
the traditional, higher gold content alloys. It is particularly well suited for uses 
where good wear resistance and low electrical noise is required, for example 
in slip ring and sliding contact applications in aggressive service environments.

2.6.3.2 Neyoro 69

Neyoro 69 is high gold alloy containing silver-platinum. The platinum addition 
improves the sulfur tarnish resistance compared to similar gold-silver alloys 
and improve work hardenability and resistance to mechanical wear. It has 
moderately low resistivity and maintains low contact resistance in make-and-
break applications, which involve substantial wiping action at low electrical 
energy levels. Neyoro 69 can be hardened by cold working but does not 
respond to age hardening treatments.

2.6.3.3 Neyoro 28 Alloy family

The Neyoro 28 family of alloys (Neyoro 28, 28A and 28B) are relatively soft 
gold-silver alloys. Neyoro 28A and 28B contain small amounts of nickel to 
improve the work hardening characteristics and allow for higher cold worked 
strength and hardness. Because of their high gold content, these materials are 
resistant to corrosion. However, in atmospheres containing certain sulphur 
compounds, the alloys can show signs of slow tarnish reactions. All have 
moderately low resistivity and maintain their initial low contact resistance 
over long periods of service, both in sliding and make-and-break usage. Their 
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high ductility permits forming and bending to a wide variety of shapes. These 
alloys do not respond to age hardening, but can be hardened within limits by 
cold working. In Neyoro 28A, the strength obtained through work hardening 
makes it suitable for self-contained cantilever beam contact use.

2.6.3.4 Neyoro G

An alloy with high gold content and containing copper-platinum-silver. It is 
resistant to tarnish and corrosion except at elevated temperatures and has 
high strength and hardness in several conditions with relatively low resistivity. 
The high total of gold, silver and copper make it a low producer of frictional 
polymer (see Section 1.10.8) and therefore excellent for situations where 
voltages are too low to electrically puncture these films. Neyoro G is age 
hardenable and also work harden to a marked degree. The work hardening 
capability is used to advantage in the stress relieved condition. The high 
strength and hardness of Neyoro G, coupled with its 80% noble and 4.5% 
precious (silver) content, make it an outstanding material for wear resistant 
slip rings, switching discs and other sliding surfaces. Self-contained cantilever 
beam-contact uses are also notable, as well as its suitability as a small 
diameter wire in the winding of noble metal precision potentiometers.

2.6.4 Platinum Alloys

2.6.4.1 Deriney 72

Deriney 72 (US patent 10,858,722) is a platinum-based alloy with exceptional 
strength, hardness, and environmental  resistance.  Wireformed and stamped 
components may be used as high strength spring members in low-current 
electrical contact applications functioning in demanding environments. The 
alloy is capable of reaching hardness values above 600 HK and therefore should 
be considered for applications mated against other hard or abrasive surfaces.

2.6.4.2 ASTM Standards for Noble Metal Alloys

The American Society for Testing and Materials (ASTM) has adopted standards 
for several of the Ney alloys because of their industry-wide importance. The 
use of these standards is a decided advantage to the purchaser. If necessary, 
additional requirement can be specified to satisfy the needs of a special 
application, using the appropriate ASTM standard as a basic specification.  
Table 2-2 lists the Ney alloys that are covered by these standards.
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Table 2-2 Ney alloy ASTM designations

Ney Alloy
ASTM Designation

Number Title

All B476 General Requirements for Wrought Precious Metal Electrical 
Contact Materials

Paliney 6 B563 Specification for Palladium-Silver-Copper Electrical Contact Alloy

Paliney 7 B540 Specification for Palladium Electrical Contact Alloy

Neyoro 28A B477 Specification for Gold, Silver, Nickel Electrical Contact Alloy

Neyoro 69 B522 Specification for Gold-Silver-Platinum Electrical Contact Alloy

Neyoro G B541 Specification for Gold Electrical Contact Alloy

2.7 PROPERTIES AT ELEVATED TEMPERATURES

As service temperatures rise, many material properties will degrade. Changes 
in both mechanical properties (strength and hardness) and oxidation 
resistance will be discussed in this section. Shifts in electrical properties will 
be covered in a later section.

2.8 SHORT-TIME TESTS

One type of exposure to elevated temperatures would take place during 
operations such as replace yellow text withsoldering, brazing, or plastic 
molding. Assuming that some stress is applied to the member at the 
temperature reached during such operation, information on the ultimate 
tensile strength vs testing temperature is instructive. Assessing the capability 
of a stressed member to withstand a momentary high temperature is 
essential in selected the best material for these applications. Tests have been 
run to simulate these conditions by placing samples in a preheated furnace 
attached to the tension testing machine, allowing them to come to furnace 
temperature and then immediately performing the tension test. Figure 2-31 
through Figure 2-33 show the curves obtained on the basis of these tests.
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Figure 2-31 Ultimate tensile strength vs. testing temperature for Paliney 
7 alloy. Curve A is for age hardened material. Curve B is for work 

hardened material.
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Figure 2-32 Ultimate tensile strength vs. testing temperature for Neyoro 
G alloy. Curve A is for work hardened material. Curve B is for material age 

hardened from the work hardened condition and Curve C is for material age 
hardened from the annealed state.
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Figure 2-33 Ultimate tensile strength vs. testing temperature for 
Neyoro 69 alloy.  Curve A is for work hardened material.  Curve B is for 

annealed material.

As expected, the strength tends to decrease with an increase in the test 
temperature. This is especially pronounced in wrought hardened alloys like 
Neyoro 69.  However, in age hardenable alloys like Neyoro G and Paliney 7, the 
thermal response is very dependent on the starting temper. For samples that 
have been age hardened prior to testing, the loss of mechanical properties 
is initially slow but accelerates once the temperatures reach the disordering 
or re-solution levels. For samples that have not been age hardened prior 
to testing, partial aging can occur during the test creating a slight short 
term uptick in the strength at moderate temperatures. However, at higher 
temperatures, the strength decreases rapidly. The kinetics of these reactions 
are very dependent on thermo-mechanical processing history and significant 
sample to sample variation can be expected depending on the process history 
prior to testing.

2.8.1 Long-Time Tests

For certain uses a material will be subjected to elevated temperatures for 
long periods of time with no stress applied and then a stress must be applied 
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either at the elevated temperature or after the return to room temperature. 
To simulate these conditions, samples were placed in an oven (with no 
stress applied) and extracted at intervals throughout the duration of the 
test. At each extraction from the oven, half the samples of each condition 
were placed in the tensile machine and reheated to temperature. The other 
half were tested at room temperature in order to determine the extent of 
permanent change of properties and the effect of temperature during tensile 
test. As expected, the shape of the curves are very similar in both cases, with 
the room temperature tests showing a higher tensile strength throughout 
the test sequence. The tests involving 450°F were carried out to 1000 hours 
unless visible dark oxidation or tarnish films developed, in which case the test 
was discontinued.
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Figure 2-34 Ultimate tensile strength vs. time at 450°F for Paliney 6 alloy. A 
is initially work hardened; B is initially annealed; C is initially age hardened 

from annealed condition. a) is for samples tested at room temperature after 
prolonged 450°F temperature exposure. b) is for samples tested after being 

removed from the aging oven and reheated to 450°F prior to testing.
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Figure 2-35 Ultimate tensile strength vs. time at 450°F for Paliney 7 alloy. A 
is initially work hardened; B is initially annealed; C is initially age hardened 

from annealed condition. a) is for samples tested at room temperature after 
prolonged 450°F temperature exposure. b) is for samples tested after being 

removed from the aging oven and reheated to 450°F prior to testing.

As seen in Figure 2-34 and Figure 2-35, at 450°F the ultimate tensile strength of 
Paliney 6 and Paliney 7, respectively, in either the work hardened or annealed 
condition was still increasing at 1000 hour exposure. In the age hardened 
from the annealed condition, both alloys maintained their strength with 
throughout the exposure period. In Paliney 6, some oxidation was present 
after 50 hours.
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Figure 2-36 Ultimate tensile strength vs. time at 450°F for Neyoro G alloy. A 
is initially work hardened; B is initially annealed; C is initially age hardened 

from annealed condition; D is initially age hardened from the work hardened 
condition. a) is for samples tested at room temperature after prolonged 

450°F temperature exposure. b) is for samples tested after being removed 
from the aging oven and reheated to 450°F prior to testing.

Figure 2-36 shows the response of Neyoro G from four different starting 
tempers. Starting from both the annealed and work hardened temper, an 
increased strength is achieved for both the tested at room temperature and 
at temperature test condition. For both age hardened tempers, the room 
temperature testing showed stable results. However, the age hardened 
temper samples showed a slight loss of strength over time when the tests were 
conducted at temperature. The work hardened and age hardened from the 
work hardened conditions both showed some oxidation at 50 hours exposure.
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Figure 2-37 Ultimate tensile strength vs. time at 450°F for the Neyoro 28 
series of alloys. A is for Neyoro 28 initially work hardened; B is for alloy 

Neyoro 28A initially work hardened; C is for Neyoro28B alloy initially work 
hardened. a) is for samples tested at room temperature after prolonged 

450°F temperature exposure. b) is for samples tested after being removed 
from the aging oven and reheated to 450°F prior to testing.

The graphs of non-age-hardenable, Neyoro 28 series alloys (Figure 2-37) 
indicate that Neyoro 28A and Neyoro 28B, both in the work hardened 
condition, started to anneal and therefore slowly decrease in strength after 
a moderate period of time. Although it started out at much lower strength 
level, the UTS of Neyoro 28 was reasonably stable throughout the entire 
exposure period.

Paliney 7 and Neyoro G were also tested after exposure to 535°F. Although 
oxidation became visible within 10 hours on Neyoro G and at approximately 
300 hours on Paliney 7, the information is useful for cases in which protective 
atmosphere would be present. The curves for Paliney 7 (Figure 2-38) show 
increases in strength with exposure time for both tempers tested. This 
is a result of continuous age hardening, which occurs very slowly at this 
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temperature. The increases in strength with exposure are the result of age 
hardening, which occurs very slowly at this temperature.
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Figure 2-38 Ultimate tensile strength vs. time at 535°F for Paliney 7 alloy. A 
is initially annealed and B is initially age hardened from annealed condition. 

a) is for samples tested at room temperature after prolonged 535°F 
temperature exposure. b) is for samples tested after being removed from the 

aging oven and reheated to 535°F prior to testing.

The results for Neyoro G tested at 535°F (Figure 2-39) show that for most 
tempers the UTS is either stable or slightly increasing over time. However, the 
initially work hardened temper shows a slight increase followed by a dramatic 
decrease in the UTS after approximately 500 hours at this temperature.
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Figure 2-39 Ultimate tensile strength vs. time at 535°F for Neyoro G alloy. 
A and A* work hardened; B and B* annealed; C and C* age hardened from 

annealed condition; D and D* age hardened from work hardened condition; 
A, B, C, and D tested at room temperature after holding at 535°F for 

indicated time; A*, B*, C*, and D* tested at 535°F after holding at 535°F for 
indicated time.

2.8.2 Elevated Temperature Relaxation

Frequently the high strength alloys such as Paliney 6, Paliney 7 or Neyoro G 
are used as stressed cantilever beams (to provide contact force) and contacts 
simultaneously. When this type of use also involves elevated temperatures, 
these stressed members may have a tendency to relax or lose a portion of the 
contact force. This elevated temperature stress relaxation is both temperature 
and time dependent.
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The procedure used to obtain the relaxation characteristics presented utilized 
a constant deflection by bending (within the elastic limit) straight specimens 
into circular loops so that they were uniformly stressed.  After exposure to the 
time-temperature treatment while stressed in this manner, the specimens 
were allowed to assume their free position. Any curvature in the initially 
straight pieces was a measure of the stress relaxation that had occurred.

As shown in the accompanying graphs, relaxation is expressed as the percent 
of initial stress that is retained, which is equivalent to the percent of contact 
force that would be retained by a deflected cantilever beam. It is to be noted 
from these figures that in terms of percent of retained stress, the relaxation is 
strongly dependent on temperature and time and weakly dependent on the 
initial applied stress. Also note that the plots for Paliney alloys (Figures 2-40 
through 2-43) are obtained at 200°C and 250°C while those for Neyoro G are 
for 100°C, 150°C and 200°C, in order to reflect the superior high temperature 
spring properties of these Paliney alloys.
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Figure 2-40 Stress relaxation properties of Paliney 6, age hardened, when 
stressed at 200°C and 250°C for the indicated time.
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Figure 2-41 Stress relaxation properties of Paliney 7, age hardened, when 
stressed at 200°C and 250°C for the indicated time.
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Figure 2-42 Stress relaxation properties of Paliney 25 tested at 200°C and 
250°C. The samples were stressed to 75% YS. The material was in the heat 

treated from anneal temper and had a YS of 153 ksi.
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Figure 2-43 Stress relaxation properties of Paliney H3C tested at 200°C and 
250°C. The samples were stressed to 75% YS. The material was in the heat 

treated from anneal temper and had a YS of 236 ksi.
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Figure 2-38 Stress relaxation properties of Neyoro G, age hardened, when 
stressed at 100°C, 150°C, and 200°C for the indicated time.

2.8.3 Oxidation Resistance

Most Deringer-Ney alloys contain some amount of base metals (non-noble 
metals) to improve their strength, hardness, wear resistance, or some other 
desirable property. Since the type and amount of base metal varies from alloy 
to alloy, it is reasonable to expect that each may behave differently regarding 
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oxidation at elevated temperatures. For material performance in contact 
usage, three important considerations are:

1. the influence of time of exposure on contact resistance;
2. the ease with which the oxide films can be mechanically fractured; and
3. the voltage that is required to electrically puncture the film and 

produce reasonably low contact resistance.
Our tests to determine these characteristics were made using the micro-
contact apparatus described in ASTM B326. The 0.015 in diameter specimens 
were abraded with 600-grit silicon carbide paper under tap water, rinsed with 
deionized water and air dried. They were then suspended in a temperature 
controlled oven for a specified time and temperature, after which they were 
installed in the B326 tester for measurement of the contact characteristics 
using a crossed wire geometry. Both members of the tested pairs were of the 
same alloy and exposure. Times of exposures were 1, 10, 100 and 1000 hours 
at temperatures of 25, 150, and 250°C.

The contact resistance of each exposed specimen was determined at forces 
of 1.0 and 5.0 grams on three locations on each wire and averaged. Force was 
applied very gradually to avoid impact and the source voltage was limited to 
15 mV in this measurement to avoid any electrical puncture of the film.



Ney Contact Manual102

Table 2-3 Film
 resistance of paired 0.015 in diam

eter contacts after exposure to elevated tem
peratures

Tem
p(°C)

Exposure 
tim

e 
(hrs)

Film
 Resistance (m

illiohm
s)

1.9%
 Be-

Copper
Coin Silver

N
eyoro G

N
eyoro 28A 
&

 N
eyoro 

28B

N
eyoro 
28

N
eyoro 69

Paliney 6
Paliney 7

Paliney 8
24K Gold

1g
5g

1g
5g

1g
5g

1g
5g

1g
5g

1g
5g

1g
5g

1g
5g

1g
5g

1g
5g

25
1

40
0

1
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

25
1,000

550
300

5
<5

5
<5

5
<5

5
<5

5
<5

5
<5

5
<5

5
<5

5
1

150
1

∞
∞

5
<5

5
<5

5
<5

5
<5

5
<5

20
<5

5
<5

5
<5

5
1

150
10

∞
∞

40
20

5
<5

5
<5

5
<5

5
<5

30
<5

5
<5

20
<5

5
1

150
100

∞
∞

100
25

70
10

5
<5

5
<5

5
<5

30
<5

30
<5

30
<5

5
2

150
1,000

∞
∞

∞
∞

1,100
340

20
10

10
<5

30
10

50
<5

40
20

50
25

10
5

200
1

∞
∞

90
50

30
<5

5
<5

5
<5

5
<5

20
<5

5
<5

5
<5

5
1

200
10

∞
∞

1,200
430

50
<5

5
<5

5 
<5

5
<5

30
<5

10
<5

5
<5

5
2

200
100

∞
∞

~100,000
~100,000

730
10

5
<5

5
<5

20
<5

40
10

10
<5

30
10

5
1

200
1,000

∞
∞

∞
∞

6,200
50

30
10

130
20

1,940
470

~10,000
1,250

500
120

50
50

10
10

250
1

∞
∞

∞
∞

40
<5

5
<5

5
<5

5
<5

20
<5

5
<5

5
<5

0
0

250
10

∞
∞

∞
∞

‒
‒

10
5

20
<5

10
<5

50
10

70
20

20
<5

0
0

250
100

∞
∞

∞
∞

∞
∞

3,400
125

30
<5

150
30

80
10

500
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1,900
90

0
0
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In another portion of this test program, materials which showed very high 
resistances when tested at 0.1 gram with a 15 mV test circuit were subjected 
to gradually increasing test voltage to find the voltage necessary to cause 
electrical film puncture. The results, shown in Table 2-4 Voltage (DC) necessary 
to cause breakdown of insulating film on paired 0.15 in diameter contacts after 
exposure to elevated temperature in air. Please note the dramatic difference 
between noble and non-noble alloys.
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Table 2-4 Voltage (DC) necessary to cause breakdown of insulating film on 
paired 0.15 in diameter contacts after exposure to elevated temperature 

in air

Material
Exposure3 Breakdown 

Voltage 
V DCTemperature °C Time hrs

1.9% Be-Copper 150 1 3

1.9% Be-Copper 150 10 5

1.9% Be-Copper 150 100 15

1.9% Be-Copper 150 1,000 28

1.9% Be-Copper 200 1 5

1.9% Be-Copper 200 10 26

1.9% Be-Copper 200 100 >30

Coin Silver 150 1,000 2

Coin Silver 200 10 >1

Coin Silver 200 100 13

Coin Silver 200 1,000 >30

Coin Silver 250 10 11

Coin Silver 250 100 28

Coin Silver 250 1,000 >30

Neyoro G 250 10 3

Neyoro G 250 100 6

Neyoro G 250 1,000 11

Neyoro 28, 28A, 28B 250 1,000 12

Neyoro 69 250 1,000 9

Paliney 6 250 1,000 5

Paliney 7 250 1,000 5

Paliney 8 250 1,000 3

24K gold 250 1,000 ‒4

2.9 THERMAL-ELECTRICAL PROPERTIES

In Section 1.8 we have seen that a temperature rise takes place in current 
carrying members. The ease with which heat can be dispersed through a 
material is determined by its thermal conductivity. A contact pair of dissimilar 
metals can also act as a thermocouple under certain conditions and produce 

3 Time and temperature combinations one step lower than those listed produced some 
metallic contact at 0.1 gram and no “breakdown” characteristic.
4 Showed metallic contact at 0.1 gram
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a self-generated voltage at elevated temperatures. Thus thermal emf 
(thermocouple effect) and thermal conductivity are properties that should 
be known and understood. Other important properties are resistivity and 
temperature coefficient of resistance.

2.9.1 Resistivity

The term resistivity has already been introduced, but is included here in more 
detail because of the importance of this material property. It can be defined 
as the property of a material that impedes electrical current when a sample 
of specified unit dimensions is considered.

  ρ =  R A _ l    2.6

where

ρ = resistivity

A = cross-sectional area

l = length

R = resistance

In the metric system, the units would be:

  ρ =  R A _ l     
(ohm)  (c  m   2 )  _ cm   =  R A _ l   ohm cm  2.7

This is conventionally used for insulators while for conductors the units are 
normally expressed as microhm cm.

The units used in some sections of the wire industry introduce the term 
circular mil. This is defined as the cross-sectional area of a wire one mil (0.001 
in) in diameter and is given the abbreviation cir. mil.

  1 cir. mil =  π _ 4     (0.001)    2  =  π _ 4   ×  10   −6  sq . in.  2.8

With this system, the resistivity is defined as the resistance of a round wire 
one cir. mil in area (one mil in diameter) and one foot long.
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  ρ =  R  A ′   _ l    ohm cir. mil _ ft    2.9

By the definition, A’ (cir. mil) = d2, where d is the diameter of the wire expressed 
in mils.

  ρ =  R  d   2  _ l    ohm cir. mil _ ft    2.10

In practice the situation is usually such that the resistivity is known (from 
handbook or catalog data), the dimensions are known and the resistance 
must be determined. In this case we use

  R = ρ   l _ A   2.11

where if ρ is expressed in ohm cir. mill/ft, l is the length of the specimen in 
feet and A would equal the cross-sectional area in circular mils. The resultant 
R is, of course, in ohms. In the metric system if ρ is given in microhm-cm, l in 
cm, and A in cm2, then R will be in microhms.

It is often necessary to determine the resistance of rectangular conductors. 
By realizing that Area (cir. mils) = d2 and that this same area in “square mils” 
is πd2/4, the calculation is readily made. As an example, suppose we wish to 
calculate the resistance of a Neyoro G (age hardened) blade that is 0.005 × 
0.100 × 1.0 in long.

 

 R = ρ   l _ A  = 87  ohm cir. mil _ ft   × 1 in ×   1 ft
 _ 12 in  

×   1 _ 5 × 100 sq. mils  ×       1 sq. mil _   4 _ π  cir mil      = 0.0114 ohms 
2.12

Refer to Table 2-5 for conversion factors.



Chapter 2: Properties of Materials 107

Table 2-5 Conversions to and from the two systems of units

To Convert From To Multiply By

ohm-cir. mil/ft microhm-cm 0.1662

ohm-cir. mil/ft ohm-cm 0.1662 × 10-6

microhm-cm ohm-cir. mil/ft 6.015

ohm-cm ohm-cir. mil/ft 6.015 × 10-6

Occasionally, instead of resistivity being given in a handbook, the percent 
conductivity relative to IACS (International Annealed Copper Standard) is 
stated. IACS is the internationally accepted value for the resistivity of an 
annealed copper standard at 20°C. Its value is 10.371 ohm cir. mil/ft or 1.7241 
microhm-cm. Thus, to determine a material’s resistivity (in ohm-cir. mil/ft) 
when % conductivity is given, we merely divide 10.371 by the stated percent 
expressed as a decimal. The % IACS can also be calculated by %IACS = (172.41/
resistivity) where resistivity is in units of microhms -cm.

2.9.2 Temperature Coefficient of Resistance

As temperature is increased in metals, the increased thermal agitation tends 
to decrease the mobility of the free electrons, resulting in an increase in 
resistivity. This is another way of saying that metals usually have a positive 
temperature coefficient of resistance. Within a few degrees above or below 
room temperature (20°C) this change in resistance is ordinarily considered as 
negligible. However, when the temperature differs widely from the reference 
temperature at which resistivity was determined (usually 20°C), a correction 
for temperature is necessary. The resistance (RT) at the given temperature is:

   R  T   =  R  0   [1 + α (T −  T  0  ) ]   2.13

where

R0 = resistance at reference temperature T0, ohms

α = temperature coefficient of resistance, ohms/ohm-°C

T = temperature at which RT is to be determined, °C

T0 = reference temperature at which R0 was determined, °C

Values of temperature coefficient of resistance for Neyoro G and Paliney 7 for 
use in Equation 2.13 are given in the tables in the Appendix.
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2.9.3 Thermal Conductivity

The ease with which heat energy is conducted through a material is measured 
by its thermal conductivity.  The thermal conduction process in metals is carried 
on by free electrons and lattice vibrations. The free electrons are the same 
ones that determine electrical resistivity so it is not surprising that resistivity 
and thermal conductivity are related, specifically by the Wiedemann-Franz-
Lorenz law. Based on this, R. Holm has suggested that for temperatures above 
room temperature an approximation of the thermal conductivity (k) can be 
obtained from:

  k =  7.1 ×  10   −6  _ ρ   + 0.1  2.14

where

ρ = resistivity at 20°C, ohm-cm

k = thermal conductivity, watts/cm-°C

The second term is an approximation of the average contribution of the 
lattice. When the units are changed to the more customary calorie-cm/cm2-°C 
sec (which reduces to calorie/cm-°C-sec), the calculated results are as shown 
in Table 2-6 Thermal conductivity calculated from Equation 2.14.



Chapter 2: Properties of Materials 109

Table 2-6 Thermal conductivity calculated from Equation 2.14

Alloy Alloy Condition
Thermal Conductivity 

(Calculated) 
calorie/cm-°C-sec

Paliney 6 Annealed 0.08

Age Hardened 0.09

Paliney 7 Annealed 0.07

Stress Relieved 0.07

Ductile HT 0.08

Age Hardened 0.08

Paliney 8 Annealed 0.08

Age Hardened 0.09

Paliney M Annealed 0.07

Neyoro G Annealed 0.10

Stress Relieved 0.10

Age Hardened from Annealed 0.14

Age Hardened from Cold Worked 0.14

Neyoro 28 Cold Worked 0.19

Neyoro 28A Cold Worked 0.16

Neyoro 28B Annealed 0.16

Cold Worked 0.16

Neyoro 69 Annealed 0.13

Cold Worked 0.13

2.9.4 Thermal EMF

Every material possesses a characteristic energy state determined by its 
composition, working history, and temperature. When two different materials 
are in contact, the difference in energy causes a voltage which tends to make 
the energy states equal. However, the voltage is extremely small when the 
materials are at the same temperature and is negligible. If, however, two 
junctions are used with one of them at a temperature higher than the other 
as in Fig. 2-39, there can be an appreciable voltage created. This is called the 
thermal electromotive force (emf) and is the basis for thermocouples.

A typical thermocouple consists of two lengths of one material and a length of 
a second material connected to the ends of the first. The leads are connected 
to a potentiometer or some other voltage measuring device. One junction 
is held at a known temperature, frequently by immersion in an ice-water 
mixture. The other junction is subjected to the temperature to be measured. 
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The induced voltage is read and, by means of a conversion chart or factor, the 
difference between the two temperatures is found. The temperature of the 
unknown will be the algebraic sum of the temperature difference plus the 
reference temperature.

mV

Tref Tx

Material A

Material B

Figure 2-39 A classical thermocouple circuit

The most desirable characteristic for thermocouples is a large and constant 
voltage per degree of temperature change. With the majority of materials, 
the voltage per degree is not constant but is a function of temperature. 
For accurate temperature measurements, tables converting millivolts to 
temperature are used.

In electrical contact circuitry, it may be necessary to know the approximate 
voltage that is generated by temperature differences at two metallic junctions. 
For this purpose, tables of voltage produced per °C, with respect to a standard 
material (platinum or copper) are used. The table values are averages over the 
temperature range specified. Extrapolation beyond the specified temperature 
range is quite common.

The need for two junctions at different temperatures deserves emphasis. 
Without two junctions a thermocouple cannot exist. For example, consider 
a contact system as shown in Figure 2-40 (a) circuit that will not produce a 
thermal emf, and (b) an arrangement that will produce a thermal emf(a). 
Contact alloys A and B are attached to a leaf spring member which has a 
thermal emf characteristic identical with the lead wire. Assume that the space 
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within the dotted lines is all at temperature T1 and everywhere outside this 
space the temperature is constant at T2. Under these conditions no thermal 
voltage will be seen at the terminals. There is no second junction of Alloys A 
and B.

By contrast, the arrangement shown in Figure 2-40(b) will produce a 
thermoelectric voltage at the terminals as it contains an effective second 
junction of alloys A and B at temperature T2. Note that the presence of the 
lead wires does not have any effect on the thermal voltage in the two cases 
shown, since all the lead junctions are at the same temperature, T2.

C

C

T2

T2

(a) (b)

T1 T1

A B
A B

Figure 2-40 (a) circuit that will not produce a thermal emf, and (b) an 
arrangement that will produce a thermal emf

Table 2-7 gives the thermal emf of various common materials with respect 
to platinum. To find the thermal emf between two materials when neither 
of which is platinum, algebraically subtract the figures given. For instance, 
the thermal emf of Paliney 7 annealed to Neyoro G heat treat would be 
(-10) - (+4) = -14 µvolts/°C. If the temperature difference between the hot 
junction and the cold junction were 100°C, the voltage would be 1400 µvolts, 
or 0.0014 volts
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Table 2-7 Thermal emf of various materials with respect to platinum (0‒100°C)

Material
Thermal emf

(µV/°C)

Ni-Cr (90-10 & 84-16) + 30

Nichrome (58.5Ni-22.5Fe-16Cr-3Mn) + 25

Platinum Iridium, 85/15 + 19

Platinum Iridium, 90/10 + 18

Sigmund Cohn #479 + 14

Sigmund Cohn #851 + 12

Evanohm +  9

Copper, pure, work hardened +  8

Gold +  8

Silver, annealed +  8

Rhodium +  7

Neydium 90 (coin silver, work hardened) +  7

Beryllium Copper, quarter hard +  6

Beryllium Copper, age hardened from anneal +  6

Manganin +  6

Beryllium Copper, half hard +  5

Phosphor bronze, composition A, half hard and spring +  5

Neyoro G, age hardened +  4

Neyoro G, stress relieved +  4

Neyoro 28, work hardened +  4

Sigmund Cohn #LTC +  4

Neyoro G, annealed +  3

Neyoro 69, work hardened +  3

Platinum 0

Neyoro 28A, work hardened -  3

Neyoro 28B, work hardened -  4

Palladium -  5

Paliney 7, age hardened -  8

Paliney 7, ductile HT -  8

Paliney 7, annealed - 10

Nickel Silver 18% (i.e. nickel brass), spring temper - 13

Nickel - 15

Paliney 6, annealed - 18

Paliney 6, age hardened - 23

Paliney M, work hardened - 24

Constantan - 38
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CHAPTER 3:  
DESIGN  
AND  
APPLICATION

3.1 INTRODUCTION

From the foregoing sections on contact theory and material properties we 
can make a list of what properties an “ideal” contact material would possess.

1. High electrical conductivity (low resistivity) in order that constriction 
resistance and bulk resistance will be low.

2. High thermal conductivity so that joule heat (I2R) will be rapidly 
conducted away from the contact interface.

3. Softness so that a-spots will be large, thereby providing low 
constriction resistance.

4. High hardness for low mechanical wear.
5. High strength to provide the ability to serve as a contact and cantilever 

beam and to give low mechanical wear.
6. High noble metal content for extended shelf life, low electrical noise, 

and excellent reliability.
7. Ability to form extremely thin lubricating films, but not an excess of 

frictional polymer.
8. Low cost.

It is apparent that the simultaneous attainment of all these characteristics is 
impossible. Several of the desired properties result in direct contradictions. 
Consequently, the designer of contact systems must carefully consider 

3
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the acceptable levels of each characteristic in relation to the demands of 
his application.

In the sections that follow we will cover the design of contact members 
and associated structures that are considered in order to meet specific 
performance demands. Several typical applications of the Deringer-Ney alloys 
will also be presented as well as some assembly techniques.

3.2 CANTILEVERS

There are many cases in which a cantilever beam plays an important role 
in a contact structure. It is necessary, therefore, to have the techniques 
available for calculating the interrelationship of deflection, force, fiber stress, 
dimensions and material properties for such structural members.

First the force produced by a given deflection of the beam must be calculated. 
Then it is necessary to determine the maximum fiber stress that would exist in 
the beam for the given force in order to verify that the material can withstand 
this stress without plastic (permanent) deformation.

3.2.1 Simple Cantilevers

A simple cantilever is a beam of uniform cross section (throughout its length) 
which overhangs its support and is loaded on its overhanging region, as 
shown in Figure 3-1.

YL

P

Figure 3-1 Simple cantilever beam

The deflection can be found from the following equation:



Ney Contact Manual116

  Y =   P  L   3  _ 1361 EI   3.1

A mixed system of units is commonly used, where:

Y = deflection, inches

P = contact force, grams force

L = cantilever length, inches

E = modulus of elasticity in tension, psi

I = bending moment of inertia, inches4

IR = h3b/12 for rectangular cross sections

Ic = πD4/64 for circular cross sections

D = wire diameter, inches

h = cross section thickness, inches

b = cross section width, inches

Substituting the moment of inertia Equations for I in Equation 3.1, the final 
equation for beams with circular cross sections becomes

  Y =  0.0150 P  L   3  _ E  D   4     3.2

and for cantilever beams with rectangular cross sections, only the moment of 
inertia of the cross-section changes so that

  Y =  0.00881 P  L   3  _ E  h   3  b    3.3

Two examples will serve to show the manner in which Equations 3.2 and 3.3 
are used.

a. What deflection is required to produce a contact force of 3 grams 
using a Paliney 7 wire that is 0.010 in dia and 0.75 in long? The 
modulus of elasticity of Paliney 7 is 17 × 106 psi.

 
 Y =  0.0150 × 3 ×   (0.75)    3  _ 17 ×  10   6  ×   (0.01)    4    = 0.112 in 
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b. What force will be exerted by a Neyoro G strip that is 0.005 in thick, 
0.020 in wide, and 0.5 in long when it is deflected 0.05 inches from its 
free position?  (The modulus of elasticity of Neyoro G is 16 × 106 psi.)

Solving Equation 3.3 for P,

 
 P =   YE  h   3  b _ 0.00881   L   3   =  0.05 × 16 ×  10   6  ×   (0.005)    3  × 0.02  ________________  0.00881 ×   (0.5)    3    = 1.82  g  

f
   

 

A very important restriction on the use of deflection-force Equations 3.2 and 
3.3 is that the stresses in the fibers of the beam must be kept below the level 
at which plastic deformation occurs. The calculation of these fiber stresses 
will now be considered.

3.2.1.1 Fiber Stress

If a beam (Figure 3-2) is subjected to a force (P) at some distance (L) from its 
fixed end, then the top fibers of the beam are in compression and the bottom 
fibers are in tension. On some line z-z passing through any cross section there 
will be no stretching or compressing of the fibers, and this neutral axis always 
passes through the centroid of the cross section.

II

L

P

a

a

z z

(a)

(b)

P
 x

 II

Figure 3-2 Cantilever beam and its bending moment diagram

Furthermore, at any section a-a there is an incremental bending moment 
which is defined as the product of P × l. Thus a bending moment (P × l) 
diagram can be constructed which represents the value of the bending 
moment at incremental lengths along the beam. In order for the system to 
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be in equilibrium (i.e., free from motion) it is found that the maximum fiber 
stress that exists in the beam can be calculated from the basic equation

  S =  Mc _ I    3.4

This maximum stress occurs in the outer fibers at the fixed end of the beam 
and in this formula,

S = maximum fiber stress, pounds per square inch

M = bending moment in pound-inches (P × l)

I = bending moment of inertia, inches4

c = distance (inches) from the neutral axis to the outer fibers or 
one-half of the thickness for symmetrical cross sections

For simple beams of circular cross section in the terms customarily known 
(with P expressed in grams) the equation becomes

  S =  0.0225 PL _  D   3     3.5

and for rectangular cross sections

  S =  0.0132 PL _  h   2  b    3.6

The value of S that is calculated must always be compared to the known 
properties of the beam material, considering such factors as fatigue limit, 
elevated temperature, strength, and relaxation (see Sections 2.2 and 2.6). 
In the absence of any severe temperature or fatigue requirements it has 
been our experience that stresses of about 2/3 of the proportional limit are 
permissible and allow an adequate “factor of safety.” Above this value, strict 
attention must be given to otherwise minor nicks, scratches, dents, etc., 
which can result in localized “stress raisers.”

An example will serve to illustrate the use of the stress equations.

What will the maximum fiber stress be in a cantilever spring arm 
made of age hardened Paliney 6, 0.004 in thick by 0.02 in wide 
when it is providing a force of 2 grams at a distance of 0.5 inches 
from its fixed end? Is this a suitable non-fluctuating stress at 120°F?
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 S =  0.0132 PL _  h   2  b   =  0.0132 × 2 × 0.5 _   (0.004)    3  × 0.02   = 41,250 psi 

 

Referring to Section 2.4.1, the proportional limit of age hardened Paliney 6 is 
given as 110,000 psi, so that the calculated 41,250 psi stress is well below 2/3 
of the proportional limit. Also from the graphs in Section 2.8.2 we note that at 
the required 120°F (49°C) the relaxation can be regarded as negligible.

3.2.2 Special Cantilever Beams

When a cantilever beam is not straight in its undeflected state or when I, the 
moment of inertia of the cross section, is not constant throughout its length, 
the deflection and stress equations must be changed accordingly. Some of 
the more common configurations will be covered in the sections that follow.

3.2.2.1 Curved Cantilevers

One type of curved cantilever is that shown in Figure 3-3 below:

P

Y

L

rθ

Figure 3-3 Curved cantilever, θ < 180°

When θ is equal to or less than 180° the deflection (Y) can be found for beams 
of circular cross section by

  Y =  0.045 P  r   3  _  ED   4    [  1 _ 3    ( L _ r  )    3  +   ( L _ r  )    2    θ _ 57.3  + 2  L _ r   (1 − cosθ)  +   θ _ 114.6  −  sin2θ _ 4   ]  3.7

and for rectangular sections, again for 0~180°, the equation becomes
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  Y =  0.0264 P  r   3  _ E  h   3  b   [  1 _ 3    ( L _ r  )    3  +   ( L _ r  )    2    θ _ 57.3  + 2  L _ r   (1 − cosθ)  +   θ _ 114.6  −  sin2θ _ 4  ]  3.8

The maximum fiber stress occurs where the moment (P × distance from P) is 
the greatest, so that it depends on the value of θ. When θ ≤ 90° the stress is 
the greatest at the fixed end, since the distance from P equals L + r sin θ. Thus 
the stress for a circular cross section is calculated from

  S =  0.0225 P(L + rsinθ) _  D   3     3.9

and for a rectangular cross section

  S =  0.0132 P (L + rsinθ)  _  h   2  b    3.10

When θ is between 90° and 180° the maximum distance from P is equal to (L 
+ r) so the stress is greatest at this point. Then the stress for a circular cross 
section is calculated by

  S =  0.0225 P(L + r) _  D   3     3.11

and for a rectangular cross section by

  S =  0.0132 P (L + r)  _  h   2  b    3.12

In all the equations in this section the deflection and dimensions are expressed 
in inches, P in grams, E and S in psi, and θ in degrees.

The solution of the following problem will illustrate the use of these equations.

What will the deflection and stress be for a Paliney 6 beam where 
P = 5  grams, L = 0.6 in, r = 0.08 in, D = 0.015 in, and θ = 45°? (The 
modulus of elasticity of Paliney 6 is 16 × 106 psi.) Using Equations 
3.7 and 3.9

 Y =   0.045 × 5 ×   (0.08)    3  _ 16 ×  10   6  ×   (0.015)    4   [ 1 _ 3    (  0.6 _ 0.08 )    3  +   (  0.6 _ 0.08 )    2  ×   45 _ 57.3  +  2 × 0.6 _ 0.08   (1 − 0.707)  +   45 _ 114.6  −  1 _ 4 ]  
 = 0.027 inch deflection 
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 S =  0.0225 × 5(0.6 + 0.08 × 0.707)  _______________   (0.015)    3    = 21,900 psi 

This solution for the deflection also shows that, in this case, the last two 
terms within the brackets were negligible and could have been dropped. In 
order to neglect the third term in the brackets safely, the value of L should 
be about 10 times the value of r, as a minimum.

The next type of curved cantilever to be considered is one that has a complete 
U-bend of approximately 180° where the load is applied between the 
bend and the fixed end, as shown in Figure 3-4(a) or beyond the fixed end, 
Figure 3-4(b).

P

Y

L1

r

P

Y
r

L2

L1

L2

(a) (b)

Figure 3-4 Two types of curved cantilevers, θ = 180°

For both cases the deflection-force relationship for round cross-sections is:

  Y =  0.045 P  r   3  _ E  D   4    [ 1 _ 3    (  L  1   _ r  )    
3
  +  1 _ 3    (  L  2   _ r  )    

3
  +   (  L  1   _ r  )    

2
  (  L  2   _ r   + π)  +   L  1   _ r   (4 −   (  L  2   _ r  )    

2
 )  +  π _ 2  ]   3.13

For rectangular cross sections, the portion within the brackets remains the 
same and the equation becomes:

  Y =  0.0264 P  r   3  _ E  h   3  b   [ 1 _ 3    (  L  1   _ r  )    
3
  +  1 _ 3    (  L  2   _ r  )    

3
  +   (  L  1   _ r  )    

2
  (  L  2   _ r   + π)  +   L  1   _ r   (4 −   (  L  2   _ r  )    

2
 )  +  π _ 2  ]   3.14

Fiber stress in the case shown by Figure 3-4(a) may be a maximum at either 
the fixed end or at the extremity of the bend radius, depending on the 
dimensions of r, L1, and L2. If (L2 – L1) is greater than (L1 + r) the stress for a 
round cross section is:
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  S =  0.0225 P( L  2   −  L  1  ) _  D   3     3.15

and for a rectangular cross section is:

  S =  0.0225 P( L  2   −  L  1  ) _  h   2  b    3.16

However, if (L2 - L1) is less than (L1 + r), the portion in parentheses in Equations 
3.15 and 3.16 must be replaced by (L1 + r).

From the foregoing it can be reasoned that for the case shown in Figure 
3-4(b), the maximum stress for a round cross section is always:

  S =  0.0225 P( L  1   + r) _  D   3     3.17

and for a rectangular cross section is always:

  S =  0.0225 P( L  1   + r) _  h   2  b    3.18

3.2.2.2 Stepped Cantilevers

The formulas used in all previous sections are suitable whenever the moment 
of inertia (I) of the cross-section is uniform for the full length of the beam. 
This is the same as saying that the cross-section dimensions are the same 
in all portions of the cantilever. Many contact members have changes in 
cross-section along their length, for instance as in the multi-fingered contact 
shown in Figure 3-5 (a) or the flattened wire contact shown in Figure 3-5 (b). 
The multi-fingered contact is more flexible near its contact portion and the 
flattened wire is more flexible toward its fixed end.

 

 (a) dual fingered contact (b) wire contact with flattened section

Figure 3-5 Cantilever beams with non-uniform cross-sections



Chapter 3: Design and Application 123

The development of equations for deflection, force, etc. can be based on the 
so-called Area-Moment method which is convenient for beams with a variable 
moment of inertia. The Area-Moment proposition states that the deflection 
(Y) of the point at which the force (P) is applied equals the product of the area 
of the bending moment diagram and  - x (the lateral distance of the centroid of 
the area), divided by EI, or

  Y =   (moment diagram area)  ( x   ¯  )   _____________ EI    3.19

A simplified example will serve to show how the Area-Moment method is 
used. Take the case of the cantilever beam shown in Figure 3-6 Cantilever 
beam with dimensions of its moment diagram as used in the Area-Moment 
method, which has a uniform cross-section with a moment of inertia, I, and 
a Young’s Modulus, E. The bending moment diagram and its dimensions are 
shown below the sketch of the beam.

Y

P
L

P
L

Lx 2
3=

Figure 3-6 Cantilever beam with dimensions of its moment diagram as used 
in the Area-Moment method

The centroid of this triangle is, of course, two-thirds the lateral distance from 
the apex toward the base (PL). Substituting in Equation 3.19 we obtain:

 Y =   ( 1 
_ 2  × PL × L)  ( 2 _ 3  × L)  _ EI   =   P  L   3  _ 3 EI  

which is the same equation previously stated for simple cantilever beams 
before the constants were changed so that P could be expressed in grams, 
i.e., P in the above solution is in pounds.



Ney Contact Manual124

Now, let us apply this method to a cantilever beam which has a change in I 
along its length, for instance, the multi-fingered member of Figure 3-7, which 
is made from strip material. Here each cross-section is rectangular, but I 
changes, since for a rectangular cross-section, I = 1/12 bh3, and the width b is 
not constant. This situation can be handled nicely by constructing a diagram 
of M/EI (rather than just an M diagram as in the first example) in which the 
variation in I can be taken into account.

Y

P

b4

b1

b2

b3

bf = b1+ b2+ b3
h

L2 L1

b’ a’
d’c’

Figure 3-7 Multi-fingered beam with its    M _ EI   diagram

In this case, the dimensions of the    M _ EI   diagram Figure 3-7 are:

  a ′   =   L  1   P _ E  I  f  
           b ′   =   L  1   P _ E  I  4  

           c ′   =   ( L  1   +  L  2  ) P _ E  I  4  
           d ′   =  c ′   −  b ′   =   ( L  1   +  L  2  ) P _ E  I  4  

   −   L  1   P _ E  I  4  
   

In order to follow the Area-Moment system, the area of each section of the 
diagram is determined and then this quantity is multiplied by   x   ¯   , or
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 Y =   a ′   ×  L  1   _ 2   ×  2 _ 3   L  
1
   +  b ′   ×  L  

2
   ×  ( L  

1
   +   L  2   _ 2  )  +   d ′   ×  L  2   _ 2   ×  ( L  

1
   +  2 _ 3   L  

2
  )  

When the values for a’, b’ and d’ (see Figure 3-7) are substituted, algebraic 
manipulation reduces this to

  Y =   P _ 3E  [  L  1  
3  _  I  f     +   L  2   ( L  2  

2  + 3  L  1    L  2   + 3  L  1  
2 )  ___________  I  4    ]   3.20

before the conversion of P to grams and combining all constants. Recalling 
that I for a rectangular cross-section equals h3b/12, and with P expressed in 
grams, dimensions in inches and E in psi, the equation becomes:

  Y =  0.00881 P _ E  h   3    [  L  1  
3  _  b  f  
   +   L  2   ( L  2  

2  + 3  L  1    L  2   + 3  L  1  
2 )  ___________  b  4  

  ]   3.21

For simplicity in calculation, an equivalent equation is:

  Y =  0.00881 P  L  1  
3  _ E  h   3    [  1 _  b  f  

  +   1 _  b  4  
  [  (  L  2   _  L  1   )    

3
  + 3   (  L  2   _  L  1   )    

2
  + 3 (  L  2   _  L  1   ) ] ]   3.22

Stress in this multi-fingered contact beam will be maximum in the outer fibers 
and this maximum value follows the usual equation   S  max   =  MC _ I   .

Note, however, that I has two distinct values, one for the fingered section, If, 
and one for the solid or base section I4. Since If < I4, the maximum stress could 
occur at the transition from fingered to solid sections.

As a precaution, the fiber stress should be calculated both for the transition 
zone and when M is a maximum (i.e. at the constrained end of the beam). 
For the transition zone M = PL1 and at the constrained end of the beam 
M = P (L1 + L2). Substitution of this and the appropriate value for c (= 1/2h) and 
I (with P in grams) yields the working equations:

   S  
f max

   =  0.0132 P  L  1   _  h   2   b  f  
          S  

b max
   =  0.0132 P ( L  1   +  L  2  )  _  h   2   b  4  

    3.23

The development of equations for the wire that is flattened near its fixed 
end would be done in the usual Area-Moment manner yielding an expression 
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equivalent to equation 3.20. However, since I1 and I2 are for round and 
rectangular sections respectively, the final deflection equation will be:

  Y =   P _ 1361 E  [ 20.4  L  1  
3  _  D   4    +  12  L  2   ( L  2  

2  + 3  L  1    L  2   + 3  L  1  
2 )   ____________  h   3  b  ]   3.24

Here again with P in grams, E in psi, and dimensions in inches.

Fiber stress should be calculated for both the transition zone and at the fixed 
end to see which is the highest, using:

   S  
1
   =  0.0225 P  L  1   _  D   3           S  

2
   =  0.0132( L  1   +  L  2  ) _  h   2  b    3.25

The Area-Moment method has been presented in some detail because it is 
so useful in developing deflection equations for beams that have discrete 
changes in their cross sections. Although the example shown is for a two-
section beam, the method is not limited, and could be used where any 
number of discrete changes occur.

Summary of symbols used in the foregoing discussion:

b1, b2, … = widths of beam sections

c = distance from neutral axis to outer fiber (= h/2)

E = modulus of elasticity

h = thickness of beam section

I = moment of inertia of beam cross section

I4 = moment of inertia of full width cross section

If = moment of inertia for finger part of beam cross section

L1, L2 = lengths of beam sections

M = bending moment

P = load or external force

S = bending stress

  x   ¯    = distance from deflected point to centroid of Moment diagram, 
or     M _ EI   diagram

Y = deflection
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3.2.2.3 Tapered Cantilevers

Another type of cantilever beam found in contact assemblies is the tapered 
cantilever as pictured in Figure 3-8. Formulas for deflection cannot be found 
in common handbooks but use of one of the following equations will provide 
a solution.

b
b’

a

Y
L P

Figure 3-8 Tapered cantilever beam

If w, the ratio of b’ to b (Figure 3-8) is less than about 1/2 the deflection can 
be found from:

  Y =  0.00881 P  L   3  _ E  h   3  b   [  1.5 _   (1.0 − w)    2    (1.0 − 3w −   2  w   2  _ 1.0 − w  lnw) ]   3.26

As w approaches a value of 1.0 the equation can be inaccurate since it involves 
dividing by a number approaching zero, so when this is the case an alternate 
solution is:

  Y =  0.00881 P  L   3  _ E  h   3  b   [1.5 (1 − w)  + 3  w   2   ∑ 
n=3

  
n=∞

     (1 − w)    n−3  _ n   ]   3.27

This form converges rapidly for 1/2 < w < 1 so that only a few values for n need 
be summed to get an accurate answer.

Fiber stress for tapered beams is calculated from the usual equations 
(excluding the case where the included angle of the tapered section is greater 
than 90°), i.e. :

  S =  0.0132 PL _  h   2  b    3.28
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3.2.3 Corrections for Large Deflections

The error which occurs when the deflection is large in relation to the length, 
comes from two sources. The first is apparent in that the full force (P) does 
not act to deflect the beam except when the magnitude of the deflection 
is exceedingly small. When deflection is not small, the real force producing 
deflection is P × cos α, where α is the angle between the deflected beam 
and the horizontal. The second error stems from some approximations made 
in the classical development of all beam formulas the details of which are 
beyond the scope of this presentation.

We have found, however, that when deflection is large in relation to beam 
length, multiplying the calculated deflection by (cos α)3 provides a convenient 
means of correcting for both these errors. This method is empirical, but we 
find it is effective where α ≤ 20°.

3.2.4 Natural Resonant Frequency

In cases where an assembly has to withstand vibration at certain frequencies, 
the designer often wants to avoid cantilever contacts that have the tendency 
to resonate near these frequencies. Contacts which resonate at sub-harmonic 
frequencies may also have to be avoided.

Natural resonant frequency is the number of times per second a member 
will vibrate under its own influence after an initial excitation. By restricting 
the mathematics to the case where it applies only to simple cantilever beams 
(supported only at one end) that are of uniform cross section, the following 
useful equation is obtained:
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  f =  Ch _  L   2       [ E _ ρ  ]     1 _ 2    3.29

where

f = fundamental natural resonant frequency, hertz

C = 14.6 for round cross sections

 = 16.8 for rectangular cross sections

h = thickness of cantilever member at the fixed end, inches

L = free length of the cantilever member, inches

E = Young’s modulus of elasticity, psi

ρ = density, grams/cc

For ribbed or partially flattened wire contacts (where the flattened end is 
secured) the equation must be divided by a factor λ1/2:

  f =  16.8h _  L   2      [  E _ ρλ ]     1 _ 2    3.30

 λ = ribbing factor = 3   a _ L  − 3   [  a _ L ]    2  +   [  a _ L ]    3  

 f   =   [  1 _  f  1  
2   +   1 _  f  2  

2  ]    − 1 _ 2   
where

a = length from support to beginning of stiffened section

f1 = natural resonant frequency without the added mass

f2 = natural resonant frequency of a massless beam with a 
concentrated mass at the tip
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   f  
2
   = 114   [  EI _  L   3  W ]     1 _ 2    3.31

W = weight of the added mass in grams

I = moment of inertia of the beam

 = h3b/12 for rectangular sections

 = πD4/64 for round sections

The equations above cover cantilever beam members with one end completely 
unrestrained. Most frequently, however, the beam is touching some firm 
surface that can be regarded as stationary. In this case the natural resonant 
frequency is at least double the value found from the equations.

3.2.5 Shock and Acceleration

When acceleration or shock (sudden acceleration) is applied to mated 
contacts, one of which is a cantilever beam, there is a tendency for the 
cantilever member to move relative to the fixed or stationary member. If the 
acceleration is in such a direction a to increase the force it is of little concern; 
however, when it tends to decrease the mating force, even possibly separating 
the surfaces, it is necessary to be able to make some approximate calculations. 
There is a definite contact force above which the members will not separate 
at a given acceleration in the absence of resonance; this minimum force is 
determined by the distributed mass and the dimensions of the member. With 
a beam of uniform cross section the constant force (Pc) necessary to prevent 
separation is:

   P  c   = 6.15 ρALG  3.32

where

Pc = force to prevent separation, grams

ρ = density, grams/cc

A = cross section area, square inches

L = length of beam, inches

G = number of g’s acceleration, non-dimensional

For a massless beam with a weight of W grams concentrated at its free end the 
force required to prevent separation is W × G, thus for a member consisting of 
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a beam with an additional weight at its free end (for example, a rectangular 
blade with a contact riveted to its end) the equation is:

   P  c   =  (6.15 ρAL + W)  G  3.33

Equations 3.32 and 3.33 are also useful for the cases where the acceleration 
is perpendicular to the axis of the contact force. In such cases the tendency 
is for the contact to slide once the static friction is overcome. Remembering 
that the coefficient of friction of noble metals is typically 1/2 (for design 
purposes), the force necessary to prevent slide, is twice the value found from 
equations 3.32 and 3.33.

3.3 SLIDING CONTACT APPLICATIONS

The basic objective of sliding contact systems is to transfer electrical 
intelligence from a moving member to one that is stationary. Ideally, the 
intelligence would be unchanged in any way and the sliding junction would 
behave just as if it were a soldered or welded joint. Basic contact theory 
already presented (see Section 1.10) has shown us that it is impossible to 
obtain this idealized condition, but the use of noble metal alloys enables us to 
come reasonably close on a practical scale.

In addition to the selection and use of noble metals, many design features 
have an important bearing on performance. The purpose of the following 
sections will be to aid the designer in selecting optimum overall design in 
sliding systems. Several types of sliding systems will be covered, including 
precision variable resistors (precision potentiometers), slip rings, and 
switching devices.

3.3.1 Precision Variable Resistors

A precision variable resistor that is used principally as a variable voltage 
divider is the component commonly known as the potentiometer5. It is an 
electromechanical transducer containing a resistive element and a moving 
contact. It delivers a voltage output that is some specified function of the 
voltage that is applied and the wiper position. The resistance element of the 

5  The instrument system which measures low value e.m.f by comparison to an accurately 
known I R drop is also known as a potentiometer. It usually contains a precision variable resistor 
(slide wire) in addition to a standard cell and a galvanometer for null balance. In this text we 
refer only to the precision variable resistor portion of such an instrument.
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potentiometer can be wire wound, conductive plastic, carbon composition, 
deposited film or fired metal-ceramic compound. Wipers for virtually all of 
these resistive elements are made of noble metal alloys, specifically selected 
to meet the life and performance that is required. Potentiometric applications 
were some of the earliest products to use age hardened noble metal alloys as 
signal level, sliding contacts.

Wire wound potentiometers are made by winding small diameter resistance 
wire on an insulating form or mandrel, as shown conceptually in Figure 3-9 
The wiper touches only a small portion of each turn and as the wiper moves, 
the resistance at the output (i.e., the resistance between the wiper terminal 
and one end of the resistive element) varies in small discrete steps, each step 
representing the resistance of one turn of the winding.

++++++

R

c
H

Wiper
Motion

θ

Figure 3-9 Resistance winding and wiper contact of wire 
wound potentiometer

It would be desirable to have a contact radius, R, that is small enough so that 
it bridges, at most, two adjacent turns of wire. In that way the maximum 
resolution would be realized. Conversely, a relatively large contact radius 
prevents the contact member from falling between turns where it would 
cause undesirable stress on the windings and make the wiper more subject to 
stick-slip motion and unwanted vertical motion. Our experience indicates that 
R should be between 5 and 10 times the center-to-center distance between 
turns to achieve low electrical noise and promote long life. In trimmer 
potentiometers where life requirements are not so stringent and noise during 
sliding is not a factor, somewhat smaller values of R can be used.
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Because of the presence of bi-directional sliding, the angle θ between the 
contact cantilever arm and winding should be kept to a minimum to prevent 
the contact from plowing into the winding, particularly when the travel is in 
a pushing direction.

Another mechanical design feature that must be considered is the distance 
H between the fixed end of the contact arm and the winding surface. The 
frictional drag that exists at the contacting surfaces couples with this height 
H to produce a flexing of the cantilever arm which could promote stick-slip 
motion. Thus it is advantageous to keep this height to a minimum.

Contact material selection for wire wound precision potentiometers depends 
principally on what resistance wire alloy is used for the winding. Also, if the 
material is to serve as a self-contained cantilever arm-contact, the strength 
and relaxation characteristics at rated temperature must be considered. 
Table 3-1 shows the most commonly used alloy for each type of resistance 
wire. These are selected on the basis of being the best overall compromise in 
regard to winding wear and smearing, contact wear and low electrical noise.

The selection of contact materials shown in Table 3-1 is based principally 
on tests conducted in the Ney laboratory. Bare resistance wire 0.002 inches 
in diameter was wound on insulating mandrels 0.064 in diameter with the 
turns spaced 0.003 in center to center. A nominal current of 1 ma was passed 
through the wiper. Sliding contacts being tested were fabricated from 0.006 in 
thick strip material formed to provide a contact radius of 0.030 in. The contact 
forces used were principally 10 grams-force for the noble metal resistance 
wires; 20 grams when soft base metal (i.e.,Cupro-Nickel alloys) wire were 
being tested; and 30 grams for the hard base metal (i.e., Nickel-Chrome 
alloys) wires.

Among the resistance wires that are used in precision potentiometers, Neyoro 
G is outstanding in combining low electrical noise and extremely long wear 
life for both the winding and contact. It also produces reduced frictional drag 
because of the low contact force that are typically used. The proper sliding 
contact material for use against Neyoro G windings is Paliney 7, in either the 
age hardened or stress relieved condition. When bifurcated wire formed 
contacts made of 0.010 in diameter wire are used, the recommended contact 
force is 2 to 5 grams per individual point of contact. Somewhat higher forces, 
up to 10 grams per point of contact, are indicated when the apparent contact 
area is relatively large, for example in the test procedure described in the 
preceding paragraph.
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Table 3-1 Commonly used contact alloys for selected resistance wires

Resistance 
Wire Alloy

Sliding Contact Alloy

Paliney 6 Paliney7 Paliney8 Neyoro G Neyoro 
28A

Neyoro 
28B

Neyoro G Age 
Hardened 
or Stress 
Relieved

Paliney 7 Age 
Hardened 
or Stress 
Relieved

92Pt- 8W Age 
Hardened 
(see note 

1)

Age 
Hardened

Age 
Hardened 
or Stress 
Relieved

Age 
Hardened 
or Stress 
Relieved

Nickel-
Chrome 

alloys

Age 
Hardened 
(see note 

1)

Age 
Hardened 
or Stress 
Relieved

Age 
Hardened 
or Stress 
Relieved

Cupro- Nickel 
Alloys

Work 
Hardened

Annealed 
Or Work 

Hardened

Note 1 – Principally used in trimmer potentiometers and other units where 
extremely long wear life is not necessary.
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Figure 3-10 Rotary potentiometer with tapered winding and bifurcated 
wireformed wiper contact.

Figure 3-11 A badly worn contact from a wire-wound potentiometer. Severe 
wear was caused by self-generated vibration from contact arm resonance or 

stick-slip motion.

The resistive elements of non-wirewound potentiometers are made by several 
methods. In the thick-film method, a paste containing metal and usually a 
ceramic frit is applied to a ceramic substrate and then fired to form a cermet 
resistive element; conductive plastic, usually epoxy containing conductive 
particles, lends itself to spraying, silk screening with subsequent firing or 
plastic molding techniques for the resistive element. Thin metallic films (often 
vacuum deposited) are also commonly used. All of these make extensive use 
of noble metal alloys for their wipers. Because of the proprietary nature 
of these resistive films and the lack of standardization, only very general 
recommendation for wiper materials can be made.
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The cermet and metal film resistive elements ordinarily employ Paliney 7 (age 
hardened or stress relieved) as wipers for the most stringent applications, 
with Paliney 6 age hardened for the lower cost commercial versions. Multiple 
points of contact, each at a few grams force, are used to avoid tracking of the 
wiper material onto the film and to improve linearity at the ends of the wiper 
travel. Particularly with the cermet potentiometers, the abrasion resistance 
of hard alloys such as Paliney 7 and Paliney 6 is advantageous, as by nature 
cermets are abrasive to metals.

Figure 3-12 Sketch of resistive element and wiper of a cermet 
rectilinear potentiometer

Both the fabrication technique and the specific fillers used to create the 
resistive element can have a dramatic effect on the wear life. Conductive 
elements with similar resistive values may significantly vary in their properties 
from one potentiometer manufacturer to another and the relevant fabrication 
information is generally considered proprietary.

The resistive elements are applied to a flat insulating substrate. The flat 
surface is advantageous because it can more readily accommodate multiple 
points of contact similar to those used in cermet units. Some older designs 
use a shape resembling half round in cross section (i.e., a crowned surface).

In order to show the wiper contact materials and typical forces used (the 
conductive plastic is of four major types which we have arbitrarily called types  
A, B, C  and  D)  summary  information  is shown Table 3-2
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Table 3-2 
Contact pressure recommendations for five different 

potentiometer assemblies

Conductive Plastic Wiper

Type Surface Shape Alloy
Number of 

Contact Points
Force/Point of 

Contact, gf

A Round Paliney 7 
Age Hardened

1 60–80

A Flat Paliney 7 
Age Hardened

3 to 5 8–12

B Flat Paliney 7 
Age Hardened

6 to 30 1–2

C Flat or Round Neyoro 28B 
or 
Neyoro 28A 
Work Hardened

4 to 6 2–4

D Flat Neyoro G 
or 
Paliney 7 
Age Hardened

2 to 4 5–10

Some potentiometers contain a “slip ring” and an associated sliding contact 
which transfers the voltage that the resistance element wiper sees to 
the output terminals of the unit. The slip ring-brush function and design 
considerations are the same as for normal instrument slip ring applications 
and will be covered in the next section.

3.3.2 Instrument Slip Rings

The mechanical device which transfers electrical information from a moving 
member to a stationary member (or vice versa) by means of contact surfaces 
which move relative to one another is commonly known as a slip ring 
assembly. The smaller of the two moving members is called the brush, wiper, 
or contact; these terms will be used interchangeably, following the usual 
custom. Usually, the motion of one of the sliding members is rotary. In the 
potentiometer industry, however, the conducting strip which transfers the 
signal (via its wiper) to the terminals is commonly called the “slip ring,” even 
when the relative motion is rectilinear.

Applications to be considered here are typically those involving low electrical 
energy such as for interconnecting the gimbals of gyroscopes, strain gage 
and thermocouple signals, and video tape head signals. By their nature these 
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applications most often require low electrical noise, low friction, long life and 
reliability. Various ring-brush combinations of noble metals and noble alloys 
are used to meet these stringent performance demands.

Common slip rings are shown in Figure 3-13 and Figure 3-14. The flat disc 
type (pancake style) conserves space in the axial direction and is often 
chosen for this reason. Disc slip rings are usually manufactured by printed 
circuit or etched circuit techniques. The cylindrical slip ring is often used 
for applications requiring many discrete circuits housed in a relatively small 
volume. The individual rings are electrically isolated and can be potted in a 
thermoset resin or insert molded in a thermoplastic resin. The circuit wires 
are attached to the rings prior to resin encapsulation.

Figure 3-13 Disc or pancake slip ring assembly and mating brush assembly

Figure 3-14 Cylindrical slip ring assembly and mating brush assembly

Since one of the important features of low energy slip rings is the ability to 
operate at low electrical noise level, it is necessary that designers recognize 
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the sources of noise, its characteristics, and variations in the methods of 
measuring noise.

Anything that changes the instantaneous resistance of the circuit consisting 
of the ring, contact interface and brush during motion, constitutes noise. The 
ring usually has a single lead attached to it and thus the bulk resistance of the 
ring current paths change during rotation. When, for instance in Figure 3-15, 
the brush in (a) is directly over the point at which the lead is attached, the 
current path is short, whereas in (b) the current is shared by two longer paths. 
The equivalent noise resistance is readily calculated from the resistivity of the 
ring material and its dimensions. Noise from this effect is often negligible but 
calculations should be made to determine its magnitude. Multiple, electrically 
parallel wipers at different points on the ring can be used to reduce this effect.

+
Lead

+
(a)

(b)

Figure 3-15 Slip ring current paths (dashed lines) (a) when lead attachment 
to ring is directly under the wiper, and (b) when lead attachment is 180° 

from wiper

Another source of noise is attributed to the fact that the wear scar on the 
wiper increases in dimensions during extended running. Considering the 
cylindrical ring and wire brush arrangement shown Figure 3-16 after wear has 
taken place, there are moments when the a-spots are concentrated at A and 
other moments when they are at B. The resistance path through the wiper is 
accordingly lengthened and shortened in a random manner. Multiple points 
of contact are successful in reducing this effect to a negligible value.
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A

+

B

Figure 3-16 Slip ring and brush after wear has occurred. Instantaneous 
location of a-spots can be anywhere between A and B.

Films are a major source of noise when they are too thick to allow conduction 
by the tunnel effect and in the extreme, cause momentary physical separation 
of the brush from the ring. These films have already been discussed in Sections 
1.7 and 1.10.8 but the great benefits to be gained in reducing film-caused 
noise via the use of multiple points of contact is again emphasized.

Mechanical sources of noise are also important and from our troubleshooting 
experience have often been found to be the predominant factor. Machined 
rings with machining mark that resemble a miniature screw thread can force 
brushes to an abnormal position, after which the brushes jump back to their 
normal position. During the jumping, physical separation of the contact 
interface is likely and noise is produced.

Another source of noise that is mechanical in nature is that due to brush 
misalignment. This can be described by reference to Figure 3-17. Ideally the 
axis of the brush wire should be exactly 90° from the ring axis. When it is 
not, the frictional force tends to displace the brush; however, whenever the 
coefficient of friction decreases momentarily, the brush jumps or skitters 
back toward it original position, with accompanying noise. The magnitude of 
misalignment that can be tolerated without appreciable noise is about 2–3° 
for typical applications employing wire brushes.
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(a) (b)

+

Figure 3-17 Misalignment of slip ring wipers which results in electrical noise 
(a) cylindrical ring, (b) flat ring

The very general relation between wear and noise is that moderate increases 
in adhesive wear will decrease noise. There are some severe restrictions to 
this, in that it assumes that excess wear debris or galling, or stick-slip will 
not accompany the increase in wear. Galling is the result of gross seizure or 
macrowelding which is a promoter of mechanically induced noise as well as 
noise that is the result of wear debris generated during extended operation. 
The wear surfaces of properly operating slip rings and brushes appear 
relatively smooth, burnished, and free from the evidence of galling; wear 
debris should be pushed to the side of the wear paths.

Plunger or piston type brushes where brush force is obtained by means of 
a coil spring in back of the contact are not suitable for low noise operation 
because they have too great a tendency to bounce and chatter. The least 
amount of non-flatness (in a pancake slip ring) or eccentricity (cylindrical slip 
ring) calls upon the plunger brush to move up and down in its sleeve with 
great ease and rapidity. Binding, due to the gradual accumulation of dust and 
debris in the sleeve, eventually prevents this needed motion and gross noise 
results. Cantilever brushes have been found to be far superior in instrument 
slip rings.

A final source of noise is one that can be traced to the mechanism that drives 
the slip rings. Transmitted vibration and sudden momentary speed changes 
are potential, often overlooked, causes of noise.



Ney Contact Manual142

3.3.2.1 Noise Measurement

The traditionally the most common method of measuring sliding contact 
noise was using with a cathode ray oscilloscope or a chart recorder. However. 
modern measurement systems typically use high speed digital recorders. In 
these measuring systems the output of a DC power supply is fed through 
an appropriate voltage dividing network and/or current limiting resistor to 
stationary members of the assembly under test. (For simplicity we will assume 
here that brushes are stationary and rings rotate.) The oscilloscope (or data 
recorder) is placed directly across two brushes (Figure 3-18) and displays the 
instantaneous voltage across these two members. A minimum of two slip ring 
leads must be connected in series to make this measurement. The noise of 
any even number of ring-brush circuits may be measured in this manner, in 
various series and parallel combinations as desired.

DATA
RECORDER

Figure 3-18 Circuit for slip ring noise measurement

The need to have rings in series for noise measurements means that some 
method is required to relate individual ring noise to noise measured with 
rings in series. Assuming that each of n rings contributes an equal amount of 
noise, it is common to use:

   V  
i
   =    V  t   _  √ 

_
 n    (for rings in series)  3.34

where

Vi = noise voltage of individual ring-brush circuit

Vt = total measured noise voltage

n = ring of ring-brush circuits in series
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Ring-brush circuits can be paralleled to reduce the noise produced by an 
individual circuit. The provision that each circuit contributes an equal amount 
of noise is again necessary. Then

   V  t   =   
 V  i   _ 

 √ 
_

 n  
  (for rings in series)  3.35

The cathode ray oscilloscope and chart recorder measurements mentioned 
in the beginning of this section deserve further explanation. What is seen 
on the oscilloscope face in the way of noise is somewhat subjective because 
it involves what an individual sees. Even when photographs of the noise are 
taken, the result is influenced by the persistence, writing speed, brilliance 
and frequency response of the oscilloscope, as well as the film speed and 
exposure time used. Chart recorders exhibit much lower frequency response 
so that comparisons between oscilloscope and chart results are not possible. 
In order to compare results from one testing facility to results from another, 
the following items must be the same:

1. power supply voltage setting and internal impedances
2. voltage divider network and current limiting resistors
3. input impedance of measuring instruments
4. frequency response of measuring instruments
5. basic wiring diagrams of test setup

For applications involving AC circuitry the noise is frequently measured with 
a high impedance AC millivoltmeter but a DC power supply is still used as 
previously shown (Figure 3-18). Noise voltage is thus in rms volts. It should be 
noted that due to the inertia of the meter movement, it would not respond 
to instantaneous non-repetitive peaks of noise voltage.

3.3.2.2 Material Selection

The alloys to be used in slip ring-brush applications are selected on an empirical 
basis with proper consideration for ambient conditions, performance 
requirements, shelf life, and the cost that can be tolerated. The advantages 
of wrought noble metal alloys are their low and predictable oxidation rates, 
long shelf life and low electrical noise. These are necessary to achieve the 
very best overall performance. When compromises are made for the sake 
of economy, the ring material is most often changed because it represents a 
larger volume of material compared with the volume of material in the brush. 
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Also, ring wear can be less critical because it is distributed over the entire 
surface area of the ring wear-track.

In general, the brush or wiper material should be slightly harder than the ring 
material because the wear of the brush takes place over a relatively small 
apparent contact area and is not distributed over a large area as it is ring wear 
(i.e., over the full circumference of the ring). Although the wiper material 
should be harder than the ring material, it must not be so hard that it would 
act as a machining tool against the ring surface. Our experience suggests a 
good starting point for testing is to use a brush material that is approximately 
15 to 20 Knoop units harder than the ring material.

Returning to the compromises that are sometimes made in ring material, the 
electrodeposition of a noble material over a low-cost base metal is the most 
widely used. Materials for overplating are principally the so-called “hard gold” 
electroplates in which the gold contains small amounts of elements such as 
cobalt, nickel, or indium. Some use is also made of rhodium electroplated 
surface, but unless a thin (10 microinch, approx.) over-plate of gold is used, 
rhodium is not suitable for low noise performance. Silver electroplate is often 
used for power slip rings, where signal level noise is not a consideration.

There are several potential shortcomings of electroplated surfaces which can 
affect performance and reliability, unless the most stringent process controls 
and quality assurance procedures are employed. Despite these dangers and 
peculiarities, as listed below, the economics of the situation sometimes 
dictate their use.

1. Corrosive plating solution can be entrapped during plating and later 
react to form insulating salts and compounds.

2. Thin electroplates, typically less than 100 microinch, are seldom free 
from pores or small vacancies. When exposed to moist atmospheres, 
the formation of corrosion products is accelerated at the pore sites 
due to electrolytic corrosion.

3. Concentrations of organic additives can be co-deposited with certain 
“hard golds,” thereby making wear and noise characteristic variable.

4. Plated deposits tend to take on the structure of the material 
immediately beneath them, resulting in properties that vary with 
the distance from the substrate. This epitaxial behavior diminishes 
gradually with distance from the substrate but can persist for as 
much as two or three thousands of an inch, over which properties 
are variable.
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5. Topography and preparation of the substrate can influence the 
performance and adhesion of plated surfaces, particularly when 
plating is thin.

The foregoing list has been presented only to point out the great care and 
the controls necessary to obtain reliable and predictable performance with 
plated ring surfaces. With proper precautions taken, the use of electroplates 
has met with considerable success.

Material combinations for the ring-brush pair can be summarized as follows:

Neyoro G ring-Paliney 7 brush. 

This is an outstanding combination because it combines extremely long 
wear life with low electrical noise over a wide range of surface speeds and 
environmental conditions. The Neyoro G ring alloy is usually in the age 
hardened condition and the Paliney 7 brush material is used in either the 
age hardened or stress relieved state. This combination produces a moderate 
amount of frictional polymer which is beneficial in reducing wear, yet of 
insufficient amount to cause high electrical noise. The overall nobility permits 
the use of low contact forces, keeping the mechanical energy to move the 
sliding contacts at a minimum. Also this nobility makes for extremely long 
shelf life of assembled units. Both members of this combination are wrought 
alloys and thus free from plating defects such as entrapped plating solution, 
inclusions, porosity and other variables common in plated surfaces.

Neyoro 69 ring-Paliney 7, Neyoro G, Neyoro 28A brushes. 

Applications that require low noise levels but in which the surface speeds and 
rpm are low, make use of Neyoro 69 rings in the work hardened condition. 
A typical use is for the slip rings on gyroscope gimbals. The brush alloy to be 
used is selected for each particular design considering the tolerable electrical 
noise, size-contact force-cantilever stress needs, permissible contact wear and 
any elevated temperature requirements. As listed above, the brush alloys are 
in order of decreasing noise, decreasing strength and increasing brush wear.

When an absolute minimum of frictional polymer is necessary, the Neyoro 69 
ring is overplated by some users with about 0.0003 inch hard gold (~HK 250), 
Neyoro 28A work hardened brush material is used, and carefully selected 
lubricants are applied.
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Hard Gold (electroplate) ring-Paliney 7, Neyoro G, Neyoro 28A brushes. 
The applications for which these material combinations are selected are 
principally the same as listed for Neyoro 69 ring uses.

Paliney 7 and Neyoro G brushes are used either in the age hardened or stress 
relieved condition for the best resistance to brush wear and because of their 
high strength. Neyoro 28A brushes provide the lowest noise levels at low 
rpm (typically less than 100 rpm at 0.25 inch ring diameter) under closely 
controlled atmospheric and lubricating conditions.

Most, if not all, of the proprietary “hard gold” electroplates have limitations 
on the thickness that can be applied without stress cracking. As an example, 
one of the widely used formulations is subject to stress cracking at thicknesses 
above 0.0005 inch. The thickness limitation is one reason why long life at high 
rpm is not possible.

Rhodium (electroplate) ring-Paliney 7 brush. 

The outstanding feature of rhodium plating is its extreme hardness and 
resistance to wear. Chiefly because of its propensity to form frictional polymer, 
its use is limited to the applications which can tolerate relatively high electrical 
noise. Thickness of rhodium must be limited to about 50 microinches in order 
to avoid stress cracking. The thickness limitations make the presence of pores 
very likely, which also contribute to the electrical noise.

The substrate or surface directly beneath the rhodium is very important. Since 
rhodium is hard, brittle, and thin, a soft substrate such as silver or copper 
will deform and cause fracture of the rhodium surface. For this reason an 
underplate of hard nickel is preferable, due to its hardness and high modulus 
of elasticity.
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An example of typical construction for a printed circuit type of slip ring is:

0.0015 inch copper foil

0.0003-0.0007 inch nickel, HK 400-600

0.00002-0.00004 rhodium

Rhodium is so hard that care must be taken to have it deposited smoothly 
in order to prevent its acting as a file or cutting tool on the mating contact. 
In this regard the objective is to have it free from sharp peaks and valleys, 
regardless of the profilometer rms roughness that exists.

Probably stemming from efforts to reduce the electrical noise on rhodium 
surfaces, it has been found that a very thin layer of pure gold over the rhodium 
is beneficial. The gold becomes smooth and burnished, frictional polymer 
production is reduced and electrical noise is reduced considerably. The pure 
gold must be kept very thin, about 10 microinches max., in order to avoid 
galling and stick slip motion. Brush materials remain the same for this type of 
construction as on plain rhodium.

3.3.3 Switching Systems

Sliding contact mechanisms often have to perform the function of interrupting 
current during the sliding action. For ease in explanation, the devices 
considered here will be principally those with rotary motion, although it 
should be realized that rectilinear motion is often used and the same general 
characteristics prevail.

Devices using sliding-switching operation range from the simple on-off 
category to complex encoder assemblies. Functionally, either make-before-
break or break-before-make operation can be achieved. In the latter it is 
necessary to have either insulating portions or electrically isolated “dead” 
segments between the conducting segments. (Figure 3-19)

Switching discs or cylindrical segmented rings can be of either the flushed or 
non-flushed variety, where flushed construction indicates that the levels of the 
insulation and metal are on the same plane. Flushed construction is preferred 
for cases in which timing accuracy (the angles at which conduction begins 
and end) is important, where brush bounce is to be avoided and where the 
brush shape and insulating gap dimension will not permit a smooth bridging 
of the gap. Non-flush construction is more economical whenever the design 
and operating requirements permit its use.
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Figure 3-19 Flushed switching discs. Arrows illustrate the use of 
“dead” segments

A number of manufacturing methods can be used in making the switching discs 
and switching cylinders. These include plastic molding around metal inserts, 
molding and machining, chemical milling (etching) and electroforming. In 
disc construction the most common method are those derived from printed 
circuit techniques, such as chemical milling of wrought noble metal foil and 
chemical milling copper foil over which electro-plated materials are placed. 
For plated construction the precautions outlined in 3.3.2 are again applicable.

During the period of time that a brush is first making contact with a segment, 
there is a transition from the non-conducting state to the fully conducting 
state. Of course, a similar transition period exist when a brush travels off 
a segment to cause non-conduction or to begin conduction with the next 
segment. Contact resistance during this transition period is quite variable and 
result in edge noise, which persists for some distance until the contact is fully 
engaged. Once the brush is fully engaged and the load is entirely supported 
by a given segment, the remaining noise is termed sheet noise, which is the 
same in nature a slip ring noise already discussed in 3.3.2. Edge noise will 
be aggravated by smearing of insulating plastic, brush bounce or stick slip 
initiated in part by a sudden change in coefficient of friction of insulating plastic 
to that of metal to metal. Smearing of plastic is minimized by using strong 
thermosetting plastics such as carefully selected epoxy. Multiple brushes 
which are not carefully aligned constitute another source of edge noise.

3.3.3.1 Switch Timing Change

Many switches which are used in the break-before-make mode require 
accurately controlled periods of conduction and non-conduction. The amount 
of timing change depends principally on the length of the wiper wear scar and 
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on any lengthening of the segment (smearing) that takes place during the life 
of the mechanism.

At the start of life, assuming a formed-wire or spherical contact geometry, 
the area of contact can be considered extremely small, and the length 
of conduction is the same as segment dimension (L) in Figure 3-20. After 
a period of running, during which the wear scar grows to a length (x) and 
segment metal is smeared over the insulation a distance (y), the conduction 
dimension, C = L + x + y. This should be regarded as an approximation of 
the maximum amount of change that will prevail, because contacting doesn’t 
always begin and end exactly at the edges of a worn contact; it depends on 
the instantaneous contour of both surfaces at any particular instant. Transfer, 
back transfer and microscopic wear continuously change the contour of 
both members.

Figure 3-20 Illustration of length of conduction period due to contact wear 
and segment smearing

In order to predict the timing change that will occur with some specified 
contact force, distance of travel and material combination, the volume of 
brush wear is first computed. From this volume and its geometry, a value for 
(x) can be obtained. Methods for determining the volume-length relationship 
are given in Section 4.2.

With some ductile disc (or drum) materials, such as electroplated gold, the 
disc material will transfer to the brush to form fins extending from the leading 
and/or trailing edge of the brush. As these fins are alternately formed and 
destroyed, the conduction length is varied accordingly. Neyoro G discs and 
those with rhodium surfaces do not form significant fins on the brushes.
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3.3.3.2 Material Selection

Three types of printed circuit switching discs have been used for many 
years: Neyoro G , electroplated hard gold, and electroplated rhodium. The 
Neyoro G alloy foil is normally age hardened and is chemically milled to the 
desired pattern. Electroplated hard gold is a thin layer of gold that contains a 
hardening element (i.e., cobalt or nickel) over a copper base, frequently with 
an intermediate nickel layer. Rhodium switching discs consist of a thin layer of 
rhodium over hard nickel electroplate which is over a copper base. Selection 
of materials for particular applications can be based on the characteristics of 
each system which follows.

Neyoro G disc-Paliney 7 brush. This alloy combination is well known for its 
long wear life and moderately low noise over a wide range of surface speeds 
and rpm. Preservation of switching accuracy is outstanding. The Neyoro G 
on the disc is age hardened after work hardening and the Paliney 7 brushes 
may be in either the age hardened (preferred) or stress relieved condition. 
Neyoro G flushed discs are made with a specially compounded N-6-M epoxy 
to insulate between conducting segments. N-6-M is not excessively worn by 
the Paliney 7 contact and does not smear over the segments and leave high 
resistance films. In encoder applications the Neyoro G-Paliney 7 combination 
has been responsible for an increase of rated life by a factor of five times.

Suitable brush forces range from 1 to 8 grams per individual point of contact, 
and tests indicate that forces less than 1 gram should not be used. Multiple 
points of contact, usually two or more in number, are highly recommended.

Typical noise and switching performance of Neyoro G in comparison with 
other disc and brush materials is shown in Figure 3-21 through 3-23. All 
were life tested simultaneously in the same test chamber. The data shown in 
this section comes from the original Ney contact manual and was recorded 
by taking a photograph of an oscilloscope screen. This technique made it 
difficult to resolve the finer details of the switching operations. For example, 
Figure 3-21a vs Figure 3-21b show the difference between the photographed 
oscilloscope screen and an idealized schematic of the switching operation. 
Because of the screen resolution of the oscilloscope, in Figure 3-21a the low 
voltage state appears as a continuous line, and doesn’t accurately portray the 
breaks that occur with the short duration switching operations. The breaks 
are clearly illustrated in Figure 3-21b.
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Figure 3-21 (a - d) Noise and switching characteristics of Neyoro G disc. 
Applied voltage 7 mV. Tektronix 533D oscilloscope, sensitivity 2 mV/cm. Disc 

dia 2 ½”, rotated at 186 rpm, with Paliney 7 mating brush.

a) Initial performance- excellent (10 ms/cm)

b) Idealized schematic of the switching operations shown in Figure 3-21a

c) 1.5 x 106 revolutions; performance still excellent although duration of open 
period has decreased from 0.4 ms. initially to 0.1 ms. due to contact wear. It 

did not decrease further at any time throughout the test (0.2 ms/cm).
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d)10 x106 revolutions; performance still excellent (2 ms/cm).

Figure 3-22 (a - c) Noise and switching characteristics of hard gold 
electroplate disc. Applied voltage 7 mV. Tektronix 533D oscilloscope; 
sensitivity 2 mV/cm. Disc dia 2 ½”, rotated at 186 rpm, with Paliney 7 

mating brush.

a) Initial Performance; excellent (10 ms/cm)

b) 1.5 x 106 revolutions; good conduction but complete failure to break 
before make on all but one gap. This is due to segment smearing and to 

excessive gold transferred to the contact, causing a very large contact spot 
length (20 ms/cm).
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c) 10 x106 revolutions; all switching is good, but “break” time is extremely 
short. This recovery of the switching function is probably caused by breaking 

off of gold fins or buildup of a high spot on the contact. Other hard gold 
circuits also exhibited this erratic loss and recovery of gaps (2 ms/cm).

Figure 3-23 (a - c) Noise and switching characteristics of rhodium 
electroplating disc. Applied voltage 7 mV. Tektronix 533D oscilloscope, 
sensitivity 2 mV/cm. Disc dia. 2 ½” rotated at 186 rpm, with Paliney 7 

mating brush.

a) Initial performance; switching good, but conduction periodically noisy 
(10 ms/cm).

b) 1.5 x 106 revolutions; switching is still good, but noise is so bad that it is 
not always possible to determine where gap is (0.2 ms/cm)
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c) 10 X 106 revolutions; noise is so bad that it is impossible to find gap. The 
envelope of the base line, which represents the minimum contact resistance, 
is not constant, indicating that either the duration of low resistance periods 

was less than 1 µs or that even the minimum instantaneous contact 
resistance was very high (2 ms/cm).

Hard Gold (electroplate) disc-Paliney 7 or Neyoro G. brushes. Discs that are 
plated with proprietary hard gold are useful where low noise is required, 
extremely long life is not essential and the accuracy of make and break angles 
is of little importance. Close controls on the plating quality, structure and 
thickness are necessary as well as control on the substrate roughness. Refer 
to Section 3.2.2 for further information regarding plating.

In most cases Paliney 7, in either the age hardened or stress relieved 
condition is the preferred brush material because of its strength and wear 
resistance. We should acknowledge, however, that specific devices tested 
outside the Deringer Ney laboratories have shown a preference for Neyoro 
G age hardened wiper material. Figures 3-24 and 3-25 show the extremes 
that can occur when hard gold is plated on to an etched copper pc board. In 
Figure3-24, the gold layer was selectively plated onto the  copper foil before 
etching the circuit patterns. Unless carefully performed, this can result in the 
severe undercutting of the copper foil beneath the gold and leave the edge 
of the gold plate unsupported. In Figure 3-25, the gold plate was added after 
etching the copper segments. Although no undercutting is a observed, careful 
process control is need to ensure sharp segment edges and mimimize excess 
thinning of the flushing plastic.
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Figure 3-24 Cross section of an electroplated disc. Contact surface is at 
arrow, with copper under the light electroplate. Note lack of metallic support 

at the right end of the electroplate. 100X magnification.

Figure 3-25 Cross-section of an electroplated disc. Contact surface is at 
arrow. Dark band (retouched for clarity) is flushing plastic which is subject to 

fracture in the thin section where it joins the metal. 50X magnification.

a) Neyoro G disc – Paliney 7 brush
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b) Rhodium Electroplated disc – Paliney 7 brush

Figure 3-27 (a - b) Noise and switching characteristics of a Paliney 7 brush 
mated to either a Neyo G disc or a Rhodiun electroplated disc, applied 

voltage 5.0 volts, Tektronix 533D oscilloscope, sensitivity 1 volt/cm, 1 ms/cm; 
disc diameter 2 ½”; rotated at 183 rpm

Contact forces range typically from one to five gram per individual point of 
contact for optimizing wear life and noise. Lower forces are prone to electrical 
noise while the danger of galling, severe disc wear and stick-slip motion 
with its accompanying noise is present at higher forces. The contact forces 
mentioned are based on wiper geometries that are small; for instance, .007 
inch diameter wires formed to a radius of .020 inch.

Rhodium (electroplate) disc-Paliney 7 or Neyoro G brushes. Rhodium 
electroplate is extremely hard and therefore withstands wear to a marked 
degree. Its catalytic nature allows it to form frictional polymers readily and 
therefore its use is restricted to situations in which very low organic vapor is 
present or in which electrical noise problems can be tolerated.

Rhodium must be applied to a hard substrate (see Section 3.3.2.2) to avoid 
cracking under the hertzian stresses of the wiper load, and the substrate must 
be smooth to avoid machining the mating contacts. Thickness of rhodium 
is limited to about 50 microinches to avoid the danger of stress cracking. 
Paliney 7 in the age hardened condition is the proper contact material for 
the best compromise between wiper wear and electrical noise. Neyoro G age 
hardened wipers will produce less frictional polymer, lower noise, but wear 
of the wiper will be from two to five times greater in terms of the volume of 
wiper material worn away. Brush forces are typically from four to ten grams 
per point of contact with small wire formed contacts.
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3.3.4 Safe-Arm Devices

In certain types of military applications, notably nuclear weaponry, 
mechanisms are produced which ensure that on command, a current, 
sometimes of high value, is passed through components which cause 
detonation. Of equal importance, when the mechanism is in the “safe” 
position, it must never permit accidental detonation, even under such 
extreme circumstances as airplane crashes.

The over-all mechanisms are extremely complex, involving accurate timers 
and sophisticated means of actuation and safeguarding, but at the heart 
of each are contacts which move to various monitoring and “arming” 
positions. Except for the need to periodically verify operational fidelity, a 
safe-arm device operates only once, but with ultra-reliability. Noble metal 
alloys, principally Neyoro G and Paliney 7, are used as contact members 
because of their inherent long shelf life without corrosion. Their high useful 
strengths simplify the construction necessary to achieve essential low weight 
and miniaturization.

Although the current to be carried by the contacts is high, it need only be 
carried for very brief periods generally in the order of ten of ms. During 
these brief periods the structural integrity must be preserved, i.e., cantilever 
brushes must not collapse, melt or lose contact with the mating surface. It is 
surprising to find that very high current can be carried by members which are 
small in cross sectional area so long as the duration of the high current pulses 
is short.

3.3.5 Current Carrying Ability

Before covering the case of short current pulses, it will be important to see 
how steady state current and temperature within a conductor are related. 
The following relationship for round wire has been found useful:
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  I =  0.11D   1.17    (  T  2   −  T  1   _ ρ  )    
1/2

   3.36

where

I = Current through the conductor, amperes

D = diameter of wire in mils

T2 = temperature within the conductor, °C

Ta = ambient temperature, °C

ρ = resistivity of wire, ohm cir mil/ft

If a contact wire must carry current for more than a few seconds, Equation 3.36 
can be used directly, after electing a permissible T2 from the alloy properties 
and conditions of stressing. Five time this value of current can be carried if 
the current pulse lasts only 0.5 seconds, and ten times a much if the current 
pulse is only 50 ms in duration. The high current capability is usually increased 
further by utilizing a contact geometry that creates mutiple points of contact 
in electrically parallel circuit paths, a common design practice.

Figure 3-27 Two flushed discs and two sub-assemblies (with Neyoro G 
elements) for use in safe-arm devices
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As an example of the magnitude of current that can be carried, a Neyoro G 
chemically etched disc mated with four contacts made of 0.006” thick, 0.4” 
long Paliney 7 alloy successfully endured 40 amperes for a duration of 75 ms. 
A contact force of 7 grams per individual point of contact was applied.

It is important to note that the high current pulses mentioned in this section 
are not switched by the contacts but are merely conducted after the contacts 
are fully engaged with the mating surface.

3.4 MAKE AND BREAK APPLICATIONS

Make-and-break contacts are those whose function is to establish, carry 
and interrupt current repeatedly, in the absence of gross sliding. Ideally, the 
resistance between the mating contacts would be insignificantly low when 
they are closed and infinitely high when they are parted. The number of factors 
that influence contact performance is very large and their interaction is too 
complex to permit any simple rules for overall design and material selection. 
Factors such as current, voltage, contact force and shape, ambient conditions 
and permissible cost all affect the material selection and the design of the 
device. Based on the previously covered theory and material properties, as 
well as practical field experience, some guidance toward sound design can 
be provided.

As has been the practice throughout this text, the emphasis will be on 
relatively low energy applications where gross arcing is not a consideration. 
However, some arcing situations will be discussed, but only to the extent that 
they apply to noble alloy and a few other commonly used materials. A more 
detailed discssion of arcing contacts can be found in the proceeding of the 
IEEE Holm Conference on Electrical Contacts and reference books similar to 
Electrical Contacts, Principles and Applications5.

3.4.1 Contact Shape

Mating members in make-and-break systems can be made in round to round, 
round to flat, cone to flat, crossed rod and flat to flat configurations.

The round to round mating requires careful side and center alignment, the lack 
of which produces uncontrolled contact force and wipe. For these reasons the 
round to round is seldom recommended.

Round to flat configurations provide easy alignment and predictable contact 
force and wipe and are therefore the most often recommended when 
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headed contact rivets are employed. If there is a need to concentrate the 
force, the cone to flat can be used as a modification of the round to flat 
although this combination is less capable of conducting heat away from the 
contact interface.

Crossed rod shapes where the radii of the rods are frequently of differing 
diameters provide ease of alignment, predictable contact force and wipe 
and are therefore another preferred configuration. One member can have 
a relatively large radius such as shown in Figure 3-28(e) or the weldable 
ribbon in (f) with the mating member being one or more strands of a smaller 
diameter wire. This scheme is often used when the smaller wire is a self-
contained cantilever arm and contact.

A flat to flat mating is seldom recommended. Whereas the intention may be 
to have them seat across their entire flat surfaces, this can never be achieved 
on a controlled basis. Individual insulating particles are also likely to prevent 
reliable conduction.

For miniaturized units or at times to conserve noble metal, the preferred 
shapes already mentioned are produced by dimpling, cold forming or deep 
drawing strip material or by wire formed shapes, which provide the surface 
configuration desired.

a b c

d e f

Figure 3-28 (a) Round head contact rivet, (b) fillister head contact rivet, (c) 
flat head contact rivet, (d) conical head contact rivet with radius, (e) rolled 
contact shape for staking or soldering, (f) rolled contact shape for welding 

or brazing
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3.4.2 Contact Wipe

Make-and-break contact usually have some degree of wiping present, if not 
by design, then by inherent flexing of the support members during the making 
and breaking action. Wiping action is most beneficial in cleaning the surface 
of minor films and in brushing aside particulate contamination. It also tends to 
smooth out transferred material and lessen any tendency for the interlocking 
of asperities and contact sticking. Since wiping always causes some frictional 
wear, it should not be overdone. A rather small amount of wipe, ordinarily 
less than .001 inch, is indicated where the metal pair used is not particularly 
wear resistant. Wear resistant combinations, for example Neyoro G vs Paliney 
7, can tolerate a much greater degree of wipe. The optimum wiping scheme 
would be one in which the movable contact wipes beyond the point where 
it finally come to rest, thereby avoiding debris that has been pushed aside.

3.4.3 Contact Force

We have already seen (Sections 1.5 and 1.6) how the amount of force 
influences the constriction resistance between contacts and the methods 
for calculating this resistance. For practical purposes, any lowering of the 
constriction resistance (Rc) due to wiping action is ignored and in addition a 
safety factor of at least 2 is applied to the calculated Rc. A force of one gram is 
the very minimum that can be used even with noble metals, with forces of five 
grams and above being much more desirable. The semi-noble material silver 
and its alloys are seldom useful at forces below 30 grams whereas refractory 
metals such as tungsten and molybdenum cannot be used with forces less 
than 100 grams.

At times the force available to break the contacts needs to be assessed. As 
a matter of interest, with chemically clean gold the break force is as high as 
one-half the contact force even when there is no voltage or current present. 
In the absence of arcing and with more normal ambient conditions, the break 
force required is a very small fraction of the make force, as the elastic stresses 
that are stored in the deformed asperities helps the contacts to part. If the 
contacts close while an arc exists, substantial break forces may be required to 
fracture large welds; however, this situation is corrected by selecting materials 
that have a reduced tendency toward welding and by eliminating bounce.
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3.4.4 Other Mechanical Factors

As a moving contact mates with a stationary one, there is always some 
tendency to bounce due to the impact. For resistive loads and in the absence 
of arcing, contact bounce does not shorten the life of the contacts although 
it may be undesirable when the associated circuitry would sense these added 
openings and closures. When an arc is present, even of short duration, bounce 
should be minimized, since the contacts will reclose on molten metal and 
develop macrowelds and possible sticking. Also the number of real operations 
does not coincide with the number of actuations, but rather is the sum of 
the number of actuations and number of bounces. Bounce is minimized by 
lowering the mass of the moving contact, reducing the speed of closure and 
by dissipating the impact energy through the use of friction.

If the duration of an arc is determined primarily by the instantaneous distance 
between members (rather than by the discharge time of reactive circuitry) 
a fast make and break is advantageous. Many “snap action” switches make 
good use of this principle to extend contact life, preserving a delicate balance 
regarding contact bounce.

The distance between contacts in the fully open position is termed contact 
gap. Its minimum value is determined by the amount and shape of bridge 
transfer in non-arcing circuits and by the effectiveness of wiping action in 
smoothing out bridge transfer asperities. In low energy AC circuits, the gap 
can be very small (.002-.003 inch) when desired. It can also be very small for 
DC if the available circuit voltages always stay below the melting voltage of 
the contacts.

3.4.5 Electrical Factors

Perhaps the most simple application for a make-and-break contact system 
would be one in which the circuit current and voltage could be selected 
at any convenient values. Admittedly, this seldom happens but it will be 
instructional in helping us to apply some basic principles. The voltage and 
current levels selected for this hypothetical case based on DC, would meet 
the following requirements:

a. Voltage of the circuit should be high enough to electrically puncture 
any minor films with ease.

b. Voltage of the circuit should be low enough (including inductive 
spikes) to prevent any arc from forming.
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c. Current should be low enough to prevent arcing and to minimize 
bridge transfer.

To satisfy the requirements placed on the voltage, we recall that a noble alloy 
will not sustain an arc if the instantaneous voltage stays below about 10-12 
volts. Some reduction from this value is needed to allow for inductive kicks 
from wiring inductance. The best compromise in this case would be to select 
a DC voltage of 6 to 8 volts. To further insure that arcs will not exist, even 
when the surfaces are actuated by carbonaceous material, a current below 
20 mA would serve, say about 10-15 mA. At this current level and with a little 
wiping action, bridge transfer would not be an important factor.

Most often the voltage and current levels are imposed on the designer who 
must assess their influence. From the theory we can expect that the open 
circuit voltage can be used to classify the modes of operation as follows:

Voltage less than 30 m.v. - There will be complete absence of arcing, melting, 
bridge transfer, softening and electrical film breakdown. (The inability of 
this voltage to puncture films is used to advantage in testing assemblies for 
cleanliness and provides the ability to operate in the microvolt range, where the 
use of microvolt sources for testing would impose instrumentation difficulties.)

Voltage greater than 30 m.v., but less than softening voltage - There will be 
complete absence of arcing, melting, bridge transfer or softening, but films 
that are thin enough will be electrically punctured.

Voltage greater than softening voltage but less than melting voltage - There 
will be no arcing or bridge transfer. Softening will tend to increase the real 
area of contact and assist in film fracture. Films that are thin enough will be 
electrically punctured.

Voltage greater than melting voltage but less than arc sustaining voltage - 
No sustained arc will prevail, but melting will result in bridge transfer. Local 
high temperature in the molten bridge formed on the break will accelerate 
oxidation. When films are thin enough to be electrically punctured, molten 
metal will fill the puncture and solidify.

Voltage greater than the arc sustaining voltage - Depending on the current, 
some form of arcing will occur. Oxidation will be accelerated by the high 
temperature accompanying the arc. Arc erosion will be present.
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3.4.6 Alloy Selection

Were it not for limitations on the space that a contact assembly can occupy 
and on the mechanical energy that can be provided to make and break the 
contacts, there would be little need for noble contact materials. We would 
simply use low cost base metals, pounds of force to mechanically rupture 
the surface films and have no worry about contact resistance, sticking or 
other contact problems. Mechanical wear would be the only life-limiting 
factor. Obviously, such freedom is never given the designer, and his early 
considerations limit the actuation energy (i.e., contact force) and size. 
Immediately his attention has to be given to balancing his needs for low 
contact resistance against the available force, with considerations of the 
complex inter-relations of reliability, ambient conditions, surface films and 
electrical load.

3.4.6.1 Non-Arcing Contacts

In non-arcing situations where a high degree of reliability is demanded, the 
choice of contact materials is restricted to the noble and semi-noble metals 
and their alloys.

To give some semblance of order to the election process, the first step 
should be to determine the general class of alloy that is permitted, based 
on available force and known ambient atmospheric conditions. For example, 
if the atmosphere will contain sulfur compounds, if the total available force 
is less than 30 grams, or if long tarnish free shelf life is needed, silver and 
its alloys are eliminated and the choice lies in the noble family. Further, if 
the atmosphere is known to contain high organics the gold family of alloys is 
indicated for at least one member of the contact pair.

Within the family of alloys already selected, the next step in material selection 
is to calculate some approximate constriction resistance (Rc) values using the 
total available force as (P) with Brinell hardness (HB) of the softer alloy and 
resistivity (ρ) values from catalog or handbook in- formation. The equation 
used is

   R  
c
   = 1.4 ×  10   2  ( ρ  

1
   −  ρ  

2
  )    (  H  B   _ P  )    

 1 ⁄ 2 
   3.37

where Rc is in ohms, ρ1 and ρ2 are in ohm-cm and P is in grams. It is a good 
practice to start with the high hardness, high strength alloys (which will 
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usually be those with high resistivity). Then if the calculated Rc is adequately 
low compared with resistance requirements, this portion of the task can be 
set aside and work on other aspects can begin. Should the resistance first 
calculated from Equation 3.36 be higher than permitted by any large factor, a 
second calculation could be made, based on pure gold   ( H  B   ≅ 50, ρ = 2.3 x  
10   −6  Ω cm)   to see if there is any possibility of using noble metals or if relief 
from some of the design criteria is indicated. Calculations on pure gold are 
used because it has both low resistivity and hardness.

The calculations of constriction resistances from Equation 3.36 assume rather 
clean surfaces and are a good guide for newly assembled, clean units. During 
operation it is certain that some films and debris will raise this value above that 
calculated. A factor of two should be allowed for very high nobility systems, 
ranging to a factor of five for lesser nobility or difficult operating conditions 
which can only be judged empirically from previous designs and experience.

DC contacts which operate at voltages above a material’s melting voltage but 
at energy levels where arcing is insignificant, are subject to bridge transfer, 
i.e., if both contact members are of the same material, the cathode tends 
to build up a spire and a corresponding crater appears in the anode. There 
are indications that if the anode can be made of a lower resistance, higher 
melting material, than the cathode, this type of transfer can be reduced.

Discussion in this portion has been principally centered on DC operation. 
When AC energy is being switched, the situation is simpler, in that bridge 
transfer is not a factor. The transfer continually changes direction and balances 
out over a short period of time.

At this point in the selection process the choice of materials has been 
bracketed and the designer will know if the permissible alloys are capable 
of being used as self-contained cantilever beams and contacts or if separate 
means of carrying the contacts must be provided. The final selection will 
involve consideration of such things as elevated temperature relaxation, 
fatigue, use of multiple contact points, current carrying ability, assembly costs 
and material costs. Information on all except the latter two can be found by 
referring to the index for the applicable section of this text.

When the selection and design are completed, performance and life tests 
under actual condition are mandatory because of the gross interplay 
among electrical, mechanical and environmental factors. Invariably some 
improvement can be made after these test results are known.
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A few examples of actual applications will serve to illustrate some material 
combinations that can provide long life and low noise contacts in a variety 
of service environments. This includes some comments on additional factors 
that influence slip ring performance.

Automotive fuel level senders

The addition of alcohol to automotive fuel mixtures created the need for 
precious metal contacts in the fuel level sensors. Pure gasoline is a dielectric 
(non-conductive) liquid and is non corrosive to most metals. However, without 
the addition of some octane boosters, pure gasoline is very prone to pre-
ignition, better known as knocking, which degrades efficiency and can damage 
the engine. Most modern gasolines have an oxygenate additive to prevent 
knocking. Early gasolines used organic lead compounds followed by organic 
compounds such as MTBE or BTEX which were banned or severely restricted 
due to environmental concerns. Today, the most popular, inexpensive octane 
booster is alcohol. Unfortunately, over time alcohol absorbs water from the 
surrounding atmosphere, and the resultant mixture becomes corrosive to 
many metals. The corrosive nature of the alcohol/water/gasoline mixture 
is aggravated by other trace impurities including reactive organic sulfur 
compounds that are typically found in refined gasolines. For these reasons, 
precious metal contacts have been favored in most automotive fuel level 
senders for many of years.

Most of the current fuel level senders are based on using thick film pastes 
fired on an alumina substrate to create a variable resistance network. A 
precious metal contact is connected to a float arm and slides across the 
network in proportion to the gasoline level in the fuel tank. Typical layouts 
for the most common resistive networks are shown on Figure 3-29. In both 
cases, the resistive track typically uses a thick film ink with RuO2 particles to 
control the resistance range. Since the RuO2 powders are extremely abrasive, 
a secondary track is created adjacent to the resistive tracks using a Pd-Ag 
conductive ink. This track is segmented and each adjacent segment, or “tap”, 
will then register a respective fixed resistance value. The sliding precious metal 
contact runs across the Ag-Pd ink providing a change of resistance that will 
then vary with the fuel level. In the single trace design, there is just a single 
sliding contact arm, often with multiple points of contact. In this design, the 
sensing current enter the card at point 1 in Figure 3-29 (a), and leaves through 
the contact arm. In the dual track design, the sensing current enters the card 
through either point 2 or point 3 in Figure 3-29 (b) and the sliding contact 
assembly (again usually with multiple points of contact) creates a shorting 
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path between the two segmented, conductive tracks. The current then exits 
the card via the other track.

   
 a) Single track design b) Dual track design

Fig. 3-29 Typical resistive networks for common fuel level sensor designs

Over the years, two different contact material options have been successfully 
employed. In the early years, contacts were either palladium alloys such as 
Paliney 6 or Paliney S, or a gold alloy such as Neyoro G, with hardness levels 
designed to be equivalent to the palladium-silver inks. With this approach, 
there is two way adhesive transfer between the ink and the sliding contact. 
Additionally, a fired glass constituent in the conductive ink produced light 
abrasion on the sliding contact and removed build up contamination/tarnish 
films from the sliding contact.  The high strength of the aforementioned 
Paliney and Neyoro alloys allow them to act as both the cantilever beam and 
point of contact.

There is a second design approach that uses soft gold as the sliding contact. 
These systems rely on adhesive transfer of the soft gold to the surface of 
palladium-silver ink. Once the wear track is covered, the system effectively 
becomes a gold-on-gold contact pair. In this case, due to its low yield strength, 
the soft gold is not used as a cantilever beam to exert force on the thick film 
printed card. Instead, a different, corrosion-resistant, structural material 
usually based on copper or nickel is used.  The selective application of gold on 
these high strength base metals has required substantial engineering effort 
over years to improve both the bond quality and position control.  Techniques 
now exist that allow these parts to be reliably fabricated in high volume. 
Figure 3-30 shows composite contacts using nickel alloy cantilever arms and 
gold contacts used in a dual track sensor.
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Figure 3-30 Multi-point contacts sliding along the segmented tracks in a dual 
track design fuel level sender. The contacts are shorted together inside of the 

black plastic housing.

Both approaches can be designed to exceed the current automotive 
requirement of 6 million full range cycles and 10 million dither cycles (single 
position vibration). However, for either system to be successful care must 
be taken to carefully control the contact gram force, planarity and relative 
hardness. Although they may require more chemically resistant polymeric 
components, these contact systems have also been successfully employed in 
both diesel fuels and systems using pure alcohol.

Semiconductor testing - Vertical Probe Pins

 Since the late 1970’s, Paliney 7 has been used for probe pins to test IC devices 
in wafer form. In some of the earliest test beds, wires with diameters as large 
as 250 microns (0.010”) contacted directly on the wafer test pads. As the 
IC feature size miniaturized, so did the test pad areas. So today probe pins 
under 40 microns (roughly 0.0015”) are common. However, although the 
wire diameter was downsized, the performance requirements have actually 
increased. Test probes need to have low contact resistance levels over millions 
of touchdowns. They also must maintain consistent spring characteristics 
while under high thermal loads. As shown in Table 3-4, test protocols can vary 
significantly reflecting end use requirements.
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Table 3-4 Typical IC test characteristics for various market applications

Chip type
Chuck Temp

(°C)
Pin count

Range (DUT)
Typical test pad

surface

Test 
Current

level

Logic IC -40 to +125 10-1,000 Al, Cu low

Driver IC -40 to +125 1,000- 1,500 Au low

CMOS Imaging -40 to +150 1-200 Al low

Memory Chips -40 to +150 1-100 Al, Pb free solders low

Auto (under hood) -40 to +175 10-1,000 Al, Pb free solders high

CPU, GPU -40 to +125 100-10,000 Eutectic, Pb free solders high

Mobile CPU, GPU -40 to +125 100-1000 Pb free solders high

Servers, Data centers -40 to +125 1,000-100,000 Eutectic, Pb free solders high

The chuck temperature acts set the ambient thermal environment anticipated 
for various service environments. However, the operating temperature 
of individual probes will also be influenced by the test current and probe 
packing used in the test head. Technology trends generally work to drive up 
these thermal requirements. Since most of the mating surfaces used on the 
IC test pads can form oxides, the probe must disrupt any surface film in order 
to ensure good metal to metal contact. As shown in Figure 3-32, there are 
two common types of vertical probes, a cobra probe and a straight vertical 
pin. The cobra probe has a flatten ribbon section in its center to offer a lower 
spring force as it is deflected. As shown in Figure 3-32b, both probe types are 
fixed in the probe head by slight horizonal displacements of the upper and 
lower guide plate. To break through any surface films, the various probe tip 
geometries are used and combined with a controlled overdrive (additional 
vertical displacement after initial contact with the device test pads). In 
addition to cleaning the surface, the overdrive creates a scrub mark on the 
pad surface and can produce adhesive transfer from the pad to the probe 
tip. As the buildup increases, it will eventually lead to high contact resistance 
values. Once this occurs, the probe must be either cleaned or replaced. With 
the use of solid precious metal probes, this cleaning does not change the 
surface chemistry. With a plated probe, the cleaning will eventually remove 
the electroplate and expose the reactive base metal.
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 Cobra Probe Flat Tip

 Conical Tip

(a) Typical tip geometies available on vertical probes

Upper Guide

Controlled Overdrive of Device Under Test (DUT)

Printed Circuit BoardPrinted Circuit Board

Cobra Probes

Lower Guide
Test Pads

 

Printed Circuit BoardPrinted Circuit Board

Controlled Overdrive of Device Under Test (DUT)

Upper Guide

Lower Guide
Test Pads

Vertical Probes

(b) Schematic drawings of typical probe card configurations with contact 
force controlled by the spring constant of the probe and the level of 

applied overdrive



Chapter 3: Design and Application 171

(c) Scrub mark found on pad surface after six wipes with high level 
of overdrive1

Figure 3-31 Semiconductor testing

The test currents used to test IC’s can range from the milliamp level to 
greater than an amp per probe pin. For most of the current protocols, the 
test current is pulsed. However, at the higher power levels, the joule heating 
can still be significant and must be carefully managed to prevent the probes 
from overheating. This is especially true for high density probe heads which 
do not allow for effective airflow around the probes. The higher power 
applications generally require probe materials with higher conductivity 
and good stress relaxation characteristics. There are a number of industry 
recognized techniques for ranking the maximum current carrying capacity of 
probe materials.2,3,4

DNI now offers a family of alloys geared toward these applications. In addition 
to the time-tested properties Paliney 7, DNI now offers H3C for applications 
requiring higher yield strength and Paliney 25 for applications requiring higher 
electrical conductivity.

Electrical Slip Rings

Electrical slip rings provide a means of conveying electricity through a rotary 
joint, allowing for continuous 360-degree motion. The current passes through 
a sliding electrical contact system obviating the need for cables that limit the 
number of possible device rotations before reversing direction. Electrical 
slip rings are used in a wide variety of applications that range from security 
camera gimbles, rotating radar systems, satellite rotating solar arrays, robotic 
arms, flight system controls, wind turbines, and many more sensor and control 
applications. The diverse use of slip rings results in an array of geometrical 
configurations, operating conditions and environments.

The electrical contact system typically consists of a brush and a ring. The 
brush is the contact member that is spring loaded to provide a contact force. 
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The spring force may be from a cantilever beam configuration. Alternatively, a 
compression spring may be used to provide the force to keep the brush contact 
mated to the ring. Examples of typical ring and brushes were introduced in 
Figure 3-13 and 3-14. The ring has two generic forms, cylindrical and disk 
(“pancake”). A cylindrical ring is common on rotating shafts. Two advantages 
of this configuration are that it maintains a relatively compact form, and all 
the contact rings are usually all the same diameter resulting in the contact 
velocity being the same on all channels. A disk type slip ring is not as compact 
in the diameter as a cylinder but may be much more compact in height. The 
disk type rings may also be more economical in some scenarios because the 
rings are typically an electronic circuit board. The channels on the disk are 
arranged in concentric rings, leading to two additional operating variables 
over the cylindrical configuration. As the diameter increases, both the contact 
speed and linear travel distance increase. Depending on the geometry and 
operating requirements, this may lead to performance differences between 
inner and outer channels.

In addition to cylindrical and disk type slip rings, the classes of device can 
be further sub-divided by brush current carrying capacity: high current 
(>100 amps), medium current (5 amps – 100 amps), low current (<5 amps). 
Medium and high current applications (which are outside the scope of this 
discussion) typically employ either carbon based brush systems or multifilar 
silver wire brushes. Much of the high and medium current applications are 
for power transmission and motor power. At low currents, common types of 
electrical signals are for motor control, communication (e.g. Ethernet), video, 
and the full spectrum of sensor signals (e.g. thermocouples, force, position, 
etc.). These low current applications and some medium current applications 
commonly utilize a metal brush contact sliding on a conductive ring.

Many of Deringer-Ney’s alloys are suited for use in slip rings. Paliney 7, 6, 
2000, Neyoro G, K, 28A, and 75 are the most common brush materials. During 
operation contact wear is distributed around the full circumference of the 
ring but is concentrated at the point of contact on the brush. For this reason, 
it is good practice to select a brush material that is slightly harder (roughly 
15Hk units is a good starting point) than the ring.  Neyoro G, 28A, and 69 are 
fabricated into cylindrical rings for very high performance applications. Many 
slip rings have a brush that rides on a metallic plated ring. The aforementioned 
alloys have superior resistance to corrosion in adverse environments and 
excellent electrical contact properties. A selection of operating conditions that 
are examined in the material selection process are highlighted in Table 3-5.
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Table 3-5 Factors that influence slip ring material selections

Important Considerations Conditions

Operating speed High operating speeds can lead to high 
temperature conditions exacerbating wear. 
Lubricated systems can become hydrodynamic 
causing loss of contact. For cylindrical rings, 
run-out of the system can cause the brush to be 
accelerated off of the ring surface.

<1 rpm  to 1000’s of rpm

Temperature Stress relaxation and oxidation are the primary 
concerns. Ambient temperature, heating from 
adjacent components, and I2R heating of 
the brush all need to be considered. Vacuum 
environments may be more sensitive to I2R 
heating due to a lack of convective heat loss.

-40oC – 200oC, high rate of 
temperature change (e.g. 
tarmac to cruise altitude)

Vibration Natural frequency calculations are strongly 
encouraged for slip ring brushes. Select contact 
force to balance vibration.

Multiple vibrational modes can 
be experienced in applications 
such as helicopters, oil 
drilling, construction, rockets 
/ missiles, and normal ground 
transportation.

Service Live The three primary variables for service life are 
total linear travel, corrosion, and environment. 
To maximize service life, the primary controls 
are the selection of contact materials, contact 
geometry, contact force, and lubricant.

Service life can be as long as 
10 yrs and 2,000 km of linear 
travel

Atmosphere The composition of the atmosphere has a 
remarkable impact on performance. For 
example, moisture adsorbs to surfaces acting 
like a lubricant. In a vacuum, the absence of 
moisture can lead to adhesive wear failures. 
Gaseous corrosion products and outgassing 
chemicals from housing or assembly 
components are commonly known to interfere 
with function.

Hermetic assemblies and 
space (vacuum) need special 
consideration. (For example, 
zinc containing alloys are 
generally not recommended 
for space or hard vacuum 
applications.)

3.4.6.2 Arcing Contacts

Contacts which are required to withstand a substantial amount of arcing 
are made from special classes of materials, the detailed discussion of which 
is beyond the scope of this presentation. Depending on the current levels, 
however, they include materials of the platinum and palladium variety; 
tungsten and molybdenum, often sintered with silver; and silver which 
contains tin oxide or cadmium oxide particles mixed with other transition 
metal oxides to optimize properties. Except for the materials that are high 
in platinum or palladium, the cited materials require high contact forces. For 
instance, tungsten and molybdenum are not used at forces less than 100 



Ney Contact Manual174

grams; high silver alloys at not less than 30 grams; silver metal oxide at not 
less than 50 grams.

The possibilities of selecting one material for the anode and another for the 
cathode can be illustrated by an actual case history in which the available force 
(25 gram) was too low to permit tungsten for both members. The desired life 
was 500 million operations at 60 operations per second, 120 volts, 60 mA DC, 
electrical load 1.5 henry in series with 2000 ohms resistance. Arc suppression 
was provided across the contacts and consisted of a 1000 ohm resistor in 
series with 0.25 μfd capacitor. Paliney 7 was tried for both electrodes but the 
anode erosion limited life to about half of that desired. When Paliney 7 (age 
hardened) was used as the cathode and tungsten as the anode the life was 
well in excess of 500 million operations.

Subminiature relays, even though they must withstand considerable arcing, 
represent a further important use of noble metal alloys. The so-called TO-5 
relay serves as a good example. Paliney 7 alloy, age hardened, is used for all 
contact members, but in this case the Paliney 7 is overplated with thin gold. 
The Paliney 7 provides the high strength needed for miniaturization and the 
ability to operate at high temperature, while the gold aids for the required 
low energy switching. When the relay is used in arcing situations (28V, 1 AMP 
DC), the gold also assists by providing high thermal conductivity to disperse 
heat from the contact area.

One further matter that should be covered for arcing situations is the relative 
ease of interrupting AC as compared to DC. The arc which forms as a result 
of the rupture of a molten or boiling metal bridge is extinguished when the 
instantaneous voltage across the contacts approaches the minimum arc 
sustaining voltage. In cases where the peak voltage being interrupted is 
less than about 300 volts, the arc will usually not restrike, so that we have a 
built-in arc suppressor. An additional helpful factor in AC circuitry is that any 
electrical erosion is equally shared between the two contact members. As a 
rule of thumb, switching of 120 volts AC is considered to be equivalent to 28 
volts DC where equal currents are involved.
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CHAPTER 4:  
OTHER  
TOPICS

4.1 MULTIPLE CONTACT POINTS

Multiple points of contact in parallel electrical paths are often recommended 
when reliability is a major requirement of the contact system. The term 
reliability is more applicable to make-and-break systems whereas in sliding 
contact devices the adding of redundant contact points results in a reduction 
of electrical noise (variation in contact resistance). In either case practical 
experience has proved that an improvement exits, although not to the full 
extent forecast by simple probability theory.

The basic reasoning behind the use of multiple contacts is to take advantage 
of the fact that if there is a dust particle or insulating film under one of several 
contact members at a certain instant, there is a good probability that at the 
same instant, one or more of the other members is conducting properly.

Figure 4-1 Examples of wipers with multiple points of contact.

4
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Considering the make-and-break contact system first, let us assume that a 
single pair of contacts repeatedly brought together with a force (F) had been 
tested and found to have a probability of failure (P) of 0.001; that is, it will 
exhibit abnormally high contact resistance, on  average, once out of every 
1,000 operations. When the number of contacts is increased to (n), each 
acting at the original force (F) and all being completely independent of one 
another, the probability that all will fail at the same instant is then Pn.

For the case taken, the failure rate for four contacts would be (0.001)4 or 10-12, 
a failure rate of one in every million million (1,000,000,000,000) operations! 
Possible? Not really, in practical applications, as will be shown.

There are three principal reasons why failure rates of P are not realized in 
practice. Each contact member will seldom be operated at the total original 
force (F) of the single contact. More likely it will be at a force of F/n  (Notable 
exceptions are where single contact force (F) was limited only by surface 
fatigue, brinelling or wear effects, i.e., surplus force was available but not 
used.) Also, investigators have found that when a failure of one member 
occurs, it tends to persist for some period of time before “clearing” or 
returning to acceptable operation. Thus, they are not single failures randomly 
distributed as or necessary to apply the probability theory that yields Pn.

Thirdly, it is impossible to achieve complete independence of multiple contact. 
They are physically and electrically interconnected in some way which reduces 
the idealized performance.

Regarding the force aspect, we know that if it were high enough, even with a 
single contact point, the reliability is infinite (probability of failure is zero) as 
regards the contact resistance. Conversely, when the force approaches zero, 
the probability of failure is 1 (100% failures).

As mentioned, failures from dust particles have a tendency to persist. The 
work cited was done using dust particles as the principal contaminant, but we 
have seen the same tendency when films are the cause of the high resistance. 
A contact which develops high contact resistance tends to remain at the high 
value for more than one operation, its duration dependent on contact force, 
voltage available to electrically puncture the film, the materials used and the 
amount of wipe that is present.

The lack of complete independence of each member of a multiple-contact 
can come from both mechanical and electrical effects. Physically, they are all 
connected to some common holding member in the form of a mounting blade 
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or plastic support. Frequently, in the case of multiple wire contacts, the wires 
touch each other along their full length due to tooling and manufacturing 
expense of accurate separation. All points normally make contact against 
the same contiguous surface or at least surfaces which are not far apart 
dimensionally. These similar closely-spaced surfaces would all have the same 
average tendency to form and retain films, for example friction polymer, as 
well as wear debris.

Electrically, the interdependence of redundant contact points in a parallel 
configuration is caused by two possible factors. Assuming the presence of 
some minor surface films on all surfaces of paralleled contacts simultaneously, 
and further assuming that the source voltage is sufficient to electrically 
puncture some films, the film on one contact may be punctured while the 
others remain intact. Surface films are known to vary widely in thickness even 
when thickness is checked on two spots just a few mils apart; therefore, they 
would need different values of voltage to be punctured. Just as soon as the 
first puncture takes place, the voltage impressed across the balance drops 
from the source voltage value to a new value determined by the IR drop 
across the “good” contact. Having had its film punctured, the good contact 
is the most likely to conduct first on succeeding operations. Simply stated, a 
film-free contact is prone to remain that way-a filmed one tends to remain 
filmed when voltage alone is considered as the film-destroying mechanism. 
This is sometimes called “contact loafing.”

A similar electromechanical reason for loafing is when one contact physically 
makes contact before the other so that the remaining contacts seldom are 
impressed with the full open circuit voltage to help in puncturing their films. 
This sort of misalignment alway exists to some degree as it is impossible 
to produce contact assemblies with the members perfectly aligned on a 
microscopic scale.

Returning now to the influence of force on reliability, to satisfy the conditions 
that at F = 0, P = 1 and at F = high, P = 0, Holm18 proposes the formulas

  P (F)  = exp [−   (  F _  F  o  
 )    ϵ ]   4.1

and  P ( F _ 2  )  = exp [−   (  F _  F  o  
 )    ϵ   2    (1−ϵ)  ]   4.2
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for twin contacts where the constants Fo = 0.45 and ε = 0.6 are determined 
from empirical data. These formulas were extended by Ellis11 to cover the 
case of n redundant contacts acting with a force of   F _ n    .

  P ( F _ n  )  = exp [−   (  F _  F  o  
 )    ϵ   n    (1−ϵ)  ]   4.3

The values for Fo and ε observed as 0.45 grams and 0.6 respectively were for 
noble metals. We feel that these are reasonable values for the purpose of 
obtaining an approximation of the effect of multiple contacts. A precaution 
should be added in that forces per individual contact should not be below 
one gram for the high noble-content alloys as typically recommended by 
Deringer-Ney for microcontact devices.

A dramatic example of the benefits of multiple contacts in a make-and-break 
situation has been shown in a case where failures were reduced from an 
average of 2.7 failures/million operations to zero failures in tests lasting 13.8 
million operations. It was accomplished with the use of Paliney 7 wires which 
provided four points of contact.

From a theoretical standpoint, we can view the multiple contact points as a 
set of parallel resistances, in which case the overall static resistance will be 
reduced according the standard formula below:

    1 _  R  TOTAL    =   1 _  R  1  
  +   1 _  R  2  

  +   1 _  R  3  
 ⋯  1 _  R  T  

   4.4

For a uniform surface film, the resultant net resistance will vary with the 
number of contact points plotted as in Figure 4-2 (shown for a uniform  film  
resistance  of  25 milliohms.)
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Figure 4-2 Resultant system resistance for multi-point contact arrays mated 
against a uniform 25 milliohm surface film.

Although the system resistance does decrease as each new contact point 
is added to the array, there is clearly a “diminishing incremental return” 
for an excessively large number of contacts. From a practical standpoint, 
depending on the allowable space and costs, most systems tend to limit the 
number of contact points to 10 or less. The optimal number depends strongly 
on the operating environment, and systems with 3 to 5 contact points are 
very common.

Additionally, the use of multiple contact designs can be highly effective in 
overcoming the effects from high resistance particles. However as shown in 
Figure 4-3, it is necessary that the individual contact points are mechanically 
independent and capable of lifting over the particle or debris without affecting 
the neighboring contacts.
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Contact Particle
2 ohm

Film
25 milliohm

R = 2.025 ohms
R = 0.083 ohms

Figure 4-3 Schematic diagram illustrating three different contact geometries 
interfacing with a resistive particle and a uniform film. a) Single point b) 4 

fingered contact with stiff springs c) 4 fingered contact with flexible springs

In this example, three different contact designs are mated to a surface with 
a 2 ohm resistive particle embedded into a uniform 25 milliohm surface 
film. In example a, the electrical signal must pass through both particle and 
the surface film creating a total resistance of 2.025 ohms. For example b, a 
multi-fingered design is used, but the individual contact fingers are very stiff 
and don’t have independent motion. This creates a situation where all four 
contact fingers tend to remain on the same horizontal plane (independent of 
the applied contact force) as the contact assembly moves along the mating 
surface. Again, the entire electrical signal must pass both the particle and 
the surface film and the resultant resistance remains at 2.025 ohms. For 
example c, there are 4 individual mechanically flexible fingers and each one 
independently conforms to the surface topography. In this example, three 
of the fingers remain in contact with the surface film and only one arm rides 
over the high resistance particle. This creates the equivalent of four parallel 
circuit paths with a resultant resistance of only 0.083 ohms.

Multi-point contact designs also extend to systems that require a sliding rather 
than static contact. To better understand the benefits offered by multipoint 
contacts, we need to introduce the concept of electrical noise. Electrical noise 
is a collection of additional undesired electrical signals superimposed onto an 
information-carrying electrical signal; this obfuscates incoming data and can 
render sensors ineffective. Noise occurs on both power and signal circuits, but 
generally speaking, it is only a problem for signal circuits. Practical examples 
where this type of electrical noise is a problem include signal level slip rings 

a b c
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and brushes, rotary switching encoders and their brushes or potentiometric 
sensors with sliding contacts.

The sliding action can provide a distinct performance advantage by pushing 
dust particles and wear debris aside and it also aids in the mechanical fracture 
of surface films. Thus, in contrast with Figure 4-3, some of the high resistance 
foreign particles may not remain in the contact path. However, in some cases, 
the force and geometry of the contact may actually embed the particles into 
one of the mated surfaces. When a contact slides over this embedded debris, 
it creates a signal disruption or localized noise. In this regard, multiple points 
of contact are potentially even more valuable in sliding systems than in the 
make and break systems. In fact, practically all recently designed precision 
sliding contact assemblies use redundant contact designs.
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Figure 4-4 Computer simulation showing the effect of increased contact 
points on the signal integrity for a linear potentiometer with random surface 

debris along the contact path.

Figure 4-4 shows the modeled signal output for a linear potentiometer 
with a nominal full range value of 100 ohms. The model has also been 
programmed to randomly scatter a large frequency of small dust and wear 
debris particulate across the contact path. The magnitude of the debris varies 
from 10 milliohms up to 20 ohms. This programmed debris field is very severe 
and well in excess of what would normally be anticipated in actual precision 
potentiometers; the high end values were intentionally selected to illustrate 
the beneficial impact of the multi-contact approach. The output shows very 
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clearly the improved signal integrity associated with an increased number of 
contact points. With a single point of contact, there are multiple locations 
showing a nearly 20 ohm offset from linearity.  A significant improvement 
is seen by adding a second, mechanically independent parallel contact. By 
going to 5 contacts the linearity is within 3% and at 20 contacts the linearity 
improves to 1%.

Another example of multiple brush benefit is shown in Figure 4-5 and Figure 
4-6, where the noise voltage of a slip ring assembly was measured. The 
photograph in Figure 4-5 was taken while twin wire brush contacts were 
carrying the signal in and out of a rotating ring. Then the redundant members 
were carefully lifted and the photograph in Figure 4-6 was taken. Whereas the 
noise with bifurcation is approximately one millivolt, when the bifurcation is 
removed noise peaks as high as 11 millivolts can be seen.

Figure 4-5 Slip ring noise with bifurcated contacts. Vertical 5 mV/div.; 
horizontal 2 ms/div.

Figure 4-6 Slip ring noise with single contacts. Vertical 5 mV/div.; horizontal 
2 ms/div.
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4.2 WEAR VOLUME DETERMINATIONS

Equations for the volume of common solid configurations are readily available 
in engineers’ handbooks. However, some shapes encountered in contact 
technology are often not adequately covered in the handbooks and  therefore 
will be examined in a little more depth.

HL
W

2r

R

Figure 4-7 Wear or erosion volume of formed wire operated against a 
flat surface.

The first case is that of a round wire formed to a contact “hook.” Wear or 
erosion will remove the volume as shown in Figure 4-7, which has a curvature 
in two directions. The equations relating the dimensions and volume (V), 
provided H  ≦  r are:

  V =  1 _ 6  π  H   3  +  1 _ 8  πLWH  4.5

  H = R−  1 _ 2    (4  R   2  −  L   2 )    1/2   4.6

  H = r−  1 _ 2    (4  r   2  −  W   2 )    1/2   4.7

  L = 2  (2HR−  H   2 )   1/2   4.8

  W = 2   (2Hr −  H   2 )    1/2   4.9

A second case is that of a round wire brush which has worn as a result of 
sliding against a larger diameter ring. Here it is assumed that the ring wears 
negligibly, as is true in most instances, as pictured in Figure 4-8a.
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(a) Worn wire contacting a rotating ring.
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L
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W

(b) The volume worn from the wire shown in (a)

Figure 4-8 Wear volume for a monofilament round wire brush riding against 
a larger diameter ring.

The volume in question cannot be determined from ordinary integration, 
but Simpson’s Rule can be used with excellent results. As applied to volume, 
Simpson’s Rule allows us to get the sum of incremental volumes which is 
corrected for the surface curvature. We note that if planes parallel to the 
brush axis are passed through the solid, the area generated are rectangular. 
Thus referring to Figure 4-8b each incremental area, Ai = LiWi where Li and Wi 
can be determined from:

   L  i   = 2   (2  h  i   R −   h  i     
2 )    1/2   4.10
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   W  i   = 2   [2 (H −  h  i  ) r −   (H −   h  i     
2 )    2 ]    1/2   4.11

We calculate total volume by passing an odd number (n) of equally spaced 
planes through the solid (the first and last to be at L1 = 0 and W1 = 0, 
respectively), computing A1 for each plane, then applying Simpson’s Rule:

 V =  ∆ h _ 3   [ ( A  0   +  A  n  )  + 4( A  1   +  A  3   +  A  5   + …  A  n−1   ) + 2 ( A  2   +  A  4   +  A  6   + …  A  n−2  ) ]   4.12

where Ao and An drop out because one of their axes is zero.

An example in tabular form will help to illustrate the method which is most 
conveniently handled by a programmable desk computer. Let R = 250 units, r 
= 3.5 units, L = 60 units and n = 10, then from Equation 4.6:

 H = 250 −  1 _ 2    (4 ×  250   2  −  60   2  )    1/2  = 1.807 

 ∆ h = 1.807 ÷10  = .1807

We then apply Equations 4.10, 4.11 and calculate the values in the table below.

n hi Li H-hi Wi Odd Ai Even Ai

0 0 1.8070 6.126 - 0

1 0.1807 19.007 1.6263 5.912 112.4 -

2 0.3614 26.875 1.4465 5.667 - 152.3

3 0.5421 32.909 1.2649 5.387 177.3 -

4 0.7228 37.994 1.0842 5.065 - 192.4

5 0.9035 42.470 0.9035 4.694 199.4 -

6 1.842 46.516 0.7228 4.260 - 198.2

7 1.2649 50.233 0.5421 3.742 188.0 -

8 1.4456 53.692 0.3614 3.098 - 166.3

9 1.6263 56.939 0.1807 2.220 126.4 -

10 1.8070 60.0000 0 0 - -

total 803.5 709.2



Chapter 4: Other Topics 187

 V =  0.1807 _ 3   [4 × 803.5 + 2 × 709.2]  = 279 cubic units 

This result compares favorably with the exact value of 282, as determined by 
a complex computer program. The accuracy of this estimating wear volume 
can be improved by increasing n. It should be noted that most current 
CAD programs can also be used to calculate the wear volume for complex 
geometric shapes.

4.3 DETECTION OF PORES IN PLATED SURFACES

The substantial use of noble metal that are applied by plating techniques 
coupled with their tendency to be porous, makes it necessary to be able to 
detect pores in plated surfaces. The detection is invaluable for both trouble 
shooting of malfunctioning contacts and in-process quality control.

4.3.1 Rhodium on Nickel

Nickel atoms can migrate through porous layers of rhodium and form a hard, 
non-conductive oxide layer on the surface. A simple test which will yield a 
record of the nickel on the surface is as follows:

1. Apply one or two drops of 50% HNO3 to a strip of filter paper. Just 
enough acid to thoroughly dampen the area of the filter paper to be 
used is desirable.

2. Place the acid-dampened filter paper over the area to be tested. 
Immediately place three or four layers of dry paper towels over the 
strip and apply finger pressure for about 1/2 minute, using glass or 
polyester wrap to protect fingers from the acid.

3. Remove the test strip and expose it to ammonium hydroxide vapors 
until completely neutralized or ammoniacal (an ammonia odor on the 
strip is a verification), taking care that only vapors strike the paper.

4. Apply one or two drops of 5% dimethylglyoxime in alcohol to the test 
trip. A red or pink discoloration of the paper reveals the areas that 
have nickel at the surface.

4.3.2 Gold Plated Surfaces

The ASTM Committee B-4 has drafted a variety of methods for detecting 
and counting pores in gold plating. Some of the porosity testing methods 
are described in ASTM Guide B765-03, including Test Methods B735, 
B741, B798, B799, and B809.
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4.4 SPECIMEN PREPARATION FOR KNOOP HARDNESS TEST

The procedures which follow have been found most useful for preparing, 
mounting, grinding and polishing metal specimens for Knoop hardness testing 
where indenter loads of 50 or 100 grams are used. These methods remain 
virtually unchanged from the methods originally used in the 1970’s.

4.4.1 Sample Preparation

Small diameter wire and parts. It is most desirable to obtain a longitudinal 
section for testing and, since diameters may range from 0.001 to 0.049 in., it 
has been found that the most successful method of preparation is that shown 
in Figure 4-9, “A”. The wire is first bent in opposite 90° angles at each end, 
taking care to make the bends in the same plane (to insure flatness), and then 
bent again at 90°. These last bends serve a retention pins.

In all formed parts it is customary to check hardness in the “contact area.” 
This is best accomplished by mounting in the manner shown in Figure 4-9, 
“B”, as a longitudinal section of the “contact area” is exposed for hardness 
measurements and/or microscopic structural study.

Large diameter wire and parts. Diameters of 0.05 in. and over can be pre- 
pared either as longitudinal or transverse sections. For most alloys there is a 
very small difference in the hardness values obtained on either section, but 
for reference purposes the section should be specified (Figure 4-9, “C”, shows 
a transverse section).

Figure 4-9 Specimens prepared for mounting. A – Small diameter wire, B – 
Small diameter wire parts, C – Large Diameter wire, D – strip stock, E – Part 

made from strip, F – headed part
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Strip stock and parts. Prepared as shown in Figure 4-9, “D”, exposing a 
longitudinal section of the thickness. Strip in the range of 0.002 in. thick 
may buckle under the pressure required to make the mount. The bends help 
to give rigidity, thus minimizing the tendency to buckle. Keeping the width 
(depth) of sample to a minimum will also help in this respect. However, if this 
condition should occur, it may be possible to obtain a true section by grinding 
sufficiently deep to get beyond the buckled area. Strip parts are prepared 
in a manner similar to strip (exposing a long section of the thickness in the· 
“contact area”). See Figure 4-9, “E”.

Headed parts. Headed parts with a radius on the head Figure 4-9, “F” should 
have a “flat” filed on the radius to minimize the tendency of “floating” in 
the mounting medium. If a “flat” were not filed, the mounting plastic 
would frequently flow under the part and lift or float it from the face of the 
mold block.

4.4.2 Mounting Procedure

Prepared parts are placed on the face of a mold block and inspected for 
flatness. If the entire area of prepared surface does not contact the face of the 
mold block, parts should be filed or bent until it does. A sketch may be drawn 
at this stage identifying particular lots or parts by shape or orientation. Finely 
sifted Bakelite powder is now dusted over the parts, as it adapts more readily 
and insures that all parts are firmly imbedded in the mount. (It also helps to 
hold small or delicately balanced parts when remaining powder is poured over 
them.) The mold sleeve is put in place after having covered part with the fine 
powder and remaining charge of Bakelite is added. The ram is inserted and 
the mold is ready for curing, which is a matter of pressure and temperature, 
according to the molding plastic being used. For Buehler’ #1380, a pressure 
of about 1000 psi is maintained until the temperature reaches 80°C (176°F), 
then pressure is raised to about 4000 psi until the temperature reaches 130°C 
(266°F), at which the heat source is removed . Pressure is maintained until 
the mold cools to 60°C (140°F) and the mount is removed. It is preferable 
that the ram have a convex end. This gives a concave bottom on the mount, 
which makes for easier and faster levelling of the mount. It should also be 
noted that a porous or granular mount results if pressure, temperature cycle 
is not correct.
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4.4.3 Grinding and Polishing

Grinding is best accomplished if the abrasive papers are placed on a smooth, 
flat surface. If a grinding table is not available, plate glass will serve as well. 
Either dry emery paper or waterproof silicon carbide paper, wet with tap 
water, are excellent grinding media. If emery is used, it is necessary to follow 
a sequence of #1, #0, #00, #000, and #0000 grits. After each grinding step, 
the sample must be rotated 90° and all scratches from the previous paper 
removed before proceeding to a smaller grit paper.

If silicon carbide paper is used, most of the grinding can be accomplished with 
600 grade paper. The faster cutting of this abrasive, coupled with the fineness 
of the grit, permits the use of one grinding step on a carefully prepared mount 
prior to polishing. Caution must be exercised if coarser silicon carbide paper 
are used, as it is possible to grind through a small diameter wire in a few 
passes on the paper.

After the final grinding step, the base of the mount must be ground parallel 
with the surface to be indented, if the hardness tester is not equipped with a 
paralleling device. The surfaces should be parallel within ± 0.0005 in.

Polishing should be performed in accordance with recommended 
metallographic procedure. Small diameter samples and thin gage strip 
stock of soft materials have a tendency toward edge rounding. Therefore, 
polishing should be held to the minimum necessary to produce a satisfactory 
surface finish.

Figure 4-10 Ground mount of parts shown in Figure 4-9.
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One of the techniques that has proven most successful for noble metal alloys 
is the use of Microgrit® WCA lapping compounds in water suspension on a 
motor driven wheel covered by a micro-polishing cloth. The solution should 
contain a soap or wetting agent for lubrication. This polishing procedure is done 
in two steps. Microgrit WCA #12 is used ·on a medium speed (approximately 
600 rpm) wheel for one to two minutes. This is followed by polishing with 
Microgrit WCA #9 on a slow speed (approximately 600 rpm) wheel for one to 
two minutes. This is followed by polishing with Microgrit WCA #9 on a slow 
speed (approximately 250 rpm) wheel. Time for finishing will vary, depending 
on the hardness of the material. One to two minutes are sufficient for the 
harder noble metal alloys (300 to 400 KHN ), but two to five minutes may be 
necessary for alloys between 100 to 250 KHN.

4.4.4 Indentation

Whenever possible, indentations should be made in the “contact area” and 
away from any bends made in preparation of sample for mounting. On wire and 
strip it has been found best to make impressions parallel to the longitudinal 
axis. Impressions made in this manner are less likely to be affected by any 
rounding of sample which may have occurred during grinding and polishing. 
To avoid effects of cold working introduced by indentation, the space between 
impressions should be at least three times the width of the indentations.

4.4.5 Materials List

The following materials have been found satisfactory

1. Molding Compound: Buehlers #1380 A. B. Bakelite (Black)
2. Emery Paper: Buehler’s #1425 A. B. Emery Polishing Paper
3. Silicon Carbide Paper: Wetordry Tri-M-ite #600, Minnesota Mining 

&Mfg. Co.
4. Polishing Compounds: Microgrit WCA #12 and WCA #9, MicroAbrasives 

Corp., Westfield, Mass.
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APPENDIX
DATA SHEETS FOR DNI CONTACT ALLOYS

Silver alloy

Ney 75

Physical Properties of Ney 75, Nominal

Solidus 779 °C 1434 °F

Liquidus 790 °C 1454 °F

Melting Range 11 °C 20 °F

Density 10.1 g/cm3 105.8 dwt/in3

Electrical Resistivity 2.365 µΩ-cm 14 Ω-cmf

Electrical Conductivity 73.00 %IACS

Temperature Coefficent of Resistance - /K - /°F

Thermal Conductivity 302.3 W/m-K 174.8 Btu/hr-ft-°F

Coefficient of Thermal Expansion 1.8E-05 /K 1.0E-05 /°F

Thermal EMF vs. Pt - µV/°C - µV/°F

Specific Heat Capacity 0.207 J/g-K 0.050 Btu/lb-°F

Elastic Modulus 96.8 GPa 14.0 Msi

Shear Modulus 35.7 GPa 5.2 Msi

Poisson's Ratio 0.36

Emissivity -
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Ney 75 Continued

Temper-Dependent Properties of Ney 75

Properties of Ney 75 Wire: 0.0015 - 0.020 inches (0.0381 - 0.508 mm)

0.2% Offset Yield Strength MPa ksi

Annealed - -

Spring Temper - -

Ultimate Tensile Strength MPa ksi

Annealed 367  53.2 

Spring Temper 593  86.0 

Elongation to Failure %

Annealed 25

Spring Temper 1

Knoop Microhardness HK100 HV100

Annealed 110 -

Spring Temper 175 -

Electrical Resistivity µΩ-cm Ω-cmf

Annealed 2.27 13.7

Spring Temper 2.46 14.8

Electrical Conductivity %IACS

Annealed 76

Spring Temper 70

Thermal Conductivity W/m-K Btu/hr-ft-°F

Annealed 314.9 182.1

Spring Temper 290.6 168.0
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Palladium Alloys

Paliney 2000

Physical Properties of Paliney 2000, Nominal

Solidus - °C - °F

Liquidus - °C - °F

Melting Range - °C - °F

Density 10.3 g/cm3 108.8 dwt/in3

Electrical Resistivity 12.8 µΩ-cm 77 Ω-cmf

Electrical Conductivity 13.50 %IACS

Temperature Coefficent of Resistance - /K - /°F

Thermal Conductivity 55.9 W/m-K 32.3 Btu/hr-ft-°F

Coefficient of Thermal Expansion 1.6E-05 /K 8.9E-06 /°F

Thermal EMF vs. Pt - µV/°C - µV/°F

Specific Heat Capacity 0.300 J/g-K 0.072 Btu/lb-°F

Elastic Modulus 103.4 GPa 15.0 Msi

Shear Modulus - GPa - Msi

Poisson's Ratio 0.35
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Paliney 2000 Continued

Temper-Dependent Properties of Paliney 2000

Properties of Paliney 2000 Wire: 0.0015 - 0.020 inches (0.0381 - 0.508 mm)

0.2% Offset Yield Strength MPa ksi

Annealed 887 129

Cold Worked - -

wStress Relieved 862 125

Age Hardened - -

Ultimate Tensile Strength MPa ksi

Annealed 903 131

Cold Worked 1207 175

Stress Relieved 1216 176

Age Hardened 1303 189

Elongation to Failure %

Annealed 5

Cold Worked < 2

Stress Relieved 4

Age Hardened 1

Knoop Microhardness HK100 HV100

Annealed 250 228.9

Cold Worked 310 -

Stress Relieved 332 -

Age Hardened 329 -

Electrical Resistivity µΩ-cm Ω-cmf

Annealed - -

Cold Worked - -

Stress Relieved - -

Age Hardened 13 77

Electrical Conductivity %IACS

Annealed -

Cold Worked -

Stress Relieved -

Age Hardened 14

Thermal Conductivity W/m-K Btu/hr-ft-°F

Annealed - -

Cold Worked - -

Stress Relieved - -

Age Hardened 55.9 32.3
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Properties of Paliney 2000 Strip: 0.0015 - 0.020 inches (0.0381 - 0.508 mm)

0.2% Offset Yield Strength MPa ksi

Annealed - -

Cold Worked - -

Stress Relieved - -

Age Hardened - -

Ultimate Tensile Strength MPa ksi

Annealed 788 114

Cold Worked 1000 145

Stress Relieved - -

Age Hardened 1047 152

Elongation to Failure %

Annealed 15

Cold Worked < 2

Stress Relieved -

Age Hardened 4

Knoop Microhardness HK100 HV100

Annealed 220 229

Cold Worked 290 -

Stress Relieved - -

Age Hardened 329 -

Electrical Resistivity µΩ-cm Ω-cmf

Annealed - -

Cold Worked - -

Stress Relieved - -

Age Hardened - -

Electrical Conductivity %IACS

Annealed -

Cold Worked -

Stress Relieved -

Age Hardened -

Thermal Conductivity W/m-K Btu/hr-ft-°F

Annealed - -

Cold Worked - -

Stress Relieved - -

Age Hardened - -

Paliney 2000 Continued



Appendix 197

Paliney 5Paliney 5

Physical Properties of Paliney 5, Nominal

Solidus 934 °C 1713 °F

Liquidus - °C - °F

Melting Range - °C - °F

Density 10.5 g/cm3 111.0 dwt/in3

Electrical Resistivity 17.4 µΩ-cm 105 Ω-cmf

Electrical Conductivity 9.90 %IACS

Temperature Coefficent of Resistance - /K - /°F

Thermal Conductivity 41.1 W/m-K 23.8 Btu/hr-ft-°F

Coefficient of Thermal Expansion 1.7E-05 /K 9.6E-06 /°F

Thermal EMF vs. Pt - µV/°C - µV/°F

Specific Heat Capacity 0.295 J/g-K 0.070 Btu/lb-°F

Elastic Modulus 119 GPa 17.3 Msi

Shear Modulus 44.1 GPa 6.4 Msi

Poisson's Ratio 0.35

Emissivity -
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Paliney 5 Continued

Temper-Dependent Properties of Paliney 5

Properties of Paliney 5 Wire: 0.0015 - 0.020 inches (0.0381 - 0.508 mm)

0.2% Offset Yield Strength MPa ksi

Annealed 552 80

Stress Relieved 1034 150

Age Hardened 1120 163

Ultimate Tensile Strength MPa ksi

Annealed 702 102

Stress Relieved 1064 154

Age Hardened 999 145

Elongation to Failure %

Annealed 26

Stress Relieved 2

Age Hardened 8

Knoop Microhardness HK100 HV100

Annealed 208 190

Stress Relieved 286 275

Age Hardened 298 297

Electrical Resistivity µΩ-cm Ω-cmf

Annealed - -

Stress Relieved - -

Age Hardened - -

Electrical Conductivity %IACS

Annealed -

Stress Relieved -

Age Hardened -

Thermal Conductivity W/m-K Btu/hr-ft-°F

Annealed - -

Stress Relieved - -

Age Hardened - -
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Paliney 5 Continued

Properties of Paliney 5 Strip: 0.0015 - 0.020 inches (0.0381 - 0.508 mm)

0.2% Offset Yield Strength MPa ksi

Annealed 552 80

Stress Relieved 896 130

Age Hardened 609 88

Ultimate Tensile Strength MPa ksi

Annealed 686 100

Stress Relieved 897 130

Age Hardened 960 139

Elongation to Failure %

Annealed 18

Stress Relieved 10

Age Hardened 4

Knoop Microhardness HK100 HV100

Annealed 208 190

Stress Relieved 275 275

Age Hardened 297 297

Electrical Resistivity µΩ-cm Ω-cmf

Annealed - -

Stress Relieved - -

Age Hardened - -

Electrical Conductivity %IACS

Annealed -

Stress Relieved -

Age Hardened -

Thermal Conductivity W/m-K Btu/hr-ft-°F

Annealed - -

Stress Relieved - -

Age Hardened - -
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Paliney H3C

Physical Properties of Paliney H3C, Nominal

Solidus 956 °C 1753 °F

Liquidus 1049 °C 1920 °F

Melting Range 93 °C 167 °F

Density 10.4 g/cm3 109.6 dwt/in3

Electrical Resistivity 12.3 µΩ-cm 74 Ω-cmf

Electrical Conductivity 14.00 %IACS

Temperature Coefficent of Resistance 4.8E-04 /K 2.7E-04 /°F

Thermal Conductivity 58.1 W/m-K 33.6 Btu/hr-ft-°F

Coefficient of Thermal Expansion 1.5E-05 /K 8.3E-06 /°F

Thermal EMF vs. Pt - µV/°C - µV/°F

Specific Heat Capacity 0.310 J/g-K 0.074 Btu/lb-°F

Elastic Modulus 75.08 GPa 17.7 Msi

Shear Modulus 27.2 GPa 6.5 Msi

Poisson's Ratio 0.35

Emissivity -
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Paliney H3C Continued

Temper-Dependent Properties of Paliney H3C

Properties of Paliney H3C Wire - Batch Age Hardened: 0.0015 - 0.020 inches (0.0381 - 
0.508 mm)

0.2% Offset Yield Strength MPa ksi

Annealed 1052 153

HT Temper 1497 217

HTB Temper - -

F9 Temper - -

Ultimate Tensile Strength MPa ksi

Annealed 1098 159

HT Temper 1547 224

HTB Temper 1431 208

F9 Temper 1524 221

Elongation to Failure %

Annealed 17

Stress Relieved 2

Age Hardened 2

F9 Temper 2

Knoop Microhardness HK100 HV100

Annealed 319 318

Stress Relieved 427 463

Age Hardened 419 443

F9 Temper 466 414

Electrical Resistivity µΩ-cm Ω-cmf

Annealed - -

Stress Relieved 12 74

Age Hardened 12 69

F9 Temper 13 80

Electrical Conductivity %IACS

Annealed 8

Stress Relieved 14

Age Hardened 15

F9 Temper 14

Thermal Conductivity W/m-K Btu/hr-ft-°F

Annealed - -

Stress Relieved 58.1 33.6

Age Hardened 62.2 35.9

F9 Temper 53.8 31.1
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Paliney H3C Continued

Properties of Paliney H3C Strip - Continuoulsy Hardened: 0.0015 - 0.020 inches (0.0381 - 
0.508 mm)

0.2% Offset Yield Strength MPa ksi

Annealed Spool - -

DHT Temper 1497 217

CHT Temper - -

Ultimate Tensile Strength MPa ksi

Annealed Spool - 160

DHT Temper 1596 232

CHT Temper 1701 247

Elongation to Failure %

Annealed Spool 5 min

DHT Temper 2

CHT Temper 2

Knoop Microhardness HK100 HV100

Annealed Spool 270-340 -

DHT Temper 424 418

CHT Temper 454 -

Electrical Resistivity µΩ-cm Ω-cmf

Annealed Spool 20 122

DHT Temper 15 88

CHT Temper 12 74

Electrical Conductivity %IACS

Annealed Spool 9

DHT Temper 13

CHT Temper 14

Thermal Conductivity W/m-K Btu/hr-ft-°F

Annealed Spool 35.2 20.4

DHT Temper 48.6 28.1

CHT Temper 58.1 33.6
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Paliney 6

Physical Properties of Paliney 6, Nominal

Solidus 1032 °C 1890 °F

Liquidus - °C - °F

Melting Range - °C - °F

Density 10.8 g/cm3 114.0 dwt/in3

Electrical Resistivity 28.8 µΩ-cm 173 Ω-cmf

Electrical Conductivity 6.03 %IACS

Temperature Coefficent of Resistance - /K - /°F

Thermal Conductivity 24.9 W/m-K 14.4 Btu/hr-ft-°F

Coefficient of Thermal Expansion 1.4E-05 /K 7.5E-06 /°F

Thermal EMF vs. Pt - µV/°C - µV/°F

Specific Heat Capacity 0.275 J/g-K 0.066 Btu/lb-°F

Elastic Modulus 119.9 GPa 17.4 Msi

Shear Modulus 44.1 GPa 6.4 Msi

Poisson's Ratio 0.36

Emissivity -
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Paliney 6 Continued

Temper-Dependent Properties of Paliney 6

Properties of Paliney 6 Wire: 0.0015 - 0.020 inches (0.0381 - 0.508 mm)

0.2% Offset Yield Strength MPa ksi

Annealed 600 87

Stress-Relieved - -

Heat Treated 709 103

Ultimate Tensile Strength MPa ksi

Annealed 760 110

Stress-Relieved 986 143

Heat Treated 1272 185

Elongation to Failure %

Annealed 31

Stress-Relieved 17

Heat Treated 3

Knoop Microhardness HK100 HV100

Annealed 224 214

Stress-Relieved 299 291

Heat Treated 378 358

Electrical Resistivity µΩ-cm Ω-cmf

Annealed 31 185

Stress-Relieved 30 180

Heat Treated 26 155

Electrical Conductivity %IACS

Annealed 6

Stress-Relieved 6

Heat Treated 7

Thermal Conductivity W/m-K Btu/hr-ft-°F

Annealed 23 13

Stress-Relieved 24 14

Heat Treated 28 16
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Paliney 6 Continued

Properties of Paliney 6 Strip: 0.0015 - 0.020 inches (0.0381 - 0.508 mm)

0.2% Offset Yield Strength MPa ksi

Annealed 676 98

Stress-Relieved 621 90

Heat Treated 709 103

Ultimate Tensile Strength MPa ksi

Annealed 765 111

Stress-Relieved 1032 150

Heat Treated 1013 147

Elongation to Failure %

Annealed 26

Stress-Relieved 13

Heat Treated 5

Knoop Microhardness HK100 HV100

Annealed 223 215

Stress-Relieved 332 304

Heat Treated 348 350

Electrical Resistivity µΩ-cm Ω-cmf

Annealed 31 185

Stress-Relieved 30 180

Heat Treated 26 155

Electrical Conductivity %IACS

Annealed 6

Stress-Relieved 6

Heat Treated 7

Thermal Conductivity W/m-K Btu/hr-ft-°F

Annealed 23 13

Stress-Relieved 24 14

Heat Treated 28 16
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Paliney 8

Physical Properties of Paliney 8, Nominal

Solidus 970 °C 1890 °F

Liquidus - °C - °F

Melting Range - °C - °F

Density 10.8 g/cm3 114.0 dwt/in3

Electrical Resistivity - µΩ-cm 173 Ω-cmf

Electrical Conductivity - %IACS

Temperature Coefficent of Resistance - /K - /°F

Thermal Conductivity - W/m-K - Btu/hr-ft-°F

Coefficient of Thermal Expansion 1.4E-05 /K 7.5E-06 /°F

Thermal EMF vs. Pt -18 µV/°C - µV/°F

Specific Heat Capacity 0.272 J/g-K 0.065 Btu/lb-°F

Elastic Modulus 110 GPa 16.0 Msi

Shear Modulus - GPa - Msi

Poisson's Ratio -

Emissivity -
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Paliney 8 Continued

Temper-Dependent Properties of Paliney 8

Properties of Paliney 8 Strip: 0.0015 - 0.020 inches (0.0381 - 0.508 mm)

0.2% Offset Yield Strength MPa ksi

Annealed - -

Heat Treated - -

Ultimate Tensile Strength MPa ksi

Annealed 793 115

Heat Treated 1398 203

Elongation to Failure %

Annealed 15 min

Heat Treated 3

Knoop Microhardness HK100 HV100

Annealed 230 220

Heat Treated 380 365

Electrical Resistivity µΩ-cm Ω-cmf

Annealed 30 180

Heat Treated 25 150

Electrical Conductivity %IACS

Annealed 6

Heat Treated 7

Thermal Conductivity W/m-K Btu/hr-ft-°F

Annealed 23.9 13.8

Heat Treated 28.7 16.6
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Paliney 25

Physical Properties of Paliney 25, Nominal

Solidus 1090 °C 1995 °F

Liquidus 1165 °C 2130 °F

Melting Range - °C - °F

Density 10.6 g/cm3 111.7 dwt/in3

Electrical Resistivity 28 µΩ-cm 168 Ω-cmf

Electrical Conductivity 28.00 %IACS

Temperature Coefficent of Resistance 7.3E-04 /K 1.3E-03 /°F

Thermal Conductivity 25.5 W/m-K 67.0 Btu/hr-ft-°F

Coefficient of Thermal Expansion 1.5E-05 /K 8.1E-06 /°F

Thermal EMF vs. Pt - µV/°C - µV/°F

Specific Heat Capacity 0.280 J/g-K 0.67 Btu/lb-°F

Elastic Modulus 135 GPa 19.6 Msi

Shear Modulus 134.9 GPa 7.2 Msi

Poisson's Ratio 0.36

Emissivity -



Appendix 209

Paliney 25 Continued

Temper-Dependent Properties of Paliney 25

Properties of Paliney 25 Wire: 0.0015 - 0.020 inches (0.0381 - 0.508 mm)

0.2% Offset Yield Strength MPa ksi

Annealed - -

Heat Treated 1163 169

Ultimate Tensile Strength MPa ksi

Annealed 791 115

Heat Treated 1401 203

Elongation to Failure %

Annealed 24

Heat Treated 15

Knoop Microhardness HK100 HV100

Annealed 210 -

Heat Treated 404 -

Electrical Resistivity µΩ-cm Ω-cmf

Annealed - -

Heat Treated 6 -

Electrical Conductivity %IACS

Annealed -

Heat Treated 29

Thermal Conductivity W/m-K Btu/hr-ft-°F

Annealed - -

Heat Treated 113.5 65.6
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Paliney 7

Physical Properties of Paliney 7, Nominal

Solidus 1080 °C 1976 °F

Liquidus 1185 °C 2165 °F

Melting Range 105 °C 189 °F

Density 11.8 g/cm3 124.5 dwt/in3

Electrical Resistivity 31.6 µΩ-cm 190 Ω-cmf

Electrical Conductivity 5.50 %IACS

Temperature Coefficent of Resistance 3.5E-04 /K 2.0E-04 /°F

Thermal Conductivity 22.6 W/m-K 20.2 Btu/hr-ft-°F

Coefficient of Thermal Expansion 1.4E-05 /K 7.5E-06 /°F

Thermal EMF vs. Pt - µV/°C - µV/°F

Specific Heat Capacity 0.290 J/g-K 0.69 Btu/lb-°F

Elastic Modulus 123.67 GPa 17.9 Msi

Shear Modulus 45.3 GPa 9.6 Msi

Poisson's Ratio 0.36

Emissivity -
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Paliney 7 Continued

Temper-Dependent Properties of Paliney 7 

Properties of Paliney 7 Wire: 0.0015 - 0.020 inches (0.0381 - 0.508 mm)

0.2% Offset Yield Strength MPa ksi

Annealed 618 90

Stress-Relieved 1039 151

Heat Treated 1238 180

Ultimate Tensile Strength MPa ksi

Annealed 791 115

Stress-Relieved 1069 155

Heat Treated 1276 185

Elongation to Failure %

Annealed 32

Stress-Relieved 15

Heat Treated 12

Knoop Microhardness HK100 HV100

Annealed 233 229

Stress-Relieved 310 310

Heat Treated 349 361

Electrical Resistivity µΩ-cm Ω-cmf

Annealed 35 210

Stress-Relieved 33 200

Heat Treated 32 190

Electrical Conductivity %IACS

Annealed 5

Stress-Relieved 5

Heat Treated 6

Thermal Conductivity W/m-K Btu/hr-ft-°F

Annealed 20.5 11.8

Stress-Relieved 21.5 12.5

Heat Treated 22.6 13.1
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Paliney 7 Continued

Properties of Paliney 7 Strip: 0.0015 - 0.020 inches (0.0381 - 0.508 mm)

0.2% Offset Yield Strength MPa ksi

Annealed 780 113

Stress-Relieved 866 126

Heat Treated 1196 173

Ultimate Tensile Strength MPa ksi

Annealed 834 121

Stress-Relieved 996 144

Heat Treated 1236 179

Elongation to Failure %

Annealed 24

Stress-Relieved 11

Heat Treated 7

Knoop Microhardness HK100 HV100

Annealed 249 238

Stress-Relieved 319 300

Heat Treated 363 365

Electrical Resistivity µΩ-cm Ω-cmf

Annealed 35 210

Stress-Relieved 33 200

Heat Treated 32 190

Electrical Conductivity %IACS

Annealed 6

Stress-Relieved 5

Heat Treated 6

Thermal Conductivity W/m-K Btu/hr-ft-°F

Annealed 20.5 11.8

Stress-Relieved 21.5 12.5

Heat Treated 22.6 13.1
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Paliney 9

Physical Properties of Paliney 9, Nominal

Solidus 1065 °C 1950 °F

Liquidus - °C - °F

Melting Range - °C - °F

Density 11.9 g/cm3 125.0 dwt/in3

Electrical Resistivity 36.6 µΩ-cm 220 Ω-cmf

Electrical Conductivity 5.00 %IACS

Temperature Coefficent of Resistance - /K - /°F

Thermal Conductivity 19.5 W/m-K 11.3 Btu/hr-ft-°F

Coefficient of Thermal Expansion 1.4E-05 /K 7.5E-06 /°F

Thermal EMF vs. Pt - µV/°C - µV/°F

Specific Heat Capacity 0.268 J/g-K 0.064 Btu/lb-°F

Elastic Modulus 123.09 GPa 17.9 Msi

Shear Modulus 44.9 GPa 6.5 Msi

Poisson's Ratio 0.37

Emissivity -
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Paliney 9 Continued

Temper-Dependent Properties of Paliney 9

Properties of Paliney 9 Wire: 0.0015 - 0.020 inches (0.0381 - 0.508 mm)

0.2% Offset Yield Strength MPa ksi

Annealed 827 120

Stress-Relieved 947 137

Heat Treated - -

Ultimate Tensile Strength MPa ksi

Annealed 733 106

Stress-Relieved 982 142

Heat Treated - -

Elongation to Failure %

Annealed 35

Stress-Relieved 19

Heat Treated -

Knoop Microhardness HK100 HV100

Annealed 213 -

Stress-Relieved 302 -

Heat Treated - -

Electrical Resistivity µΩ-cm Ω-cmf

Annealed 37 220

Stress-Relieved - -

Heat Treated - -

Electrical Conductivity %IACS

Annealed 5

Stress-Relieved -

Heat Treated -

Thermal Conductivity W/m-K Btu/hr-ft-°F

Annealed 19.5 11.3

Stress-Relieved - -

Heat Treated - -
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Paliney 9 Continued

Properties of Paliney 9 Wire: 0.0015 - 0.020 inches (0.0381 - 0.508 mm)

0.2% Offset Yield Strength MPa ksi

Annealed - -

Stress-Relieved - -

Heat Treated - -

Ultimate Tensile Strength MPa ksi

Annealed - -

Stress-Relieved 973 141

Heat Treated - -

Elongation to Failure %

Annealed -

Stress-Relieved 17

Heat Treated -

Knoop Microhardness HK100 HV100

Annealed - -

Stress-Relieved - -

Heat Treated - -

Electrical Resistivity µΩ-cm Ω-cmf

Annealed - -

Stress-Relieved - -

Heat Treated - -

Electrical Conductivity %IACS

Annealed -

Stress-Relieved -

Heat Treated -

Thermal Conductivity W/m-K Btu/hr-ft-°F

Annealed - -

Stress-Relieved - -

Heat Treated - -



Ney Contact Manual216

Paliney S

Physical Properties of Paliney S, Nominal

Solidus 1230 °C 2250 °F

Liquidus 1290 °C 2350 °F

Melting Range 60 °C 100 °F

Density 10.9 g/cm3 114.9 dwt/in3

Electrical Resistivity 48 µΩ-cm 289 Ω-cmf

Electrical Conductivity 3.60 %IACS

Temperature Coefficent of Resistance - /K - /°F

Thermal Conductivity 14.9 W/m-K 8.7 Btu/hr-ft-°F

Coefficient of Thermal Expansion 1.4E-05 /K 7.7E-06 /°F

Thermal EMF vs. Pt - µV/°C - µV/°F

Specific Heat Capacity 0.301 J/g-K 0.072 Btu/lb-°F

Elastic Modulus 124 GPa 18.0 Msi

Shear Modulus - GPa - Msi

Poisson's Ratio 0.35

Emissivity -
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Paliney S Continued

Temper-Dependent Properties of Paliney S

Properties of Paliney S Strip: 0.0015 - 0.020 inches (0.0381 - 0.508 mm)

0.2% Offset Yield Strength MPa ksi

Annealed - -

Stress-Relieved 891 129

Ultimate Tensile Strength MPa ksi

Annealed - -

Stress-Relieved 911 132

Elongation to Failure %

Annealed 4

Stress-Relieved -

Knoop Microhardness HK100 HV100

Annealed - -

Stress-Relieved 303 -

Electrical Resistivity µΩ-cm Ω-cmf

Annealed - -

Stress-Relieved 48 289

Electrical Conductivity %IACS

Annealed -

Stress-Relieved 4

Thermal Conductivity W/m-K Btu/hr-ft-°F

Annealed - -

Stress-Relieved 14.9 8.6
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Paliney 1100

Physical Properties of Paliney 1100, Nominal

Solidus 1584 °C 2883.2 °F

Liquidus 1681 °C 3057.8 °F

Melting Range 97 °C 206.6 °F

Density 13.0 g/cm3 136.6 dwt/in3

Electrical Resistivity 38.3 µΩ-cm 230 Ω-cmf

Electrical Conductivity 4.50 %IACS

Temperature Coefficent of Resistance 6.20E-04 /K 3.40E-04 /°F

Thermal Conductivity 18.7 W/m-K 11 Btu/hr-ft-°F

Coefficient of Thermal Expansion 1.16E-05 /K 6.4E-06 /°F

Thermal EMF vs. Pt 11.3 µV/°C 6.3 µV/°F

Specific Heat Capacity 0.23 J/g-K 0.055 Btu/lb-°F

Elastic Modulus 157.3 GPa 22.8 Msi

Shear Modulus 57.5 GPa 8.3 Msi

Poisson's Ratio 0.368

Emissivity 0.303
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Paliney 1100 Continued

Temper-Dependent Properties of Paliney 1100

Properties of Paliney 1100 Wire: 0.002 - 0.020 inches (0.0381 - 0.508 mm)

0.2% Offset Yield Strength MPa ksi

Annealed 772 112

Stress-Relieved 1260 183

Ultimate Tensile Strength MPa ksi

Annealed 903 131

Stress-Relieved 1369 199

Elongation to Failure %

Annealed 18

Stress-Relieved 4

Knoop Microhardness HK100 HV100

Annealed 266 251

Stress-Relieved 358 -

Electrical Resistivity µΩ-cm Ω-cmf

Annealed - -

Stress-Relieved - -

Electrical Conductivity %IACS

Annealed -

Stress-Relieved -

Thermal Conductivity W/m-K Btu/hr-ft-°F

Annealed - -

Stress-Relieved - -
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Alloy 8010

Physical Properties of Alloy 8010, Nominal

Solidus 1050 °C 1922 °F

Liquidus 1210 °C 2210 °F

Melting Range 160 °C 320 °F

Density 10.7 g/cm3 112.7 dwt/in3

Electrical Resistivity 51.8 µΩ-cm 312 Ω-cmf

Electrical Conductivity 3.33 %IACS

Temperature Coefficent of Resistance - /K - /°F

Thermal Conductivity 13.8 W/m-K 8 Btu/hr-ft-°F

Coefficient of Thermal Expansion 1.28E-05 /K 7.10057E-06 /°F

Thermal EMF vs. Pt -13.8 µV/°C -7.7 µV/°F

Specific Heat Capacity 0.26 J/g-K 0.062088 Btu/lb-°F

Elastic Modulus 126 GPa 18.27 Msi

Shear Modulus 46 GPa 6.67 Msi

Poisson's Ratio 0.3767

Emissivity 0.233
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Alloy 8010 Continued

Temper-Dependent Properties of Alloy 8010

Physical Properties of Alloy 8010, Nominal
0.2% Offset Yield Strength MPa ksi

Cold Worked 1034 150

After 1800F Burnout 946 137

Ultimate Tensile Strength MPa ksi

Cold Worked 1214 176

After 1800F Burnout 1098 159

Elongation to Failure %

Cold Worked 6

After 1800F Burnout 7

Knoop Microhardness HK100 HV100

Cold Worked 429 420

After 1800F Burnout 375 -

Electrical Resistivity µΩ-cm Ω-cmf

Cold Worked - -

After 1800F Burnout - -

Electrical Conductivity %IACS

Cold Worked -

After 1800F Burnout -

Thermal Conductivity W/m-K Btu/hr-ft-°F

Cold Worked - -

After 1800F Burnout - -
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Gold Alloys

Neyoro K

Physical Properties of Neyoro K, Nominal

Solidus 864 °C 1587 °F

Liquidus - °C - °F

Melting Range - °C - °F

Density 13.3 g/cm3 140.5 dwt/in3

Electrical Resistivity 15.03 µΩ-cm 90 Ω-cmf

Electrical Conductivity 11.94 %IACS

Temperature Coefficent of Resistance - /K - /°F

Thermal Conductivity 47.6 W/m-K 27.5 Btu/hr-ft-°F

Coefficient of Thermal Expansion 1.7E-05 /K 9.3E-06 /°F

Thermal EMF vs. Pt - µV/°C - µV/°F

Specific Heat Capacity 0.243 J/g-K 0.058 Btu/lb-°F

Elastic Modulus 93.37 GPa 13.5 Msi

Shear Modulus 33.4 GPa 4.8 Msi

Poisson's Ratio 0.40

Emissivity -
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Neyoro K Continued

Temper-Dependent Properties of Neyoro K

Properties of Neyoro K Wire: 0.0015 - 0.020 inches (0.0381 - 0.508 mm)

Stress-Relieved MPa ksi

Heat Treated 518 75

Stress-Relieved - -

Heat Treated 1000 145

Ultimate Tensile Strength MPa ksi

Annealed 721 105

Stress-Relieved 937 136

Heat Treated 1031 150

Elongation to Failure %

Annealed 25

Stress-Relieved 7

Heat Treated 2.4

Knoop Microhardness HK100 HV100

Annealed 215 -

Stress-Relieved 275 -

Heat Treated 300 -

Electrical Resistivity µΩ-cm Ω-cmf

Annealed 16 99

Stress-Relieved 17 105

Heat Treated 11 68

Electrical Conductivity %IACS

Annealed 11

Stress-Relieved 10

Heat Treated 15

Thermal Conductivity W/m-K Btu/hr-ft-°F

Annealed 43.6 25.2

Stress-Relieved 41.1 23.8

Heat Treated 63.3 36.6
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Neyoro K Continued

Properties of Neyoro K Strip: 0.0015 - 0.020 inches (0.0381 - 0.508 mm)

Stress-Relieved MPa ksi

Annealed - -

Stress-Relieved - -

Heat Treated - -

Ultimate Tensile Strength MPa ksi

Annealed 573 83

Stress-Relieved - -

Heat Treated 765 111

Elongation to Failure %

Annealed 30

Stress-Relieved 1-10

Heat Treated 2.9

Knoop Microhardness HK100 HV100

Annealed 223 -

Stress-Relieved 240-310 -

Heat Treated 295 -

Electrical Resistivity µΩ-cm Ω-cmf

Annealed 16 99

Stress-Relieved 17 105

Heat Treated 11 68

Electrical Conductivity %IACS

Annealed 11

Stress-Relieved 10

Heat Treated 15

Thermal Conductivity W/m-K Btu/hr-ft-°F

Annealed 43.6 25.2

Stress-Relieved 41.1 23.8

Heat Treated 63.3 36.6
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Neyoro 69

Physical Properties of Neyoro 69, Nominal

Solidus 1025 °C 1880 °F

Liquidus - °C - °F

Melting Range - °C - °F

Density 16.0 g/cm3 169.0 dwt/in3

Electrical Resistivity 15.8 µΩ-cm 95 Ω-cmf

Electrical Conductivity 10.90 %IACS

Temperature Coefficent of Resistance - /K - /°F

Thermal Conductivity 45.2 W/m-K 26.2 Btu/hr-ft-°F

Coefficient of Thermal Expansion 1.4E-05 /K 7.5E-06 /°F

Thermal EMF vs. Pt - µV/°C - µV/°F

Specific Heat Capacity 0.174 J/g-K 0.04167013 Btu/lb-°F

Elastic Modulus 91 GPa 13.0 Msi

Shear Modulus - GPa - Msi

Poisson's Ratio -

Emissivity -
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Neyoro 69 Continued

Temper-Dependent Properties of Neyoro 69

Properties of Neyoro 69 Wire: 0.0015 - 0.020 inches (0.0381 - 0.508 mm)

0.2% Offset Yield Strength MPa ksi

Annealed 124 18

Cold Worked 207 30

Ultimate Tensile Strength MPa ksi

Annealed 278 40

Cold Worked 476 69

Elongation to Failure %

Annealed 35

Cold Worked 3

Knoop Microhardness HK100 HV100

Annealed 75 80

Cold Worked 150 141

Electrical Resistivity µΩ-cm Ω-cmf

Annealed 16 95

Cold Worked 16 95

Electrical Conductivity %IACS

Annealed 11

Cold Worked 11

Thermal Conductivity W/m-K Btu/hr-ft-°F

Annealed 45.2 26.2

Cold Worked 45.2 26.2
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Neyoro 69 Continued

Properties of Neyoro 69 Strip: 0.0015 - 0.020 inches (0.0381 - 0.508 mm)

0.2% Offset Yield Strength MPa ksi

Annealed 124 18

Cold Worked 241 35

Ultimate Tensile Strength MPa ksi

Annealed 260 38

Cold Worked 517 75

Elongation to Failure %

Annealed 40

Cold Worked 1 min

Knoop Microhardness HK100 HV100

Annealed 83 80

Cold Worked 150 135

Electrical Resistivity µΩ-cm Ω-cmf

Annealed 16 95

Cold Worked 16 95

Electrical Conductivity %IACS

Annealed 11

Cold Worked 11

Thermal Conductivity W/m-K Btu/hr-ft-°F

Annealed 45.2 26.2

Cold Worked 45.2 26.2
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Neyoro 28

Physical Properties of Neyoro 28, Nominal

Solidus 1000 °C 1830 °F

Liquidus - °C - °F

Melting Range - °C - °F

Density 16.0 g/cm3 168.0 dwt/in3

Electrical Resistivity 10.3 µΩ-cm 62 Ω-cmf

Electrical Conductivity 16.73 %IACS

Temperature Coefficent of Resistance - /K - /°F

Thermal Conductivity 69.4 W/m-K 40.1 Btu/hr-ft-°F

Coefficient of Thermal Expansion 1.6E-05 /K 8.7E-06 /°F

Thermal EMF vs. Pt 4 µV/°C - µV/°F

Specific Heat Capacity 0.169 J/g-K 0.0404 Btu/lb-°F

Elastic Modulus 84 GPa 12.0 Msi

Shear Modulus - GPa - Msi

Poisson's Ratio -

Emissivity -



Appendix 229

Neyoro 28 Continued

Temper-Dependent Properties of Neyoro 28

Properties of Neyoro 28 Wire: 0.0015 - 0.020 inches (0.0381 - 0.508 mm)

0.2% Offset Yield Strength MPa ksi

Annealed - -

Cold Worked - -

Strain Relieved 241 35

Ultimate Tensile Strength MPa ksi

Annealed 287 42

Cold Worked 517 75

Strain Relieved 407 59

Elongation to Failure %

Annealed 28

Cold Worked 6

Strain Relieved 15

Knoop Microhardness HK100 HV100

Annealed - -

Cold Worked 166 -

Strain Relieved 135 110

Electrical Resistivity µΩ-cm Ω-cmf

Annealed 10 16

Cold Worked - -

Strain Relieved - -

Electrical Conductivity %IACS

Annealed 17

Cold Worked -

Strain Relieved -

Thermal Conductivity W/m-K Btu/hr-ft-°F

Annealed 69.4 40.1

Cold Worked - -

Strain Relieved - -
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Neyoro 28 Continued

Properties of Neyoro 28 Strip: 0.0015 - 0.020 inches (0.0381 - 0.508 mm)

0.2% Offset Yield Strength MPa ksi

Annealed - -

Cold Worked - -

Strain Relieved 241 35

Ultimate Tensile Strength MPa ksi

Annealed - -

Cold Worked 553 80

Strain Relieved 414 60

Elongation to Failure %

Annealed -

Cold Worked 4

Strain Relieved 1 min

Knoop Microhardness HK100 HV100

Annealed - -

Cold Worked 179 -

Strain Relieved 130 110

Electrical Resistivity µΩ-cm Ω-cmf

Annealed 10 16

Cold Worked - -

Strain Relieved - -

Electrical Conductivity %IACS

Annealed 17

Cold Worked -

Strain Relieved -

Thermal Conductivity W/m-K Btu/hr-ft-°F

Annealed 69.4 40.1

Cold Worked - -

Strain Relieved - -



Appendix 231

Neyoro 28A

Physical Properties of Neyoro 28A, Nominal

Solidus 925 °C 1700 °F

Liquidus - °C - °F

Melting Range - °C - °F

Density 15.8 g/cm3 168.0 dwt/in3

Electrical Resistivity 12.4 µΩ-cm 75 Ω-cmf

Electrical Conductivity 13.90 %IACS

Temperature Coefficent of Resistance - /K - /°F

Thermal Conductivity 57.7 W/m-K 33.3 Btu/hr-ft-°F

Coefficient of Thermal Expansion 1.5E-05 /K 8.2E-06 /°F

Thermal EMF vs. Pt -3 µV/°C - µV/°F

Specific Heat Capacity 0.188 J/g-K 0.045 Btu/lb-°F

Elastic Modulus - GPa - Msi

Shear Modulus 84.0 GPa 12.0 Msi

Poisson's Ratio -

Emissivity -
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Neyoro 28A Continued

Temper-Dependent Properties of Neyoro 28A

Properties of Neyoro 28A Wire: 0.0015 - 0.020 inches (0.0381 - 0.508 mm)

0.2% Offset Yield Strength MPa ksi

Annealed - -

Stress Relieved 241 35

Cold Worked 310 45

Max Cold Worked 345 50

Ultimate Tensile Strength MPa ksi

Annealed 407 59

Stress Relieved 407 59

Cold Worked 541 79

Max Cold Worked 483 70

Elongation to Failure %

Annealed 15

Stress Relieved 15

Cold Worked 6

Max Cold Worked 1min

Knoop Microhardness HK100 HV100

Annealed 100 90

Stress Relieved 133 130

Cold Worked 166 165

Max Cold Worked 180 170

Electrical Resistivity µΩ-cm Ω-cmf

Annealed 12 73

Stress Relieved 12 73

Cold Worked 12 73

Max Cold Worked 12 73

Electrical Conductivity %IACS

Annealed 14

Stress Relieved 14

Cold Worked 14

Max Cold Worked 14

Thermal Conductivity W/m-K Btu/hr-ft-°F

Annealed 59.6 34.4

Cold Worked 59.1 34.2

Strain Relieved 59.1 34.2

Strain Relieved 59.1 34.2
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Neyoro 28A Continued

Properties of Neyoro 28A Strip: 0.0015 - 0.020 inches (0.0381 - 0.508 mm)

0.2% Offset Yield Strength MPa ksi

Annealed - -

Stress Relieved 241 35

Cold Worked 310 45

Max Cold Worked 345 50

Ultimate Tensile Strength MPa ksi

Annealed 276 40

Stress Relieved 388 56

Cold Worked 559 81

Max Cwold Worked 621 90

Elongation to Failure %

Annealed 10 min

Stress Relieved 13

Cold Worked 4

Max Cold Worked 1

Knoop Microhardness HK100 HV100

Annealed 100 90

Stress Relieved 136 130

Cold Worked 181 165

Max Cold Worked 180 170

Electrical Resistivity µΩ-cm Ω-cmf

Annealed 12 73

Stress Relieved 12 73

Cold Worked 12 73

Max Cold Worked 12 73

Electrical Conductivity %IACS

Annealed 14

Stress Relieved 14

Cold Worked 14

Max Cold Worked 14

Thermal Conductivity W/m-K Btu/hr-ft-°F

Annealed 59.6 34.4

Cold Worked 59.1 34.2

Strain Relieved 59.1 34.2

Strain Relieved 59.1 34.2
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Neyoro 28B

Physical Properties of Neyoro 28B, Nominal

Solidus 955 °C 1750 °F

Liquidus - °C - °F

Melting Range - °C - °F

Density 15.9 g/cm3 167.5 dwt/in3

Electrical Resistivity 12.1 µΩ-cm 73 Ω-cmf

Electrical Conductivity 14.25 %IACS

Temperature Coefficent of Resistance - /K - /°F

Thermal Conductivity 59.1 W/m-K 34.2 Btu/hr-ft-°F

Coefficient of Thermal Expansion 1.5E-05 /K 8.2E-06 /°F

Thermal EMF vs. Pt -4 µV/°C - µV/°F

Specific Heat Capacity 0.179 J/g-K 0.043 Btu/lb-°F

Elastic Modulus - GPa - Msi

Shear Modulus 84.0 GPa 12.0 Msi

Poisson's Ratio -

Emissivity -
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Neyoro 28B Continued

Temper-Dependent Properties of Neyoro 28B

Properties of Neyoro 28B Wire: 0.0015 - 0.020 inches (0.0381 - 0.508 mm)

0.2% Offset Yield Strength MPa ksi

Annealed 138 20

Cold Worked 276 40

Ultimate Tensile Strength MPa ksi

Annealed 327 47

Cold Worked 469 68

Elongation to Failure %

Annealed 24

Cold Worked 8

Knoop Microhardness HK100 HV100

Annealed 90 85

Cold Worked 155 150

Electrical Resistivity µΩ-cm Ω-cmf

Annealed 12 72

Cold Worked 12 73

Electrical Conductivity %IACS

Annealed 14

Cold Worked 14

Thermal Conductivity W/m-K Btu/hr-ft-°F

Annealed 59.6 34.4

Cold Worked 59.1 34.2
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Neyoro 28B Continued

Properties of Neyoro 28B Strip: 0.0015 - 0.020 inches (0.0381 - 0.508 mm)

0.2% Offset Yield Strength MPa ksi

Annealed - -

Cold Worked 310 45

Ultimate Tensile Strength MPa ksi

Annealed 310 45

Cold Worked 482 70

Elongation to Failure %

Annealed 18 min

Cold Worked 1

Knoop Microhardness HK100 HV100

Annealed 90 85

Cold Worked 155 150

Electrical Resistivity µΩ-cm Ω-cmf

Annealed 12 72

Cold Worked 12 73

Electrical Conductivity %IACS

Annealed 14

Cold Worked 14

Thermal Conductivity W/m-K Btu/hr-ft-°F

Annealed 59.6 34.4

Cold Worked 59.1 34.2
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Neyoro G

Physical Properties of Neyoro G, Nominal

Solidus 925 °C 1700 °F

Liquidus - °C - °F

Melting Range - °C - °F

Density 15.9 g/cm3 167.5 dwt/in3

Electrical Resistivity 19.23 µΩ-cm 116 Ω-cmf

Electrical Conductivity 8.97 %IACS

Temperature Coefficent of Resistance - /K - /°F

Thermal Conductivity 37.2 W/m-K 21.5 Btu/hr-ft-°F

Coefficient of Thermal Expansion 1.3E-05 /K 7.0E-06 /°F

Thermal EMF vs. Pt - µV/°C - µV/°F

Specific Heat Capacity 0.174 J/g-K 0.042 Btu/lb-°F

Elastic Modulus 94.12 GPa 13.7 Msi

Shear Modulus 33.4 GPa 4.8 Msi

Poisson's Ratio 0.41

Emissivity -
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Neyoro G Continued

Temper-Dependent Properties of Neyoro G

Properties of Neyoro G Wire: 0.0015 - 0.020 inches (0.0381 - 0.508 mm)

0.2% Offset Yield Strength MPa ksi

Annealed 562 81

Stress-Relieved 1031 150

Heat Treated 793 115

Ultimate Tensile Strength MPa ksi

Annealed 657 95

Stress-Relieved 1034 150

Heat Treated 1079 156

Elongation to Failure %

Annealed 29

Stress-Relieved 8

Heat Treated 9

Knoop Microhardness HK100 HV100

Annealed 228 246

Stress-Relieved 339 347

Heat Treated 315 -

Electrical Resistivity µΩ-cm Ω-cmf

Annealed 22 135

Stress-Relieved 21 125

Heat Treated 15 87

Electrical Conductivity %IACS

Annealed 8

Stress-Relieved 8

Heat Treated 12

Thermal Conductivity W/m-K Btu/hr-ft-°F

Annealed 31.9 18.5

Stress-Relieved 34.4 19.9

Heat Treated 49.3 28.5
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Neyoro G Continued

Properties of Neyoro G Strip: 0.0015 - 0.020 inches (0.0381 - 0.508 mm)

0.2% Offset Yield Strength MPa ksi

Annealed 522 76

Stress-Relieved - -

Heat Treated 873 127

Ultimate Tensile Strength MPa ksi

Annealed 718 104

Stress-Relieved 958 139

Heat Treated 1005 146

Elongation to Failure %

Annealed 21

Stress-Relieved 8

Heat Treated 5

Knoop Microhardness HK100 HV100

Annealed 232 -

Stress-Relieved 305 -

Heat Treated 348 325

Electrical Resistivity µΩ-cm Ω-cmf

Annealed 22 135

Stress-Relieved 21 125

Heat Treated 15 87

Electrical Conductivity %IACS

Annealed 8

Stress-Relieved 8

Heat Treated 12

Thermal Conductivity W/m-K Btu/hr-ft-°F

Annealed 31.9 18.5

Stress-Relieved 34.4 19.9

Heat Treated 49.3 28.5
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Pure Gold

Physical Properties of Pure Gold, Nominal

Melting Temperature 1064 °C 1947.2 °F

Density 19.3 g/cm3 203.4 dwt/in3

Electrical Resistivity 2.06 µΩ-cm 12 Ω-cmf

Electrical Conductivity 83.69 %IACS

Temperature Coefficent of Resistance 0.003715 /K 116 Ω-cmf

Thermal Conductivity 347.0 W/m-K 200.7 Btu/hr-ft-°F

Coefficient of Thermal Expansion 1.40E-05 /K 8E-06 /°F

Thermal EMF vs. Pt 0.01709 µV/°C 0.00511 µV/°F

Specific Heat Capacity 0.129 J/g-K 0.031 Btu/lb-°F

Elastic Modulus 78 GPa 11.3 Msi

Shear Modulus 27.0 GPa 3.9 Msi

Poisson's Ratio 0.44

Emissivity 0.3

Temper-Dependent Properties of Pure Gold

Properties of Pure Gold Wire: 0.0015 - 0.020 inches (0.0381 - 0.508 mm)

0.2% Offset Yield Strength MPa ksi

Cold Worked 357 52

Ultimate Tensile Strength MPa ksi

Cold Worked 362 53

Elongation to Failure %

Cold Worked 1

Knoop Microhardness HK100 HV100

Cold Worked 75 64

Electrical Resistivity µΩ-cm Ω-cmf

Cold Worked 22

Electrical Conductivity %IACS

Cold Worked 12

Thermal Conductivity W/m-K Btu/hr-ft-°F

Cold Worked - -
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Alloy 6019

Physical Properties of Alloy 6019, Nominal

Solidus 1415 °C 2579 °F

Liquidus 1510 °C 2750 °F

Melting Range 95 °C 203 °F

Density 17.5 g/cm3 184.9 dwt/in3

Electrical Resistivity 28.74 µΩ-cm 173 Ω-cmf

Electrical Conductivity 6.00 %IACS

Temperature Coefficent of Resistance 3.13E-04 /K 1.74E-04 /°F

Thermal Conductivity 24.9 W/m-K 0.1463 Btu/hr-ft-°F

Coefficient of Thermal Expansion 1.23E-05 /K 6.8E-06 /°F

Thermal EMF vs. Pt -14.6 µV/°C 8.1 µV/°F

Specific Heat Capacity 0.152 J/g-K 0.0363 Btu/lb-°F

Elastic Modulus 137 GPa 19.865 Msi

Shear Modulus 50 GPa 7.25 Msi

Poisson's Ratio 0.38

Emissivity 0.268
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Alloy 6019 Continued

Temper-Dependent Properties of Alloy 6019 

Properties of Alloy 6019 Wire: 0.0015 - 0.020 inches (0.0381 - 0.508 mm)

0.2% Offset Yield Strength MPa ksi

Cold Worked 758 110

After 1800F Burnout 565 82

Ultimate Tensile Strength MPa ksi

Cold Worked 877 127

After 1800F Burnout 689 100

Elongation to Failure %

Cold Worked 7

After 1800F Burnout 20

Knoop Microhardness HK100 HV100

Cold Worked 276 271

After 1800F Burnout 247 -

Electrical Resistivity µΩ-cm Ω-cmf

Cold Worked - -

After 1800F Burnout - -

Electrical Conductivity %IACS

Cold Worked -

After 1800F Burnout -

Thermal Conductivity W/m-K Btu/hr-ft-°F

Cold Worked - -

After 1800F Burnout - -
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Platinum Alloy

Deriney 72

Physical Properties of Deriney 72, Nominal

Solidus 1555 °C 2831 °F

Liquidus 1575 °C 2867 °F

Melting Range 20 °C 68 °F

Density 16.4 g/cm3 172.8 dwt/in3

Electrical Resistivity 49.3 µΩ-cm 297 Ω-cmf

Electrical Conductivity 3.50 %IACS

Temperature Coefficent of Resistance 6.0E-04 /K 3.3E-04 /°F

Thermal Conductivity 14.5 W/m-K 8.4 Btu/hr-ft-°F

Coefficient of Thermal Expansion 1.2E-05 /K 6.7E-06 /°F

Thermal EMF vs. Pt 26.7 µV/°C 14.8 µV/°F

Specific Heat Capacity 0.2 J/g-K 0.04776 Btu/lb-°F

Elastic Modulus 204 GPa 29.6 Msi

Shear Modulus 75 GPa 10.84 Msi

Emissivity 0.368
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Deriney 72 Continued

Temper-Dependent Properties of Deriney 72

Properties of Deriney 72 Wire: 0.0015 - 0.020 inches (0.0381 - 0.508 mm)

0.2% Offset Yield Strength MPa ksi

Annealed 1138 165

Strain Relieved 1703 247

Ultimate Tensile Strength MPa ksi

Annealed 1413 205

Strain Relieved 1951 283

Elongation to Failure %

Annealed 13

Strain Relieved 1

Knoop Microhardness HK100 HV100

Annealed 335 327

Strain Relieved 456 445

Electrical Resistivity µΩ-cm Ω-cmf

Annealed 49 297

Strain Relieved - -

Electrical Conductivity %IACS

Annealed 4

Strain Relieved -

Thermal Conductivity W/m-K Btu/hr-ft-°F

Annealed - -

Stress-Relieved 14.5 8.4
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Pt-10Ir

Physical Properties of Pt-10Ir, Nominal

Solidus 1831 °C 3327.8 °F

Liquidus 1853 °C 3367.4 °F

Melting Range 22 °C 71.6 °F

Density 21.5 g/cm3 227.0 dwt/in3

Electrical Resistivity 24.5 µΩ-cm 147 Ω-cmf

Electrical Conductivity 7.05 %IACS

Temperature Coefficent of Resistance 1.75E-03 /K 9.7E-04 /°F

Thermal Conductivity 29.2 W/m-K 16.9 Btu/hr-ft-°F

Coefficient of Thermal Expansion 8.66E-06 /K 4.8E-06 /°F

Thermal EMF vs. Pt 12.1 µV/°C 6.7 µV/°F

Specific Heat Capacity 0.133 J/g-K 0.032 Btu/lb-°F

Elastic Modulus 201 GPa 29.1 Msi

Shear Modulus 72.85 GPa 10.6 Msi

Emissivity 0.347
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Pt-10Ir Continued

Temper-Dependent Properties of Pt-10Ir

Properties of Pt-10Ir Wire: 0.0015 - 0.020 inches (0.0381 - 0.508 mm)

0.2% Offset Yield Strength MPa ksi

Annealed 571 83

Strain Relieved 533 77

Ultimate Tensile Strength MPa ksi

Annealed 590 86

Strain Relieved 592 86

Elongation to Failure %

Annealed 11

Strain Relieved 7

Knoop Microhardness HK100 HV100

Annealed 219 202

Strain Relieved - -

Electrical Resistivity µΩ-cm Ω-cmf

Annealed - -

Strain Relieved - -

Electrical Conductivity %IACS

Annealed -

Strain Relieved -

Thermal Conductivity W/m-K Btu/hr-ft-°F

Annealed - -

Stress-Relieved - -
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Pt-20Ir

Physical Properties of Pt-20Ir, Nominal

Solidus 1872 °C 3401.6 °F

Liquidus 1911 °C 3471.8 °F

Melting Range 39 °C 102.2 °F

Density 21.6 g/cm3 227.9 dwt/in3

Electrical Resistivity 31.5 µΩ-cm 189 Ω-cmf

Electrical Conductivity 5.47 %IACS

Temperature Coefficent of Resistance 1.22E-03 /K 6.80E-04 /°F

Thermal Conductivity 22.7 W/m-K 13.1 Btu/hr-ft-°F

Coefficient of Thermal Expansion 8.42E-06 /K 4.7E-06 /°F

Thermal EMF vs. Pt 7.1 µV/°C 3.9 µV/°F

Specific Heat Capacity 0.133 J/g-K 0.032 Btu/lb-°F

Elastic Modulus 239 GPa 34.6 Msi

Shear Modulus 87.8 GPa 12.7 Msi

Poisson's Ratio 0.360

Emissivity 0.347
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Pt-20Ir Continued

Temper-Dependent Properties of Pt-20Ir

Properties of Pt-20Ir Wire: 0.0015 - 0.020 inches (0.0381 - 0.508 mm)

0.2% Offset Yield Strength MPa ksi

Annealed 832 121

Strain Relieved 1182 171

Ultimate Tensile Strength MPa ksi

Annealed 960 139

Strain Relieved 1228 178

Elongation to Failure %

Annealed 11

Strain Relieved 3

Knoop Microhardness HK100 HV100

Annealed 295 278

Strain Relieved - -

Electrical Resistivity µΩ-cm Ω-cmf

Annealed - -

Strain Relieved - -

Electrical Conductivity %IACS

Annealed -

Strain Relieved -

Thermal Conductivity W/m-K Btu/hr-ft-°F

Annealed - -

Stress-Relieved - -
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Pt-20Ir Continued

Properties of Pt-20Ir Strip: 0.0015 - 0.020 inches (0.0381 - 0.508 mm)

0.2% Offset Yield Strength MPa ksi

Annealed 1225 178

Strain Relieved - -

Ultimate Tensile Strength MPa ksi

Annealed 1276 185

Strain Relieved - -

Elongation to Failure %

Annealed 3

Strain Relieved -

Knoop Microhardness HK100 HV100

Annealed 380 -

Strain Relieved - -

Electrical Resistivity µΩ-cm Ω-cmf

Annealed - -

Strain Relieved - -

Electrical Conductivity %IACS

Annealed -

Strain Relieved -

Thermal Conductivity W/m-K Btu/hr-ft-°F

Annealed - -

Stress-Relieved - -
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Pt-20Ir Continued

Temper-Dependent Properties of Alloy 6019 

Properties of Alloy 6019 Wire: 0.0015 - 0.020 inches (0.0381 - 0.508 mm)

0.2% Offset Yield Strength MPa ksi

Cold Worked 758 110

After 1800F Burnout 565 82

Ultimate Tensile Strength MPa ksi

Cold Worked 877 127

After 1800F Burnout 689 100

Elongation to Failure %

Cold Worked 7

After 1800F Burnout 20

Knoop Microhardness HK100 HV100

Cold Worked 276 271

After 1800F Burnout 247 -

Electrical Resistivity µΩ-cm Ω-cmf

Cold Worked - -

After 1800F Burnout - -

Electrical Conductivity %IACS

Cold Worked -

After 1800F Burnout -

Thermal Conductivity W/m-K Btu/hr-ft-°F

Cold Worked - -

After 1800F Burnout - -
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CONVERSION FACTORS

Force Conversions

To convert from to Multiply by
grams .................................................... ounces (avdp) ................................................0.03527

kilograms .............................................. newtons ..........................................................9.9807

kilograms .............................................. ounces (avdp) ....................................................35.27

kilograms .............................................. pounds (avdp) ...................................................2.205

newtons ............................................... kilograms .........................................................0.1020

ounces (avdp) ....................................... grams .................................................................28.35

pounds (avdp) ...................................... kilograms .........................................................0.4536

Force/Area Conversions

To convert from to Multiply by
kilograms/cm2 ...................................... psi ....................................................................14.223

kilograms/mm2..................................... psi ....................................................................1422.3

megapascals (MPa) .............................. psi ....................................................................145.04

newtons/meter2 ................................... pascals ...............................................................1.000

newtons/meter2 ................................... psi ................................................................0.000145

pascals .................................................. newtons/meter2 ................................................1.000

pascals .................................................. psi ................................................................0.000145

pounds/in2(psi) ..................................... kilograms/cm2 ...............................................0.07031

pounds/in2 (psi) .................................... kilograms/mm2 ..........................................0.0007031

pounds/in2 (psi) .................................... newtons/meter2 ..............................................6894.8

pounds/in2 (psi) .................................... pascals .............................................................6894.8
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Length and Size Conversions

To convert from to Multiply by
angstroms ............................................ inches ..................................................... 3.937 x 10−⁹

centimeters .......................................... inches ..............................................................0.3937

centimeters .......................................... feet ................................................................0.03281

feet ....................................................... centimeters .......................................................30.48

feet ....................................................... meters .............................................................0.3048

feet ....................................................... millimeters ........................................................304.8

inches ................................................... angstroms ..................................................2.54 x 108

inches ................................................... centimeters .......................................................2.540

inches ................................................... meters ...........................................................0.02540

inches ................................................... millimeters ........................................................25.40

meters .................................................. angstroms ......................................................1 x 1010

meters .................................................. feet ....................................................................3.281

meters .................................................. inches ................................................................39.37

millimeters ........................................... feet ..............................................................0.003281

millimeters ........................................... inches ............................................................0.03937



Ney Contact Manual254

Weight Conversions

To convert from to Multiply by
dwt (pennyweight) ............................... grams .................................................................1.555

dwt (pennyweight) ............................... ounces (avdp)    .............................................0.05486

dwt (pennyweight) ............................... ounces (troy) ...................................................0.0500

grams .................................................... dwt (pennyweight) ..........................................0.6430

grams .................................................... ounces (avdp) ................................................0.03527

kilograms .............................................. pounds ( avdp) ..................................................2.205

kilograms .............................................. pounds (troy) ....................................................2.679

ounces (avdp) ....................................... dwt (pennyweight) ............................................18.23

ounces (avdp) ....................................... grams .................................................................28.35

ounces (avdp) ....................................... ounces (troy) ...................................................0.9115

ounces (troy) ........................................ dwt (pennyweight) ..............................................20.0

ounces (troy) ........................................ ounces (avdp) ....................................................1.097

ounces (troy) ........................................ pounds (avdp) ...............................................0.06857

ounces (troy) ........................................ pounds (troy) ................................................0.08333

pennyweights ....................................... (see dwt) ....................................................................

pounds (avdp) ...................................... ounces (troy) .....................................................14.58

pounds (avdp) ...................................... kilograms .........................................................0.4536

pounds (troy) ....................................... kilograms .........................................................0.3732

pounds (troy) ....................................... ounces (troy) .....................................................12.00
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Miscellaneous Conversions

To convert from to Multiply by
centimeters/sec ................................... ft/min ..............................................................1.9685

centimeters/sec ................................... inches/sec .......................................................0.3937

ft/min ................................................... inches/sec ...........................................................0.20

ft/min ................................................... centimeters/sec ................................................0.508

gram-centimeters ................................ ounce-inches .................................................0.01389

inches/sec ............................................ ft/min ....................................................................5.0

microhm cm ......................................... ohm-cir. mil/ft ...................................................6.015

ohm-cir. mil/ft ...................................... microhm cm ....................................................0.1662

ohm-cir. mil/ft ...................................... ohm mm2/meter .........................................0.001662

ohms/ft ................................................ ohms/meter ......................................................3.281

ohms/meter ......................................... ohms/ft ...........................................................0.3048

ohm mm2/meter .................................. ohm-cir. mil/ft ...................................................601.5

ounce-inches ........................................ gram-centimeters .............................................72.01
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Paliney 2000 ...................................................................................................   84, 195



INDEX 263
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Paliney S .................................................................................................   86, 169, 204
Palladium ..............................................................................................................   195
Paschen curve.........................................................................................................   20
Percent reduction ...................................................................................................   73
Plastic deformation ............................................................................................   4, 49
Plastic strain .................................................................................................   4, 56, 57
Plated materials ....................................................................................................   150
Platinum .........................................................................................................   88, 213
Ploughing friction ...................................................................................................   29
Plunger brushes ....................................................................................................   143
Polymer

frictional ...................................................................................................   42, 47
in plating.......................................................................................................   146

Potentiometers
cermet ..........................................................................................................   138
conductive plastic .........................................................................................   137
noise in ...........................................................................................................   42
wire wound .......................................................................................   42, 43, 134

Precision variable resistors ...................................................................................   133
Proportional limit .......................................................................................   56, 61, 67

R
Rarnish films .........................................................................................................   169
Recrystallization temperature ................................................................................   75
Relaxation, elevated temperature ..................................................................   97, 167
Relay, miniature TO-5 ...........................................................................................   175
Resistance, constriction ............................................................................................   5
Resistance wire .....................................................................................................   134
Resistivity ...................................................................................................   5, 43, 105

tunnel .............................................................................................................   11

Rhodium .............................................................   32, 34, 47, 113, 148, 155, 157, 188
Rockwell hardness ............................................................................................   61, 65
Rpm effect ..............................................................................................................   30

S
Safe-arm devices ..................................................................................................   159
Semiconductor probes .............................................................................   84, 85, 170
Sharvin resistance ....................................................................................................   9
Sheet noise ...........................................................................................................   150
Shock ....................................................................................................................   131
Short arc .................................................................................................................   25
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Silver ...........................................................................   17, 24, 25, 26, 50, 81, 83, 194
Silver cadmium oxide ...........................................................................................   175
Silver sulfide ...........................................................................................................   46
Simpson's Rule .....................................................................................................   187
Sliding contacts .........................................................................................   27, 45, 133
Slip rigns, instrument .............................................................................................   42
Slip rings, instrument ...........................................................................................   139
S-N diagrams ..........................................................................................................   69
Softening voltage ..................................................................................................   165
Solidus temperature (see appropriate alloy property table) ................................   194
Solution anneal.......................................................................................................   77
Spinodal decomposition .........................................................................................   80
Static friction ..........................................................................................................   28
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Stick-slip motion .......................................................................................   33, 42, 134
Strain ......................................................................................................................   56

hardening .......................................................................................................   72

Stress, fiber ...........................................................................................................   116
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Stress relieving .......................................................................................................   76
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T
Tapered cantilevers ..............................................................................................   128
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Temperature coefficient of resistance ....................................................   15, 105, 107
Temperature, constriction ......................................................................................   13
Temper designations ..............................................................................................   73
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Thermal EMF ..................................................................................   41, 105, 109, 113
Thermocouple effect ............................................................................................   105
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Thin film .................................................................................................................   11
Topography, surface .................................................................................................   1
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Tungsten ...............................................................................................................   163
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U
Ultimate tensile strength ..................................................................................   57, 90
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Wear
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Young’s modulus ............................................................................................   56, 130



++++++

NEY 
CONTACT 
MANUAL

N
EY C

O
N

TAC
T M

AN
U

AL

Electrical Contacts for Low Energy Uses
Revised 1st Edition

 Research & Development: 
Deringer-Ney Inc. 

Bloomfield, Connecticut, USA Kenneth E. Pitney

Kenneth E. Pitney

Testing Temperature, °F

U
lti

m
at

e 
Te

ns
ile

 S
tr

en
gt

h,
 k

si

150  –––

130  –––

110  –––

90  –––

70  –––

A

B

C

I
I
I

 800

I
I
I

400


	_Ref50578978
	_Ref50582676
	_Ref50580444
	_Ref50580452
	_Ref50581626
	_Ref50580465
	_Ref50581637
	_Ref50624862
	_Ref50581824
	_Ref64490918
	_Ref50618355
	_Ref50624248
	_Ref55214029
	_Ref50624343
	_Ref50624982
	_Ref50625377
	_Ref50625871
	_Ref50626183
	_Ref50626759
	_Ref50626827
	_Ref50627373
	_Ref50627499
	_Ref50627788
	_Ref50628365
	_Ref64401254
	_Ref50628767
	_Ref50629655
	_Ref50629665
	_Ref50631578
	_Ref51222679
	_Ref51222808
	_Ref51223155
	_Ref51225647
	_Ref51223359
	_Ref51225560
	_Ref51225701
	_Ref51226205
	_Ref51228286
	_Ref54814613
	_Ref64296592
	_Ref54810718
	_Ref54810730
	_Ref54810908
	_Ref54811980
	_Ref54812244
	_Ref54812399
	_Ref54812561
	_Ref54813846
	_Ref54813232
	_Ref54813700
	_Ref54813709
	_Hlk73960658
	_Ref64296599
	_Hlk66283832
	_Ref54815069
	_Ref55197391
	_Ref55197392
	_Hlk56588741
	_Ref64296835
	_Ref55209243
	_Ref55209578
	_Hlk56622002
	_Ref55209593
	_Ref55225767
	_Ref55226451
	_Ref55226447
	_Ref55215974
	_Ref55215970
	_Ref55222740
	_Ref55223320
	_Ref55223989
	_Ref55224856
	_Ref55225755
	_Ref64295443
	_Ref64296248
	_Ref64298106
	_Ref64298673
	_Ref64299082
	_Ref64299388
	_Hlk64401413
	_Ref64399656
	_Ref64401443
	_Ref64489767
	_Ref64490115
	_Instrument_Slip_Rings
	_Ref64490597
	_Ref64490846
	_Ref64490792
	_Ref64490826
	_Ref64490998
	_Ref64492507
	_Ref69736440
	_Ref69736446
	_Ref69737050
	_Ref69718956
	_Ref69718943
	_Ref69723529
	_Hlk74658906
	_Ref69808352
	_Ref69817512
	_Ref69817523
	_Ref69721616
	_Ref69817494
	_Ref69819196
	_Ref69822550
	_Ref69822542
	_TOC_250000
	_GoBack
	CHAPTER 1: General Contact Theory
	1.1	Introduction
	1.2	Surface Topography
	1.3	Elastic Deformation
	1.4	Plastic Deformation
	1.5	Constriction Resistance
	1.6	Sharvin Resistance
	1.7	Film Phenomena, General
	1.7.1	Thin Films and Tunneling
	1.7.2	Thick Films and Fritting

	1.8	Constriction Thermal Effects
	1.9	Make and Break Contacts
	1.9.1	Non-Arcing Systems
	1.9.2	Arcing Systems
	1.9.3	Friction
	1.9.4	Wear
	1.9.5	Lubrication
	1.9.6	Electrical Erosion in Sliding
	1.9.7	Electrical Noise in Sliding
	1.9.8	Noise in Wire Wound Potentiometers
	1.9.9	Noise in Sliding Switches and Encoders
	1.9.10	Environmental Effects on Sliding Contacts


	CHAPTER 2: Properties of Materials
	2.1	Introduction
	2.2	Mechanical Properties
	2.2.1	Methods of Tensile Tests
	2.2.2	Hardness
	2.2.3	Relation of Tension Properties and Hardness
	2.2.4	Fatigue and Endurance Limit

	2.3	Alloy Classification
	2.3.1	Work Hardening
	2.3.2	Annealing

	2.4	Stress Relieving
	2.5	Age Hardening
	2.6	Alloy Descriptions
	2.6.1	Silver Alloys
	2.6.2	Palladium Alloys
	2.6.3	Gold Alloys
	2.6.4	Platinum Alloys

	2.7	Properties at Elevated Temperatures
	2.8	Short-Time Tests
	2.8.1	Long-Time Tests
	2.8.2	Elevated Temperature Relaxation
	2.8.3	Oxidation Resistance

	2.9	Thermal-Electrical Properties
	2.9.1	Resistivity
	2.9.2	Temperature Coefficient of Resistance
	2.9.3	Thermal Conductivity
	2.9.4	Thermal EMF


	CHAPTER 3: Design and Application
	3.1	Introduction
	3.2	Cantilevers
	3.2.1	Simple Cantilevers
	3.2.2	Special Cantilever Beams
	3.2.3	Corrections for Large Deflections
	3.2.4	Natural Resonant Frequency
	3.2.5	Shock and Acceleration

	3.3	Sliding Contact Applications
	3.3.1	Precision Variable Resistors
	3.3.2	Instrument Slip Rings
	3.3.3	Switching Systems
	3.3.4	Safe-Arm Devices
	3.3.5	Current Carrying Ability

	3.4	Make and Break Applications
	3.4.1	Contact Shape
	3.4.2	Contact Wipe
	3.4.3	Contact Force
	3.4.4	Other Mechanical Factors
	3.4.5	Electrical Factors
	3.4.6	Alloy Selection


	CHAPTER 4: Other Topics
	4.1	Multiple Contact Points
	4.2	Wear Volume Determinations
	4.3	Detection of Pores in plated surfaces
	4.3.1	Rhodium on Nickel
	4.3.2	Gold Plated Surfaces

	4.4	Specimen Preparation for knoop hardness test
	4.4.1	Sample Preparation
	4.4.2	Mounting Procedure
	4.4.3	Grinding and Polishing
	4.4.4	Indentation
	4.4.5	Materials List


	Appendix
	Data Sheets for DNI Contact Alloys
	Silver alloy
	Palladium Alloys
	Gold Alloys
	Alloy 6019
	Platinum Alloy

	BIBLIOGRAPHY from the First Edition

	INDEX

