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Abstract 

The assessment of failure mechanisms in electrical systems due to electrical 

connector in a vibrating media often relies on only one type of electrical 

environment, i.e. resistive load. However, these are not capable of digging 

out the behavior of connectors when the electrical system includes other 

electrical environments, for instance inductive load. The aim of the thesis is 

to fill this gap, by studying how the damages of electrical contacts in a 

vibrating environment depend on the electrical environments, in heavy 

vehicles. The purpose is to investigate, what effects current and voltage 

have in each electrical environment related to connector’s lifespan and 

reliability. The main failure mechanism in the connector with tin coated 

cable terminals are fretting corrosion which is induced by micro oscillatory 

motion due to vibration and thermal fluctuation. To do so a serie of 

experimental studies has been conducted for different samples of electrical 

connectors. 
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1 Notation 

 

List of symbol

   Ampere  

    Apparent Contact Area 

   Radius of a-spot Contact Area 

     Normal Force (Spring Load)  

   Power Spectrum Density   

   Material Hardness 

H  Henry 

   Current 

   Inductance 

   Material Constant   

    Contact Resistance  

    Constriction Resistance  

    Conductor Resistance  

    Contaminant Film Resistance  

       Expected lifespan of a connector in the field, 

      Test time in the laboratory 

   Volt 



 

 

      Voltage across the inductor 

  

  
    Rate of change of current 

    Pressure Factor 

ρ  Resistivity of the contact interfaces 

   Normal Stress 

    Yield stress 

Ω   Ohm  

 

List of Abbreviation 

    Alternating Current  

    Contact Area  

    Contact Resistance  

    Direct Current  

     Intermetallic Compounds 

     Root Mean Square  

      Scanning Electron Microscope 

     Three times initial contact resistance

2 
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      2 Introduction 
 

Today the interest of human in the quality of vehicle has been changed 

from running performance to luxury, safety, comfort and more 

environmental sustainability because of various social influences. To do so, 

an accurate control system should be implemented to carry out its duty 

properly in the electrical system. It comprises a number of electrical 

connectors with its vital contact points. From vehicle electrical system 

point of view, an electrical connector plays an important role in control 

system. 

Owing to this, the numbers, types and complexity of electrical network 

systems in a commercial vehicle are continuously increasing, and the 

number of electrical contact points increase as well. Within this 

circumstance the demands on life span and reliability of electrical 

components are increasing. The electrical connections are often a weak 

point in the electrical systems. 

Electrical connectors are used in the electrical system to transmit electrical 

signal, to allow electrical devices to interact and to transmit power through 

its contact points. The mating part of connector’s cable terminal in 

electrical circuit is called electrical contact points which are current 

carrying interface that allow electrical connection without constriction for 

electrical current flow across it.  There are different types of electrical 

connectors; these can be classified based on their application, size, working 

environment, mounting location, surface geometry and by other means. 

Also the connectors based on their mounting location can be categorized as 
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suitable for cab, chassis or powertrain (engine, gearbox and differential) 

[1]. 

The electrical connectors depending on the area of application mostly use 

gold, silver, nickel and tin coated contacts. Tin coated contacts often used 

in heavy vehicle electrical connectors due to the easy availability of the 

material compared to the others. It can form oxides easily with the 

atmosphere which prevents any further corrosion. These oxides are hard 

and brittle which makes it easy to create an electrical connection when a 

pin is connected with a socket. However the tin coated contacts have 

drawbacks, the soft tin layer can be worn during the insertions and 

withdrawals of the pin. It is susceptible to fretting which increase the 

oxidized wear debris and formation of Cu-Sn intermetallic compounds due 

to diffusion of copper substrate element with tin when the temperature of 

contact interfaces raise [2, 3, 4, 5, 6, 7, 8]. 

Electrical connectors are exposed to different operating circumstances such 

as vibration, temperature gradient and different electrical environment that 

cause fretting corrosion/wear and relaxation of the contact force. The most 

common failure mechanisms are surface film formation due to unsealed 

connectors, relaxation of the contact force due to high temperatures, and 

wear and/or fretting corrosion due to mechanical or thermal micro motions. 

Vibrations are often the parameter which limits the life span of electrical 

contacts, but how large the damages become depends among other things 

on the electrical environment; current, voltage, and inductance. 

In practice connectors are widely faced by fretting failure due to a micro 

oscillatory motion of the contact interfaces from mechanical and thermal 
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stresses that reduce the life span and reliability of the connectors. The 

effects of fretting corrosion on electrical contacts are particularly severed 

from its deterioration which renders the cable terminal contacts useless due 

to its rapid degradation of contact surface which is an interrupt for safe 

electrical current flow across it [5, 9, 10, 11, 12, 13, 14, 15, 16]. 

Fretting corrosion is the most known failure type for tin coated contacts, 

which increase the formation and accumulation of oxidized wear debris at 

the contact area. The contact resistances in the cable terminal contact points 

increase due to the increase in formation of oxides with continuous 

reduction of conductive a-spot area. Such deterioration of electrical 

connectors on its cable terminal contact interfaces are mostly in long-term 

process from gradual increase of contact resistance but not in momentary 

action [15, 17, 18, 19, 20]. The contact failure occurs when contact 

resistance is exceeded beyond the allowable limit (three times of the initial 

contact resistance) which constraint the passage of the required amount of 

electrical current flow across the contact interfaces. 

Currently experimental testing is the only practical method to handle 

fretting corrosion/wear since it does not possess a theory to modeling such 

electrical connector’s cable terminal contact interface behavior. So that a 

typical qualification experimental test with accelerated environment test 

makes sure the connector will work properly in the field with the specified 

life span and reliability [21, 22, 23, 24]. 

The present thesis work studies the life span and reliability of electrical 

connectors in different electrical environment (voltage, current, resistive 

load and inductance load) when vibrations are causing movements between 
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cable terminals in the connector. To do so, experimental works for defined 

set of sample connectors with different electrical environments have been 

done by margin/category the amount of current and voltage. Moreover, 

each sections have been presented by summarizing separately in comprise 

of thesis. 
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2.1 Background 

Over the last 50 years, different methodologies by different researchers 

have been used [1-64] to handle the result from their experimental work in 

order to study the behavior of electrical connectors under mechanical and 

thermal stress which cause a micro oscillatory motion between cable 

terminals. In 1981 Antler [25] described the process of fretting 

corrosion/wear from a mechanical perspective. He mentioned how it affects 

the lifespan and reliability of the metal contacts but he did not show the 

influence of electrical environment when current flows through the contact 

points. 

McBride [26] discussed the fretting corrosion for automotive connector 

with induced factors like vibration and electrical environment. And also in  

[21, 27, 28, 29, 30, 31] has been shown the influence of vibration where the 

fretting is induced that damage the contact interfaces, and how the fretting 

corrosion is depend on vibration which causes a micro motion. However, 

they did not consider the influence of different electrical environments, 

their magnitude and how they could affect the life span and reliability of 

the connector. 

Malucci et al. [21, 27, 32] addresses the influence of fretting corrosion in 

the electrical behavior of tin coated contacts by developing an accelerated 

test method. They focuses on “the degradation mechanism and provide a 

basis for understanding how test parameters and failure criteria relate to 

threshold behavior and contact stability”. 



 

8 
 

Comprehensive studies in [13, 33, 34, 35] have been conducted on the 

fretting corrosion of tin plating cable terminals. In [34, 35, 36, 37, 38] it has 

been shown, how the electrical load affects the contact interface as the 

amount of current increase, even though they did not mention the types of 

load and also they did not use vibration/mechanical  as a parameter for 

causing damages. The overall objective was to show the influence of 

electrical load on contact resistance stability, and connector’s life length 

and reliability. And in [36, 37, 38] create an understanding of how to use 

voltage drop measurements for failure criteria with 3CR (3 times initial 

contact resistance) to carry out such experiments. 

As all the existing methods for estimating damages of electrical contacts 

suffer from limitations, they are not satisfactory yet in practice to determine 

a connector’s life span and reliability. Most research works emphasize their 

experimental work on how the electrical connector is suffered by fretting 

corrosion not by the extent it damages or how the reliability is affected due 

to different electrical environment. In this paper the investigation of risk 

assessment of damages on electrical contacts in different electrical 

environment will be conducted, when vibrations are causing movements 

between cable terminals in the connector. 

It is believed that the electrical environments will cause an extra thermal 

stress in the electrical contacts, which is the factor of increasing the contact 

resistance of the connectors by forming extra oxidized wear debris and Cu-

Sn intermetallic compounds from the fretting that is caused by micro 

relative motion. Large inductive loads could also cause discharges which 

damages the cable terminals. To do so, experimental work for a defined set 

of connectors in different electrical environments has been performed. 
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2.2 Aim of the Thesis Work 

Electrical connectors play a critical role in the vehicle electrical network 

system to keep all electromechanical and electrical components work 

properly. But in reality, it impacts the operating life, performance and 

quality of countless electrical and electromechanical components in the 

vehicle [39]. Studies show that more than 60% of the electrical problems in 

a vehicle electrical systems are related to fretting contact problem with 

electrical environment that limit the life span and reliability of electrical 

connectors; from anecdotal Apollo space program report, they have 

suffered from more connector failures than any other technical problem in 

their electrical system [39, 40]. 

The purpose of the thesis project is to study how damages on electrical 

contacts in a vibrating environment depend on the electrical environment, 

in heavy vehicles. One of the most important aspects is to define what 

impact current, voltage, resistive load and inductance load have on a 

defined set of sample connectors, when vibration related problems are 

present. 

Assignments which cover in the work are: 

 Study the effect of different voltage levels on the reliability. 

 Study the effect of different current levels on the reliability and life 

length. 

 Study the effect of inductive loads on the life length. 

 Create recommendations for voltage and current levels in a system. 

 Create recommendations for limitations on inductive loads to 

maintain reliability in electrical contacts. 
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2.3 Comprise of Thesis 

In the introductory part, the types of electrical connector, its material, the 

type of failure and the area where the connectors are used are mentioned. 

And the thesis´s problem statement with its background and the aim of the 

thesis work are discussed together. 

Chapter two is focused on the theoretical fundaments of the thesis. The 

basic contact theory, connector material properties, fretting corrosion as a 

cause of contact failure, the different electrical environment (voltage, 

current, resistive load and inductive load) and vibration which contribute to 

increase the contact resistances are discussed. 

In the third chapter, the experimental test setup with its procedure, and in 

which particular circumstance the defined set of sample connectors has 

been tested are addressed.  Here the vibration is described with its spectrum 

PSD/RMS (Power Spectrum Density /Root Mean Square) value, frequency 

range and the elapsed time during test. Also in the same way the electrical 

environments with their desired amount of current and voltage are 

described. Finally the application of developed method for cab connectors 

are shown when it is applied for the chassis and powertrain connector. 

In chapter four, the results from experimental work are presented by figures 

and tables for different amount of electrical current and voltage.The 

estimated lifespan of the sample connectors for different electrical current 

load range are also made from laboratory elapsed time during test that is 

extrapolated to the normal operating circumstances. 
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The visual and microscopic inspections of the connector’s appearance are 

offered. The results from experimental test are examined and the response 

of connectors from the test for different electrical environments is studied. 

In the last chapter, it is focus on the discussion and conclusion based on the 

results in chapter four and the effects of different electrical environments 

with their voltage and current amount on the reliability and lifespan of the 

sample connector are addressed. And recommendations of voltage and 

current for specific load types are given by summarizing the entire thesis 

work. Also future work is suggested which may be the continuation of this 

thesis. 
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3 Theoretical Fundaments 
 

3.1 Theory of Contacts (cable terminal contacts) 

The real surfaces of cable terminal are not perfect flat at all. They are 

comprised of plenty of asperities which are the contacting part of the cable 

terminal that can facilitate a safe current flow across it. When the two cable 

terminals come to contact, the asperities in the surfaces of the cable 

terminal penetrates each other through naturally formed oxides to create the 

electrically conductive media. The quality of the electrical contact for this 

metallic contact depends on the amount of contact force and the physical 

nature of contact spot’s area and its number. When the contact force 

increase the contact spot’s area and number also increase by cracking more 

oxide films from contact surfaces. The spot area that is used for conducting 

path/media to transfer a current is called a-spot area [41] and it is not 

circular contact spot. Contact resistance is the main characteristics of 

connector which measures its performance. The physical nature of the 

contact interface can be divided in different parts, as illustrated below in 

Fig. 3.1. 
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Figure 3.1. Schematic description for contact interface that has different 

contact area [41]. 

As described in Holm [42], the material hardness (H) which is a measure of 

ability to resist deformation due to a load (Fc) can be expressed in relation 

to yield stress ( y), see eqn. 3.1. 

Material hardness: 

          H=3 y                                                                                                                               (3.1) 

Eqn. 3.2 states the relation between the material hardness (H), the normal 

force (Fc) from a spring load and the apparent contact area (Aa) from 

contact surfaces with a pressure factor ( ) which depends on deformation 

characteristics of uneven surface that create a conductive media. The 

pressure factor is often equal to 1 in a practical contact system [41]. 
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Normal force: 

         Fc =  HAa                                                                              (3.2) 

As shown in fig. 3.1, the resistances for the current flow are resistance due 

to conducting media and resistance from contact interface. This contact 

interface resistance is called the contact resistance (Rc) and the sum of the 

constriction resistance (Rs) and contaminant film resistance (Rf). The 

buildup of resistance across the conducting a-spot area constricts the flow 

of electrical current called the constriction resistance, expressed by Holm 

[42], see eqn. 3.3 and the same for film resistance, see eqn. 3.5. 

Constriction resistance: 

   
 ρ    ρ  

  
                                                                                   

Where: 

ρ      ρ  are the resistivity of the contact interfaces, also the basic 

properties of material, 

  is the radius of a-spot contact area. 

If both contact interfaces are of the same material, the constriction 

resistance will be: 

   
ρ

  
                                                                                                  

Film resistance: 
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Where: 

   is the normal force (  ) per unit area of the film, 

  is the radius of a-spot contact area. 

The total contact resistance between the contact interfaces becomes the sum 

of the constriction resistance (Rs) and the film resistance (Rf), see eqn. 3.6. 

Total contact resistance: 

                                                                                             

 



 

16 
 

3.2 Contact Materials 

In electrical connectors the contact surface of cable terminals, which is 

often produced from copper and copper alloy (e.g. CuSn4 or CuNiSi), are 

generally plated to protect from corrosion/wear, enhance conductivity, 

prevent from oxidation and act as barriers for diffusion [32, 41]. The 

surface is commonly coated by gold, silver, nickel or tin. The escalating 

price of noble metal forced the engineers to have/design an alternative to 

use of non-noble metal based on the working condition of the connectors 

with an acceptable engineering criterion and cost. 

Tin and tin-alloy elements are non-noble, very soft metals and mostly used 

in plating the contacts surface of cable terminal in electrical connector’s 

application, where appropriate design considerations can be endorsed as a 

possible alternative to noble metal [26, 43]. From among the above 

coatings material in electrical connectors tin is much less expensive, 

corrosion-resistant, has good conductivity properties, promoting and 

preserving solderability, easy application with controllable thickness, 

compatible with existing processes/equipment and no need to redesign 

terminals/connectors [32, 44, 45, 46]. 

Tin shows good wetting characteristics during soldering, which helps create 

a reliable solder joint. During the connector mating, the male cable terminal 

wiping/sliding over the female cable terminal by cracking the hard and 

brittle part of tin oxides, and then to soft and ductile tin. This action 

establishes current flow across this metallic contact interface through the 

conductive path. Tin also has a proven history of stable performance as a 

separable contact interface material [32].  
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Thus in the area of electrical connector application, tin and tin alloys have 

been utilized widely to coat the surface of cable terminal. 

However the fretting corrosion and low durability characteristics in some 

working condition are the major objection for tin and tin alloy plating to 

assure the reliable performance of electrical connector. Tin-based coatings 

should not be mated to precious metal, and they should not be used in 

contacts where there is a high potential for arcing [41]. The maximum 

interval of working temperature is often limited between 100 °C and 150 

°C [47]. 

 

Table 3.1. Material composition of MCP 2.8 cable terminal with the 

expected thickness of plating material from Tyco product drawing. 

Types of cable 

terminal 

Base material 

(substrate) 

Under plating 

material 

Plating 

material 

Tin plated pin CuSn4 - >1 µm Sn 

Tin plated socket CuNiSi - 1-3 µm Sn 

 

Tin oxide forms quickly on the surface after plating and proves to be a 

chemically robust and protective barrier. This barrier virtually is used to 

eliminate corrosion from typical corrosion media. Though the formation of 

tin oxide prevents corrosion, it is yet deleterious in the aspect of fretting 

corrosion. Fretting corrosion causes buildup of excessive oxidized wear 

debris in between cable terminal contact points due to vibration and thermal 
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stress, on repeatedly exposing fresh tin to the atmosphere [48]. In addition 

to this, tin is susceptible to diffuse with a copper substrate element to form 

Cu-Sn intermetallic compounds at higher temperature, which is an 

insulating layer. Both oxidized wear debris and Cu-Sn intermetallic 

compounds in between contact interface constrict the flow of current across 

the conductive media of electrical connector by increasing the contact 

resistance that render the contact point to be useless. 

The thermal ageing process due to electrical current and thermal gradient 

increases the oxidation of the tin and promotes the growth of Cu-Sn 

intermetallic compounds which is electrically insulating compounds on the 

surface of the cable terminal [48]. Some basic guidelines for using tin 

plating can be summarized below [44]. 

A. A mechanically stable cable terminal interface is required by tin 

coated to reduce the micro oscillatory motion which causes fretting 

corrosion. 

B. The minimum amount of contact force is 100 grams (1N) from 

female cable terminal’s spring for a well established electrical 

contact. 

C. Application of lubricants for tin plating can reduce the cable 

terminal friction and the susceptibility behavior to fretting motion 

also to wipe the formation of oxides in between cable terminal 

interface. 

D. The tin has a melting point temperature of 232
 
°C and the tin coated 

cable terminal is suitable for up to 125
 

°C continuous high 

temperature application. 
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E. Tin plated cable terminals can be used both in low and high amount 

of current and voltages in different electrical environment. 

F. During making an electrical contact between tin plated cable 

terminal interfaces, it should be sliding/wiping for better electrical 

connection. 
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3.3 Electrical Environment 

The behavior of electricity is unique, it cannot be measured with any device 

or instrument directly from the system it has. But only its action and 

reaction in the electrical system is observed/sensed and possibly measured. 

This action and reaction which describe electricity are voltage, current, 

resistance, inductance, capacitance and power [49]. In electrical system, 

when the free electron flows in one direction, it is called direct current 

(DC). Such kind of electrical current is produced from the battery. Whereas 

when the free electrons changes their direction from positive to negative 

and vise versa with time and it happen repeatedly in the system, it is called 

alternating current (AC). Such kind of current is produced from an 

alternator. This produced voltage and current by alternator is changed to 

DC and used to charge the battery and to give the power for electrical 

system of the vehicle. 

Voltage (V):  is an electrical pressure which uses to push the current 

through a conductive media/material and create a potential difference 

between two points in the electrical circuit. It can be measured by a 

voltmeter in the unit volt (V). The voltage in a vehicle power source is not 

dependent on the current or resistance. The source voltage for the electrical 

system is the battery and alternator (by charging system).  In most heavy 

vehicles a 24-volt system (two 12-volt batteries) is used in the electrical 

system. However during booster start, the voltages can reach up to 48V [1]. 
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Current (I): is a flow of electron through a conductive media (wire/cable) 

that is pushed by voltage. It can be measured by ammeter in the unit 

ampere (A). The flow of current across different electrical or 

electromechanical components can generate for example motion, light, heat 

generation, chemical reaction and electromagnetism. The current is 

dependent on the amount of voltage that forced by and the resistance of a 

conductive material which oppose its motion. Also the amount of current is 

dependent on the area of the wire that is carried by [49]. 

Load: An electrical load is a “well-defined output terminal” which is 

connected to the voltage source through its terminal in an electric circuit. It 

is an electrical or electromechanical component that can convert the 

electricity into heat, light, sound, mechanical motion or others. The 

electrical load can be categorized into three types according to load nature 

or its function: resistive, capacitive and inductive load. In this thesis we will 

focus on resistive load and inductive load. The aim of this sub-section is to 

understand the difference between these electrical environments that have a 

factor on the fretting corrosion from their heating effect on the cable 

terminal interface. 

 

3.3.1 Resistive Load 

In every circuit there is a resistance. It is a general material characteristic to 

oppose the flow of electric charge/current. It is independent of both voltage 

and current. Resistance (R) is measured by ohmmeter in ohm (Ω). And the 

resistive load is used to convert the electrical energy into other form of 
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energy (heating or lighting), due to the current that passes through it when a 

voltage is applied across it. 

Resistors are a specific electronic component for resistive load which is 

used to resist the flow of an electrical current through the electric circuit by 

dissipating the heat energy after the electrical energy has been changed. It 

is designed to have a certain resistance value based on the required amount 

of current consumption. Other resistive loads are used in rear window 

heating, seat heating glow plug, air/water preheating and so on in the 

vehicle for heating purpose [49]. 

The voltage and current in resistive load exist “in phase” with each other. 

Simultaneously voltage is either increased or decreased with current. In a 

DC circuit, a resistive load uses the same amount of power constantly with 

time. The typical curve of resistive load can be seen in the fig. 3.1. 

 

Figure 3.2. Typical current and voltage with time curve for resistive load. 
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3.3.2 Inductive Load 

Any conductive material with a cylindrical coil can be used as an inductor 

which has an inductance property that enables to accumulate electrical 

energy in the form of a magnetic field when the electrical current is passed 

through it. The inductance is the fundamental property of an electrical 

inductor that helps to store the electric energy. A magnetic field around 

inductor can be induced by a change in current that passes through it and 

releases the energy when the current is removed, which forces the magnetic 

field to collapse. The magnetic field increases by increasing the number of 

turns in the inductor. The unit of Inductance (L) measurement is henry (H). 

The changing voltage and current in an inductor are out of phase. As 

current rises to a maximum, the voltage falls. Examples of inductive loads 

in the vehicle includes Solenoids (valves, clutches, relay coils), motors and 

pumps (power window, central lock, cooling fan) [49, 50]. 

 

 

Figure 3.3. Typical current and voltage with time curve for inductive load. 

In practice, it is rare to find a pure inductive load since the inductor is made 

up of turned coil and the wire always resists the flow of current by its own 

resistance. Thus such real inductive load dissipates a power as heat from a 

resistance which is offered by the wire. Also in most relays which are used 
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as inductive load a resistor is utilized to control a sudden/surge of voltage 

[40, 49]. 

Voltage, Current, Resistance, Capacitance and Inductance in circuit 

In electrical circuits a relationship between Voltage, Current, Resistance, 

and Inductance exists. Understanding this relationship is important for fast 

and accurate electrical problem diagnosis [49, 51]. The equation can be 

written for each relationship as follows: 

1. The general relation among current I and voltage V across the 

resistive load and the resistance R is given by: 

  
 

 
                                                                                                 

 

Where: 

I = current [A=C/s] 

V = voltage [V=J/C] 

So, the unit of R is J s / (C^2), more commonly called ohms (Ω). 

 

2. The general relation among current I and voltage V across the 

inductive load and the inductance L is given by: 
 

      
  

  
                                                                                       

 

Where: 

      voltage [V=J/C] 

  

  
= rate of change of current [A/s=J/(C.s)] 

So, the unit of L is called henry [H]. 
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3.4 Vibration 

A motion of bodies in a system which has connected particles that are 

displaced from stable equilibrium position in an oscillatory way is called 

vibration. The effect of vibration can be measured or at least it can be 

observed in the component. From the consequence perspectives of most 

vibration, it is undesirable in machines and its components since they cause 

fatigue or fracture failure, energy losses, increase stress, reduce 

performance and induce fretting corrosion/wear. So every component needs 

a careful consideration to prevent failures due to vibration by eliminating or 

reducing its effect, or set the expected life length for proper replacement of 

the component. 

The source of the vibrations in a vehicle, is mostly the powertrain (engine, 

gearbox and differential) [52] is often due to unbalance rotating machine, 

suspension system due to rough road and sudden braking action, and 

motion from components like fans and similar. Owing to this, most the 

connectors are often subjected to severe environments. 

In general to analyze vibration, it can be sub-categorized in to free vs. 

forced vibration, periodic vs. random vibration, and linear vs. rotation-

induced vibration. Related to the motion of vehicles, it is a forced, random 

and rotation-induced vibration type. Within a frequency of excitation for 

forcing function which causes any components to vibrate is called forced 

vibration. Random vibration is very common in reality.  The vibration 

which are experienced by a vehicle motion results from a “complex 

combination of the rough road surface, engine vibration, wind buffeting the  
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car's exterior, etc” and from vehicle engine operation rotation-induced 

vibration  type occur to vibrate the components [53]. 

The aim of this sub-section is to understand the cause that makes the 

connector susceptible to fretting corrosion between cable terminal 

interfaces. Owing to vehicle motion, the low amplitude vibration induces a 

fretting corrosion between cable terminal interfaces that cause to form an 

oxide of base metal elements. It is somewhat different phenomenon than 

fatigue failure and fracture damage, which does not possess any theory to 

handle the behavior of electrical connectors. Owing to accumulation of 

oxides between cable terminal interfaces that act as a barrier for a flow of 

current and to increases the contact resistance beyond the allowable limit 

(i.e. 3CR, three times initial contact resistance). Even open circuits can 

occur. 

The vibration test of connectors should be conducted to assure that it with-

stands in such severe environments during the expected life span, with 

reliability. This is to avoid any claims and time consuming, costly 

maintenance during vehicle operation. Vibration testing and analysis of its 

response contributes to improve product quality. 

To conduct tests in a vibration laboratory there are two main common 

methods are used to excite the system; a hammer and an electrodynamic 

shaker. For a short duration of vibration levels an impact hammer is used to 

strike the component somewhere except on the nodal position. The 

electrodynamic shaker is used to generate the excitation for a longer period 

of time with a careful computer based controlling way. It also plays a vital 

role in the accelerated vibration test. 
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In general the random vibration commonly, known as white noise, is 

difficult to predict what value will have at any instant time, but the power 

in such white noise (random signal) can be characterized by its RMS (Root 

Mean Square) and PSD (Power spectrum density) value within different 

frequency ranges. This PSD value is created after the vibration is measured 

on the field and “calculated for any type of vibration signal, but it is 

particularly appropriate for random vibration”. It has typical unit 

acceleration per frequency [g
2
/Hz]. Actually during accelerated vibration 

testing the PSD value is multiplied by acceleration factor to increase the 

vibration amplitudes but the frequency range remains the same, see section 

4.1.2 for the relation between PSD and acceleration factor [48]. 

In conclusion, the study of vibration which causes fretting corrosion in the 

connector helps to know how the components respond to such repetitive 

micro oscillatory motion, which is related to its mechanical properties. This 

also helps to estimate the connector reliability and lifespan. Also the way to 

test vibration by accelerate the amplitude in the laboratory is time saving 

and cost effective. 
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3.5 Fretting Corrosion 

The term Fretting is referred to small-amplitude relative movements 

between common mating surfaces embedded in a contact. Its amplitude 

range of motion often falls in between 1 µm and 100 µm [41]. This micro 

oscillatory motion due to fretting is induced by vibration and thermal 

cycling. Generally, throughout the vehicle, the connectors are exposed to 

vibration and they are utilized to transfer an electric current across their 

cable terminal interfaces. So the connectors remain susceptible to this 

micro oscillatory motion that induces fretting corrosion. The contact 

surfaces have low relative velocity even for high frequencies as compared 

to the connector itself. However the cable terminal surfaces are 

considerably damaged due to physical degradation with adhesive transfer of 

material over time [45]. This micro relative motion can be described by 

mode I, II and III for linear, radial and circumstantial motions respectively. 

The review on this motion has been written by Tag Hammam in his works 

[10, 11, 17, 54].  

The fretting corrosion occurs from one of this micro relative motion or a 

combination. As a result of fretting corrosion, the tin and tin alloy plating is 

intended to wear and generate an oxide layer on the contact interfaces. This 

oxidized wear debris layer is an insulative film that constricts the flow of 

current across the cable interface by reducing the conductive area. Hence 

the connectors experience an increase of the contact resistance which can 

even create an open circuit. This phenomenon remains one of the most 

serious deterioration mechanisms [9, 32, 45, 51] which increases the 

formation and accumulation of oxides inside the cable terminal, and also  
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causes the formation of Cu-Sn intermetallic compounds (IMC).  

These are the factors that increase the contact resistance of the connector 

across the cable terminal by forming insulating layer. Therefore the study 

of fretting corrosion, which is a widely known a potential problem in the 

history of connectors, is critical to the understanding of how the damages 

affect the reliability of the connector [26, 37]. The asperities in the contact 

interfaces have a significant contribution to penetrate the surface and 

wiping the oxides which have already formed due to the fretting effect [38, 

41]. But it also rubs the metal surface and accumulated dislodged material 

in between cable terminals, which cause to increase the contact resistance. 

In general there is no inclusive agreement between different groups of 

researchers [38] regarding to fretting corrosion phenomena in the case of an 

electrical connector. However, regarding to the current knowledge about 

the phenomenon, the following processes are present in fretting corrosion 

[17, 24, 32, 38, 41, 45]: 

1. A mechanical action disrupts the surface of a cable terminal 

interface which is covered by oxide films and let them exposed to 

the atmosphere to oxidize. 

2. Micro welds are formed in between the contact interfaces that 

results from the shearing action on the removal material. 

3. Formation of oxidized wear debris and intermetallic compounds, 

which are insulating layer. 
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3.6 Summary 

As described above tin plated cable terminals are susceptible to fretting 

corrosion, from its micro relative motion in between contact points which is 

induced from vibration and thermal fluctuation. The source of vibrations is 

rough roads, unbalance of rotary motion, from the suspension due to 

sudden braking action and other source. The thermal fluctuation is 

predominantly from the electrical environment due high density of current 

and voltage; also it can be heat from the friction in between cable terminal 

interfaces or due to thermal gradient from the surrounding. Fretting 

corrosion cause to form oxidized wear debris and piling in between cable 

terminals that cause to increase the contact resistance by reducing the 

conductive a-spot area (CA). This increment of contact resistance (CR) 

causes to further increase of the temperature across the contact interface. 

Due to such temperature rise the substrate element copper diffuse with tin 

to form Cu-Sn intermetallic compounds which are an insulative layer that 

cause to increase the contact resistance even more. Eventually the cable 

terminal interface due to this oxidized wear debris and Cu-Sn intermetallic 

compound (IMC) render the electrical connectors to be useless. And it 

causes malfunction or unsatisfactory operation for the component. The 

figure below show how the fretting influence is interrelated with other 

factors, see fig. 3.4. 
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Figure 3.4.  A Schematic description, which describes fretting, that 

shows how it affects the connectors. 
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4 Experimental Work 
 

As pointed out in theory fundaments, fretting is known as a primary factor 

in the degradation of the cable terminal interface of electrical connectors. In 

order to make a risk assessment of damages from fretting corrosion on 

electrical contacts in different electrical environment, when vibration are 

causing movements between cable terminals in the connector, experimental 

testing is used. Fretting corrosion does not possess a theory to modeling 

such electrical connector properties since it needs many computational 

parameters which are influenced by each other and it also has a nonlinear 

character [28, 41]. The present knowledge is lacked to handle such 

parameters and nonlinear character. In this work an experimental testing 

which represent the actual working environment is preferred. And it is the 

only method to a make the risk assessment of damages and evaluating 

connector reliability and lifespan. So that a typical qualification 

experimental test with accelerated environment test makes sure the 

connector will work properly in the field with the specified life span and 

reliability. 

During the experimental work to study the fretting corrosion failure 

mechanism, two main environments were considered as mentioned under 

the aim of the thesis work. These are vibration and electrical environment. 

In this experiment, an electrodynamic shaker is used to perform the 

vibration testing. A closed loop control of a vibratory excitation system is 

utilized during the vibration testing in the laboratory. In this vibration test 

control system, three group of hardware are required. These are excitation 

group, feedback circuit and control unit. Excitation group consists of signal 
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generator, power amplifier and vibrator (shaker); feedback circuit has an 

accelerometer which is used for signal monitoring and conditioning action; 

control unit is used for controlling purpose. 

As it can be seen in fig. 4.1, when performing a test, a signal generator 

sends a signal to an amplifier which supplies power to a vibrator (shaker).  

A test specimen is shaked by the vibrator (shaker). A reference 

accelerometer is used to control the level of vibration. The output 

adjustment is made by using the control unit with PC (personal computer) 

to meet the level of vibration based on the test specification. 

 

Figure 4.1. Vibration control test system which is used for an accelerated 

testing method [48]. 

This vibration test requirements are a combination of international 

standards, supplier standards, vibration measurements from the truck, etc. 

and experience from similar applications [48]. These help to investigate the 

http://wiki.inline.scania.com/wiki/File:Vibprovning3.png
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vibration level and frequency of real world vibration signal to be precisely 

processed in the laboratory for accelerating testing. 

An accelerated test is a necessary approach in the laboratory to gather the 

required information. The test is conducted with a higher or severe 

vibration during shorter time than what is experienced in the field during 

regular vehicle use. The purpose is to keep the test elapsed time in 

reasonable range. 

Such laboratory test are usually faster and could identify the observed faults 

in the specimen before the expensive and time consuming field tests are 

conducted. If the specimen withstand in the laboratory test with its test 

specification, the specimen is guaranteed to survive in the real world. If not 

the lifespan is estimated by using eq. (5.1). 

In the different electrical environment in this work, a TCR power supply 

with a DC source Delta Electronic DC Power supply and a vehicle battery 

are used as current and voltage source. Also different types of loads such as 

resistive load and inductive load are employed. Each load type is utilized 

by different kind of electrical and electromechanical components depending 

on the desired limit of electric voltage and current, see section 4.1.1. All 

these are described separately based on the amount of current and voltage 

that is consumed during the experimental work. 

The electrical load depending on the amount of current and voltage can be 

categorized as light, middle and heavy load [31, 41]. In this thesis work, an 

electric current below 1 A which is very low and electric voltage which 

operate below 10 V are used for light load. For middle load, an electric 

current in between 1 A and 4 A which is relatively higher current and an 
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electric voltage in between 10 V and 24 V are used. Finally for heavy load, 

an electric current above 4 A which is significantly higher current and an 

electrical voltage higher than 24 V is used. 

The TCR power supply and vehicle batteries are used for both the middle 

and heavy load case, specifically the TCR power supply can deliver a 

higher voltage more than 24 V while the vehicle battery can deliver more 

than 1000 A of electrical current. Moreover the Delta Electronic DC Power 

supply is utilized for light load case to limit the amount of voltage small 

with a very low current depending on the types of load. 

A number of connectors (multiple contact point connectors) have been used 

during the tests. An example of an experimental test setup is shown in 

figure 4.2. These setups consist of eight connectors, each connector 

contains six cable terminals thus with a total of forty eight contact points in 

the case of cab connector. But in the case of chassis and powertrain 

connectors, they comprise seven cable terminals and a total of fifty six 

contact points. Each setup is exposed to vibrations with a LDS 

electrodynamic shaker driven by LDS Spak power amplifier, with random 

input signal. In each experiment, depending on test specification for each 

connector types, different vibration parameters (PSD, frequency range, 

vibration profile, etc.) and different predefined sets of electrical 

environment (voltage, current, resistive, capacitive and inductive load) are 

employed. The experimental set up and procedure are described separately 

for each load types. 
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Figure 4.2.  Experimental test setup for electrical connector. 

During performing of an experimental test, the electrical contact is 

monitored by using a pulse counter that counts the voltage drop between 

the cables. Different types of digital multimeters are utilized to measure the 

voltage drop across the cable terminal contact interfaces depending on the 

test environment. The change in voltage drop is used to determine the 

stability of the metallic contact interface that tells us the performance of 

electrical connector and to monitor the contact interface failure criteria 

[37]. The experimental results are presented and discussed in next section. 
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4.1 Methodology for cab connector 

4.1.1 Experimental set up 

The experiment set up should be prepared carefully, because it could easily 

change/deviate the result during the experimental test. In every 

experimental test eight samples of electrical connectors, each with six and 

seven cable terminals are used in cab and powertrain connector 

respectively, as shown in fig. 4.3 and fig. 4.5. The connectors are prepared 

carefully to fulfill the required pretest condition, to minimize any cause of 

problem during the test. The test sequence is employed according to Scania 

test specification for both vibration parameter and electrical environment 

[48]. 

During preparations the initial contact resistances are measured for each 

connector and contact point. This value is used as a reference to estimate 

the 3CR (three times of initial contact resistance) that is the condition for 

the failure criteria of electrical contacts to judge its reliability for separable 

contacts [48]. Contact resistance is determined by measuring the voltage 

drop between the cable terminal contacts. This is not allowed to increase by 

more than three times the initial value of voltage drop for tinplated contacts 

[48, 35]. 

The connectors are rigidly attached to a circular plate on the slip table of 

the shaker with a bolted p-clamp. The cables for both female and male 

terminal are fixed/tied at 150 mm away from the connectors by a relatively 

small p-clamp and bolt, to avoid any extra cable motion during vibration 

test. Any cables motion may have defect on the specimen during vibration 
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test since it can induce additional stresses for such accelerated failure 

mechanism test [28]. Also, the connectors are connected and held during 

the test as in normal operation with normal loads with the required current 

and voltage as it works in the real vehicles [52]. The control accelerometer 

should be mounted close to the DUT (device under test). 

The cab connector specification: 

Model - MCP 2.8 (Supplier: TE Connectivity) 

Scania part no. for pin - 1443343 

Scania part no. for socket - 816106 

 

Figure 4.3. A typical vehicle cab connector with its components. 
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This is a typical vehicle cab connector with six poles (routes for cable 

terminal). Both male and female connector housings are made up of PA66-

GF13 plastic. It has a melting temperature of 250-260 °C and with 130-150 

°C continuous use temperature. The cable terminals are tin coated with 

copper alloy substrate, see table 3.1. Any back movements of the terminals 

in the housing are prevented by a secondary locking. This is integrated in 

the socket housing, and a separate locking pin the pin housing. 

Resistive Load 

In this specific experiment set up, resistors and lamps are employed for 

middle and heavy load current. Whereas the counter is utilized for light 

load current. The 5.6 ohm resistors and 21 Watt power lamps are used for 4 

A current and the amount of current is increased by connecting the resistors 

and lamps in parallel for heavy load case. The corresponding load for each 

resistor and bulb are 4.2 A and 0.57 A. The counters utilize 0.1A and 0.7 A 

current. 

 

Figure 4.4. Resistors, lamps and counter are utilized for resistive load to 

test the electrical connectors when they are exposed to a vibration. 
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Inductive Load 

Here a power relay, valve and vibrator motor are used as a load to set up 

the experimental work for the case of inductive load. The power relay and 

valve were used to test the light load by 0.3 A and 0.5 A current. Whereas 

the wiper motor is utilized for middle and heavy load case to carry out the 

connectors test. 

 

Figure 4.5. The inductive load, Power relays, valve and wiper motor are 

employed to test electrical connectors when they are exposed to vibration. 
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4.1.2 Experimental procedure 

To distinguish the influence of electrical voltage and current, different 

electrical environments and vibration parameters are studied, how they 

limit the reliability and life span of the connector. Based on the 

experimental procedure with statistical evaluation, the tests are performed 

with a number of electrical connectors.  For each load types, the procedures 

are set separately. 

For the defined test parameter, the connectors are tested with its x, y and z 

axis consecutively for 24 hours by measuring the voltage drop across the 

cable terminals for the first three axis  (in x, y and z direction) then time 

gap for the measurement of voltage drop is continued as mentioned in table 

4.1. Every test is performed in one direction at a time until the connector is 

damaged or exceeds the allowable limit of the contact resistance (3CR, 

three times initial contact resistance). 

The vibration spectrum (PSD) and frequency range, which are used in this 

method developing, are laid in between chassis and engine vibration 

parameter that has been measured from the field and processed in the 

laboratory [54]. In the specific experiment for cab connectors, the used 

vibration test spectrum is flat spectrum, PSD value 0.1 g
2
/Hz with a 

frequency range from 100 Hz to 1000 Hz, in each x, y and z axis of the 

connector. However using this PSD value, the test takes too long time to 

obtain a failure in the connector in the laboratory. To reduce the test time to 

an acceptable range and by keeping the frequency range the same, eq. (4.1) 

below is used. 
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                                                                             (4.1) 

Where: 

    is PSD value with 0.1 g
2
/Hz for a 24 hr test, 

    is time value with 24 hr, 

   and    are the required value of PSD and test time respectively, 

m is a material constant. A typical value m=4 for electrical components 

(mixed material) is used here. 

By using eq. (4.1), the value of PSD    is accelerated/increased by setting 

the required testing time    which is smaller than 24 hour. Based on this 

relationship, the experiment is tested firstly by 24 hour in one direction, 

when the direction is changed the test elapsed time is reduced to 3 hour and 

then to 1.5 hour with the next change of direction. 
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Table 4.1. Vibration test parameter (PSD and Frequency with test time and 

axis), which is used for cab connectors. It shows an accelerated fretting 

time with its actual time that is corresponding to the PSD value 0.1 g
2
/Hz. 

 

 

Step PSD 

(g
2
/Hz) 

Test 

time 

(hr) 

Actual time in (hr) 

corresponding to the 

PSD value 0.1 g
2
/Hz 

Frequency 

range (Hz) 

Connector 

test axis 

1 0.100 24:00 24:00 (1day)  

 

 

 

 

100 - 1000 

y-axis 

2 0.170 3:00 24:00 (1day) z-axis 

3 0.200 1:30 24:00 (1day) x-axis 

4 0.313 1:00 96:00 (4day) x-axis 

5 0.468 1:00 480:00 (20day) x-axis 

6 0.468 1:00 480:00 (20day) y-axis 

7 0.468 1:00 480:00 (20day) z-axis 

8 0.556 1:00 960:00 (40day) z-axis 

9 0.556 1:00 960:00 (40day) y-axis 

10 0.556 1:00 960:00 (40day) x-axis 
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Figure 4.6. It shows, an experimental set up for the connector in which axis 

it is tested. The electrodynamic shaker is moved in y-axis of the connector, 

so we have to change the position to test in x-axis and in z-axis. To test in z-

axis, simply change the place of y-axis by turning/rolling in 

forward/backward direction but in the case of x-axis just makes a turning in 

right/left direction. 

 

The following steps are necessary to summarize the experimental procedure 

that are taken to conduct the experiment, these are: 

1. Select the type of connector which is needed to be tested 

2. Prepare the cable terminals with required diameter of cables using 

correct crimp tools and fix them in the selected connector. 

3. Measure the initial contact resistance for each cable terminals. 

4. Fix the connector with bolt and plastic coupling to the 

electrodynamic shaker. 

5. Put the accelerometer near to DUT (device under test). 

6. Connect the connector to the load and power source. 
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7. Set the vibration profile and parameter (PSD, RMS, Frequency 

range, etc.) 

8. Turn on the electrodynamic shaker to provoke a vibration and 

change the axis of the connector for every 24 hour. Measure the 

voltage drop until it exceeds the allowable contact resistance (3CR 

means three times of initial contact resistance) or 

intermittent/complete contact failures occur. 

9. Determine the elapsed time during the test without failures and find 

the life length of the connector. 

 

Resistive Load 

In the first experiment a very light load with 0.1 A and 0.7 A were used. In 

the consecutive tests, middle load of 4 A was applied. Finally a heavy load 

of 8 A was used with different amount of voltage, as shown in table 5.2 

 

Inductive Load 

Similarly as resistive load, the connectors have been tested for a very light 

load with 0.3 A and 0.5 A, then a 4 A of middle load were utilized with a 

24 V, as shown in table 5.3. 
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4.2 Method Application for Chassis and Powertrain   

Connector 

Here the developed method has been applied for different electrical 

connector which is utilized in the chassis and powertrain, see fig.4.7. In this 

case, we used resistive load with a 0.7 A, 4 A and 8 A current with different 

vibration level since these connectors used for a more severe environment, 

see table 4.2. The experimental set up and procedure are the same for both 

connectors but in some cases may different component is used for the same 

purpose, for instance fixture is used instead of p-clamp to fix the connector 

on the circular table. 

 

Table 4.2. Vibration test parameter (PSD and Frequency with test time and 

axis), which is used for chassis and powertrain connector. It shows an 

accelerated fretting time with its actual time that is corresponding to a PSD 

value of 0.4 g
2
/Hz. 

    

 

St

ep 

PSD 

(g
2
/Hz) 

Test 

time 

(hr) 

Actual time in (hr) 

corresponding to a 

PSD value 0.4 g
2
/Hz 

Frequency 

range (Hz) 

Connect

or test 

axis 

1 0.400 70:00 70:00  

 

20 - 1500 

y-axis 

2 0.523 48:00 70:00 z-axis 

3 0.523 24:00 70:00 x-axis 

4 0.523 24:00 70:00 x-axis 



 

47 
 

 

Figure 4.7. Experimental test setup for the chassis and powertrain 

connectors. 
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5 Experimental Results 
 

In this thesis work, voltage drop is used as a failure criterion. It is a 

parameter that measures the contact resistance which is the performance of 

electrical connector. This failure criterion is employed to assess the lifespan 

and reliability of the connector. It is believed that a typical experimental 

test with adequate testing parameter deliver a robust result to describe the 

behavior of electrical connectors with their reliability and lifespan. Also it 

is recommended to show the statistical behavior of contact resistance 

change between connectors which are randomly gathered and tested 

experiment [23, 35, 55]. 

As it is described in the theory fundaments, it is believed that fretting 

motion is a comprise of sliding, rotation and rocking movement. When the 

amplitude of this fretting motion increases, it leads to increase in the 

contact resistance of cable terminal. However this increment varies with the 

amount of voltage and current which is utilized in the circuit since fretting 

motion depends on the vibration level and thermal fluctuation. The contact 

interface degradation is related to voltage drop behavior. When the contact 

interface becomes unstable, the voltage drop increases slowly with time, 

and then failure occurs [37]. 

From the existing experimental result, the phenomenon is shown with 

different outcomes. These are accumulation of oxidized wear debris by 

mechanical action, micro welds are formed between contact interfaces 

which causes a plowing of the surface, melting of cable cover, overheated 

of cables and cable terminals, and Cu-Sn intermetallic compound that is an 
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insulating layer. These are factors for the failures or damages of electrical 

contact interface, when the contact resistance increases beyond the allowed 

limit (3 times the initial contact resistance), see section 4.4 [9, 35, 37, 56]. 

These experimental results confirm that the damages of contact interface in 

a vibrating environment depend on different electrical environments, also 

that the degree of failure relies on the amount of voltage and current 

consumption in the circuit. As observed from experimental result, the cable 

terminals suffers most in by light load and heavy load conditions with 

identical vibration parameter. Cable terminals with light load are used to 

transmit a signal and mainly affected by intermittency of contact interface 

due to the fretting oxidation. While cable terminals with heavy load are 

mainly affected by overheating the cable terminals which accelerate the rate 

of degradation and formation and growth of the Cu-Sn intermetallic 

compound. Predominantly, these two cases limit the reliability of the 

connector by reducing the required service life in the real world. Moreover, 

with the same working circumstances, the electric contacts suffers more 

from the inductive load than the resistive load due to an extra thermal stress 

from its arc/spark that formed because of intermittency which makes an 

instant lose of contact. 

The experimental result for a light load was obtained with a very small 

current of 0.7 A and small voltage 5 V. The voltage is not adequate to 

breakdown the oxide films and is therefore subjected to intermittency 

problem because of discontinuity between cable terminals. This is shown in 

the counter with ten thousands of pulse counts.  The cable terminals 

primarily suffer from physical degradation since the current generate only a 

small amount of heating effect in the contact spot area. So the results of 
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accumulated oxides from this phenomenon in between contact interface 

causes to increase the contact resistance due to the decrease in the electrical 

conducting area [47, 56, 57, 58]. The same experiment is carried out by 

gold plating contact interface where the experimental result does not show 

any significant change at the point where the tin plated connector is failed. 

That is why; gold is selected for circuit with low of voltages and currents. 

Gold plated surfaces are not susceptible to oxide formation from physical 

degradation due to its metallic behavior (it is a noble metal). 

As researchers pointed out [34, 35, 53, 56] for the case of high load, the 

degree of fretting rate depends on the temperature of contact interface. 

From the beginning the contact interface is started to be heated via the heat 

energy which is developed from the current consumed by contact interface 

due to its initial contact resistance. When the contact resistance gradually 

increases overtime, the temperature of the cable terminal contact interface 

is increased simultaneously due to a steady rise of heat energy. Slowly but 

surely, the connector becomes like a resistor which consumes an electrical 

current as a power instead of passing it through its contact interfaces. 

When the temperature of a cable terminal plate (Tin plated) reaches a 

softening voltage with a voltage drop of 0.7 volt and a temperature above 

160 °C [56], the fretting rate is rapidly increased. The factor of softening 

voltage is observed and how it is related to the fretting rate, which causes 

the connectors are completely damaged, see in section 4.4. Also the 

connectors are shown with considerable instability, serious degradation of 

cable terminal interfaces, charring of cables and cable terminal, melting of 

cables cover and charring of connector house. Actually the connectors get 

failures before the temperature reaches its softening voltage because Scania 
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technical regulation does not allow reaching this circumstance from safety 

perspective. 

The variation of initial contact resistance between connectors come from 

the difference in contact force, see appendix [17]. Also the variation in 

contact resistance value during experimental test from one connector to 

another is not strange; however their standard deviation is mostly in the 

range from 0.24 to 0.29. In some measurement it raise to 1.79. As it is 

shown from figure 4.1 to 4.4, the contact voltage drop fluctuates during 

experimental test, since there is a non uniform distribution oxides 

accumulation, Cu-Sn intermetallic compound thickness, contact heating, 

time of softening voltage, physical nature of contact interface, and from its 

non linear nature [33, 38, 41, 56,]. 

Under intermittency circumstances with in a time gap between 0.1 to 3 

seconds [47, 37, 57] when the contact is breaking, an electric spark/arc is 

produced that attempts to keep the current flowing across contact interface 

[59].  The discharge from inductive load generates high temperature across 

the cable terminal, which affect the contact interface severely by excessive 

heating and destroy other film contaminants [40, 42, 51, 60]. This results in 

extra thermal stress across contact interfaces that aggravate the formation of 

oxidized wear debris and the growth of Cu-Sn intermetallic compounds. 

Such circumstances considerably deteriorate the contact interface severely 

which render the lifespan to be shortened in inductive load compared to 

resistive load. The experimental result reveals that for every measurement 

of voltage drop in the cable terminals for resistive and inductive load in the 

same experiment, the voltage drop values in mode, mean and maximum are 
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higher in cable terminal for inductive load than resistive load, see fig. 5.1 

and fig. 5.2 and also table 5.1 and 5.2. 
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5.1 Experimental Result for Cab Connector 

In the vehicle, cab connectors are exposed to relatively low vibration levels 

compared to chassis and powertrain connectors. For this specific test result, 

the electrical connectors were subjected to different electrical environment 

and identical vibration parameter as mentioned in section 4.1. The 

experimental results are shown for each load type with their test time, test 

axis, amount of current, amount of voltage and excitation levels in the 

table, see from table 4.1 to 4.4 and also the figures are shown with their 

contact resistances vs. test time, see in fig. 4.1- 4.5. 

The figures are plotted by taking the mean, mode and maximum value of 

the contact resistance and superimposed in one figure for comparison. For 

one connector there are six contact points and for each experimental test, 

there are eight connectors, in total there are forty eight contact points. From 

safety perspective of statistical evaluation, the maximum value of contact 

resistance out of forty eight contact points are selected or recommended, 

because one contact point failure is enough to interrupt the rest of circuit 

function. 

In each experimental test, the initial contact resistance varies from 1.70 mΩ 

to 1.80 mΩ, due to the variation of contact force [17, 24]. For each 

vibration parameter and electrical quantity (voltage and current), the 

voltage drop is gradually increased and become more pronounced across 

cable terminal interfaces when the test time is increased.  

The experimental result shows that the contact resistance is increased in a 

fluctuating way [24].  
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The contact failure has been defined by Scania technical regulation and is 

not allowed to be more than three times the initial contact resistance i.e. 5.1 

mΩ to 5.4 mΩ, for this case. 

 

A. Results from resistive load 

From a remarkable feature of fig. 5.1, the first three excitation level in 

contact resistance does not show any significant change from its initial 

value in all measurement. However after the first three excitation levels, the 

voltage drop across the contact interface increases simultaneously with test 

time in a non linear nature because of the complex physico-mechanical 

nature of the contact spot area [9, 24]. The results for all resistive load 

resistors, counters and lamps are different because of their consumption of 

current and voltage. Experimental results demonstrate that the damages due 

to fretting in a vibration environment depend on the amount of current and 

voltage that is used in the circuit. The tables below show the circumstances 

in which the connectors are tested with their pass and fail result. 
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Table 5.1. Experimental result for cable terminal with middle and heavy 

load, which used Incandescent Lamps and Resistors with different amount 

of current and voltage. And it has the corresponding vibration parameter 

and test specimen’s axis, together with their pass and fails mark. 

No PSD 

(g
2
/Hz) 

Test 

time 

(hr) 

Test 

axis 

Remark for Resistor 

with 

Remark for 

Lamp with  

17 V and 4 A 24 V  

and 4 A 

24 V and 

8 A 

1 0.100 24:00 y-axis pass pass pass 

2 0.170 3:00 z-axis pass pass pass 

3 0.200 1:30 x-axis pass pass pass 

4 0.313 1:00 x-axis pass pass pass 

5 0.468 1:00 x-axis pass pass pass 

6 0.468 1:00 y-axis pass fail pass 

7 0.468 1:00 z-axis pass  pass 

8 0.556 1:00 z-axis fail  pass 

9 0.556 1:00 y-axis   pass 

10 0.556 1:00 x-axis   fail 
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Table 5.2. Experimental result for cable terminal with light load, which 

used counters with different amount of current and voltage. And it has the 

corresponding vibration parameter and test specimen’s axis, together with 

their pass and fails mark. 

 

 

 

 

No PSD 

(g
2
/Hz) 

Test time 

(hr) 

Test 

axis 

Remark for Counter with 

24 V and 

0.1 A 

  5 V and 

0.7 A 

12 V and 

0.7 A 

1 0.100 24:00 y-axis pass pass pass 

2 0.170 3:00 z-axis pass pass pass 

3 0.200 1:30 x-axis pass pass pass 

4 0.313 1:00 x-axis pass pass pass 

5 0.468 1:00 x-axis pass pass pass 

6 0.468 1:00 y-axis pass fail pass 

7 0.468 1:00 z-axis pass  pass 

8 0.556 1:00 z-axis pass  fail 

9 0.556 1:00 y-axis pass   

10 0.556 1:00 x-axis pass   

11 0.5840 1:00 y-axis pass   



 

57 
 

The following figures provide the observed relationship between the 

contact resistance and test time which is numerically curve-fitted for 

different amount of voltage and current; see fig. 5.1, 5.2 and 5.3. The 

corresponding value of contact resistances are a series measurement for the 

scheduled test time for every axis of electrical connector. As we observed 

from figures, almost all the mean, mode and maximum value of contact 

resistance flow the same curvature in the figure. These figures confirm that 

even they have different value of contact resistance in different vibration 

level with the test time; all of them are following a fluctuating way until 

they reach to permanent failure. 

These figures can be divided into three stages [10, 11, 22]. The first stage is 

the time to reach its first peak of contact resistance, the second stage is in 

between first peak and first bottom and the third group is from the first 

bottom to 3CR (3 times initial contact resistance), see fig. 5.1 to fig. 5.5. In 

the first stages, the contact resistance increases as a result of oxidized wear 

debris predominantly tin oxides. In the next stages, the oxidized wear 

debris are removed which facilitate to reduce the contact resistance and the 

substrate metal (copper alloy) is exposed to be contact surface [22, 53]. In 

the third stages again the oxidized wear debris are started to pill up across 

the contact interface predominantly the copper oxides that render to 

increase the voltage drop until it exceed the allowed value (3CR). 

 

 

 



 

58 
 

Resistive load using an electric current of 4A 

 

Figure 5.1. Contact resistance versus test time for resistor with 4 A and   

24 V of current and voltage respectively. It has been plotted for the mean, 

mode and maximum value of contact resistance. 
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Figure 5.2. Contact resistance versus test time for an incandescent (lamp) 

with 4 A and 17 V of current and voltage respectively. It has been plotted 

for the mean, mode and maximum value of contact resistance. 
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Resistive load using an electric current of 8Amp 

 

Figure 5.3. Contact resistance versus test time for resistor with 8 A and   

24 V of current and voltage respectively. It has been plotted for the mean, 

mode and maximum value of contact resistance. 
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B. Results from inductive load 

Table 5.3. Experimental result for cable terminal with light and middle 

load, which used different inductive loads (power relay, valve and 

wiper motor) with different amount of current and voltage. And it has 

the corresponding vibration parameter and test specimen’s axis, 

together with their pass and fail mark. 

 

 

 

 

No PSD 

(g
2
/Hz) 

Test 

time 

(hr) 

Test 

axis 

Remark 

for P.relay  

24 V and 

0.3 A 

Remark 

for  valve  

24 V and 

0.5 A 

Remark 

for Motor 

24 V and   

4 A 

1 0.100 24:00 y-axis pass pass pass 

2 0.170 3:00 z-axis pass pass pass 

3 0.200 1:30 x-axis pass pass pass 

4 0.313 1:00 x-axis pass pass pass 

5 0.468 1:00 x-axis pass pass pass 

6 0.468 1:00 y-axis pass pass pass 

7 0.468 1:00 z-axis pass pass fail 

8 0.556 1:00 z-axis pass pass  

9 0.556 1:00 y-axis pass pass  

10 0.556 1:00 x-axis pass pass  
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Figure 5.4. Contact resistance versus test time for a cable terminal using 

inductive load with 4 A and 24 V of current and voltage respectively. This 

is done by taking the mean, mode and maximum value of contact resistance 

that aid to compare the statistical evaluation. 
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C. Comparison from Inductive and Resistive Load 

 

Figure 5.5. Based on the results in fig. 5.1 and fig. 5.4, we can compare the 

maximum value of contact resistance versus test time for cable terminals 

that have been tested using a current of 4 A in both inductive and Resistive 

load. The variations are seen here with significant difference in contact 

resistance value and test life time. So the result obtained from this 

experiment show the connector which is used for resistive load can endure 

longer time than the inductive load during the test. 
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Figure 5.6. Contact resistance comparison for cable terminal that used 

inductive and resistive load. Similarly as fig. 5.5, we are comparing by 

taking the mean value of contact resistance versus test time based on the 

results in fig. 5.1 and fig. 5.4. 
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Figure 5.7. Contact resistance comparison for cable terminal that used 

inductive and resistive load. Similarly as fig. 5.5 and fig. 5.6, we are 

comparing by taking the mode value of contact resistance versus test time 

based on the results in fig. 5.1 and fig. 5.4. 
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5.2 Experimental Result for Chassis and Powertrain 

Connector 
 

Table 5.4. Experimental result for a cable terminal in the chassis and 

powertrain connectors, which used resistive loads (counter and resistor) 

with different amount of current and voltage. It contains the corresponding 

vibration parameter and test specimen axis, together with their pass and 

fail mark. This result confirm the developed method that the amount of 

current is increasing with decreasing the lifespan of the connector and for 

a small amount of current with a high amount of voltage the connector can 

endure longer time during test without damage. 

No PSD 

(g
2
/Hz) 

Test time 

(hr) 

Test 

axis 

Remark for 

Counter  28 

V and 0.7 A 

Remark for  

Resistor 

  24 V 

and 4 A 

 24 V 

and 8 A 

1 0.400 70:00 y-axis pass pass pass 

2 0.523 48:00 z-axis pass pass pass 

3 0.523 24:00 x-axis pass pass fail 

4 0.523 24:00 x-axis pass fail  

5 0.523 24:00 y-axis pass   

6 0.523 24:00 z-axis pass   

7 0.523 24:00 z-axis pass   
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Determination of Lifespan 

An accelerated testing method is used to determine the estimated useful life 

length of a connector, since the required life length is not feasible for the 

above test parameter [59]. The accelerated vibration parameters which is 

called acceleration factor, correlate the estimated lifespan of the connector 

in normal operating to laboratory test time, see eqn.(5.1). Hence the 

measurements which are taken from experimental test are extrapolated to 

the normal operating circumstances in the real world. Now we can 

determine the acceptable lifespan of the connectors from the conducted 

experiment test parameter and by using eqn. (5.1) [48]. 

           Acceleration factor = 
     

    
 

 

 
                                               (5.1) 

Where: 

m is a material property constant. A typical value for the electrical 

components (mixed material) such as electrical connector is m = 4, 

      is the expected lifespan of a connector in the field, 

     is the test time in the laboratory. 

During calculation of the connector’s lifespan, the acceleration factor 

should be in between 3 – 5 [48]. For such electrical component like 

connectors, it is better to take the lowest acceleration factor to be safe and 

to avoid a risk in the normal operating circumstances in the real world. In 

this case, an acceleration factor with a numerical value 3 is used to 
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determine the lifespan of the connectors. To obey the technical regulation 

of Scania, electrical connector should last 15 years in the field. 

Hence, we can apply the above approach for a resistive load that uses 

different components as a load which is utilized for different amount of 

current and voltage to estimate the lifespan of the connectors by using this 

assumed vibration parameter which is not belongs to any of the vehicle 

vibration parameter but it lies in between chassis and engine vibration 

parameter, see section 4.1.2. In case of resistor, the connectors that carry a 

4 A current will work 14 years in the real world and for 8 A current, it will 

work for 6 years. In the case of the counter which is used to obtain a small 

current, the connectors that carry a 0.7 A current and 5 V voltages will 

work for 7.5 years. But the connectors with lamp load that carries a 4 A 

current obey the technical regulation to work 15 years in normal operating 

condition and also the same for the connectors use a counter that carries 0.1 

A current and 24 Volt voltage. This experiment result is show that an 

increase in the amount of current will decrease its lifespan in the case of 

middle and heavy load cases. But for a light load case which uses a small 

current, its lifespan increases when increasing its voltage amount, see table 

5.1 and 5.2. 
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5.3 Inspection after experimental test 

Each specimen should be visually inspected before and after test and then 

by electronic device to seek out the causes behind the alteration which has 

occurred in the electrical connectors [52]. The following physco-

mechanical changes have been observed. These changes are inspected by 

visual, microscope and SEM (Scanning Electron Microscope), see the 

figures below. The demonstrated results from the experiment are carefully 

checked and analyzed to avoid false conclusion. 

 

1. Cable terminal interface degradation at contact area. 

Electrical connectors are susceptible to fretting due to relative micro 

movement of cable terminal because of vibration and thermal stress, which 

cause the contact interface of a-spot area to be degraded. As shown in the 

fig. 5.8 the cable terminal which is plated by soft tin, is degraded at its 

contact area due to the amount of micro oscillatory motion. The material 

which is transferred from this degraded contact interface are a combination 

of tin oxide, copper oxide and wear debris, which is called oxidized wear 

debris. 

 

Figure 5.8. Degradation of cable terminal interface. 
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2. Micro welds 

Due to excessive heating of contact interface, the base metal and wear 

debris are caused to intermix/bond directly together, due to shear stress 

from the friction between cable terminals to form a micro welds. Mostly, 

micro welds were found in the socket (female cable terminal) which plows 

the contact interface of the pin (male cable terminal) which degrades the 

surfaces severely. Also it is an insulating layer that increases the contact 

resistance of the connector across the contact interfaces. 

 

Figure 5.9. Micro welds inside receptacle contact area. 
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3. Accumulation of oxides 

For every cable terminal interface, a black spot that consist of oxidized 

wear of particles after the fretting experimental test [16, 22] is seen clearly 

from microscopy and SEM material laboratory test, see fig. 5.10. As the 

fretting rate increases with test time the buildup of oxides increases which 

decrease the electrical conducting area, and increases the contact resistance 

which is a measure of the performance of an electrical connector. 

Eventually, it causes the cable terminal interface to behave as resistor 

instead of an electrical conducting media. Such oxides can be 

predominantly tin or copper depending on the fretting time, see section 5.1 

(A). In addition, the oxidized wear debris is piled in the connector house 

that is removed from the contact interface of cable the terminal, see section 

5.1 (A). 

 

Sn8Amp_080513_socket_spot_I

Sn

O

Cu

 

Figure 5.10. Oxides accumulation in contact interfaces and in connector 

housing. 
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4. Charring of connector housing 

Due to the overheating of cable terminals heat is dissipated from cable 

terminal to surrounding, which causes the connector house to be discolored 

and charred. This mainly happens when the voltage drop increase gradually 

across the connector cable terminal interface. It starts consume electric 

energy by acting as a resistor instead of passing through the current. This is 

the fundamental cause of thermal propagation/dispersion from cable 

terminal to the surroundings. 

In this case as we can see in fig. 5.11, that the middle section 2 of a 

connector housing is severely burned than section 1 and 3 because heat 

dissipation from section 1 and 3 contribute more heating effect for section 2 

in addition to heating from itself (section 2). It is the case why section 2 is 

highly discolored and charred due to excessive heating by thermal 

dissipation from its neighbors section. In section 4, the charred surface is 

seen clearly. 

 

Figure 5.11. Charring and decolorizing of connector housing. 
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5. Charring of cable and melting of cable cover 

Fig. 5.12 shows how the cable cover (insulator) melt and burn the cable 

itself due to direct heat transfer from cable terminal to cable and cable 

cover. This phenomenon makes even the cable useless not only the contact 

interfaces. Such cable damages due to heat dissipation phenomenon are the 

same as in the connector housing, see fig. 5.11. 

 

 

Figure 5.12: Charring of cable cover and cable. 
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6. Complete isolation/separation of cable from cable terminal 

During excessive heating due to the buildup of high contact resistance, the 

temperature of cable terminal interface reach its softening temperature at 

softening voltage. In this circumstance, the continuous heat dissipation of 

cable terminal to its crimped cable causes the cables to gradually decrease 

its strength because of overheating. These factors cause the cable to be 

broken or separated from the cable terminal with the influence of friction 

between cable terminals that are induced by vibration, see fig. 5.13. 

Consequently these broken cables may disturb the surroundings by creating 

spark by contacting the neighbor cables, which worsens the damages and 

leads to open circuit. In this case, it is even difficult to separate the mating 

parts (male and female) of connector housing since they have melted and 

were sticking together. 

 

Figure 5.13. Complete damages of cable from excessive heating. 
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7. Contact interface condition for light load and heavy load case. 

A SEM (Scanning Electron Microscope) was used to study the 

characteristics of contact surfaces and perform material mapping. In fig. 

5.14 the material composition of the contact interface after a heavy load 

experiment is visualized and confirms the existence of copper, tin and 

oxygen with different amount. It shows, the contact interface covered by 

oxidized wear debris predominantly copper oxides. The contact interface is 

reached to the third stage, see section 5.1 (A). In this case, heating effect on 

the contact interface reduces the strength of tin plating so it removed easily 

during vibration than in light load case. Because of this the degradation of 

tin plating at high temperature requires less effort than the tin plating at low 

temperature. That is why the light load is left some amount of tin in the 

contact interface, you can see fig. 5.15. It has a relatively thick tin layer left 

compared to the heavy load case, because it was not affected from heating 

effect from high temperature as in high load. Even the actual fretting time 

until the contact interface is damaged by removing most of tin plating is 

lower than in light load case, see table 4.1. 

 

Figure 5.14. The contact interface appearance for heavy load with 8 A and 

24 V of current and voltage respectively that used for resistive load. 
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Sn

O

Cu

Sn0_7Amp_080513_socket_spot_I

 

Figure 5.15. The Contact interface appearance for light load with 0.7 A 

and 5 V of current and voltage respectively that used for resistive load. 
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6 Discussion and Conclusion 

The work presented in this thesis has been focused on the study of how 

damages on electrical contacts in a vibrating environment depend on the 

different electrical environments. Furthermore, to assess how the degree of 

failure related to the amount of voltage and current consumption in the 

circuit, and to what extent this degree of failure affects the electrical 

connector reliability and lifespan in each electrical environment (resistive 

and inductive load). 

Fretting corrosion is induced by vibration and thermal stress across contact 

interface. It can occur in the electrical connector from sliding, rotating, 

rocking or the combination of these types of motion due to each micro 

oscillatory motion.  This causes oxides of tin to be broken down near to the 

contact spot area and oxidized wear debris are accumulated in the cable 

terminal contact zone. These processes are repeated each time fresh tin is 

exposed to the atmosphere [24, 32]. Moreover, formation of Cu-Sn 

intermetallic compounds result in an intolerable increase of contact 

resistance in the cable terminal interface. It is one of the most influential 

factors which limit the lifespan of the connector, accompanied by an 

increase the voltage drop across the cable terminal owing to a raise in 

contact temperature which facilitate the diffusion of substrate element 

copper with the tin and accelerate the physical degradation of the tin 

plating. 

In practice, the degree of fretting highly depends on the vibration level and 

temperature fluctuation [32, 29, 30, 31]. This temperature is related to 

electrical current load, working environment and the heat induced from 
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cable terminal friction. But compared to the other, electrical current load is 

more significant than the other to increase the fretting amplitude. It 

accelerates the formation of oxides and the growth of Cu-Sn intermetallic 

compounds. As the Cu-Sn intermetallic compound insulating layer grows, 

the temperature of the cable terminal reaches its softening temperature at a 

softening voltage (0.7 V). It is obvious that for small relative increment of 

contact voltage drop, the temperature of the contact interface increases 

considerably [41]. At the softening voltage, the cable terminal interface 

degrades severely, produce basic metallurgical changes and the fusible 

layer (tin) is consumed/diffused easily. This phenomenon causes a 

permanent increase of the contact resistance and then the electrical contact 

of cable terminal is completely damaged, see section 5.4. 

The electrical connectors are most affected by a light and heavy electric 

load. During light load the experimental result shows that, for small current 

and small voltage the lifespan of the connectors have been reduced because 

of oxidized wear debris accumulation. In such case the voltage is too small 

to break down the oxides. So this constrict the flow of current across the 

cable terminal interface by reducing the conductive area, since the voltage 

is not high enough to break down the oxides and does not allow a 

continuous connection. But for small current and a higher voltage, the 

lifespan of the connectors easily meet the technical regulation requirement. 

Now the amount of voltage is high enough to break down the oxides to let 

the current flow without constriction. Whereas in the middle and heavy 

load case, the amount of current considerably influences the lifespan of the 

connectors. When there is an increase of the amount of current, the lifespan 

of the connector appreciably decrease, since oxidized wear debris formation 
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and Cu - Sn intermetallic growth rate increase with the amount of current 

due to the effect on the interfacial topography of cable terminal basically 

from excessive heating. In heavy load case the connectors are severely 

affected. 

Due to the dischargeable characteristics of inductive loads, they have an 

extra thermal stress due to the formation of arc/spark across the cable 

terminal interfaces when an instant electrical discontinuity exist due to 

intermittency (loss of contact) behavior of contact point topography. 

Actually in dc circuit the arcs/sparks occur in resistive load when the circuit 

is faced with intermittency of contact point but it does not possess longer 

arc duration due to insufficient energy from the source. But in inductive 

load case, the secondary energy source usually maintain longer arcs 

duration that try to keep the current flowing [40, 50, 51, 60, 61, 62]. So it 

can destroy the contact interfaces from transmitting electrical current and 

disintegrate other contaminant films. For each voltage drop measurement 

the cable terminal with resistive load have lower value than inductive load. 

The experimental test results  reveal, for the same amount of current and 

voltage, the cable terminal with inductive load does not possess the same 

lifespan as resistive load, but the inductive load have relatively less lifespan 

because of its discharge behavior. 

However, for light load case the influence of arc currents on the lifespan of 

the connectors are not significant since such small current does not affect 

the contact interface, it does not maintain considerably long arc duration. 

But as the amount of current increase the discharge duration also increase 

which accelerate the failures that render the cable terminal lifespan to be 

reduced. As the load values are increased from middle to high load the 
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lifespan of the connector will decrease. For the limitation of inductive load, 

a simple solution can be recommended to suppress or reduce the contact 

interface arching by introduce circuit breakers or fuses that are able to 

interrupt the arc current [61]. This can help electrical or electromechanical 

component from unsatisfactory or malfunction operation. 

An experiment was performed with the same current load (4 A), but with 

both resistive and an incandescent lamp load at different voltages, 17 V and 

24 V respectively. This voltage difference causes the connectors to have 

different lifespan, i.e. a lower voltage (incandescent lamp load) has longer 

test time than a higher voltage (resistor load).  This life span difference 

depicts the effect of voltage level, how it affects the reliability of the 

connector, i.e. by varying the lifespan of the connectors. As it is described 

in section 5.1, the lifespan is used to judge the reliability of the connector, 

i.e. the connector with a lower voltage is more reliable than the higher 

voltage in middle load and heavy load case, as shown in fig. 5.1 and fig.5.2. 

Whereas in the light load case, for 0.7 A current resistive load, the voltage 

used is 5 V and 28 V. The experimental result demonstrate that the 

connector with a higher voltage for such a small current load can endure 

more than lower voltage, as shown in table 5.2. Hence, in this case the 

connector with higher voltage is more reliable than lower voltage. 

In addition to this, as described in the experimental work, the experimental 

test set up was categorized under light, middle and heavy load by 

predominantly the amount of current. In the light load (the current less than 

1 A), the reliability and lifespan relies on the amount of voltage, since such 

amount of current has a small heating effect across contact interfaces. 

Whereas in the middle load and heavy load the amount of current increase 
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simultaneously with decrease in life span of the electrical connector due to 

its significant contribution of excessive heating across the cable terminal, as 

shown in table 5.1 and 5.2 also it is described in section 5. 

According to the experimental result, the life length of the connectors is 

considerably reduced as the amount of current level increase in middle and 

heavy load case. Because the lower amount of current endures more than 

the highest amount of current during vibration test of the electrical 

connector, see in fig. 5.1 and fig. 5.3. The experimental result are 

demonstrated that a 4 A carrying connector has longer lifespan than an 8 A 

carrying connector, so it is more reliable to use a lower amount of current 

with adequate and acceptable amount of voltage during operating time in 

this vibration parameter.  For such connector, its reliability and lifespan 

decreases as the amount of current increase from middle load to heavy load. 

In addition, the reliability and lifespan of the connector suffers by high 

current load. 

Depending on the types of component and its duty, the amount of current 

and voltage in the circuit is varied.  For instance in resistive load the 

incandescent lamp and resistor use the same amount of current (4 A) but 

different amount of voltage 17 V and 24 V respectively. So based on the 

experimental result from connector lifespan and reliability perspective, in 

the case of resistor it is better to use not more than 4 A and the voltage not 

more than 24 V. Whereas in incandescent lamp the voltage not to be higher 

than 20 V and the current also not higher than 5 A, these are for the middle 

and high load case. But in case of light load the amount of current is not a 

problem. However the amount of voltage will not be less than 12 V, to meet 

the service life of the connector which is set by Scania technical regulation. 
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For a cable terminal which is suffered by a light load and heavy load due to 

the formation of oxidized wear debris, it is better to use the golden plated 

contact point, if a high voltage is not possible to use in the case of light 

load, see section 5.1. To be safe from heat dissipation from neighboring 

cable terminals, it is suggested to reduce the number of contacts points 

from such multi cable terminal connector housing in the case of high load 

current, see section 5.3 (5). The nickel barrier is also beneficial under tin 

plating to reduce the rate diffusion of copper substrate to enhance the 

durability of tin coated cable terminal. This ductile nickel underplate is 

diffused at a slower rate than copper-tin intermetallics compounds [3, 41, 

45]. 

The fretting corrosion phenomena is not yet fully understood and we are 

planning further exploratory experiments for future work, to study the 

damages of electrical contact points in other electrical environments, i.e. 

capacitive load and a combination of resistive, capacitive and inductive 

load, since in real world most of the vehicle components are composed of 

these loads. Also during study the damages, it is advisable to consider a 

corrosive media and Oscilloscope is recommended as a device which can 

measure the voltage drop along the cable terminal in the connector while 

the shaker is working [63]. 
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Appendix 

 

Voltage Drop Measurement in mΩ for Experimental Test with 4 A 

Resistive Loads 

Before test (t=0) 

No Voltage 

drop in C. 

terminal 1 

Voltage 

drop in C. 

terminal 2 

Voltage 

drop C. 

terminal 3 

Voltage 

drop in C. 

terminal 4 

1 1.73 1.76 1.75 1.80 

2 1.75 1.74 1.74 1.73 

3 1.74 1.78 1.75 1.76 

4 1.76 1.73 1.76 1.81 

5 1.73 1.73 1.75 1.73 

6 1.74 1.79 1.80 1.81 

 

No Voltage 

drop in C. 

terminal 5 

Voltage 

drop C. 

terminal 6 

Voltage 

drop in C. 

terminal 7 

Voltage 

drop in C. 

terminal 8 

1 1.81 1.78 1.86 1.78 

2 1.79 1.75 1.68 1.75 

3 1.76 1.77 1.81 1.74 

4 1.77 1.78 1.72 1.75 

5 1.75 1.75 1.71 1.74 

6 1.72 1.73 1.76 1.78 
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After 6:00 hr test 

No Voltage 

drop in C. 

terminal 1 

Voltage 

drop in C. 

terminal 2 

Voltage 

drop C. 

terminal 3 

Voltage 

drop in C. 

terminal 4 

1 2.1 1.9 1.9 1.9 

2 2.2 2.0 1.8 2.0 

3 1.8 2.1 1.9 1.9 

4 2.0 1.9 1.9 1.9 

5 1.8 2.0 2.0 2.0 

6 2.0 2.0 1.9 2.0 

 

No Voltage 

drop in C. 

terminal 5 

Voltage 

drop C. 

terminal 6 

Voltage 

drop in C. 

terminal 7 

Voltage 

drop in C. 

terminal 8 

1 1.9 1.9 2.5 2.2 

2 1.8 1.8 2.0 2.0 

3 2.0 1.8 2.0 1.8 

4 1.8 1.9 1.9 1.9 

5 1.9 1.8 1.8 2.0 

6 1.9 1.9 1.9 1.9 

 

Test parameter: the specimen test direction in y-axis. 

Frequency range: 100 Hz – 1000 Hz. 

PSD (vibration level): 0.1 (g)
2
/Hz. [ RMS: 10.432 g.] 
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After 24:00 hr test 

No Voltage 

drop in C. 

terminal 1 

Voltage 

drop in C. 

terminal 2 

Voltage 

drop C. 

terminal 3 

Voltage 

drop in C. 

terminal 4 

1 2.2 2.2 2.2 2.3 

2 2.3 2.3 2.1 2.4 

3 2.3 2.2 2.3 2.1 

4 2.4 2.0 2.2 2.2 

5 2.2 2.0 2.3 2.2 

6 2.1 2.1 2.2 2.3 

 

No Voltage 

drop in C. 

terminal 5 

Voltage 

drop C. 

terminal 6 

Voltage 

drop in C. 

terminal 7 

Voltage 

drop in C. 

terminal 8 

1 2.1 2.5 2.5 2.0 

2 2.3 2.3 2.1 2.1 

3 2.2 2.0 2.0 2.0 

4 2.3 2.1 2.3 2.1 

5 2.4 2.0 2.2 2.2 

6 2.2 2.0 2.0 2.4 

 

Test parameter: the specimen test direction in y-axis. 

Frequency range: 100 – 1000 Hz. 

PSD (vibration level): 0.1 (g)
2
/Hz. [RMS: 10.432 g.] 
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After 32:00 hr test 

No Voltage 

drop in C. 

terminal 1 

Voltage 

drop in C. 

terminal 2 

Voltage 

drop C. 

terminal 3 

Voltage 

drop in C. 

terminal 4 

1 2.6 2.2 2.2 2.2 

2 2.0 2.3 2.5 2.7 

3 2.0 2.7 2.2 2.6 

4 2.4 2.0 2.5 2.2 

5 2.1 2.0 2.6 2.2 

6 2.7 2.0 2.8 2.8 

 

No Voltage 

drop in C. 

terminal 5 

Voltage 

drop C. 

terminal 6 

Voltage 

drop in C. 

terminal 7 

Voltage 

drop in C. 

terminal 8 

1 2.1 2.2 2.9 2.5 

2 2.1 2.0 2.2 2.1 

3 2.0 2.5 2.6 2.0 

4 2.1 2.0 2.4 2.7 

5 2.4 2.5 2.3 2.6 

6 2.0 2.4 2.1 2.3 

 

Test parameter: specimen in z-axis, the test accelerated from 24 hr to 3 hr. 

Frequency range: 100 – 1000 Hz. 

PSD (vibration level): 0.17 (g)
2
/Hz. [ RMS: 13.591 g.] 
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After 48:00 hr test 

No Voltage 

drop in C. 

terminal 1 

Voltage 

drop in C. 

terminal 2 

Voltage 

drop C. 

terminal 3 

Voltage 

drop in C. 

terminal 4 

1 2.1 2.1 2.0 2.2 

2 2.3 2.1 2.0 2.7 

3 2.1 2.3 2.3 2.0 

4 2.3 2.0 2.3 2.0 

5 2.2 2.1 2.4 2.4 

6 2.3 2.0 2.2 2.3 

 

No Voltage 

drop in C. 

terminal 5 

Voltage 

drop C. 

terminal 6 

Voltage 

drop in C. 

terminal 7 

Voltage 

drop in C. 

terminal 8 

1 2.0 2.4 2.5 2.2 

2 2.4 2.0 2.5 2.4 

3 2.0 2.0 2.3 2.2 

4 2.0 2.1 2.1 2.5 

5 2.2 2.0 2.2 2.4 

6 2.1 2.0 2.1 2.1 

 

Test parameter: specimen in z-axis, the test accelerated from 24 hr to 3 hr. 

Frequency range: 100 – 1000 Hz. 

PSD (vibration level): 0.17 (g)
2
/Hz. [ RMS: 13.591 g.] 
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After 72:00 hr test 

No Voltage 

drop in C. 

terminal 1 

Voltage 

drop in C. 

terminal 2 

Voltage 

drop C. 

terminal 3 

Voltage 

drop in C. 

terminal 4 

1 2.2 2.5 2.0 2.4 

2 2.3 2.2 2.0 2.7 

3 2.1 2.5 2.5 2.1 

4 2.3 2.3 2.1 2.4 

5 2.3 2.2 2.4 2.4 

6 2.2 2.1 2.1 2.3 

 

No Voltage 

drop in C. 

terminal 5 

Voltage 

drop C. 

terminal 6 

Voltage 

drop in C. 

terminal 7 

Voltage 

drop in C. 

terminal 8 

1 2.0 2.4 2.7 2.2 

2 2.4 2.0 2.5 2.0 

3 2.2 2.2 2.2 2.2 

4 2.3 2.1 2.1 2.5 

5 2.1 2.1 2.1 2.7 

6 2.0 2.0 2.1 2.3 

 

Test parameter: specimen in x-axis, the test accelerated from 24 hr to 1.5 hr 

Frequency range: 100 – 1000 Hz. 

PSD (vibration level): 0.2 (g)
2
/Hz. [RMS: 14.914 g.] 
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After 168:00 hr test 

No Voltage 

drop in C. 

terminal 1 

Voltage 

drop in C. 

terminal 2 

Voltage 

drop C. 

terminal 3 

Voltage 

drop in C. 

terminal 4 

1 2.0 2.6 2.1 2.6 

2 2.5 2.3 2.2 2.5 

3 2.4 2.6 2.3 2.5 

4 2.3 2.3 2.2 2.4 

5 2.5 2.6 2.3 2.2 

6 2.4 2.1 2.1 2.5 

 

No Voltage 

drop in C. 

terminal 5 

Voltage 

drop C. 

terminal 6 

Voltage 

drop in C. 

terminal 7 

Voltage 

drop in C. 

terminal 8 

1 2.1 2.6 2.5 2.2 

2 2.4 2.2 2.5 2.3 

3 2.2 2.2 2.1 2.2 

4 2.6 2.2 2.3 2.5 

5 2.6 2.1 2.6 2.4 

6 2.5 2.1 2.4 2.5 

 

Test parameter: specimen in x-axis, test accelerated from 24 hr to 0.25 hr. 

Frequency range: 100 – 1000 Hz. 

PSD (vibration level): 0.313 (g)
2
/Hz. [RMS: 18.442 g.] 
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After 648:00 hr test 

No Voltage 

drop in C. 

terminal 1 

Voltage 

drop in C. 

terminal 2 

Voltage 

drop C. 

terminal 3 

Voltage 

drop in C. 

terminal 4 

1 3.8 3.9 2.9 3.6 

2 3.6 3.2 2.8 3.6 

3 3.4 3.5 3.0 2.6 

4 2.4 2.7 3.1 3.0 

5 2.5 2.9 2.9 2.9 

6 2.6 3.0 3.0 2.8 

 

No Voltage 

drop in C. 

terminal 5 

Voltage 

drop C. 

terminal 6 

Voltage 

drop in C. 

terminal 7 

Voltage 

drop in C. 

terminal 8 

1 2.7 3.3 3.9 3.3 

2 2.9 2.5 2.7 3.4 

3 2.7 2.9 3.2 3.2 

4 2.6 2.8 3.0 3.1 

5 2.8 3.1 3.1 2.9 

6 2.9 3.0 3.2 3.1 

 

Test parameter: specimen in x-axis, the test accelerated from 24 hr to 0:03. 

Frequency range: 100 – 1000 Hz. 

PSD (vibration level): 0.468 (g)
2
/Hz. [ RMS: 22.55 g.] 
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After 1128:00 hr test 

No Voltage 

drop in C. 

terminal 1 

Voltage 

drop in C. 

terminal 2 

Voltage 

drop C. 

terminal 3 

Voltage 

drop in C. 

terminal 4 

1 4.4 4.7 3.1 3.5 

2 4.6 4.6 2.9 3.4 

3 4.0 4.0 3.3 3.2 

4 4.2 3.9 3.0 3.7 

5 4.3 4.1 3.2 3.1 

6 3.9 3.5 2.8 2.8 

 

No Voltage 

drop in C. 

terminal 5 

Voltage 

drop C. 

terminal 6 

Voltage 

drop in C. 

terminal 7 

Voltage 

drop in C. 

terminal 8 

1 4.6 4.5 4.1 3.5 

2 4.0 4.3 4.0 3.4 

3 4.8 4.7 3.7 2.7 

4 3.8 3.8 3.9 3.8 

5 3.9 3.3 3.3 3.6 

6 4.0 2.9 2.8 2.9 

 

Test parameter: specimen in y-axis, the test accelerated from 24:00 to 0:03. 

Frequency range: 100 – 1000 Hz. 

PSD (vibration level): 0.468 (g)
2
/Hz. [ RMS: 22.55 g.] 
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After 1608:00 hr test 

No Voltage 

drop in C. 

terminal 1 

Voltage 

drop in C. 

terminal 2 

Voltage 

drop C. 

terminal 3 

Voltage 

drop in C. 

terminal 4 

1 4.2 2.4 3.9 4.7 

2 5.0 3.4 3.7 4.9 

3 4.8 3.0 5.0 4.0 

4 2.7 2.6 2.6 4.5 

5 3.8 3.4 3.5 3.8 

6 3.4 3.8 3.2 4.1 

 

No Voltage 

drop in C. 

terminal 5 

Voltage 

drop C. 

terminal 6 

Voltage 

drop in C. 

terminal 7 

Voltage 

drop in C. 

terminal 8 

1 2.7 4.9 3.8 4.1 

2 4.1 4.7 3.8 4.3 

3 4.0 4.1 2.9 3.8 

4 4.0 4.3 4.3 4.2 

5 3.8 3.2 3.4 3.4 

6 4.2 4.0 3.7 3.9 

 

Test parameter: specimen in z-axis, the test accelerated from 24:00 to 0:03. 

Frequency range: 100 – 1000 Hz. 

PSD (vibration level): 0.468 (g)
2
/Hz. [RMS: 22.55 g.] 
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After 2568:00 hr test 

No Voltage 

drop in C. 

terminal 1 

Voltage 

drop in C. 

terminal 2 

Voltage 

drop C. 

terminal 3 

Voltage 

drop in C. 

terminal 4 

1 5.33 5.88 3.74 35.53 

2 5.47 6.07 5.97 27.43 

3 4.87 4.43 14.22 6.04 

4 3.17 2.04 3.17 9.03 

5 2.29 2.01 8.01 7.49 

6 2.48 3.60 8.19 27.54 

 

No Voltage 

drop in C. 

terminal 5 

Voltage 

drop C. 

terminal 6 

Voltage 

drop in C. 

terminal 7 

Voltage 

drop in C. 

terminal 8 

1 3.25 41.19 6.31 3.53 

2 3.08 2.64 3.53 10.49 

3 4.14 71.42 15.03 3.22 

4 2.25 5.82 3.18 2.60 

5 2.46 93.12 3.40 2.26 

6 3.43 3.31 4.32 2.46 

 

Test parameter: specimen in z-axis, the test accelerated from 24:00 to 0:03. 

Frequency range: 100 – 1000 Hz. 

PSD (vibration level): 0.5566 (g)
2
/Hz. [RMS: 24.592 g.] 
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