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Abstract 

 The increasing demand of light constructed vehicles as well as soaring price of copper metal owing to 

limited nature resources have been promoting the use of aluminium metal as an alternative conductor of 

automotive cables. This thesis work is to lay theoretical foundations for further research and development 

regarding the introduction of new automotive cables i.e. aluminium cables. Current application of 

automotive aluminium cables in automotive industry as well as failure analysis and evaluation approaches 

with respect to aluminium cables in automotive settings can serve as a baseline for further research 

regarding the implementation of aluminium cables in Scania products.  

Before investigating probable substitutions in terms of automotive cable uses in Scania products as 

well as the following consequences, historic overview concerning aluminium cables in automotive 

applications is stated while major challenges and current technical progresses are established, indicating 

that large-sized aluminium cables such as battery cables have been implemented in some vehicles and the 

uses of aluminium cables in lower power segments are expected in near future. 

Due to inferior strength of aluminium conductor as well as its poor contact behaviors while 

deteriorations by galvanic corrosion, oxidization or tension relaxes, etc, might occur in contact interface, 

interruptions in aluminium conductor and its termination are challenging the adoption of aluminium cables 

in present automotive cable harness system. In order to assess performances of aluminium cables in 

automotive vehicles, necessary evaluations shall be conducted from mechanical, electrical, thermal and 

chemical aspects.  Attempts have already been made to examine behaviors of aluminium conductor in this 

thesis work, with results showing that aluminium conductor would behave poorly which is also in 

agreement with previous studies about failure analysis.   
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Definitions and abbreviations  

Oxidation Loss of electron(s) by atom, ion or molecule which leads to the 

increase in the oxidation state. 

Reduction Gain of electron(s) by atom, ion or molecule which leads to the 

decrease in the oxidation state. 

Anode Electrode where positive charges are extracted in electrochemical cell 

during discharge. 

Cathode Electrode where negative charges are extracted in electrochemical cell 

during discharge. 

Galvanic corrosion 

(bimetallic corrosion) 

Electrochemical process while one metal will corrode preferentially to 

other when those metals are in an electrical contact.  

Current The flow rate of electrons passing in the conductor.  

Current density Amount of current generated per unit area of electrode surface 

Voltage  The amount of pressure, i.e. electromotive force, put on free electrons 

to make them to flow through the conductor.    

Conductor  The metallic component of cables where electrical power are 

transmitted.  

Insulation  Materials used to isolate conductors from other conductors and from 

the environment to ensure safety.  

Resistance The ability of electrical conductor to oppose electrical current flow   

through the conductor; 

Conductance Ability of conductor to conduct electricity. 

Contact resistance  The resistance is attributed to the contacting interface 

Contact Area The metal-to-metal contact area where the terminal is attached to the 

conductor. 

Voltage drop Voltage across a component or conductor as a result of electrical 

current flow in the component or conductor.  

Cycling Repeated process  

Thermal expansion  The tendency of dimensional changes in response to temperature 

shock or temperature changes; 

Junction Box/block  A container for electrical connections  

Battery  Stored power provider to starter in order to get engine started, run 

the lights and on-board electronics when engine is off. 

Alternator Power/energy converter by transfer running mechanical works of 

engine into electricity to recharging battery.    

Starter  Motor which works with the ignition and uses the current stored in 

the battery to start the engine.  

Chassis Major part of vehicles, including frame, suspension, brake system, 

electrical systems, fuel tanks and wheels.  
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Powertrain  Main component that provided power and deliver to consumers, 

consisting of engine, clutch, gearbox, propeller shafts and etc. 

Cab An enclosed space in trucks and crew compartment in buses  

Dual battery Power supply system in automobiles that comprises two parallel 

connected normal battery packs i.e. service battery and starter 

battery.  

Crimping A method of mechanically compressing the terminal, splice or other 

connectors to the conductor in order to ensure the electrical and 

mechanical connectivity. 

Terminal  A connect device designed to terminate a conductor which is to be 

affixed to the cable and establish an electrical connection.  

Serration  Asperities on the surface of terminal to ensure firm gripping of the 

conductor and additional contact area.   

CSA [mm2] Cross Section Area 

PVC poly(vinyl chloride) 

Cu-ETP Electrolytic Tough Pitch Copper Conductor  

Cu-OFHC Oxygen Free High Conductivity Copper Conductor  

LHS Battery in Left Hand Side 

Rear  Batter in Rear mounted  

POW Power supply system 

ABS Anti-Brake System 

VIS Visibility System  

IACS International Annealed Copper Standard 

AAC All Aluminum Conductor 

AAAC All Aluminum Alloy Conductor  

ACSR Aluminium Conductor Steel Reinforced  

ACAR Aluminum Conductor Aluminum Alloy reinforced 

CCA Copper Clad Aluminium  

CCS Copper Clad Steel 

NSS Natural Salt Spray 

AASS Acetic Acid Salt Spray 

CASS Copper-accelerated Acetic Acid Salt Spray  

Al2O3 Alumina, aluminum oxides  

SEM Scanning electron microscopy 

EDS Energy Dispersive Spectroscopy 

LOM Light Optical Microscopy 

LHS Battery in Left Hand Side  

Rear Battery in rear mounted  

   [S] Electrical Conductance 

  [S/m] Electrical Conductivity 
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  [ ] Resistance  

  [ohm, ] Contact resistance 

   [ohm,  ] Conductor resistance 

   [ohm,  ] Constriction resistance 

   [ohm,  ] Contaminant film resistance 

   Polarization resistance  

        Electrical sistivity 

      Corrosion current at equilibrium 

      Corrosion potential at equilibrium  

V Volt 

  Amperes  

    Ohm  
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    Area of contact spots  

   Temperature peak  
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1. Introduction 

1.1. Motivation 

The use of aluminium cables in automobiles is mainly driven by current developing trends in 

automotive industry i.e. weight saving and energy saving[1], which also involves the evolutions of 

automobiles into the demands concerning luxury, convenience, performance and safety, leading to 

increasing needs of on-boards electrical and electromechanical components that is accompanied with 

increases in the content, size, weight and cost of automotive cable harness [2][3][4][5]. Since weight reduction 

directly indicates fuel economy while 10% weight reduction can contribute to 3%-4% less fuel for average 

passenger vehicles and more than 5% of fuel economy improvements might be obtained for heavy duty 

vehicles like trucks, some automakers have been made some efforts of substituting heavy materials to 

lighter weighted ones towards the build-up of light-weighted vehicles[6]. It is estimated that an average sized 

passenger vehicle that is installed with present electrical system can still have a potential to gain weight 

reduction of 8.8 kg if current copper cables with CSA ranges 2.5-80mm2 are replaced by aluminium cables. 

And this potential weight saving value is expected to be greater for large sized vehicles such as trucks and 

buses or for future automobiles with advanced on-board electrical systems.  

Moreover, the price of copper conductor is driving the uses of aluminium cables which entail a more 

stable and lower price. For example, an extra cost of 120 Euro for one large vehicle with around 30kg 

copper in cable harness is required if copper price increased to 6 Euro from a historical price 2 Euro.  

Furthermore, the price of raw material is substantially affected by the amount of nature resource as well as 

its manufacturing processes. The copper conductor price is estimated to keep increasing as the world 

reserves of copper resource would be 30 years considering the same extraction amount as present[7].  

Compared with the estimated running out years in 1027 years for aluminium, the pressure on the copper 

price would continue soaring with a significant gap with aluminium [8]. As both these two conductor metals 

can be recycled and aluminium metal has already had a highly developed recycling market for secondary 

aluminium, the sustainable development of aluminium metal can also be ensured.  

In addition, aluminium conductor in cable uses is growing up with electrical power lines and nowadays 

aluminium cable has been used in every aspect of electrical power distribution and utilization. These 

successful applications of aluminium cables also appeal to automakers to incorporate this light weighted 

conductor with automobiles due to the high ratio of conductivity and conductor weight. As indicated in 

Chapter 2, aluminium with a relatively high conductivity has comparable characteristics in the conductor 

uses which can bring significant benefits in the weight reduction as well as accompanying energy reduction, 

thus this makes aluminium conductor very attractive in the automotive application.   

In summary, the incentives of using aluminium cables in automotive are the following factors: the 

developing trends into light weight construction, energy economy, sophisticated electrical systems in 

automotive industry; the shortage of resources and high price for copper material; considerable and 

attractive advantages of significant weight reduction and energy consumption saving by aluminium 

conductors;  successful applications as electrical cable conductor in other areas; as well as recyclability and 

enormous natural resources of aluminium metal. 

1.2. Statement of case study 

In Scania, some attempts also have been done to lower the weight of copper cables, for instance by 
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adopting shorter main cable harness through new adjustment and design of the interface between cab and 

chassis which can have an average 3.96 kg weight reduction of automotive cables and subsequently 98 SEK 

cost saving based on the price of copper at present. Those approximated calculations were based on 

current electrical systems and cable conductor type, and results would be different if new electrical systems 

was introduced and cable conductor was implemented.  

Comforting to prevalent trends, the use of light weighted and cheap priced automotive cable i.e. 

aluminium cables in Scania can gain further benefits in terms of weight saving, fuel economy and gas 

emission. Especially for the uses in buses, longer cables and operating conditions of buses will result in 

substantial advantages for weight saving and energy utilization efficiency. In Scania products there are 

mainly three different operating zones for cable harness systems, namely cab, chassis and powertrain 

differentiated by vibration levels and operating temperatures. Normally cables in cab application have a low 

vibration and current carrying levels while operating temperature is not exceeding 80 0C, and hence CSA of 

these cables is relatively smaller with a range from 0.7-6mm2 regardless of sensor cables with even much 

lower CSA. In chassis zone where battery box is located, cables need to have a better current carrying 

capacity and cope with the high vibration and the probable high temperature conditions. Like battery cable 

uses, they are required to be able to deliver high current while getting motor started. Therefore, It is the 

single core cables with a larger CSA that are needed in chassis zone, which has the ability to stand 

temperature up to 100 0C. with the area form 25-100mm2. In the highest vibration and temperature zones, 

powertrain need the cables in multicore and sing core form with 25-125 mm2. According to characteristics 

of aluminium conductors, current market and development, the types of cables that are suitable to be 

converted into new automotive cables need to be selected in the very first step and the locations to 

accommodate those cables ought to be chosen as well. The accompanying benefits and consequences can 

be assessed before implementing aluminium cables in Scania products. Additionally, potential risks and 

performances ought to be evaluated for any introduced component according to Scania internal product 

requirements.     

1.3. Aim and objectives 

One main goal of this study is to lay theoretical and research foundations for future works regarding 

exploring the aluminium cables in automotive industry while appropriate measurements to evaluate the 

performances and behaviors of aluminium cables in Scania trucks and buses uses should be suggested. 

Meanwhile the potential positive and negative consequences ought to be valued. The objectives of this 

work consist of the following parts: 

 The state of art regarding the uses of aluminium cables in automotive applications shall be established. 

The aluminium conductor type used in present automotive cables and the prevalent terminating 

techniques for aluminium automotive cables should be elaborated in order to guide the selection of 

replaceable copper cables in Scania trucks and buses. The challenges and corresponding technical 

development need to be highlighted.  

 One goal of case study, especially for the Scania products, is to investigate the most possible 

replaceable copper cables under operating conditions of Scania products. The first series of cable 

harness to be replaced by aluminium cables should be selected. Then direct consequences 

accompanied by new automotive cables ought to be valued.    

 The reliable performance of cables is required as one of the key on-board electrical components 

which also needs to connect other important on-board electronic as well. According to the 
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characteristics of aluminium conductor and operating conditions, potential failure analysis for 

aluminium conductor can serve as guidance for future implementation. 

 According to the assessment of potential risks, evaluation approaches towards new automotive cables 

shall be designed and suggested in order to identify performances of aluminium cables in automotive 

settings.  

1.4. Outline of the study 

The main functions and structures of automotive cables are introduced in Chapter 2 that also includes 

theoretical fundamentals of conductivity for electrical conductor since aluminium is expected to replace 

copper as electrical conductor in automobiles. Benefits and common applications of those two types of 

cables are introduced and primary considerations when it comes to material selection are stated.  

Chapter 3 is all about state of the art regarding the applications of aluminium cables in current 

automotive industry. Historic overview of progresses is stated while difficulties and challenges to apply 

aluminium cables in automobiles are summarized. Towards such problems, technical developments or 

progresses are gathered.  

Case study in Chapter 4 is about selection of the first series automotive cables that probably can make 

advantages of aluminium cables in Scania products. The accompanying outcomes are also examined and 

elaborated.  

Theoretical fundamentals concerning analysis and evaluation of potential failures for aluminium cables 

in automotive uses are given in Chapter 5 that also presents suggested evaluation approaches to measure 

performances of aluminium cables in automotive applications. Trial tests regarding behaviors of aluminium 

conductors are discussed in Chapter 6 .   

Chapter 7 gives the summary of this thesis work and recommendations for further works are brought 

up in Chapter 8.  
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2. Automotive cables 

2.1. Background  

Automotive electronics, developing from the beginning to better controls of engine, are considered as 

embedded system or distributed systems in the automobiles and they can be classified into different types 

according to their working domains, such as engine electronics, transmission electronics, chassis electronics, 

active safety, driver assistance, passenger comfort and infotainment systems, etc [9]. The main function of an 

automobile is ensured by operating all such electrical systems and then electrical cables are required here 

to conduct electricity or transmission communication for those automotive electronics and to guarantee 

their operations in the automobile. Therefore, the functions of cable are not only supposed to provide high 

reliable and compact method to transmit power and energy from converter (i.e. alternator) or energy 

accumulators (such as batteries) to electrical consumers (lighting, electrical panel, etc.), but also to perform 

as the connecting medium for all embedded systems in order to enable the distribution of power and 

signals within an automobile [9][10]. A general picture about electronics system applied in the automobiles, 

where cables would be needed, is shown in the Table 1, while the application of automotive cables is 

significantly influenced by those on-board electrical systems.  

Table 1. Electronic systems in automobiles based on purposes. 

Purposes Electronic systems in autmobiles 

POWERTRAIN 

Digital engine management systems; 

Electronic diesel control with electronically controlled fuel injection; 

Electronic ignition (gasoline engine); 

Lambda control, Boost-pressure control, etc; 

Electronic transmission control; 

On-board diagnosis; etc. 

SAFETY 

Electronic stability program ESP; 

Headlamp adjustment and cleaning; Wash wipe control;Visibility system; 

Individualized service; Interval display; 

Monitoring systems for consumable and wearing parts; 

Crash safety systems; Antilock brake system ABS; Traction control system TCS; 

Triggering systems for airbag; Seatbelt tensioner and roll over bar; Vehicle 

security systems; Tire pressure monitoring; etc. 

COMMUNICATION 

 

Electronic voice output; Voice control of functions ; 

Audio equipment (radio, CD, etc); Video; On-board computer; Car phone; 

Navigation; New display technologies; Internet and PC; etc. 

COMFORT/ 

COMVENIENCE 

 

Cruise control; tachograph; Adaptive cruise control; 

Climate system; Heating and air conditioning; 

Seat adjustment with position memory; Power window and sunroof drive; 

Central locking; Chassis control system; Back up monitoring; 

Parking aid assistant; etc. 

Electrical automotive cable in terms of its size, length and insulation in different applicative areas is 

designed by the required currant carrying ampacity, allowable voltage drop, operating circumstances and 

other special requirements. According to the conductance formula       , current carrying capacity and 

the amount of acceptable voltage drop in an electrical cable are determined by its length   and 
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cross-section area   as well as its electrical conductivity  . The distribution of cables in a typical vehicle 

(for instance, a mid-size Audi A4) with respect to sizes and numbers is shown in Figure 1. The sizes of cables 

are stablished by the society of automotive engineers (SAE) which standardised the recommended 

current-carrying ampacity for different sized cables. With prescribed size and lengths, cables are assembled 

together to form a subassembly in order to interconnect specific electric components or systems while the 

relationships among these components can be found in electrical diagrams. 

 

Figure 1 CSA distribution in middle sized Audi A4 

For a general cable assembly, it consists of one conductor in solid or twisted conductor in stranded as 

well as the insulation materials or insulating layer combined with the insulation materials for sheath, filler, 

jacket, shielding or braiding, or even armor, etc. The structure of insulation materials depend on the 

operating conditions and the applied insulation material. Terminating connectors, either in solder state or in 

solderless condition, are used to connect the different cable assembly systems. In order to prevent chafing 

and loosening of terminals and connectors caused by automotive vibration and road shock, tape, lacing 

cord and wire ties are being used during wiring harness assembly process [11]. Cables can be rated or 

classified by their withstand temperature ranges shown in Table 2 according to international standard [12][13].  

Automotive cables can be classified as primary cables and secondary ones, while the former normally 

are used to carry low voltage to all the on-boarded electrical systems except some special electrical systems 

such as the ignition system where secondary cables would be employed to meet the demands of 

high-tension and high-voltage conditions. This is sometimes what so-called automotive special cables for 

some cable manufacturers. Two basic type of automotive cables, i.e., solid and stranded, classified by the 

conditions of conductor can be used as primary cables. The solid cable has just single stranded conductor 

which is more rigid and somewhat more resistant to bending. Stranded cable, as the mostly common cables 

in automobiles, is made up of a number of small solid conductors twisted together to form a single core 

conductor, giving the cable high flexibility and reliability as well as longer flex-life. The number of cores for 

the stranded cables is differentiated by single-core cables and multi-core cables. Normally multicore cables 

with small sizes need be less encumbering and be easily accommodated in a small insulation when such 

cables are able to be customized to very specific requirements. For instance, multicore cables are often 
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used in antilock braking systems and for airbag release in the vehicles. Many truck manufacturers use 

multicore cables with a double insulation to enhance the vibration resistance and further ensure the 

reliability and safety. Then single core cables are used as power cables for battery cables or engine starter 

cables where flexibility is not the priority.   

For some on-boarded electronic components which need to be protected from electromagnetic 

radiation, electrical noise without affecting signals and interfering with other devices, the shielded cables 

are applied. Beside, special cables, flat cables, ignition cables, high-voltage cables, data cables, coaxial 

cables, etc, can also be found in one common automotive vehicle and the name of these cables are given 

based on their application location or their special functions in the automobiles. For instance, flat cables 

with flattened conductors, other than rounded conductors in solid and stranded, are used in the situations 

where intensive amount of electrical and electronic devices are installed or the installation space is limited, 

for instance door harness, roof liners dashboards and bumpers where tight space is the factor.  Special 

cables include coaxial cable for communications, gearbox wire uses, sensors or oxygen, pressure, or 

temperature, and so on while special protection is needed for such automotive cables. 

Table 2 Temperature Class rating 

Class Temperature 

A -400C to 850C 

B -400C to 1000C 

C -400C to 1250C 

D -400C to 1500C 

E -400C to 1750C 

F -400C to 2000C 

G -400C to 2250C 

H -400C to 2500C 

Normally all conductors in automobiles are made of copper, which possess necessary flexibility and 

current.  As the most widely used conductor materials, copper conductors are used for solid as well as 

stranded cables in the automotive vehicles. With the newly developing trend, aluminum conductor can also 

be found in the market. The advantages brought from those two conductor metals would be elaborated in 

next Section 2.3.  Cross-section area and length of cable conductor can determine the voltage drop in 

power distribution systems and are strongly associated with the cable ampacity (i.e. current-carrying ability) 

of the conductor.  

In terms of insulating materials for automotive cables, the most used materials are those of extruded 

dielectric type, the principal/core component being one of several materials such as polyvinyl chloride (PVC), 

polyethylene (PE),polyamide (PA), polytetraflouroethylene (PTFE), ethylene tetrafluoroethylene (ETFE), 

polypropylene (PP), thermoplastic polyester elastomer (TPE) polyethylene crosslinked (PE-X), ethylene/vinyl 

acetate (EVA),and so on[14]. Basically, there are two main categories used in automotive cables according to 

SAE standard (American standard), namely PVC and cross-Linked. The biggest difference between the two 

categories is temperature range while cross-linked automotive wire can withstand much higher 

temperatures than PVC automotive wire. For instance, the three main types of PVC automotive cable are 

GPT (used for general circuit cabling or wiring and rated to 80 °C), TWP (lead-free and thin wall automotive 

cable rated to 105 °C) and HDT (heavy wall automotive cable rated to 80 °C). The most three common 

automotive cables for cross-linked type are GXL(thin wall and works with most standard automotive 
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connectors, rated to 125 °C), SXL(standard wall, rated to 125 °C) and TXL( extra thin wall, rated to 125 °C). 

For power cables or battery cables which have larger CSA, both PVC and cross-linked forms are also 

applicable while cross-linked type is able to be much more resistant to heat, abrasion and aging than PVC 

type. No matter which type of insulation materials are chosen for automotive cables, the selection of 

insulation layer needs to consider the following performance factors: electrical properties (such as dialect 

constant, insulation resistance, etc), mechanical characteristics (i.e. toughness and flexibility, tensile, 

strengths, and abrasion resistance, etc.), thermal performances (expansion and contraction, compatibility 

with ambient, etc), and chemical resistance(stability of materials on exposure to flame, ozone, aci, oils, 

acids, etc.)[15]. In terms of automotive cable standards, there are also other standards other than SAE, such 

as Germany standard and Japanese standards to specify automotive cables, including name and type of 

cable, conductor, insulation material and technical parameters. All those national standards also need to be 

in compliance with international standard ISO 6722.   

 A proper termination method, tools and materials allow for the good mechanical and electrical 

integrity. Cable termination is basically divided into two types, i.e., solder type and solderless type, while 

the latter is mainly referring to the mechanical terminating approach.  For the solder type, the terminal is 

fastened to the cable conductor through soldering, which allows for a strong, solid mechanical and 

electrical connection. The thermal performance of materials will need to be considered for solder type 

terminating.  Crimping, especially for solid and stranded cable, where conductor is physically compressed 

and attached to terminal or other connector, allows for a quick and simple installation as well as creates a 

common electrical path with low resistance and high current carrying capability while mechanical and 

electrical connectivity is close to the solder type connection.  During this terminating process, the bare 

conductor is inserted into the terminal or contact barrel and then the contact sleeve is squeezed onto the 

conductor by the proper mechanical deformation of materials.  The compressing force is generally marked 

with the required die size based on the area of cables. The material deformation during crimping process is 

accompanied by the occurrences of mechanical bond and thermal alloying among the contact joint area. 

Compared with solder terminating approach, crimp terminating has the advantage of easy selections of 

cable, insulation and terminals without taking the thermal characteristics of materials and hazardous effects 

on human into considerations, as the main concern for crimp is the selection of suitable tool for the cable 

and terminals/connectors while the compressed force is standardized. However due to the applied 

mechanical force, it is possible for the terminating point to provide stress relief and absorb vibration or 

shock. The risks of disturbance of electrical path or loosening terminal can’t be ignored. One more 

solderless terminating approach, called wire wrap termination, is especially for solid cable and not suitable 

for stranded cables at all, the principles of which involves the wrapping of solid cable under tension to 

enable the corners of the pin to displace conductor and form an increased area of contact.  

In the automobiles, cables used as harness have become the important skeleton for on-board 

electronic. Obviously, larger or longer cables would weight more. Battery cables which need large single 

core cables, can weigh up to 6 kg with the length of 4m. At present, a small passenger vehicle might need 1 

km cables which weight 7 kg for copper cables. For larger automobiles, the weight of cable can be more 

than 30kg. However, due to the increasing needs in the areas of safety, comfort, convenience and 

infotainment, the amount of electronics systems in the automobiles has been rising significantly in recent 

years. Meanwhile, this developing trend has also been constrained by the minimization of costs, space 

restrictions and the weight of components while the high reliability, flexibility and tightness of connecting 

cables and connectors need to be retained at the same time.  The weight constrains of the ongoing trend 
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is also partly attributed to the development of lighter weighted aluminum cables for automotive uses. And 

the other contributing factors to apply aluminum cables will also be given in Section 1.3. Besides the need 

of lighter cables, thinner insulation, smaller diameter cables, increased electrical/electronic capability and 

more heat resistance are also the driving forces to accommodate with the space constrains, multiple 

functions of on-board electronic and environmentally friendly automotive products.   

2.2. Theoretical fundamentals for electrical conductor 

The electrical conductors have the functions of transmitting electricity from one point to another in an 

electric circuit, which need to have the low energy loss in order to ensure the integrity of electricity and be 

less degradation to keep being working both in electrically and mechanically. However, for electrical 

conductive materials, their abilities to conduct electricity vary with the compositions of conductor material, 

working environment and working condition, etc. Thereafter, the fundamentals of conductivity theories for 

conductive materials will be simply stated and the two most competitive cable conductors, i.e., aluminum 

and copper, are compared in terms of their properties in Section 2.3.  

The electrical conductor materials are expected to allow the flow of electrical current due to the 

presence of plenty of free electrons in their valence orbits.  The electrical conductivity σ is used to specify 

the electrical character of a material and the ability of a material to accommodate the movement of an 

electric charge. Electrical resistivity, ρ, is the reciprocal of conductivity, which can evaluate the ability of a 

material to resist the flow of electrical current thought it, resulting in conversion of electrical energy into 

heat or other forms of energy. Materials with low resistivity are good electrical conductors with the order of 

10–8 Ω∙m, and materials with high resistivity are good insulators, which can be differentiated by the 

electrical resistivity values. As shown in Table 3, gold, silver, copper and aluminum are generally considered 

as good electrical conductors. Actually almost all metals and alloys can fall in the category of conductors 

and they are used in various applications such as electricity transmission and power distribution lines, 

electrical contacts, resistors and heating elements due to joule effect. Normally, the value of conductivity, 

the reciprocal value of resistivity, is reported by the percentage of IACS (International Annealed Copper 

Standard) while the conductivity of annealed copper ( 5.800 1 x 107S/m) is defined to be 100% IACS at 20 °C. 

Thus the conductivity of iron (1.04 x 107S/m) can be reported as 18% IACS. Gold is seen as the best 

conductor with a conductivity value larger than 200% IACS, followed by silver, copper and aluminium. 

Table 3The electrical resistivity of solids at room temperature[16] 

Solid Electrical resistivity order (Ω∙m) 

Silver 10-9 

Gold 10-9 

Copper 10-9 

Aluminum 10-8 

Nickel 10-7 

Iron 10-6 

Alumina 1011 

Glass 105 

PVC 1015 

Rubber, polyethylene 1011 

The resistivity values (and conductivity values) are typically reported at room temperature because 

such properties of materials depend on temperature, impurities, alloying elements and plastic deformation.  
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For example the temperature dependence of resistivity can be expressed by formula           

         , where   is temperature coefficient of resistivity while    and    are the resistivity values 

with respect to different temperatures. For the conductors, value of   is always positive which means an 

raised resistivity by higher temperature. The amount of difference is material dependent, which can be 

attributed to changes of the electron movements as well as atomic lattice structure including dislocations, 

vacancies, interstitial defects and impurity atoms. Not only indicating the temperature dependence, Figure 

2 also shows how alloying elements and deformation contribute to the resistivity of copper conductor [17]. 

Such phenomenon is associated with the valence, band energy overlap, and other microstructures of 

materials according to electrons theory of conductivity, for instance free electrons theory and energy band 

theory. 

 

Figure 2 The electrical resistivity versus temperature for copper and copper alloys [17] 

Electrons are considered to play the vital role in determining electrical properties of conductor 

materials as the conductivity of a material depends on the ability of electrons movement between atoms in 

an electric field. According to free electron theory, it is the free electrons, also known as Fermi gas or 

electron cloud, which is responsible for electrical conductivity of solid materials. In the absence of electric 

field, the electrons in the outer orbit of atom is not bound to atom and are free to move throughout the 

solid with no net current generated. When imposed by the electric field, the free electrons may be acted 

and accelerated, resulting in the concerted motion driven by the electromotive force.  However, not all 

electrons in every atom will be accelerated in the presence of electric field, while the availability of 

electrons for conduction is related to the arrangement of electron states with respect to the energy.  

Based on energy band theory, electrons are split into a series of closely spaced states in the solid 

resulting in the discrete energy bands. With respect to different types or the structures of materials, the 

structure of electron bands might exhibit differently as shown in Figure 3. Normally, electrons at equilibrium 

are occupying a proportion of the low energy states with a defined upper limit on the highest energy state 

(also called Fermi energy Ef for the metal conductor). Only when the electron energies are raised to exceed 
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this limit, they can become free to move and fulfill the conduction. For the metals, Fermi energy may lie 

with the low energy band, which means the electric field can easily push the electrons into the vacant states 

where energy is in a higher state. Metals such as Copper has the electron band structure as Figure 3 (a), 

where there are available electron states above and adjacent to filed states in the same band while metals 

like magnesium has the structure in Figure 3 (b) where there is an overlap of filled and empty outer-band.  

In the electric field, the free electrons in the metal may be accelerated and at the same time free 

electrons will be scattered by imperfections in the crystal lattice and thermal vibration of atoms. This 

scatting effect enables the electrons to flow with an average drift velocity which determines the current 

flow in the material. In other words, the capability of electrons conduction or conductivity of material 

would be affected by its atomic structures and this is also the main mechanism for copper and copper alloys, 

as indicated in Figure 2[17], presenting different resistivity values under the variable temperature, alloying 

and deformation conditions. With the increasing temperature, alloying nickel, or the deformation, copper 

with the higher resistivity value has a much worse electrons conduction capability. The probable reasons are 

the accompanying thermal vibrations, other lattice irregularities and increased dislocations increase the 

amount of electron-scattering centers, which serves as obstacles to electrons movements and thus make 

the drift velocity of electrons to be lower.  

 

Figure 3 Electron band structures in solids at 0 K[17] (a) Electron band structure found in metals such as 

Copper; (b) electron band structure found in metals such as magnesium 

Free electrons can also be used to explain thermal conductivity of materials and this is why normally 

an excellent electrical conductor can perform a good thermal conductivity. The ability of heat conduction 

needs to be concerned during selection of conductor materials, due to heat effect of current, i.e., Joule 

effect, exerting on the conductor. The flow of electric current through the metal (i.e., conductors), would 

generate heat and lead to the temperature rise after some time, for the reason that the free electrons 

would collide randomly with the atoms in the conductor lattice during electrons movement and then the 

kinetic energy of electrons manifests as lattice vibration energy which results in the generation of heat [18].    

The other issues accompanied with heat, such as thermal diffusiveness, thermal stress, and thermal related 

degradation, etc., will be discussed later in chapter 4. 

2.3. Cable conductor metals 

For cable uses, the conductor should not only maintain a high electrical and thermal conductivity, high 

melting point, good wear and abrasion resistance, low cost, but also be required possessing the following 

virtues. Coefficient of temperature resistance needs to be low in order to avoid the variation in voltage drop 

and power losses with the varying temperatures, as the voltage drop and power loss increase as a result of 



   

11 

 

larger resistance of conductor during joule heat effect if conductor holds a large coefficient value; 

furthermore satisfactory solder-ability and workability of conductors are also required as they always need 

to be jointed/connected together and meanwhile terminations/joints should offer a minimum contact 

resistance to guarantee a low power less as well as the safety and reliability of cable connection; moreover 

cable conductor ought to preserve a high corrosion resistance to avoid corrosion-related degradation 

behavior by cause of environmental impacts; likewise, an adequate mechanical strength is required to cope 

with repeated vibration, mechanical load or other thermal stress during its service life; besides, reasonable 

flexibility and ductility of conductors are demanded to enable themselves to be drawn into different shapes 

and sizes as well as ease the installation process. As electrical conductive metal, copper is commercially 

most acceptable in the applications of low/high voltage power cables, flexible cabling, wiring of 

transformers/motors/alternators, cables uses for busbars, underground cables, etc. Attributing to the 

lightweight and cheap price, aluminum conductor is widely used in overhead transmission line, domestic 

wiring, busbars, and underground cables, etc. Main benefits of these two cable conductor materials will be 

established and comparisons would be made regarding the characteristics of those two conductors.  

2.3.1 Copper conductor and its advantages  

As a low resistivity metallic material and the highest conductivity in non-precious metal , copper is the 

most widely used conductor for electrical purposes while wire and cable products make up the bulk of this 

market. Pure copper microstructure consists of a homogeneous phase and crystallizes in a FCC (Face 

centered cubic) lattice with a high melting temperature 1083 0C and a solid density of 8.93 g/cm3 at 20 oC. 

The alloying and thermomechanical history would affect its physical properties, for instance the density of 

copper would initially decrease with increasing degrees of cold work as a result of the generation of 

vacancies and dislocations and then increase to a value higher than that of recrystallized copper due to the 

presence of persistent subgrain boundaries. 

According to International Electrotechnical Commission(IEC), the standard conductivity of pure 

annealed copper was assigned by a volume conductivity of 100% of the International Annealed Copper 

Standard in 1913, i.e., 100%IACS, and the electrical properties of this high conductivity copper at 20 oC were 

standardized which is indicated in Table 4[19][20]. The conductivity of copper is affected by the presence of 

impurities, which might be able to increase the hardness, tensile strength, flex endurance and resistance to 

high temperature to some extent in the sacrifice of electrical conductivity.  Hence, it is a trade-off selective 

situation between high conductivity with relative lower mechanical properties and high mechanical 

behavior with relatively lower conductivity.  Figure 4 shows an approximated degree to which the 

electrical conductivity of copper is affected by the impurities or alloying elements and the approximation is 

made as the conductivity is also depending on the thermal and mechanical history of copper metal, the 

oxygen content and other inter-element effects. The influenced level from impurities or alloying elements is 

related to the solubility of these elements in copper as well as their atomic sizes and other factors. The less 

influence on the bulk of material from the elements, such as the insoluble impurities performing as discrete 

particles, the less effect these elements would bring.  

There are two main divisions of copper used for conductor purposes, ETP (electrolytic tough pitch 

copper) and OFHC (oxygen free high conductivity copper). These two have the similar compositions with Cu 

content almost in pure state (>99.9%), except that OFHC uses inert gas to protect the molten during casting 

process.  This inert gas protection adds to the manufacturing cost and only improves hydrogen 

embrittlement resistance above the operating temperature of cables. Therefore, normally it is ETP which is 
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used for automotive cable conductors and the high purity of Cu-ETP largely determines the high electrical 

and thermal conductivity of copper conductor. 

 Table 4 Properties of 100% IACS copper at 20 oC[20] 

Property Copper(Cu-ETP) Units 

Volume conductivity 58 MS/m 

Density 8890 Kg/m3 

Temperature 

coefficient of resistance 
0.00393 /K 

Volume resistivity 1.7241 mΩcm 

Mass conductivity 6524 Sm2/kg 

Mass resistivity 153.28 μΩkg/m2 

 

Figure 4 Effect of impurities or alloying elements on the conductivity of copper [20] 

The different mechanical or thermal treatment of copper conductor will bring different impacts on its 

properties. The cold working has the influences of increasing its tensile strength, proof strength and 

hardness but reducing its elongation while annealing is sometimes required to re-soften the metal and the 

annealing time/temperature depend on its previous treatment, its composition and other factors. The 

different levels of strength or other mechanical properties of copper conductors due to alloying elements 

or impurities as well as the heat treatment history enable them to work in different application areas. For 

instance, copper alloys like CuAg, CuMg, CuSn and CuNi, CuCr, CuMn, etc., can be found in different 

locations in an automotive cable harness[21]. In addition, annealed copper with a good ductility can 
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withstand severe bending without failure, which are used as low voltage power cables, flexible wires, even 

winding wires for electrical machines and transformers. The hard drawn copper conductor with a high 

mechanical strength is suitable for overhead transmission lines ,bus-bars,high voltage cables and 

underground cables, according to standards [22][23] . Generally speaking, the advantages to use copper as 

cable conductors can be reflected in the following aspects [24].  

 High conductivity: copper possess excellent electrical and thermal conductivity which can be used 

as power cable and carry a high current load. Due to its low resistivity, the voltage drop across the 

copper conductor is lower while comparing with other metallic conductor under the same 

cross-section and current, which has less energy losses and guarantees the voltage quality.  

 Low temperature heating: due to a high thermal conductivity, heat generated by joule effect can 

be easily dissipated to lessen the degradation issues for conductor per se as well as to ensure the 

safety of cables under operating environments.   

 Chemical stability: bare copper is rarely used and normally is coated by tin, silver, nickel, etc., in 

order to be less susceptible to oxidation and corrosion. A lot of mature coating methods are 

present, such as electroplating, hot dipping or cladding, for copper cables. The antioxidant and 

corrosion resistant behaviours enable cable connector to be stable and avoid accidents caused by 

oxidation as well.  

 Strength: the high tensile strength of copper conductor makes it substantially strong to sustain 

and withstand mechanical loads and ensure much tension, at room temperature or even elevated 

temperature environment, which brings some benefits and conveniences for installation process. 

 Flexible and anti-fatigue: The excellent resistance to repeat bending and vibration can make 

copper cable to retain a long flex life with the cycle numbers up to 3×108. Copper conductor can be 

bent, twisted, tightened and pulled without fracture or breaking as well as withstand a high stress 

level for a long duration when subjected to repeated loading and unloading stresses, representing 

high fatigue strength with a value of 62 MPa for annealed copper and 115 MPa for half hard 

copper.  

 Short-circuit endurance: Attributing to its mechanical properties, copper cables can resist 

softening and retain its mechanical behaviour in a sufficiently good condition, such as yield 

strength, creep resistance, etc., in short-circuit circumstances where the temperature rises rapidly.  

 Resistance to mechanical creep: A creep rate of 0.022% per 1000hours under a stress of 26 Nmm2 

might be exhibited when the temperature is above normal operation condition (>150 °C). The 

creep might occur at cable termination with previous squeezing force, resulting in increased 

contact resistance, oxidation, arcing, intensive localized heating or overheating (hot spots) . Hence, 

copper’s resistance to this mechanical plastic deformation can maintain the connectivity at cable 

termination while ensuring the safe and reliability.   

 Safety and reliability: copper conductor won’t undergo the extreme expansion and contraction 

cycles as copper has a relative low coefficient of thermal expansion, which reduces the risks of 

destructive stresses in terminating joints.  

In addition to such benefits, copper conductor is also very easy to alloy in order to enhance 

mechanical properties, be joined easily by soldering or brazing, and recyclable. By virtues of excellent 

electrical and thermal conductivity coupled with intrinsic strength, good ductility, machinability and 
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durability as well as good resistance to oxidation, corrosion, creep and fatigue, copper conductor remains 

the preferred electrical conductor , such as in the high/medium and low voltage power networks, including 

power generation and distribution, automotive cabling, data processing, electrical machinery, 

telecommunications, entertainment apparatus, or other electrical equipments.   

2.3.2 Aluminum conductor and its advantages 

2.3.2.1 Aluminium and aluminium alloys in brief  

As a light, durable and functional metal, aluminium has been one of the key engineering materials and 

widely used non-ferrous metal due to its attractive qualities since aluminium has been widely known in the 

passing 200 years. Aluminium, the name was firstly given by Humphry Davy in 1808, was considered as an 

elite material at first and valued higher than gold, silver and copper, which was only used to make precious 

jewellery and art works at that time. Nowadays, aluminium has found wide uses, like in the transport 

industry, automotive industry, construction industry, and electrical machinery industry, buildings, packing 

and decorative purposes, etc., attributing to its unique combination of properties [25], such as the high 

strength-to-weight ratio, corrosion resistance, and high electrical and thermal conductivity, toughness, 

reflectivity, nontoxic and recyclability[26].  

The first time aluminium found its place in automobiles was back 1899 while Karl Benz presented the 

first sports car with an aluminium frame [27]. A new lightweight 13-HP strong engine of airplane adopted 

aluminium in 1903 and Hugo Junker, a famous German aircraft designer, also explored aluminium’s 

application in fuselage in 1917. Aluminium uses in public transport was firstly for Parisian buses in 1910 and 

an American railway company Union Pacific made the first fully aluminium manufactured M-10000 train in 

1934. While the first Land Rover, launched in 1948, had a completely aluminium body to reduce weight, the 

first tank trucks were also commencing with aluminium alloys in 1950s. Aluminium made engine was even 

applied in auto-racing which achieved excellent results in 1962, and the first high-speed railway of the world 

in Japan was also taking advantages of aluminium two years later. Boeing 747, firstly introduced in 1970 as 

the world’s first wide body passenger aircraft, requires over 66 tons of aluminium. Alusuissem a Swiss 

industrial group, presented an aluminium truck in 1976 with aluminium in nearly all components of truck, 

including the chassis, and nowadays all trucks’ chassis are made fully of aluminium. The first passenger 

vehicle with fully aluminium chassis was Audi A8 launched in 1994. Even international space station 

adopted aluminium alloys in 1998. Tesla model S, designed in 2003 and launched 9 years later, had many 

aluminium components such as body, battery shields and may others. The first SUV with a fully aluminium 

body was Land Rover’s SUV Range Rover, unveiled in 2012, which allowed the company to cut a weight of 

420kg.  

Metals are used rarely in their pure state, and the alloying elements, including iron, silicon, copper, 

magnesium, manganese and zinc, etc., are aiming to enhance some significant different properties, even 

though the alloy elements might degrade certain properties of pure metal such as corrosion resistance or 

electrical conductivity. Aluminium alloys are categorized into wrought alloys and cast alloys, while wrought 

alloys are worked to shapes (such as sheet product, foil, plate; extrusion products tubes or rods; or forming 

complex shapes by rolled or extruded, or forging) and the latter is using casting to determine the shapes. 

Generally aluminium alloys are assigned a four-digit number for wrought alloys, where the first digit is 

identifying a series and being characterized by the main alloying elements, as indicated in Table 5. A prefix is 

also used to designate the standard AA of the Aluminium Association or EN AW for European standard. The 

alloys of these eight series can have a varying mechanical, physical and corrosion properties, and 
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consequently varying behaviours during service, surface treatments, welding, workability, forming, etc.  

Through different treatment processing (temper processing), aluminium alloys can obtain different 

properties. Heat treatable alloys and non-heat-treatable alloys are differentiated in this respect. For heat 

treatable alloys, they are strengthened through thermal treatment while the alloy elements can be 

homogeneously distributed. The microstructure and consequently the properties are dependent on the 

treatment processes, such as temperature or treatment duration. Those alloy series, 2xxx, 6xxx and 7xxx are 

falling to this category which can be precipitation or age hardened. Non-heat treated alloys are 

strengthened through cold working during rolling or forging processes or post-production work harden 

operations such as strain hardening with intermediate or probably final annealing. Strain hardening is 

achieved through mechanical deformation of metals at ambient temperature, where the resistance of metal 

to further deformation and its strength would increase. This non-heat treated alloys belong to 1xxx, 3xxx, 

4xxx and 5xxx series. Dislocations and vacancies would be built in the structure during cold working which 

then inhibits the movement of atoms relative to each other and hence increases the strength of aluminium 

alloys. The augmenting effects vary with the alloying elements and the contents of these elements, and like 

magnesium, it could intensify this effect which can significantly increase mechanical strength.  

Table 5 Aluminum alloys series, main properties and applications, 

Series 

No. 

Primary 

Alloying 

elements 

Heat treatment Properties Applications 

1xxx None Non-heat-treatable 

Higher purity, excellent corrosion 

resistance, excellent workability, 

high thermal and electrical 

conductivity. 

Commonly used for transmission, 

power grid, lines, such as 1350; 

2xxx Copper heat-treatable 

Good combination of high 

strength and toughness, no 

atmospheric corrosion resistance 

Aircraft alloy after cladding with 

6xxx series or painting to resist 

corrosion. Such as 2024; 

3xxx Manganese Non-heat-treatable 
Moderate strength and good 

workability. 

Heat exchangers, cook utensils, 

beverage cans. Such as 3004; 

4xxx Silicon Non-heat-treatable Lower melting point, Welding wires, brazing alloys; 

5xxx Magnesium Non-heat-treatable 

Moderate to high strength, good 

weldability, corrosion resistance 

in marine environment. 

Building and construction (5005), 

storage tanks, pressure vessels 

and marine application (5083), 

beverage can lid (5182), in 

electronics (5052); 

6 xxx 
Magnesium 

and silicon 
heat-treatable 

Heat treatable, highly formable 

and weld able, high strength and 

excellent corrosion resistance. 

Architectural and structural 

applications; wiring for busbars 

(6101);  truck and marine 

frames (6061); 

7 xxx Zinc heat-treatable High strength alloy 
Aircraft industry (eg. 7050 and 

7075); 

8 xxx 

other than 

the other 

series 

Depending on alloying elements; 

e.g.8006(Al-Fe-Mg):Combination of strength and 

ductility at room temperature and elevated 

temperature 

8001(Al-Ni-Fe): high corrosion resistance even at 

elevated temperature and pressure, AL-Ca-Zn: 

superplastic properties; 

Al-Li alloys used for aerospace 

applications (Al-Li); foil(Al-1%Fe); 

Power generation(8001); 

domestic wiring (8177); bearing 

alloys in cars and trucks (8280, 

8081) 
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Density of aluminium alloys doesn’t vary significantly by different alloying elements with a value 

around 2700 kg/m3. 5XXX and 6XXX series alloys are the lightest among all aluminium alloys due to the 

lightest primary alloying element magnesium. Handbook of aluminium and aluminium alloys [26] can obtain 

all the density values or the other property information for various series of aluminium alloys. Melting point 

as well as thermal and electrical conductivity can be affected by alloys. The purer grade of aluminium alloy 

has higher conductivity values, which can up to 234 W/m∙K for thermal conductivity and 62% IACS for 

electrical conductivity. The coefficient of thermal expansion is a function of temperature, being slightly 

higher at greater temperatures. A commonly used number for this range is 13 × 10−6/◦F(23 × 10−6/◦C).  At 

room temperature, this compares to 18 for copper, 15 for magnesium, 9.6 for stainless steel, and 6.5 × 

10−6/◦F for carbon steel.  

Mechanical properties are not only a function of alloy and heat treatment, but also relate to product 

form. According to aluminium design manual or relevant handbook, the special requirement for strengths 

of aluminium and aluminium alloys with respect to aluminium products are standardized. Aluminium alloys 

and heat treatment history have their own characteristic yield strength. Similarly, the resistance to elastic 

deformation, the stiffness or Young’s modulus, varies also slightly by alloy, with the range from 69 MPa (for 

pure state) to 72 MPa. The resistance to extension of a crack, i.e., fracture toughness, of 2xxx and 7xxx 

alloys series exhibits poorer than other five alloy series other than 8xxx. Ductility is the ability of metal to 

absorb plastic strain before getting fracture, represented by the elongation. The greater value of elongation 

means a greater ductility of aluminium metal and this value is dependent on the heat treatment history of 

aluminium alloys. Fatigue strength is also affected by the alloys and temper, which is an important property 

to determine the service life of aluminium product with respect to the loaded stress ranges. The cycles of 

load and the geometry of product as well as environmental conditions can strongly affect its fatigue 

strength as well. Among aluminium alloy series, the corrosion resistant alloys such as 5xxx and 6xxx series 

are able to suffer less degradation in corrosive environment than less corrosion-resistant alloys like 2xxx and 

7xxx series.  

2.3.2.2 Electrical aluminium conductor  

As mentioned in 1.3.1, Cu-ETP in high purified state has been the most common used conductor for 

busbar, winding wire or automotive cable, etc., as a result of its high thermal and electrical conductivity 

combined with other acceptable characteristics. However, copper is relatively heavy and expensive 

compared to aluminium, which makes aluminium to become a frequently used cable conductor in some 

application areas. The advantages of aluminium conductor over copper is a high ratio of strength and light 

weight as well as the cheap and stable price coupled with its excellent electrical conductivity. Some 

European standards like EN1715 and EN 573 have demonstrated the specific requirements and chemical 

composition for aluminium and aluminium alloys in electrical applications [28][29]. As also shown in table 5 

and Table 6, aluminium alloy series 1xxx (including EN AW-11100 (Al99.1), EN AW-1350 (Al99.5), EN 

AW-1370 (Al99.7)) ,6xxx (EN AW-6101 (AlMgSi), EN AW-6201(Al Mg0.7Si)) and 8xxx(EN AW-8030(AlFeCu), 

EN AW-8176 (AlFeSi)) can work as electrical cable conductors for electrical purposes,  while 8xxx series 

aluminium alloy conductors are able to work exceeding 40 years according to National Electrical Code (NEC). 

The main aluminium alloys for electrical application as well as its basic mechanical and electrical properties 

compared with bare copper conductor are also demonstrated in Table 6.  

Nowadays, aluminium electrical cable is an increasing popular choice for both utilities and builders and 

the market has grown 20% over the past decade. Nonetheless, the first aluminium cables appeared in 1880 

in Chicago for power utility purposes, as a substitute of copper cables because all the outdoor copper cables 
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were found to have a serious corrosive deteriorating by locomotive smoke, which turned out to be much 

durable. Then the use of aluminium cables for power utility has grew rapidly after World War II and 

afterwards it has increasingly replaced copper as the preferred electrical conductor for utility grids , 

electricity transmission and distribution uses owing to its significant cost and weight benefits over copper 

conductor[27]. Nowadays 13% of the total volume of aluminium produced today has been used in the energy 

sector. 

Table 6 Properties of aluminium and aluminium alloy for electrical conductor uses (at 20 0C) 

Designation
① 

Tensile 
strength /MPa 

Typical yield 
strength 

/MPa 

Min Vol 
conductivity 

%IACS 

mass 
conductivity 

% IACS 

Relative 
weight 

Temper 

Max Min 

1350-H19 206 170 165.5 61 

201 100 

Hard 

1350-H16 or 
H26 

151.7 117.2 110.3 61 3/4 Hard 

1350-H14 or 
H24 

151.7 103.4 96.5 61 1/2 Hard 

1350-H12 or 
H22 

117.2 82.7 82.7 61 1/4 Hard 

1350-O 96.5 58.6 27.6 61.8 Fully 
annealed 

6201-T81  317.2  52.5 174 116 Hard 

8017-H212 103.4 144.8  61 187 108 Intermediate 

8030-H221 103.4 151.7  61 201 100 Intermediate 

8176-H24 103.4 137.9  61 201 100 Intermediate 

8177-H221 103.4 151.7  61 201 100 Intermediate 

Copper (HD)   96 96 209 Hard 
①Alloy suffix O represents annealed treatment and suffix H is strain hardening treatment while the followed 
numbers represent various treatment processes and conditions. 

The larger diameter transmission line made of aluminium with a steel reinforcement, i.e. ACSR, is the 

main type of aluminium conductors for power lines uses while high purity containing 99.45% EC grade of 

aluminium is achieved, and the common structure is indicated in Figure 5. The use of a high-strength 

galvanized or aluminized steel core around by aluminium stranded cables is to enhance the strength of 

cable and allow for the maintaining of initial shape under heating or other loads. Nevertheless, the 

dissimilar metals would lead to thermal sag as a result of heat expanding of steel core. Then this problem 

can be eased by an aluminium conductor composite core instead of steel, called ACCC, while the expansion 

factor of a carbon core is 10 times less than that of a steel one. Compared with ACSR, ACCC is significantly 

lighter and stronger because 28% more aluminium stranded cables would be used without increasing the 

diameter and total weight while additional aluminium conductor allows to a reduction of power losses in 

the line by 25-40%. However, the cost of ACCC is 2.5-3 times than ACSR cable and it needs special 

connections and a larger minimum bend radius requiring the extra care during installation. Another form of 

stranded composite conductor is ACAR (aluminium conductor alloy reinforced), consisting of stranded cable 

conductor of aluminium 1350 and the high strength of 6201 AlMgSi alloy as the reinforced core.  The 

number of aluminium 1350 conductor depends on the cable design and in some cable constructions the 

core cable of AlMgSi alloy can be distributed in layers throughout the 1350 aluminium strands.  ACAR is 

extensively used in overheat transmission and distribution lines attributing to its better mechanical and 

electrical properties than ACSR. Other than such composite conductors, the all-aluminium conductor (AAC) 

or all-aluminium alloy conductor (AAAC) are also available which have a better resistance to corrosion.  
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AAC is taking advantages of the hard dewan 1350 aluminium alloy while AAAC is mainly made of the high 

strength 6101 or 6201 aluminium alloy (AlMgSi) . The features of these aluminium conductors as well as the 

composite type conductors are demonstrated in Table 7. Besides the main aluminium conductor in Table 7, 

the composite aluminium conductors also contain AACSR (aluminium alloy conductor steel reinforced), 

ACSR/AS ( aluminium conductor aluminium clad steel reinforced) , ACSS(aluminium conductor steel 

supported), ACSS/AS (aluminium conductors-aluminium clad steel supported), and so on in order to comply 

with specific requirements under different operating conditions [30][31] .  

 
Figure 5 The structure of ACSR-Aluminum conductor steel reinforced [30] 

Table 7 Main aluminum conductors for overhead uses [30] 

Aluminium conductors Features 

Non-composite 
conductor 

AAC 

 1350 aluminum series ① 
 high current carrying capacity 
 excellent resistance to corrosion 
 Ideal for use in coastal area 
 suitable for low & medium voltage lines in urban area 

AAAC 

 6201 or 6102-T81 aluminum alloy series (AlMgSi) 
 high strength to weight ratio 
 better sag characteristics 
 improved electrical properties 
 excellent resistance to corrosion 
 Suitable in power distribution and medium&high 

voltage transmission lines 

Composite 
conductor 

ACAR 

 6201 aluminium alloy series as core + 1350 series① 
 improved strength to weight ratio 
 better mechanical properties 
 improved electrical characteristics 
 excellent resistance to corrosion 

ACCC 

 carbon core + 1350 aluminium alloy series ① 
 highly energy efficient and Cool 
 excellent strength to weight ratio 
 excellent sag characteristics 
 high current carrying capacity 
 low wind and ice loading parameters 

ACSR 

 steel core+1350 aluminum alloy series① 
 high tensile strength 
 better sag properties 
 economic design 
 best suited for transmission lines with long spans 

①For 1350 series, H19 temper is assumed while 6201or 6101 alloy, T81 is assumed. 
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The use of aluminium cables in building wiring began in 1960s due to a shortage of copper and a 

housing booming after World War II. The urgent need for a new residential building wiring material arouse 

which was filled by aluminium with the same grade as used in transmission lines, i.e. AA-1350 aluminium 

alloy due to its low cost and availability at that period. At the same time, the increasing costs for some other 

materials made such switching causing some problematic issues for AA-1350 aluminium alloy [32][33]. First of 

all, it was known that aluminium cable ought to have larger wire gauge than copper in order to obtain the 

same current carrying capability. Connection problem would generate heat under electrical load and result 

in overheated connections while termination only involved wrapping cable conductors around steel 

terminals by employing dissimilar metals. The accompanying problems also include oxidation on aluminium 

conductor surface and different thermal expansion due to the coupling of dissimilar metals. The tendency 

to cold-flow under pressure of aluminium conductor also will lead to the loosening of terminals over time. 

The insulting layer of aluminium conductor augmented overheated issues and challenged the reliability and 

safety of connection. Until 1972, such problems were relieved when a new AA-8000 aluminium alloy was 

introduced especially for building cables uses. Nonetheless, aluminium cable for residential purpose still has 

a poor reputation and aluminium conductor is much more suitable for bulk power distribution where heavy 

current loads are needed while aluminium conductor must be installed with compatible connectors.  

During 1980s, the electrical industry began to refer 8000 series as electrical grade aluminium alloy 

conductors, which can maintain a service life exceeding 40 years. The stranding or sizing of aluminium 

conductor is based on the load and applicable rules in National Electrical Code(NEC). 

In addition, CCA (copper clad aluminium) has also been a conductor choice for building cables and 

wires , while a thin layer of pure copper is bonded onto an aluminium core. CCA consisting of only 10-15% 

copper by volume is 63% lighter than solid copper and a less size increment than all aluminium conductors. 

Since the vast majority of connectors and terminations for indoor cables are copper based, CCA would not 

have the galvanic corrosion problem which be a big issue for aluminium conductor. It is said that the copper 

layer on CCA is able to prevent the cold flow issue for aluminium conductor and then the safety and 

electrical performance can be ensured. However, a poor flexibility limits its applications and need some 

special care during installation.  

2.3.2.3 Primary benefits of aluminium conductor 

The price and weight factors make aluminium conductor material to be an attractive conductor metal. 

There are also other advantages that are summarized as follows.   

 Light weight: aluminium is the lightest of all ordinary metals with a specific mass of 2700 kg/m3. 

As indicated in Table 6 , the relative conductor weight of aluminium required for equal electrical 

conductance is two times less than that of copper conductor.  The weight reduction of weight 

also brings some positive consequences to environmental concerns and economics such as the 

reduction of fuel consumption and CO2 emission. The installation operation and logistic processing 

will also benefit from the lightness of cable conductor.  

 Good electrical: Pure aluminium is about 65% IACS. Due to low level impurities, aluminium 

conductors, as shown in Table 6, have slightly less values. Although, compared with copper 

conductor, the conductivity of aluminium in relation to the same weight is about two times larger.  

 Excellent ductility and workability: Aluminium is ductile and has a low melting points, which is 

suitable for a number of processing approaches and allows for different customary processes like 

forming, bending, stamping and machining. Moreover, aluminium and its alloys allow a huge 
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variety of surface treatments to the intrinsic properties.   

 Corrosion resistance: the inherent corrosion resistance of aluminium is attributing to the thin, 

tough and oxide layer formed on the surface of conductor. Instances where corrosion would occur 

are normally traceable to connection joints between dissimilar metals when exposed to moisture 

conditions. Hence, protective approaches should be adopted for this targeting point.  

 Compatibility with insulation and recyclability: unlike copper conductor, aluminium conductor 

has no effect on rubber or rubber containing compounds as no stearates or soaps will be produce 

even oil substances are present. Most of the insulation materials do not adhere to aluminium and 

the removal is easily performed while aluminium conductor can still retain its intrinsic qualities 

after recycling treatment.   

 Stable price and plenty resources: aluminium is still available in plentiful supply while copper has 

already been in the resource limited stage. Consequently, price of aluminium is constantly much 

more stable and cheaper compared with copper.  

2.3.3 Main characteristics comparison of aluminum and copper conductors 

As both aluminium and copper conductors have their own benefits, comparative characteristics 

evaluations for these two conductors need to be carried out before exploring the applications of aluminium 

conductor in automobiles. As displayed in Table 8, the physical properties as well as basic electrical and 

thermal behavior of those two conductors are examined and compared. The physical properties of 

conductor can reflect atomic or sub-atomic scale behaviors of conductive metals and such microstructural 

features will determine mechanical properties. Therefore, thermal expansion, creep, mechanical strength 

and stiffness of those two conductors are studied further. As properties will vary with the alloying elements 

and thermal-mechanical treatment of metal conductor, information in Table 8 was mainly obtained from 

Cu-ETP and high conductivity aluminum alloy i.e. hard drawn 1350 series and half hard drawn 8000 series.  

The amount of current that metal conductor carries is valued through electrical resistance or electrical 

conductance of the conductor metal, which can be calculated by resistivity or conductivity as well length 

and CSA of the metal conductor indicated by the resistance formula       , where   represents 

conductor resistivity while   and   are length and area of conductor respectively. As copper possesses a 

greater current carrying capacity with a lower resistivity value (or a greater conductivity), aluminium cable 

ought to have a larger cross-section area to carry the same amount of current. Although copper conductor 

exhibits 1.5 times as conductive as aluminium one, the weight of aluminium conductor is still one half of 

bare copper conductor when carrying the same conductivity as a result of 3 times dense of copper 

conductor. One drawback of the increased diameter of aluminium conductor is definitely the raised volume 

and weight of applied insulation materials and armoring, etc., which needs to be taken into considerations 

in terms of weight calculations and comparisons for the whole cable assembly. Under a preliminary 

approximation, the density of insulation material, such as PVC with a value of 1.38 g/cm3, is much smaller 

than that of conductor metals, and then the increased weight owing to a larger cable insulation layer should 

be not too much. This will be calculated and compared with respect to different sizes of cables in Case study 

in Chapter 4 .  

Nonetheless, larger diameters of aluminium cables would definitely result in the need of larger sized 

cable accessories, such as cable ties, cable tape, cable straps, etc., as well as the need of different 

installation process for aluminium cables compared with copper ones. Due to construction differences that 
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would make aluminium cable to entail greater bending radii, aluminium cable would require a larger space 

to achieve the greater bending radii as well as to stall the cable assembly as a result of larger diameter of 

aluminium cable during installation as the limiting internal bending radii requirement for both two cables is 

similar with no less than 6-10 times of the respective overall diameter of cable. According to previous 

research [33] , the bending radii of aluminium cable is increased by around 58% and an average of 27% more 

space is required for aluminium cables installation. Therefore, concerns about the influences from 

aluminium cables on the present systems or components cannot be neglected when aluminium cables with 

greater size and bending radii are expected to replace the copper ones.   

Table 8 Physical properties of copper and aluminum conductor [19][34][35] 

Characteristic Copper (Cu-ETP) 
Aluminium 1350 

(hard drawn) 
Aluminium 8000 

(half hard) 
Weight for same conductivity 

(comparative) 
100 54 

Cross section for same conductivity 
(comparative) 

100 164 

Electrical resistivity (μΩcm) 1.72 2.83 

Mass density (g/cm3) 8.89 2.705 2.710 
Modulus of rigidity (Torsion) at 

20°C (Shear Modulus) (KN/mm2) 
44 (annealed) 

44-49 (half hard) 
a 28 

Elastic modulus (KN/mm2) 
118 (annealed) 

118-132 (half hard) 
a 70 

Tensile strength  (N/mm2) 
200-250 (Annealed) 
260-300 (half hard) 

169-200 
85-100 b 

103-145 

0.2% proof strength annealed (N/mm2) 
50-55 (annealed) 

170-200 (half hard) 
a 20-30 

Tensile strength for same conductivity  
(comparative) 

100 a 72 

Fatigue Strength (N/mm2) 
62 (annealed) 
115 (half hard) 

b 35 (annealed) 
50 (Half hard) 

Fatigue No of cycles 300 x106 50 x106 
Thermal conductivity at 20°C ( W/mK) 397 230 a 

Temperature coefficient of electrical 
resistance 

0.00393 (annealed, 100% IACS ) 
0.00381 (fully cold worked, 97% 

IACS) 
0.00429a 

Coefficient of expansion(/°C) 
(20-200°C ) 

17.3 x 10-6 
a 23 x 10-6 

(alumina 7.6 x 10-6) 
Temperature for creep of 0.22%/1000h 

under typical termination stress 
150 °C a 20°C 

Specific heat(J/kg.K) at 20°C 
386 (at 20°C) 

393 (at 100°C) 
a 900 

Thermal conductivity (Wcm/cm2K) 
3.94 (at 20°C) 

3.85 (at 100°C) 
a 2.05 

Thermal diffusivity (mm2/s) at 300K 117 98.8 
Corrosion (Zero potential at 20°C) +0.34V -1.67V 

Surface oxide film 
Cu2O (conductivity 10s/cm) 

copper sulfate conductance) 
Al2O3 

(conductivity 10-7 s/cm) 
Conductor price (May,2016) USD/Kg 4.98 1.67 

 
a Approximated value for high conductivity hard drawn aluminum or pure aluminum 
b Values for annealed conductor 

In terms of mechanical properties of those two conductor metals, stress-strain relation based on 

Hooke’s law is expressed by     , while   is the slope of stress-strain curve in the elastic deformation 
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zone and called elastic modulus which can evaluate stiffness behavior. Similarly, shear stress produces 

strains according       and   is called shear modulus. In elastic deformation area, the metal can return 

to its previous dimension without permanent deformation after unload. The more stiffness of a cable 

conductor, the higher load it can withstand without necking or fracture, and vice versa. Accordingly, the less 

stiffness conductor ought to require more attention during installation. The smaller diameter the cable has 

the smaller bending radii it demands and less stiffness it entails and therefore smaller-sized cable 

conductors need more cautions. Not only being determined by the diameter of cables, the stiffness of 

conductor is affected by its flexibility class and higher flexibility class requires smaller bending radii. Due to 

those factors, as indicated in Table 8, aluminum cable conductor, which is less stiffness than copper one 

according to the values of Elastic Modulus, need more cautions during installation. Moreover, it is much 

easier to produce unpleasant kinks in the aluminium cables if the minimum bending radii are exceeded, and 

meanwhile the unmovable kinks will remain as potential weakness or hot spots in aluminium conductor.   

As indicated in Table 8, the temperatures for the occurrence of equivalent creep rate with respect to 

aluminum conductor and cable conductor are 200C and 150 0C respectively. It is seen that the temperature 

for a creep rate at 0.022% of copper conductor is much higher than that of aluminum, which is prone to 

creep at room temperature or at normal operating temperature condition. Creep implies an irreversible 

deformation in conductor which tends to significantly affect conductor termination and subsequently 

decrease its contact pressure that leading to potential overheats issues. Similarly, cold flow of conductor 

due to applied contact pressure during implementing mechanical termination will also be accompanied 

with permanent deformation. A more pronounced cold flow of aluminium coupled with creep behavior are 

challenging termination for aluminium conductor. Taking cable in building uses for example, simple 

connection and termination method such as bolted or clamped termination is enough for copper conductor 

attributing to its lower degree to creep and cold flow. However, special arrangements for connection and 

terminal in aluminium cable conductors are required to ease damaging impacts from creep and cold flow of 

aluminium conductors. Therefore, aluminium cable ought to have its own standards or regulations to guide 

the uses of connections and terminating techniques as well as the torque settings.   

With respect to mechanical properties of those two conductor metals, Table 8 indicates that copper 

conductor is able to withstand around 3 to 6 times higher proof stress than aluminium while the proof 

stress is the stress value demanded to obtain a permanent 0.2% plastic deformation of the conductor 

before losing its the resiliency. This demonstrates that copper conductor accompanying with a higher tensile 

stress, which represents the start of neck formation and then will arrive its fracture point under further 

loading, has less risks of necking or breaking during installation or other processes whenever mechanical 

pulling might be employed. Therefore, while subjected to high pulling forces situation, aluminium cable is 

more prone to stretch or neck-down and afterwards a reduction of cross section area can result in a 

decreased current-carrying capacity of cable conductor as well as the generation of overheating issues. The 

pulling force condition puts much severe stresses on the multicore cables that consist of a few cables with 

small sizes and will be vulnerable to irreparable mechanical deterioration. Then this will also limit the 

applications of aluminium cable that has a small diameter or CSA.   

Regarding thermal behaviors of those two conductors, it can be seen from Table 8 that aluminium has 

a greater thermal expansion value which implies potential incompatible expansions between conductor and 

terminal. If the terminal metal for aluminium conductor is copper or brass which is normal applied terminal 

metals for copper conductor, or plate steel which also possesses a lower expansion coefficient value than 

aluminium, the connection problem will be highlighted again since the different expanding degrees from 
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two dissimilar metals tend to loosen the connection overtime. Even similar termination metal is employed 

for aluminium conductor; the connection issue might be still present if there is a high difference in thermal 

conductivity between conductor and terminal. The loosening of terminal will bring a significant increase in 

contact resistance and further result in overheating, arcing and potential fire risks which have been taking 

place in aluminium cables for building wires uses. For applications in building cables, one solution for the 

issues from dissimilar metals and incompatible thermal expansions is to apply bi-metallic copper/aluminium 

pin or lug terminations for aluminum cables. The terminal consists of aluminium metal and copper pin or 

tinned copper which are welded to the aluminium, which allows aluminium conductors to be connected 

with the aluminium socket on one side and the copper to have an excellent connection with the equipment 

terminals on the other side. But this solution would increase the size of terminals which need a larger 

termination chambers at equipment as well as raise the manufacturing cost of terminals.   

Thermal conductivity is ability to conduct thermal heat in conductor metal, resulting in smaller 

temperature gradient in materials and copper exhibits better thermal conductance capability that 

represents a better heat dissipation process and less hot-spot temperature rise at terminating joints under 

the same operating environment. Nevertheless, generated heat as a result of joule effect in the conductor 

will not only be conducted but also be stored in conductors while the specific heat evaluates the ability to 

absorb heat. Assuming joule heat expressed by        over certain time period   is equivalent for two 

conductors with same resistance value and same length, temperature rise due to heat storage for conductor 

is    
 

  
 where    is specific heat of conductor metal. By comparing temperature rises for those two 

conductors, aluminium conductor will display smaller temperature rise than copper one. Therefore, thermal 

diffusivity is used to indicate the ability to conduct thermal energy relative to ability to store thermal energy 

while copper conductor with higher thermal diffusivity favors thermal conductance and aluminium 

conductor tends to absorb the thermal energy.  

In terms of corrosion issue demonstrated in Table 8, a lower zero potential of aluminium conductor 

implies higher corrosion tendency while connecting with other metal with higher zero potential, and this is 

the occurrence of galvanic corrosion in two dissimilar metals. The most damaging effect of aluminium 

conductor is the formed insulating layer i.e. Al2O3 which will not only consume conductor metal, but also 

inhibit the current flow between terminal and conductor and probably cause severe hot-spots in the 

contact spots. One main characteristic of copper conductor is the fluctuating and constantly rising price 

while the cost of aluminium one is far lower that is about one third of the cost of copper conductor.  

2.3.4 Selections of cable conductor  

Based on comparisons in Table 8, characteristics of conductor metal play an important role in terms of 

service performances of cables and important considerations must be taken into account while selecting 

the conductor metal for specific electrical purposes, even though a high electrical conductivity of conductor 

is the prime prerequisite. Nonetheless, selection of basic conductor involves a lot of factors which are 

significant to ensure an acceptable and satisfactory operation of electrical cable. For instance the stable 

performance of cable conductor as well as the reliability of cable termination both in mechanically and 

electrically is also necessities. Besides, general considerations are required regarding its physical and 

mechanical properties, safety and reliability, availability and regulations, processing requirements for 

installation or future maintenance, as well as cost issues.   

In terms of choosing cable conductor, the conductor states such as sizes, solid or stranded, or the 
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number of strands, should be taken into account. Although both aluminium conductor and copper one have 

been used as electrical cable conductor applications, the switching from copper cable to aluminium cable 

will definitely bring some changes because of their differences in conductivity and flexibility level. According 

to substitution experiences in other application areas, aluminium conductor can only be found in some 

applications where flexibility requirements are minimal. This conductor form in stranded or in solid is 

closely associated with installation process and cost, considering that finer strands of cable costs more and 

entails more flexibility. In addition, not only current carrying capacity, allowable voltage drop and resistance 

that directly determine the size of conductor, but also physical and mechanical strength that will matter as 

cable conductor ought to be large enough to cope with mechanical forces encountered in installation and 

during operating condition. Besides, electricity transmission also needs to be facilitated in an efficient way 

to minimize energy loss and heat generated by joule effect should be dissipated while temperature cannot 

exceed the maximum allowable value for insulation materials.  

Mechanical properties such as hardness, elastic modulus, toughness (resistance to crack propagation), 

creep, tensile strength and fatigue life of conductor are directly connected with its termination, installation 

process as well as its service performance. As conductor size will influence mechanical properties of 

conductor, considerations also should be given to obtain acceptable mechanical actions while applying the 

cables with smaller sizes in some applications. Moreover, the requirement of minimum service life should 

be concerned since additional maintenance or processing treatment and a less fatigue life would add the 

overall cost.  

Due to effects form joule heat and environmental settings, concerns about thermal behaviors of 

conductor are relevant. To some extent, thermal operating environment will affect mechanical properties of 

conductors as well as behaviors of insulation materials. For example, heat diffusiveness of conductor will 

influence temperature gradient in the conductor which then affect the electrical conductivity and 

mechanical performance of conductor, but also have impacts on the operating temperature for insulation 

materials while a higher temperature would accelerate the aging of insulation materials and reduce its 

service life. The mechanical performances of insulation material are temperature dependence and the 

elongation, flexibility, stiffness, resistance to abrasion and chemical penetration of insulation materials will 

manifestly affect service performances of electrical cables. The primary purpose of insulation material is to 

provide protection for cable conductor and as a result working environmental zone or location of cables 

that have significance on abrasion issue should be assessed during selection of cable conductor materials. 

As aluminium cable possess a greater diameter and larger bending radii, the insulation protection for 

aluminum conductor needs more cautions in harsh working environment. 

Apart from considerations mentioned above, there are also other concerns related to cable 

connection/termination and environmental stability of cable that deserve awareness. The creep and cold 

flow phenomena as well as thermal expansion of aluminium conductor are challenging the use of terminals 

while alloy combinations that form intermetallic phases should be avoided due to the lack of long-term 

mechanical and chemical stability. Furthermore the availability of cable size is limiting the uses of cables as 

well while at present the minimum size of copper conductor is much smaller than that of aluminium 

conductor based on standards and regulations. Hence, when considering replacing copper cables by 

aluminium ones, it might be impossible to replace all the copper cables at the same time since some 

aluminium cables with small sizes may not be found in the market, which will arise attentions to the 

compatibility between the newly selected conductors and the old ones. A new conductor is employed 

which also put stresses on the recycling techniques as the recycling of aluminium and copper is not identical. 
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Regarding cost issues, some indirect expenses which are accompanied with installation, treatment or the 

use of different terminations should be evaluated as well; even the price for aluminium conductor is 

obviously cheaper and much stable than that for copper. 

In summary, besides the concerns about the size, weight and state of cable, its physical and mechanical 

properties, as well as the environmental stability of conductor, the following aspects that also need to value 

while selecting the conductor material, such as the reliability of connection,  the ease of accessory 

installation, the ease of repair or maintenance, compatibility with existing cables in automotive vehicles, 

potential cost,  regulations, environmental concern, and any other factor which will affect the 

performance of the overall cable assembly.   
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3. State of the art of automotive aluminium cables  

As indicated in previous section, automotive cables are expected to provide a high reliable and 

compact approach to connect all embedded systems in automobiles and enable the power distributions in 

an efficient way as well as have the ability to cope with or withstand all the impacts resulted by the 

operating settings. The insulation of cables is required to withstand high temperature, abrasion or chafing 

and severe circumstances where chemical substances might be exposed as well as to insulate the 

conductors from external operating circumstance. Termination plays its role in the reliable and safety 

connectivity and the guarantee of minimal energy loss due to the contact with cable conductor. The 

electrical conductors not only need to fulfill the power transmission function with less power losses and to 

entail appropriate mechanical properties to tolerate mechanical impacts while the demanded service life is 

guaranteed and the installation or other processes are facilitated, but also are required to be compatible 

with the terminals to ensure the stability of cable connection in electrically and mechanically. For 

automotive cable conductor, copper conductors (Cu-ETP )or copper alloy conductors such as CuAg, CuMg, 

CuSn and CuNi, CuCr, CuMn, have been found their uses in automotive cable harnesses, attributing to its 

excellent conductivity for electricity and heat, as well as satisfactory behaviors, mechanical properties and 

the highly developed matured market. However, partly due to automotive developing trends and other 

contributing factors as well as the successful precedent examples prevalently in other application areas, 

aluminium conductor is considered to be the potential substitution for copper conductors in automotive 

cables uses. The direct benefits to apply aluminium cables in automobiles instead of copper ones are very 

attractive, but the potential consequences no matter in positive or negative ought not to be ignored while 

the challenges are also required to be highlighted.  

Nevertheless, trends of higher voltage level or additional voltage level defined by evolution of hybrid 

vehicles as well as electrical vehicles are requiring sophisticated cable routes and putting external special 

requirements on automotive cable harness and cable connections [31]. Some controversial impacts on 

automotive cable harness are caused by automotive developing trends [3][4][5], which can be partly 

represented by the facts that increased amount of automotive cables need to be installed in compact 

structured vehicles and the needs of smaller-sized automotive cables also address some challenges for the 

applications of aluminium cables in automotive vehicles. 

3.1. Overview of aluminium cables in automotive applications 

Prior to the uses of all aluminium or aluminium alloy conductors in automotive cables application, 

some additional attempts related to weight reduction by means of light weighted aluminium metal have 

been tried. Bimetallic conductors, i.e. CCA (copper clad aluminium) or CCS (Copper clad steel) , were 

evaluated in the automotive cable harnesses applications[36]. However, even although CCA has the potential 

to combine high conductivity of copper with the light weight of aluminium, it still has a low conductivity and 

high galvanic corrosion potential. Around 1970s in USA copper clad aluminium battery cables to reduce the 

weight of automotive cable harness was produced by Delphi in USA which is also the very first attempt to 

explore aluminium cables in automotive industry. Afterwards solid core aluminium primary cables were 

produced in 1980s and installed in GM vehicles as primary and battery cables.  

The production of aluminium cables for automobiles in European market initiated in 2000, even 

although no International Standard was available to regulate the characteristics of aluminium cables for 

automotive uses. Meanwhile one non-ISO standard for aluminium cables was created, i.e. LV122-2 for 

automotive aluminium cables. Afterwards the international standard termed by ISO 6722-2 was issued in 
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2013 and accordingly aluminium size or CSA conversion based on equivalent current capacity was 

standardized while the accompanying impacts on termination systems for conventional copper cables are 

minimized. According to ISO 6722-2, CSA of aluminium cables in automotive applications are standardised 

in the range of 0.75-120mm2, including primary cables and battery cable sizes.  

 Since European started investigating the application of aluminium cables in automobiles, Japanese 

automakers were closely behind with a weight reduction expectation of around 40 pounds by converting 

copper cables into aluminium ones. The applications of aluminium cable as an alternative to copper one 

that has great sizes such as battery cables were evaluated [37]-[43] since weight saving potential is much 

obvious for large sized battery cable.  According to study [37], for a 6 m long PVC insulated battery cable 

with CSA 95mm2 while battery is located in rear in vehicles, CSA for aluminium cables would be 150 mm2 to 

offer the same electrical current which can, nonetheless, save 46.3% by weight even with 22.9% increases 

in total cable diameter. The present circumstance is that European and Japanese automakers have been 

further along on the aluminium conversion process and aluminium cables for power cable and aluminium 

battery cables have already been used in several vehicles, indicated in Figure 6 while large-sized cables here 

mainly represent aluminium cables with CSA greater than 25 mm2 in automotive applications.  

 

Figure 6 Aluminium cables in automotive applications 

The problems arouse by greater sizes of aluminium conductors were also addressed, which is related 

to flexibility, strength and fatigue life of aluminium stranded conductors. As a higher voltage power supply 

that is the developing trend for next generation automobiles requires downsized automotive cable 

conductors, the strength related issues accompanying by aluminium conductors and especially those with 

small CSA were demanded to be solved. Meanwhile, external requirements on automotive cables are 

exerted by a high voltage level in automobiles and special cares on cable selections are required to prevent 

some effects like arcing. According to Malte [44], aluminium cables are not recommended for high voltage 

system (such as 48V) until special demands have been taken to protect short circuit and ease vibration.  

Looking back the developing trends of aluminium cables in Airbus started from 30 years ago, 

aluminium cables have also explored the uses firstly for large-sized cables and then for the small-gauged 

signal cables [45][46]. Therefore, in automotive industry the exploration applications of aluminium cables with 
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small CSA, such as for signal transmission cables or in low power segment uses, were also investigated and 

evaluated in [38] [39][40][41]as the small sized cables are also accounting for a significant part of cable harness 

weight, indicating a considerable weight saving potential. The challenges coupled with the applications of 

smaller sized aluminium cables were stated and will be discussed further in Section 3.2. Consequently, 

those previous studies recommended that aluminium cables with CSA range 0.5-15mm2 might be able to 

substitute the corresponding copper ones, except the engine compartment where high vibration was 

present. Apart from the applications for primary cables or battery cables, pipe shielded cables for 

high-voltage uses have been developed by SEI since 2005[42] which were installed in the CIVIC HYBRID 

released in 2005, INSIGHT in 2009 and other vehicles of Honda Motor Co., Ltd. After developing three new 

technologies, i.e. alloying, cold work and improved terminating techniques, SEI successfully installed 

aluminium cables with small size (even 2.5mm2) in Toyota RactiToyota Yaris, Verso-S and Pirus-C,etc, on a 

mass production basis[45][47].    

 In summary, the current application of aluminium cables with large CSA such as battery cables has 

been accepted and widely used while adopting improved termination techniques, although some 

challenges are still present. It is estimated that the future automotive cable harness continues preferring to 

install aluminium battery cables with CSA over 15mm2, and might explore to those with smaller CSA 

especially for signal cables, while cables in the mid-sizes 2.2mm2-8mm2 or 15mm2 are also recommended 

for future automobiles. It is strived to replace copper cables by aluminium ones due to the substantial 

weight benefits as mentioned earlier. However, the resulting challenges and problems also ought to be 

addressed and highlighted. 

3.2. Difficulties and challenges for automotive aluminium cables 

The challenges are mainly accompanied with the minimization & light construction trends of 

automotive vehicles while smaller-gaged automotive cables are expected, as well as intrinsic properties of 

aluminium metal (as indicated in Table 8) which is required to ensure the safety, stable and reliable 

performances of automotive cable harness.    

It is forecasted that aluminium cables ought to be used as automotive cables even with small CSA or as 

the potential substitution for all on-board copper cables in the near future. Therefore, aluminium cables 

ought to comply with the prevalent downsizing trends in automotive industry. For the uses of copper cables, 

the downsizing has already been in the regular occurrence and the conductor with a size 4.8mm in 1979 

decreased to 1.0mm in 1998 and then further downsized to 0.5mm by 2006 [48]. Now the cables with CSA 

0.35mm2 are the leading applications in a large quantitative uses in automobiles. The smallest automotive 

cable is further estimated to be 0.22 mm2 or even might be lower to 0.13 mm2 in future which might be 

fulfilled by using ultra-thin wall insulation as well as conductor with smaller diameters. The limited packing 

space for automotive cable harness also desires automotive cables to entail small sizes to guarantee 

functions of all on-board electrical systems. Thereby, the sizes of aluminium cables should be controlled as 

small as possible if aluminium cables are expected to be an alternative to all-sized copper cables in future. 

In addition, smaller-gauged automotive cables are demanded for hybrid vehicles, electrical vehicles or other 

automobiles while high voltage is present.  

Then there is a need to develop aluminium conductors with small diameters, not only to allow the 

applications where small cables are needed, but also to promote the cable conversion thoroughly for future 

automobiles. In this regard, higher yield strength, longer fatigue life and the excellent stress relaxation 

resistance, etc., are prerequisites for aluminium conductors to be able to work in low current applications in 
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automobiles. The effective performances of aluminium cables need to be guaranteed even if 

ultra-insulation layers can be used to downsize the cables, since a high purified aluminium conductor is low 

in strength and inferior in fatigue resistance and current aluminium conductor is accordingly difficult to use 

for the conductors having CSA 1.5mm2 or less.  

Moreover, the difficulty with aluminium conductors is providing a reliable and stable means of 

termination and the problems coming from characteristics of aluminium conductor give rise to some 

potential troubles as demonstrated in Section 2.3 (Table 8) that represent possible high thermal expansion, 

corrosion potential, and the incompatibility with terminals, which is challenging the connectivity and 

reliability of termination for aluminium cables. The development of high voltage vehicles put additional 

pressure on the applications of aluminium cables as higher voltage level is requiring external demands on 

the termination. The challenges and difficulties of applying aluminium cables in automobiles are 

summarized as follows.   

 The greater resistivity of aluminium conductors demands larger diameter, leading to an increase in 

cable volume and packing space, and probably resulting in negative impacts on present termination 

system where sizes of automotive cables, terminating processes and relevant terminating 

parameters have been standardised. And if terminal makers applied different strategies, harness 

makers might not accept aluminium cables for harness systems.  

 The need of larger sizes for aluminium cables is controversial to the minimization trends for 

automobiles that claims low volume and high flexibility of automotive cables. A greater bending 

radii of aluminium cables and larger diameters of aluminium conductors challenge the installation of 

automotive aluminium cable harness.  

 Strength of aluminium conductors is inferior, especially for those with small sizes. Small gaged cables  

will also incur some mechanical issues, such as kinks during installation, or fracture crack during 

service, for the fact that reduced break strength and flex life will induce the cables to be prone to 

failures. Thereby aluminium conductor with CSA less than 0.75mm2 is not optimal solution for 

current automotive applications.    

 Cold flow or creep behaviour of aluminium conductor under the applied force by crimping or other 

terminating technique will lead to the reduction of contact pressure and eventually the formation of 

non-gastight contact interface which allows oxidation or corrosion to occur even if termination joint 

is in sealed. As a result, mechanical connection of aluminium conductor will be loosened, resulting 

in increased contact resistance that will in turn generate overheat and accelerate further cold flow 

or creep of aluminium conductor  

 While exposed to external atmosphere, the surface of metallic aluminium can be quickly oxidized to 

aluminium oxide which is an electrical insulating layer resulting in a dramatically increases in the 

contact resistance and a poor metal-to-metal contact. If conventional terminating technique was 

applied for aluminium conductors demonstrated in Figure 7, the oxidized layer would inhibit the 

current flow between strands, resulting in higher contact resistance and also the heating at the joint 

to an unacceptable extent. So that either each strand should be connected to terminal or the oxide 

layer ought to be cracked in the junction area in order to ensure an acceptable electrical contact.  

 As moisture can easily enter to the termination point, aluminium conductor, as a reactive metal in 

galvanic series, is susceptible to corrosion when aluminium comes into contact with a more stable 

material, such as the relatively noble metal copper. Galvanic corrosion is a typical issue for 
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aluminium conductor when dissimilar metals are in contact with each other in the presence of 

electrolyte. Such deterioration of aluminium can not only accelerate the depletion of conductor, but 

also affect the contact behaviour and promote the contact failure. 

 The use of dissimilar metals at the termination point is also not good at coping with thermal shock 

or high temperature condition which generates incompatible thermal expansions of conductor and 

terminal, since aluminium has a relatively high coefficient of expansion than common terminal 

metals such as copper metal. Incompatible mechanical/thermal behaviours between terminals and 

aluminium conductors deteriorate the connection and eventually cause a failure since dynamic 

loads or vibration can be existing over a long time period in automobiles.  

  
Figure 7 Conventional crimping comparasion for copper and aluminium conductor 

Accordingly, connectivity for aluminium conductors is the key challenge in terms of the applications of 

aluminium cables in automobiles. Additionally, intrinsic properties of aluminium conductor must be kept in 

mind while selecting appropriate terminals as well as terminating technique that should guarantee 

mechanical strength of termination joint to ensure integration both in electrically and mechanically. Pull out 

force and bending fatigue strength of cable termination shall be maintained by preventing the occurrence 

of corrosion and oxidization. Any process or terminating technique must be able to displace oxide layer over 

time and ensure the terminating area/contact area being void free and gas tight all the time , as well as to 

stabilize aluminium conductors at the termination joint and be able to against cold flow and repeated 

thermal shock. In additional, other issues might put some pressures on fabricating processes of aluminium 

cables, such as the impossible automated crimping or terminating for large volumes of aluminium cable 

harnesses, or on automakers since external labelling, extra installation processes might be required [49]. 

3.3.  Overview of technical developments  

3.3.1 Aluminium alloy conductors for automotive cables uses 

As pure aluminium is inferior in creep resistance, low in strength and fatigue strength, such 

characteristics will lead to an easier fracture, lower flex life, higher contact resistance and worsen behaviour 

of pure aluminium conductor in vibration settings, limiting the applications of aluminium cables in 

automobiles. For instance it is difficult to use aluminium conductor with small CSA (such as less than 

1.5mm2) in automobiles due to its inferior strength. In order to improve mechanical properties of 

aluminium conductor, some aluminium alloy conductors for automotive cables uses are invented. The 

common approaches to enhance mechanical behaviours of aluminium conductor while high conductivity 

needs to be guaranteed are through alloying elements in a small amount or improving heat-treatments 

during manufacturing processes.   

The main aim of adding alloying elements is to improve the strength, fatigue resistance ability, creep 

behaviour, etc., with relatively little sacrifice of conductivity, as indicated in Figure 8, so that aluminium 

cables even for those with small sizes could be suitable for the uses of automotive cables. Iron is able to 

improve the strength of conductor due to the fact that iron beyond the solubility limit can form some 

constituents at grain and boundaries and meanwhile some precipitates can be generated during heat 
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treatment. It is seen in Figure 8 that Iron content can be limited by setting the target conductivity value and 

tensile strength value. Koch [50] estimated that small-sized aluminium cables with CSA 0.75 mm2 could 

replace copper ones with CSA 0.5mm2 in low power segment uses if aluminium conductors can obtain a 

tensile strength of 110 MPa with conductivity at least 58% IACS. Based on [51][51][52], alloying element Cu can 

also be able to obtain a further improvement in the properties of strength, anti-creep and fatigue resistance. 

Table 9 represents some available technical methods to improve mechanical properties of aluminium 

conductors. In additional, the ductility of aluminium conductor and a good fatigue resistance can be 

advanced by alternative wire drowning process [53].    

 

 Figure 8 Relation between alloying content(s) and property [45] [47] 

In order to yield excellent behaviours in thermal conductivity, electrical conductivity, strength as well as 

workability, alloying or heat-treatment are applied or both two approaches are employed. Koch[50]  

manufactured iron based aluminium conductor AlFeMg which entails high flexibility and excellent 

mechanical properties with tensile strength around 130-145MPa coupled with high conductivity of 

61.1%IACS, allowing the uses of aluminium cables in finer gages. For non-iron based aluminium conductor, 

Showa Denko K.K [56] invented new Al-Mg-Si series alloy with IACS 55%-60% by introducing new 

heat-treatment while manufacturing method was kept the same as Koch[50]. Similarly, attempting to have 

aluminium cables with smaller sizes and explore the applications of aluminium cables other than just 

battery cables uses, Autonetworks technologies, Ltd., attempted to invent electrical aluminium cable with 

tensile strength greater than 240 Mpa and elongation at least 10% by improving heat-treatment condition 

for Al-Mg-Si based alloy[57] . As iron can also significantly enhance strength,  Jablonski M, et al., [54][55] 

alloyed iron to improve mechanical properties of aluminium conductors while conductivity is slightly 

affected. Autonetworks technologies Ltd, was also trying to improve its strength and bending resistance and 

other mechanical behaviors by enhancing the manufacturing process of aluminium conductors, and then 

aluminium conductors with a tensile strength higher than 110 Mpa, elongation of at least 15% and 

conductivity larger than 58% were designed [58][59] .In order to enable aluminium cables with smaller CSA 

(0.75mm2-2.5mm2) to work in automotive settings,  Sumitomo Electric Industries, Ltd., further enhanced 

the strength as well as the toughness of Al-Fe based series alloy conductor through softening treatment 

which was also performed to provide an excellent elongation, impact resistance and thereby reduce 

fracture failure. In particular, this invention not only related to aluminium alloy conductor having 

well-balanced characteristics in strength, toughness and electrical conductivity suitable for applications in 

automotive uses, but also eased the failures caused by stress relaxation in the vicinity of the terminals after 

aluminium cable harness is installed [46][47]. 
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Table 9 Property improvement approaches 

Technical Approaches Properties or applications 

Alloying 

elements 

 

Al-Fe-Mg [50] 

 Flexible, finer cable gage; 

 Good compromise between electrical and mechanical 

properties (High conductivity around 61.1%IACS); 

 Tensile strength: 130-145MPa and Elongation:8% 

 Applications: Aircraft industry, automotive cables, 

cable braids and screens; 

AlMgSi-0.5 Fe 

or AlSiFe; 

or Al0.45Fe[54][55] 

 High plasticity in tensile tests; 

 Increased mechanical properties coupled with high 

conductivity; 

 Improved thermal resistance; 

 Applications: AlSiFe in automotive cables;  Al0.45Fe 

was used as winding wire in electric motors and 

transformers; 

AlFeMg [46][47] 

 Advanced flexible behavior; 

 Small sizes around 0.75mm2-2.5mm2; 

 High conductivity around 60%IACS with improved 

tensile strength of 120MPa; 

 Substitution for copper cables in automobiles; 

AlFeCu [51][52] 

 Excellent in workability at conductor drawing; 

 Satisfactory behaviors in stranding property, bending 

resistance and heat resistance 

 High electrical conductivity and satisfactory tensile 

strength (with a value 110 Mpa or more) 

Cold 

work 

Batch annealing [46][47] 

 Annealing 350oC for 4hours and then slow cooling; 

 High conductivity value around         

 Well-balanced characteristics in strength, toughness 

and electrical conductivity; 

 Possible of fabricating small cable gages; 

Solution treatment, 

quenching, and aging 

heat treatment[57] 

 Improved tensile strength of 240 Mpa or more; 

 Elongation of at least 10%; 

 Electrical conductivity around 40% IACS; 

Quenching Al-Fe based 

alloy [58][59] 

 Tensile strength higher than 110 Mpa; 

 Elongation of at least 15%; 

 Electrical conductivity greater than 58%IACS, 

Around 2007-2008, the Furukawa Electric Co., Ltd., claimed to discover stranding solid conductors 

formed by Al-Fe-Cu series alloy , which was excellent in workability at wire drawing, stranding property, 

bending resistance, heat resistance as well as high electrical conductivity and satisfactory tensile strength 

(with a value 110 MPa or more) [51]. For Al-Fe based alloy, the addition of Fe is to improve the mechanical 

strength and tensile properties as well as creep resistance at high temperature and anti-fatigue 

performance, while 2014 Zemin[52] increased the content of Cu in order to obtain a further enhancement of 

strength, creep behavior anti-fatigue property, and the elements Ca to increase the electrical conductivity.  

As aluminium cable has a greater diameter and needs more packing space than copper one, Leoni 

discovered ultra-thin automotive cables for weight and space saving, which has been implemented in 
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aluminium cables with large sizes for power segment uses. Now Leoni is also trying to develop aluminum 

cables with smaller size such as having CSA ranges from 2.5-10mm2 for the mid and low power segments in 

automobiles [61].  

3.3.2 Terminating techniques for automotive aluminium cables 

The terminating technique is expected to guarantee effective metal-to-metal contact as well as to offer 

a safe, reliable and effective electrical contact between conductor and terminals by preventing oxidization, 

galvanic corrosion, or even deterioration due to mechanical and thermal impacts. As aluminium is 

vulnerable to oxidization and possess a high galvanic corrosion potential while dissimilar metal series are 

employed in the termination joint, conventional terminating technique for copper cables is not suitable for 

aluminium ones. Thereby solution is either to modify conventional crimp which enables the oxide layer to 

crack overtime by means of special conductive additives or arranges morphology of contact surface, or to 

adopt soldering/welding methods which can improve connection among conductor strands and terminal. 

Conventional crimping is probably still being employed after soldering/welding. Moreover, metallizing or 

coating with tin, copper, nickel, etc., might be a previous treatment before crimp in order to ease the 

galvanic corrosion of aluminium conductor and afterwards a protection arrangement on the termination 

joint, such as the use of shrinkable tube or sleeve, is for further anti-corrosion resistance.  

Regarding modifications for conventional crimp, ITO, Yuichi [62]used an improved crimping terminal in 

which one portion crimped to the conductor and other portion crimped to insulation were integrally 

formed, in order to prevent conductor from being exposed to humidity environment. However, the difficulty 

was to crimp the terminal onto insulation portion which might still enable the humidity environment to 

enter through a formed gap. Thereafter, Tadahisa S [63] applied a sealer to protect crimped portion and fully 

integrally connect two crimping portions.  Similarly to the practice of sealer application, some other 

approaches such as shrinkage tube or sleeve were adopted in order to prevent aluminium conductor in the 

connection part from being exposed to environment. Günther, et al [64]invented a new terminal made by 

copper where an aluminium sleeve was adopted, in order to connect aluminium conductors with copper or 

brass for the applications such as battery terminal or cable lug. The sleeve thereby was supposed to 

increase the connection point in radial and be able to weld with an appropriate fitting which could be 

regarded as an extension of aluminum cable at the termination point.  Recently, Hino [65] proposed to 

apply a new joint for aluminium conductors and promoted the use of tubular joint terminal where two 

separate cables could be injected into interior from each side of tubular and then a metallic bond process 

was made by mechanical pressure.  

Some approaches to prevent galvanic corrosion was designed by Japanese patents which concerned 

new design of connection structures while aluminium conductor was connected to a crimp terminal made 

by copper or other different metals[66]. Then one part of aluminium conductor stands which were 

uninsulated were inserted into a terminal and then molten solder was injected to the bottom of the 

terminal to caulk the aluminium conductor strands and pressure-bond with the terminal. Similarly, 

electrically conductive adhesive was also filled between the terminal and conductor strands , which was 

designed for the use in battery terminal or cable lug [38][67]. However, galvanic corrosion might still occur in 

the contact area or the soldered part if dissimilar metals were contacted. Other approach was the use of 

intermediate cap made by the same metals as terminal and enclosed by caulking before crimp in order to 

cover with the exposed bare aluminium strands, which is suitable for large cables but not for thin ones since 

it was a quite expensive and complicated connection approach while many special requirements are 
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needed. To simplify the procedures and lower manufacturing cost, they redesigned a connecting structure 

to use crimp terminal which included both wire barrel and insulation barrel to ensure a pressure-bonded 

contact among terminal and aluminium conductor strands. Such approaches mentioned above where 

terminal is sealed or protected by sleeve might be suitable for aluminium cables with small CSA like 2.5mm2 

and the decrease in pull out force of terminal after corrosion potential testing would be smaller in sealed or 

protected situation [68]. The concept of applying conductive adhesives and protective sleeve in termination 

is indicated in Figure 9 Termination by means of conductive adhesives.[37], which is proved to be able to 

offer an optimum solution for aluminum termination [39].  

 

Figure 9 Termination by means of conductive adhesives.[37] 

The other challenge regarding aluminium terminating technique is to break oxide layer all over the 

service life, thus, serrations for aluminium conductor was introduced as indicated in Figure 10. As a 

termination behavior is affected by various factors, shown in Figure 11, parameters for the pressing force, 

height, strain, etc., would matter since the sharp serrations are supposed to be able to rupture oxide layer 

during service[69]. According to TE [68][70], it is said at least 50% reduction of CSA needs to be obtained for a 

high compression grade so that aluminium conductors have the acceptable expansion and maintain an 

reliable contact. The benefits of such advanced crimp were less chaos on the conventional terminal systems 

as no additional process were required for harness maker to mechanical pressing the terminal. 

 

Figure 10 Sharp edged serrations on terminal for aluminum conductor 

Furthermore conductor strands might also be metalized or soldered by means of copper, tin or nickel 

before crimping in order to ease the phenomenon of increases in contact resistance and obtain a 

satisfactory contact during vibrating condition. According to Hidemichi [71], nickel layer by coating on each of 

aluminium conductor strands could be the solution to stabilize the connectability for power cables. As nickel, 

copper or tin coating is covering over aluminium conductor strands, it is expected to lower the contact 

resistance with respect to uncoated aluminium conductor [72][73][74]. The crimp cost for automotive 

aluminium conductor might be affordable attributing to the present advanced coating process and 

conventional crimp technology.   
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Figure 11 Cause and effect diagram regarding crimping properties[69] 

Table 10 Welding/soldering approaches for aluminium terminating techniques 

Welding/soldering 

connection 
Main Features or characteristics 

Friction 

welding[38][75] [76] 

 Frictional heat between metals to heat and join dissimilar metals together; 

 Remove the oxide layer during welding; 

 Especially for aluminium cables with high CSA like battery cables; 

 Various types of friction welding: 

 Rotational friction welding started from 2000 for aluminium conductors with 

CSA greater than 17mm2; 

 Vertical friction welding since 2007, ideal for busbar/ground strap, to connect 

stainless steel to Al/Cu brass to aluminium; 

 Orbital friction welding started 2008, suitable for flat geometry terminal and 

busbars for aluminium conductors with CSA larger than 42mm2; 

 Friction stir welding (FSW) offers a high fatigue strength for termination, 

suitable for connecting copper with aluminium; 

Ultrasonic  

welding [75][77][78] 

 

 

 Started from 2006, especially for flat shaped terminal or busbar, or aluminium 

conductors with small CSA; 

 Versatile techniques to join dissimilar metals; 

 No need for additional components or soldering additives; 

 Simple design of welding area at plugs / terminals; 

 Difficulty is the tendency of aluminium conductor being accumulated on the 

welding tools; 

 Torsional ultrasonic welding, suitable for unsymmetrical joints; 

Ultrasonic 

soldering [79][80][81] 

 

 Energy is provided by ultrasound; 

 Works for all CSA aluminium conductors; 

 Need careful clean to lower long term corrosion risk; 

 Soldering offers excellent electrical connection while welding is for good mechanical 

connection; 

Other available 

contact 

technology [38] 

 Laser welding in combination with crimping without inert gas atmosphere; 

 Pulsed resistance welding coupled with crimping works for small automotive cables; 

 Resistance welding needs inert gas environment; 

In addition to the development of crimping, welding or soldering processes are also developed which 

might be applied in combination with conventional crimp, for instance during metallization process by using 
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copper, tin or nickel etc to obtain applicable electrical and mechanical connections. Normally, the use of 

protection such as sleeve and improved crimp methods mentioned above are also employed at the same 

time while aluminium conductors are collated by soldering/welding. Improved welding/soldering 

approached for aluminium conductor can also be adopted to connect terminal with aluminium conductors 

which can indicate a tight electrical connectivity without the corrosion potential.  Table 10 includes current 

welding or soldering approaches for aluminium conductor in automotive applications.  

Both ultrasonic welding and friction welding are what so-called cold weld approaches. Lehmann [77] 

indicated that cold welding occurred during pressing electrical conductor that was connected with sleeve. 

As demonstrated in Figure 12(Left), Lehmann utilized this approach to connect aluminium conductor (No.11) 

with a metal sleeve (No.3) by means of a contact element (No.4) in an electrically conductive way and then 

such aluminum sleeve would be cold welded with copper terminal to form a gas-tight contact. Figure 12 

(Right) indicates one example while friction welding was adopted to connect support sleeve (No.13) with 

terminal made by copper (No.4) [64]. Both those contact technologies in Table 10 while aluminum 

conductors are connected with other non-ferrous metals, can also be referred to bimetallic termination 

methods.   

 

 

Figure 12 Termination examples by coat welded contact  

(L: ultrasonic welding[77] ; R: friction welding[64]) 
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4. Case study research  

In Scania products, cable routes and harnesses are installed in the following three main operating areas, 

i.e., cab, chassis and powertrain. Specifically, cable harness can also be divided into different groups, such as 

instrument harness, floor harness, door/roof harness, front harness, frame harness, engine harness, 

gearbox harness, bumper harness, battery harness, grounding cable harness and so on. The weight of cable 

components could also significantly affect total weight of trucks and buses which can be further associated 

with the energy consumption. Scania products exhibit same developing trends as the normal automobiles 

mentioned earlier, desiring for light weighted construction coupled with increasing applications of onboard 

electronic and electromechanical components, which in turn is challenging the cables uses Scania products 

as well. 

In order to reduce cable weight in trucks and buses, some approaches have been done by adopting 

shorter main cable harness systems through new adjustment and design of the interface between cab and 

chassis. For instance, a length reduction of cable harness systems from 4.5 km from 6.1 km can cause a 

weight reduction of 3 kg while the reduction value might be even up to 7kg for some product models [82]. 

Those approximated calculations were based on the present electrical systems and present cable conductor, 

and the weight saving values will be greater if new cable conductor i.e. aluminium cable conductor was 

implemented since aluminium conductor has weight benefits while compared with copper conductor. 

Especially for buses products where longer cables and larger cables are installed, considerable benefits for 

weight saving and energy utilization efficiency will be expected. However, all these benefits are assuming 

that aluminium cables can perform as well as copper ones. Nonetheless, it is impracticable to convert all 

copper cables to aluminium ones in the first step since limitations in the use of aluminium cables still exist 

as well as some challenges given to aluminium cable manufactures remain unsolved.  

For cable harnesses used in cab, chassis, and power-train, the most suitable environmental zone for 

aluminium conductor should be chosen if aluminium cables would be installed based on prevailing 

availability of aluminium cables in the market and current progress. In case study, substitution possibility 

concerning the types or sizes of automotive copper cables that could be replaced in the very first trial as 

well as the subsequent consequences is investigated. 

4.1. Concept of aluminium cable uses in trucks & buses 

In terms of selecting cables that can be switched to aluminium conductor, the application areas of 

automotive cables as well as limitations and challenges associated with aluminum conductors are 

considered.  Three different operating environmental zones for the application of cables, namely, cab, 

chassis and powertrain in Scania products.  Normally cables in cab application have a low vibration and 

low current carrying levels while operating temperature is not exceeding 80 0C, and hence CSA of these 

cables is relatively smaller with a range from 0.7-6mm2 regardless of sensor cables that have much smaller 

sizes. In chassis zone where battery box is located, cables need to have larger current carrying capacity as 

well as cope with high vibration and probable high temperature conditions. Like battery cable uses, they are 

required to be able to deliver high current while getting motor started. Therefore, it is the single core cables 

with larger CSA ranging from 25-100 mm2 that are needed in chassis zone, which has the ability to stand 

temperature up to 100oC. In the highest vibration as well as temperature zones, powertrain needs multicore 

cables and sing core cables with CSA 25-125 mm2. Because of disadvantaged strength of aluminium 

conductor, it is easier to crack or fracture for aluminium cables with small CSA, which is still one prevailing 

challenge for the use of automotive aluminium cables nowadays. Besides, the high vibration zone such as 
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engine compartment is threatening terminating related techniques for aluminium conductor. Accordingly, 

multicore cables, single aluminium cables with small CSA as well as single cables in powertrain uses are not 

recommended to apply aluminium conductors based on prevailing availability of aluminium cables in the 

market and current progress. So the first trial comes to cable harnesses that have great gages in chassis.   

Cables in chassis connect major power system or power distribution systems with power consumers, 

which involve battery, junction box, starter and electrical panel, etc. Battery provides stored power to 

starter in order to start engine and run onboard electronics when engine is off, while starter is motor 

working in conjunction with ignition, which consumes the current stored in the battery to start the engine. 

In addition, alternator, shown in Figure 13 and Figure 14, converts power from running engine to electrical 

to recharge the battery. The power is mainly distributed from junction box in chassis and electrical panel 

allocates various power consumers in cab and body, etc. Current consumption for a normal tractor with 

trailer has approximately 20-40 A depending surrounding conditions that demands several equipments in 

operation such as lights, heating mirrors, seats, wipers and so on, might be up to 100 A in extreme cases 

that windshield, microwave, and a large number of auxiliary working lights are working. Alternator usually 

supplies the truck and battery with normal current consumption as above, but the current from alternator 

during engine off can be approximately 80-150 A depending on alternator type since batteries need to be 

recharged as well.   

As illustrated in Figure 13 and Figure 14, cables with large sizes in chassis uses are marked which also 

includes grounding cables and small sized battery cables. Battery cable is used to connect battery positive 

with negative as well as battery positive with battery switch. Cable from battery box to junction box is 

termed starter cables which need different CSA for truck and bus. Starter engine cable is connecting 

junction box with starter while connecting cable is used to link with electrical panels. Those cables except 

grounding cables and battery cable with CSA 10 mm2 indicated in Figure 13 and Figure 14 might be able to 

be converted into aluminium cables in first trial. Table 11 summarizes basic information of cables that can 

be tested firstly before implementation of aluminium cables. 

 
Figure 13 Schematic of Cu-cable applications in truck 
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Figure 14 Schematic of Cu-cable applications in bus 

Table 11 Preliminary selection to apply aluminium cables in truck&bus 

Cable types 
Cu-CSA 

[mm2] 

Temperature 

class 
Flexibility class 

Battery cable 
35 B 6 

50 B 6 

Starter Cable 

50 B 5 

70 C 5 

95 B 5 

Connecting cable 
25 B (or C) 6 

50 B 5 

Start engine cable 50 C 5 

According to Scania modularization design, battery box in Scania products can be located in rear or LHS 

while cable harness routes will be affected. Similarly, dual battery power system i.e. 24V and 12 V can also 

be equipped to perform different uses while Figure 13 illustrates the schematic of battery cables in dual 

battery as well as in normal battery. DC power supply system for Scania trucks and buses is provided by two 

serially connected 12 V batteries, obtaining a nominal system voltage of 24 V as well as enabling output 

voltages to be 12 V and 24 V for different uses. For dual battery system in trucks, two parallel connected 

normal battery packs i.e. service battery and starter battery., are installed. In Dual battery system, starter 

battery is to ensure sufficient starting power to engine during cranking no matter the service battery is 

discharged or not, which also need to handle the high power condition during a very short period of time. 

The service battery to provide power for on-board electronics is required to carry relatively low power for a 

long period of time, which can be cycled more deeply and frequently without any failure. The employed 

dual battery system surely needs more battery cables in the battery box. Coupling with the mounted 

position of battery as well as applied power supply systems, the total length of those cables that can 

probably be aluminium cables is approximated and indicated in Table 12. Length of cable harness is varying 

with modularizations and as a result minimum and maximum values coupled with average value are stated 

as well in Table 12.  

As shown in Table 12, truck that mounts battery in Rear generally has shorter length of cable harness 

while dual battery systems require longer cables. Those chosen cables in bus is much longer compared with 
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that in truck, which can prospect significant weight benefits if aluminium cables are installed.  

Table 12 Total length of cables for per each truck and bus 

Total length of chosen cables [m] 

truck 

bus LHS rear 

normal dual normal dual 

average 8.921 10.82 5.524 8.152 

31.67 min 6.167 8.777 4.562 7.112 

max 11.90 13.25 6.494 9.199 

4.2. Consequences 

4.2.1 Beneficial consequences 

(1) Weight reduction  

Formulas to calculate the weight of conductor and cables are described as follow [83] .  

 Weight of conductor:  

                           

Where   is diameter of conductor in mm; 

  is specific gravity of conductor material in g/cm3, 8.89 for copper and 2.71 for aluminium ; 

  is number of strands in conductor;  

  is weight of increase factor for stranded conductor as shown in table ; uniform value for solid 

conductor;  

Table 13  value for various stranded conductor  

No. of strands   

19 1.02 

37 1.026 

49 1.03 

133 or more 1.04 

 Weight of insulation & jacket: 

                
           

Where   is diameter over insulation in mm; 

   is diameter over conductor in mm, then (    ) is thickness of insulating layer;  

  is specific gravity of insulation;  

Assuming both insulation and jacket material is PVC that has a gravity value of 1.38 g/cm3. 

Based on weigh formula for conductor and insulation, the weight of conductor will accounts for a 

greater ratio with an increased conductor diameter since thickness of insulations(    ) is regulated and 

limited in narrow ranges and the ratio between insulation thickness and conductor diameter 
    

  
 

becomes smaller and smaller while conductor diameter is larger.  Therefore, the weight reduction of 

cables tends to be much obvious for cables that have larger CSA.  

As demonstrated in weight formula of conductor, strands of conductor involved in the calculation 
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which is determined by the class of flexibility while the thickness of insulation then define the weight 

contribution. Weight or volume of insulation for aluminium conductor will increase since aluminium 

conductor ought to have a greater diameter than copper one to maintain the same current capacity. Size of 

insulation material is regulated by ISO 6722-2 while both minimum and max values are used to calculate the 

weight of copper cables. Result is shown in in Table 14, while calculation result for aluminium cables with 

corresponding sizes to copper ones is also demonstrated. It can be seen from Table 14, aluminium 

conductor has almost half the weight of copper conductor with respect to corresponding sizes of those two 

cables. A longer cable might give rise to a greater weight reduction if aluminium cables are installed instead 

of copper ones. Although insulation weight for aluminum cables is greater than that for copper ones, 

aluminium cables can still have a substantial weight saving benefit which represents more attractive for the 

larger cable.  

Table 14 Weight comparisons for copper cables and aluminium cables 

Copper cables Aluminium cables 

CSA 

[MM
2
] 

Cable uses 
Conductor 

[kg/km] 

Cable[kg/km] CSA 

[mm
2
] 

Conductor 

[kg/km] 

cable 

[kg/km] Min Max 

25 Connecting cable in bus 257.15 268.10 265.83 40 129.96 172.16 

35 Battery cable (bus&truck) 384.12 413.96 407.68 60 188.13 240.47 

50 

Battery cable(bus&truck) 525.79 566.85 558.22 

85 258.67 324.04 
Starter cable for LHS in 

truck; Starter engine cable 

for truck; Connecting cable 

in bus 

519.56 558.88 551.96 

70 
Starter cable in bus, starter 

cable for rear in truck; 
730.82 799.55 799.54 120 376.25 453.01 

95 Starter cable for bus; 964.28 1022.44 1012.58 160 503.73 604.56 

In terms of weight saving per unit for bus and truck, lengths of each type of cables are substituted into 

calculation, which depend on the mount places of cables and modularization. For instance, trucks with 

battery in rear and battery in LHS utilize different types of battery cables as well as starter cables. As 

described in Table 14 and Figure 13, dual battery only needs cable with CSA 35mm2 (correspond to size of 

Copper cables) and its length varies from 1885 mm to 2024 mm while an average length is around 1962.5 

mm. But cables with 35 mm2 and 50 mm2 are both used for rear battery while the lengths of the former and 

latter are 185mm and 310 mm, respectively. By scrutinizing Scania internal documental information, the 

total length of cables that has chosen to explore the application of aluminium cables can be counted by 

means of capturing the length for each type cable and demonstrated in Table 12. Subsequently, weight 

consumptions per unit with respect to aluminium cables and copper cables are derived and compared, 

which is illustrated by Figure 15 and Figure 16 for truck and by Figure 17 for bus. Weight reduction value per 

unit if aluminium cables are adopted in truck is demonstrated in Table 15 as well.  

It can be seen from Table 12 that dual battery needs approximately 2 m longer cables and truck with 

battery in LHS possess an average length in m that is 3.5 longer than that with battery in rear. When it 

comes to bus, the weight of cables that might be able to employ aluminium cables is up to 31.67m, which 

can anticipate a huge weight saving. As shown in Figure 15 and Figure 16, truck equipped with LHS battery 

that needs longer cables includes less weight of cables conversely while products with dual battery still 

carry greater weight of cables. The weight saving profit is much obvious for both conductor and cable as 

indicated in Table 15, obtaining an average weight reduction around 2 kg for conductors and 1.78 kg for 
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cables if aluminium cables are installed in truck. The light weight advantage can even be capable of reducing 

the conductor weight by more than 2.2 kg and cable weight by more than 2 kg per unit for truck. It was 

estimated that an average of 30% weight reduction could be anticipated if all copper cables in automobiles 

were converted into aluminium ones. In terms of truck, all those cables that are chosen to substitute copper 

ones belong to large single cables, which can lead to almost 50% weight reduction of conductors and 

approximately 40% weight reduction of cables.  

 
Figure 15 Weight of Al-conductor and Cu-conductor per truck unit

 
Figure 16 Weight of Al-Cable and Cu-cable per truck unit 

The weight benefits are more attractive in bus where mounts longer cables that is expected to cause a 

considerable weight reduction as demonstrated in Figure 17. The average weight of copper conductor and 

copper cable per unit reaches up to 22.15 kg and 23.51 kg and aluminium ones will produce an average 

weight reduction around 10.86 kg and 9.67 kg for conductor and cable respectively. The installation of 

aluminium cables can at least save a weight of 6.49 kg and this loss of weight might be even up to 11.04 kg 

per unit that represents an average cable reduction ratio of around 50%.   
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Table 15 Weight reduction per truck unit 

Weigh reduction per unit LHS-Normal LHS-Dual Rear-Normal Rear-Dual Average 

Weight 
reduction 

of 
conductor 

Average 

Reduction 
weight [g] 

1916 1987 1971 2237 2028 

Reduction 
ratio [%] 

50.15 50.22 49.28 49.49 49.79 

Min 

Reduction 
weight [g] 

1566 1573 1479 1729 1587 

Reduction 
ratio [%] 

54.56 50.27 49.43 49.67 50.98 

Max 

Reduction 
weight [g] 

2409 2499 2597 2878 2596 

Reduction 
ratio [%] 

48.49 50.19 49.15 49.32 49.29 

Weight 
reduction 
of cable 

Average 

Reduction 
weight [g] 

1646 1701 1779 2008 1783 

Reduction 
ratio [%] 

40.53 40.44 41.36 41.34 40.92 

Min 

Reduction 
weight [g] 

1396 1350 1326 1541 1403 

Reduction 
ratio [%] 

45.76 40.54 41.28 41.26 42.21 

Max 

Reduction 
weight [g] 

2037 2138 2363 2605 2286 

Reduction 
ratio [%] 

38.58 40.41 41.51 41.48 40.49 

 

Figure 17 Weight and its reduction of conductor and cable in bus per unit 

(2) Preliminary Economical benefits  

 Economic advantages by applying aluminium cables in automobiles are attributed to cheap and stable 

price of aluminum conductor metal and consequently expenses on aluminium conductors per each 

truck/bus unit will be considerable lower while coupled with less weight than copper conductors. If using 

prices of aluminum (1.67 USD) and copper (4.98 USD) in May.16 into calculations, cost saving of conductors 

per truck/bus is acquired and results show that costs of aluminium conductors for each truck is just 
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approximately 16% of that of copper ones while bus can save approximately half of the original weight of 

copper cables.  

Table 16 illustrates economic advantages regarding conductor costs while replacing those chosen 

copper conductors by aluminium ones. It is noted that bus has a substantial cost saving that might be up to 

89.26 USD per unit while price of conductor metal for truck is reduced by around 12.11 USD-24.12 USD per 

unit. The economic benefits in terms of conductor metal will be substantially attractive if taking the annual 

production of Scania products into consideration. Assuming the number of production units preserves the 

same as last year 2015 i.e. 69 762 units for trucks and 6 799 units for buses. Supposing all the buses is 

normal city buses and not the articulated ones that will have much greater weight save as a result of longer 

cables mounted onboard, cost saving of conductor metals can reach to 367 800 USD in one year while the 

average money saving over one year can be 1177 000 USD for truck products.  

All the cost calculation above is simply for conductor metal without concerns for other types of costing. 

New terminal for aluminium conductors that is much expensive at present attributing to its complex 

fabricating processes might not generate any economic benefits if the expense on new terminal is too much 

high. If the following three major parts contribute to the total price of cable harnesses  , balance point for 

new terminal price in order to even the expenses on copper cable harness can be approximately estimated.  

1) price of cable conductor    (   and     indicate cost per length and per mass respectivity, and 

          ); 

2) price of so-called cable accessories    that is proportional to cable length     represents cost per 

length and then         ); 

3) termination price    per each cable harness that includes all relevant expenses on termination, 

such as manufacturing, treatment process, assembly, etc. 

Table 16 Cost reduction for cable conductor metal per unit in truck and bus 

Cost reduction per unit [USD] Average Min Max 

truck 

LHS-Normal 15.84 12.11 20.47 

LHS-Dual 16.42 12.99 20.65 

Rear-Normal 16.53 12.37 21.83 

Rear-Dual 18.70 14.41 24.12 

Average 16.87 12.97 21.77 

Per Year 1177 100 904 800 1518 500 

bus 
Per unit 54.09 36.43 89.26 

Per year 367 800 247 700 606 900 

 According to prices for same cable harnesses shown in Table 17, costs of cable accessories for those 

two cables are almost the same. The calculation process is described as follows:  

1) The same cable harness with two different cable length cost differently, and the total price of cable 

conductor and cable accessory divided by length becomes the price of conductor and cable 

accessory per length
     

 
      , assuming terminal price    for the same type of cable 

harness is identical.  

2) According to the price of conductor and cable accessory per length         and the length of 

one cable harness, the cost for terminal    can be derived by subtracting         from total 
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price  .  

3) Finally, based on the conductor price and the weight of conductor, the mere price for conductor is 

obtained and then accessory price per m (  ) is calculated by reducing prices for conductor and 

terminal from cable harness prices.  

As indicated in Table 17, price of cable harnesses with respect to aluminium cables and copper cables 

is very close.  

Table 17 Prices form one same cable harness  

Length [mm],L 

Cable harness prices  
  [Euro] 

Al Cu 

1.655 (L1) 13.36 14.14 

4. 050(L2) 18.88 25.3 

Items Al Cu 

Cost of conductor and cable accessory per 
length 

        [Euro/m] 
2.305 4.660 

Terminal related price per one harness , 
   [Euro] 

9.546 6.428 

Price of conductor,   , (            
[Euro/g] 

2.0117 5.5544 

Weight, m , [g/m] 258 519 

Price of cable accessory per length,   [Euro/m] 1.78 1.77 

For same cable harness, the expense on termination is assumed to be no difference and independent 

of cable length so that a longer aluminium cable is supposed to cause more economic benefits. The 

minimum acceptable economic advantage is to maintain an even price for those two types of cable harness 

systems while other indirect expenses for those two cable harness are assumed as the same. Hence, 

economic benefits can be expected if the price difference in cable conductors is larger than the raised price 

in cable terminations, which is represented by   
      

      
     

   while cable accessory price for 

those two kinds of cables is assumed without distinction. Accordingly, cost savings is anticipated if price of 

copper becomes excessively high.   

Relation between cost of termination for aluminium cables and the price of copper can be built since 

current terminating technique for aluminium cables is under development step that is quite expensive 

nowadays and copper price is always fluctuating and keeping rising. Costing saving is expected while 

relation   
      

      
     

        is present and both   
   and   

   is related to cable length and 

weight of cable conductor. Then for the same type of cable harness with same length and current ampacity, 

   

  
     

  
  

  
     

  
        

  
        

 where     ,    and         indicate densities and area of aluminium 

conductor and copper conductor respectively. For same use of those two cables, relation between     and 

    can be acquired and then the minimum cost saving becomes 
   

  
     

  
  

   
  . As costs for aluminium 

conductor and termination of copper cables are relatively stable, then whether aluminium cables will bring 

cost saving or not is depending on price of copper and the length of cable. If the ratio value between a 

raised cost for new cables termination and cost of copper conductor for cable harness 
   

  
   exceeds value of 
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  , no economic advantages can be expected. If copper conductor price goes up, then the allowable 

range for increased expense on termination becomes wide, and similarly the cost of new termination needs 

to be restricted if copper conductor price decreases. For instance, when the conductor prices are 1.67 USD 

for aluminium and 4.98 USD for copper based on prices at May, 2016, aluminium cable harness will cause 

some economic benefits if the increased price for terminal attached on aluminium conductor is less than 83% 

of the price for whole copper conductor.  

The utilization of aluminium cable either gives rise to a cost saving or a substantial economic burden as 

expense on termination of aluminium retains high and copper conductor price is unstable. As demonstrated 

in Figure 18, the type of economic consequences relates to price of copper conductor as well as the length 

of cable harness that desires to switch to aluminium cable. When changing a copper cable harness by 

aluminium cable harness, the minimum length of cable is demanded to achieve an even expense with an 

known price of termination for aluminum cables and the longer cable harness as well as cable harness with 

larger size will bring greater cost saving. It also shows that smaller automotive cable claim a little increase in 

cost on its termination as well. Nonetheless, if copper conductor price decreases, the possibility of 

obtaining economy saving by aluminium cable is accompanying reducing and then expense on aluminum 

termination is required to be lowered to maintain an equal money expense. Certainly, a balance point for 

copper conductor price can be derived for a given cable harness and positive consequence is foreseen if 

copper values higher than the balance point and vice versa.  

 

 Figure 18 Economic consequences on a basis of copper price and length of cable harness 

 If the spend on termination for new cable harness system is able to be diminished with the 

advancement of technique, positive economic outcomes can still be prospected by employing aluminium 

cables. Scania internal document also shows that cost saving of 98 SEK per each truck is anticipated as a 

result of shorter cable harnesses. If the switch from copper cables to aluminium cables can bring economic 

benefits, cost saving for Scania products will be more attractive. However, this still depends on terminal 

price for aluminum cables that cable harness manufacture can offer as well as price of copper metal.  

(3) Fuel economy and environmental related  

Beneficial energy economy is closely associated with weight reduction, which is always one approach 

to achieve lower energy consumption and gas emissions for automobile. Combining with those factors such 

as engine, body structure, powertrain characteristics, weight of automobile can significantly affect its fuel 

consumption and carbon footprint. Assuming other factors are equal, then a higher weight and faster 

acceleration performance of automobiles will lead to an increase in fuel consumption and vice versa that 

less weight of automobiles represent lower fuel demands. For instance, it is estimated that 35% of weight 
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reduction of automobile weight could reduce fuel consumption by around 12%-20% without any other 

sacrifices [84]. Meanwhile estimation indicates that less fuel demand at around 0.5L/100 km for light trucks 

can be caused by each 100kg weight reduction [84]. In this regard, around 9 ml/100km less fuel is obtained 

for each truck if those chosen cables are aluminium ones and then a fuel reduction at least 63 000 mL is 

anticipated after driving 700 000 km. On a basis of fuel price of 1.29 Euro/L, it is predicted that a truck can 

save 81.3 Euro over 700 000km if aluminium cables that are selected earlier are installed in Scania truck.   

The reduction of energy consumption in buses will be much larger because bus tends to obtain a 

greater weight reduction by installing aluminum cables, which can be further augmented by repeated 

acceleration processes of buses during constantly stop and start. As there is traded-off relation between 

fuel economy and acceleration, a lower weight can ease fuel consumption during acceleration processes [85] 

and as a result buses will gain a substantial benefit regarding less fuel consumption if aluminium cables are 

mounted.    

In addition, aluminum conductor can be well compatible with insulation materials that will ease the 

recycling process of aluminium cables because most of insulation materials do not adhere to aluminium 

conductor and the removal of insulation material for aluminium cables can be easily performed. Intrinsic 

qualities of aluminium conductor can be retained as well after recycling treatment.    

4.2.2 Other potential consequences and impacts 

One influence exerted on installation process is the increased installation space for aluminium cables 

and Figure 19 indicates the increased volumes of cables as a result of larger diameter of new cable 

conductors. Aluminium cables take up greater space than copper ones and even larger space is required for 

buses where longer cables are mounted. Table 18 indicates increased space if aluminium cables are 

mounted in chassis, showing that an average of 542.5 cm3 volume space is required to facilitate the extra 

volume caused by aluminium cables in truck while this number becomes 3305 cm3 in bus.  

 

Figure 19 Volume of Al-cables and Cu-cables per unit in truck and bus 

Those calculations assume that cable accessories for those two cables are occupying the same space 

while the increased volume is merely due to the larger diameter of aluminium conductors. Nevertheless, 

aluminium cables requiring bigger bending radii than copper ones if bending is demanded in some 

0.0 

2000.0 

4000.0 

6000.0 

8000.0 

10000.0 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

789.6 
1446.9 

815.5 
1490.5 1100.6 

1482.9 

1213.6 
1668.9 

4810.7 8115.6 

Volume of cables [cm3]

Average Max Min

Cu Al
Cu Al Cu Al

Cu Al
Cu Al



   

48 

 

mounting places will need even larger installation space, and thereby the actual increased volumes for each 

bus or truck will be bigger than those calculated numbers. This may not exert impacts on present onboard 

systems in bus since its enormous space might be able to accommodate those aluminium cables without 

requiring external adjustments for other onboard components.  

Table 18 Volume increment per unit in truck and bus 

Volume Rise [cm3] Average Min Max 

truck 

LHS-Normal 657.3 397.0 917.8 

LHS-Dual 675.0 528.1 854.3 

Rear-Normal 382.2 322.0 443.3 

Rear-Dual 455.4 390.9 520.7 

Average 542.5 409.5 684.0 

bus 3305.0 2214.1 3772.5 

Due to lower values in elastic modulus and yielding strength, the installation process of aluminium 

cables claims extra cautions while a larger allowable installation space that is capable of reducing potential 

risks during installation is required. Therefore, specific regulations or processes for installation or handling 

of aluminium cables are demanded in order to facilitate the introduction of aluminum cables in automotive 

applications.  

The corresponding effects by the implementation of new automotive cable harness systems will not 

only exert impacts on present automotive cable harness systems in automobiles for the use of new 

aluminium cables in chassis has to be compatible with other nearby onboard protective devices or facilities, 

but also affect other automotive cable relevant industries.  For instance, termination manufacturers, cable 

accessory manufacturers, cable harness assemblers and even automakers in manufacturing industry as well 

as cable repairer and recyclers ought to consider the implementation of aluminium conductors in 

automotive cables since different terminal and cable accessory with greater sizes shall be accompanied by 

aluminium conductor and new labeling approach needs to be used to differentiate aluminium cables from 

copper ones. Especially, the use of aluminium cables will significantly influence recycling process of 

automotive cables as both those two conductor metals are expected to be recycled at the same time. The 

introduction of new conductor, larger sizes of new cables and more difficult to strip insulations of 

aluminium cables will put extra pressures on recycling processes.     

Back to economic consequences that aluminium cables bring, potential costs such as indirect expenses 

are also required if taking the price of specialized terminals as well as the increased containment size and 

skill levels of installation and maintenance into consideration. The overall cost of aluminium cables will 

probably increase further when all current equipments need to be modified in order to offer aluminium 

conductors compatible terminations, busbars or other present systems. Moreover, true economic 

consequences should be reviewed in terms of the whole service life of aluminium conductor and its 

termination, which involves logistic cost, energy losses, repairs, maintenance, potential expansion of system, 

and so on. In addition, long-term impacts need to be valued due to the fact that larger extraction amount of 

aluminium metal will cause decreases in natural resource and then lead to increases in price of aluminium 

metal.   
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5. Risk assessment and failure analysis   

The excellent conductivity coupled with weight saving benefits is promoting the applications of 

aluminium electrical cables in automobiles. However, all the merits of aluminium cables are based on the 

assumption that aluminium cables could perform as good as copper cables in automotive settings. However, 

seeing that these two conductor metals (aluminium and copper) possess different characteristics, their 

performances as automotive cables will be absolutely diverse. For aluminum conductor, issues associated 

with its properties, such as poor electrical contact, inferior mechanical strength and high corrosion 

potential , etc., will accelerate deteriorations. In order to assess potential risks of failures, this section 

establishes some vital theories for risk evaluation, and then potential failures for aluminium cables if they 

were employed in automotive settings are stated. Finally, approaches to assess performing behaviors of 

aluminum conductors for automotive cable uses are proposed.  

Due to time limitations and the scarcity of samples, some trail tests have been done merely for 

aluminium conductors with two different sizes.   

5.1. Theoretical fundamentals 

5.1.1. Electrical contact and contact resistance  

The interface between current-carrying conductor in solid or stranded and its terminal is what the 

so-called electrical contact, which is expected to assure the continuity of electricity. Then a good 

metal-to-metal contact interface needs to be established in order to allow uninterrupted passages for 

electrons passing through the electrical contact interface. However, the processes that electrons get across 

the contact interface are complicated on the basis of previous introduction of conductive theory, and then 

mechanisms regarding electrical contact may vary for the reasons that electrical conductivity not only 

depends on the external operating environment, but also relies on the microstructures of conductor metal 

as well as its working history. Nonetheless, electrical contact is still playing an important role in determining 

some fundamental phenomena associated with contact interface, such as deterioration in contact and 

subsequent increases in electrical contact resistance as well as consecutive impacts on electrical load, 

temperature distribution and others.   

The basic features of electrical contact should be an awareness of the real metal-to-metal contact 

surface where two metals are being jointed, which consists of many asperities as indicated in Figure 20 [86]. 

It is the spots, i.e.   -spots, formed by small cold welds that provide the only conductive paths for electrons, 

due to the fact that the apparent contact area comprises real contact areas i.e.   –spots as well as other 

contaminant films or oxides, or even voids. The penetration of metal-to-metal contact into natural oxide 

layer during crimp or other terminating processes generate the divergent distribution of the real contact 

spots. Thereby, the force pressed on the contact surface will affect the amount and the area of these real 

metal-to-metal contact spot which will increase with the greater applied pressing force. Moreover, the 

rupture of corrosive agents, such as oxygen, gas, or humidity, can reduce the real metal-to-metal contact 

spots and lead to a loss of electrical contact even although the apparent contact is kept unchanged.  

So it should be mentioned that the real electrical interface is much less than the physical contact area 

as the current flow, i.e. the passage of electrons, is constricted by these   –spots, which are environmental 

dependent as well as contact metal related [87]. Consequently, the constriction of electrons flowing across 

such   –spots is contributing to the value of constriction resistance which is related to the hardness and 

electrical resistivity of contact metal. The relation between applied normal load    , apparent contact area 
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  and hardness   is given by        .   is the pressure factor and determined by the amount of 

deformed asperities on the contact area which is equal to unit in most practical contact cases, and harness 

value   of a metal represents the ability to resist deformation under the pressure load which is estimated 

to be three times of yield stress (     ) according to Holm [88]. Moreover, the constriction resistance for 

each single   –spot is expressed by           /4a, where   and   are values of electrical resistivity 

for terminal and conductor, and   is the radius of single   –spot area. So if two contact metals are the 

same, then the constriction resistance can obtain the minimum value, i.e.,      /2a. With a greater force 

F, radius of contact area increases and then it results in a lower value of constriction resistance. Similarly, 

metals with the lower resistivity values can also form a better electrical contact with a lower constriction 

resistance value.  The other factor affecting the path of electrical current is the thin oxide, sulphides or 

other inorganic layers formed on the metal surfaces, which contributes to the resistance of electrons 

movement. The film resistance is expressed by          and then the total contact resistance is the 

sum of constriction resistance    and film resistance   , where   is the resistance per area of the film. 

Normally, the contribution of the films is of minor significance as the mechanical breakage of film is always 

occurring during the formation of contact spots.  

 

 
Figure 20 Constriction of current flow and contact area[86] [88] 

The general features of electrical contact and contact resistance represent some influences from 

properties of contact materials and connecting interface as well as varying external operating conditions. 

With respect to the impacts on the sizes of asperities formed in the contact interfaces, it can be traced to 

macro- and micro-scale properties of contact metals and the types pf physical contact area. As shown in 

Figure 20   –spots are smaller than the real physical contact spots when current is passing through and 

then such smaller   –spots are constricting the flowing of electrical current which results in the increasing 

of electrical contact resistance. While the contaminant films present in these   –spots, a further increases 

in contact resistance is attributed to the occurrence of film resistance. The shape and size of both physical 

contact area and real contact area affect the value of electrical contact resistance. The equation shown 

above is assumed that   –spots are circular. Timsit [89] calculated the dependence of    on the ratio     

while assuming physical contact is cylindrical with radius   and real contact is circular with radius value  , 

indicating a decreasing    value with the larger     ratio.  

Taking mechanism of resistivity into considerations, which is also temperature dependent, contact 

resistance value can be expressed by Wexler resistance    according to Wexler [90]. 

   
  

   
  

 

  
     

Where      ,   is the mean free path of electrons, and      is a function related to temperature, 

accordingly, contact resistance value will differ with operating temperature as well.  
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  In the case of the film on the contact interface, it can bring positive and negative effects on the 

constriction resistance of   –spots, which is depending on the relation of the conductivities or resistivitie of 

the film and substrate. As harness of the interface can be altered by the formed layer, the deformation can 

also be subsequently changing. The formation of insulating intermetallic compound in the interface will 

raise the contact resistance value and this resistance value would keep increasing if hardness of this formed 

film is greater, since the current conductivity occurs only then the layer is broken. This is also the reason 

why some coatings are used for electrical conductors to decrease the harness and to promote the 

conductivity as well as to prevent the formation of insulating film, corrosion and mechanical wear.  For 

aluminium conductors, the use of tin and nickel plating can ease the increases in electrical contact 

resistance to some extent. Then the contact resistance becomes dependent on the relation between the 

thickness of coating layer and the diameter of   –spot, as well as their conductivities ratio. In addition, the 

contact geometry and the roughness of contact will also play an role in determining the value of electrical 

contact resistance.  

The contact resistance is the utmost important and universal characteristics of all electrical contacts, 

which needs to be considered as an integrated part the overall electrical system such as cable harness 

system in this study, although it might have a small value for a new contact area. But the changes in contact 

resistance can be much enormous compared with its previous value and can cause significant drawbacks 

since contact resistance is differing significantly with variables in real contact area, contact pressure loads, 

resistive film or others, which can also be used as an fatigue indicator as presented in the study [91] . Since 

fatigue behavior is the accumulation of strain, James [91]described the relation between contact resistance 

and the strain gage and accordingly concluded that the increased resistance value was able to be 

presentative of fatigue behavior. Meanwhile the consequence of a bigger contact resistance change is a 

greater voltage drop that can be directly noticed in DC potentiometers. 

5.1.2. Interfacial heating and thermal expansion 

The heating effect of current i.e. Joule effect is generated during current flowing through the 

conductor or contact interface, which is due to the collision of free electrons with atoms in the lattice of 

conductors during random movement of those free electrons. Then the loss of kinetic energy for electrons 

manifests as vibration energy of lattice, leading to the temperature rise. Joule heat is produced after time 

duration   and expressed by Joule’s Law,       , while   and   represent values of current and 

resistance, respectively.  

The heating effect converted from electrical energy is irreversible, but some of the energy might be 

absorbed by conductors, representing an increase in temperature, while some heat energy is conducted 

and dissipate through conductor as a result of temperature gradient. Heat capacity is a property to indicate 

the ability of material to absorb heat, which represents the required amount of energy to produce a unit 

temperature rise as expressed by        . Then specific heat is used to represent the heat capacity per 

unit mass, such as    and    donated for constant pressure or contact volume. Table 19 lists heat 

capacity values for some metals at room temperature. 

Thermal conductivity, quoted by     is the transportation ability of temperature form high region to 

low region, while heat flow is expressed by temperature gradient in Fourier’s law          . Then a 

higher thermal conductivity indicates a lower temperature gradient in conductor and vice versa. Similarly to 

electrical conductivity, thermal conductivity is also associated with the drift of free electrons in metals and 

then Wiedemann-Franz Law expressed as         can be used to relate thermal conductivity and 
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electrical conductivity, where   is the electrical conductivity and   is a constant value which differs with 

materials as indicated in Table 19 . As both heat conductance and heat absorption are happening after that 

heat is generated by Joule effect, thermal diffusivity,           , which is thermal conductivity divided 

by density and specific heat capacity ought be applied for heat transfer analysis. Meanwhile, similarly to 

Fick’s law, heat transfer equation is expressed as          
  . Atom vibration, electron drift, or other 

characteristics related to micro/nano-scale in materials are involving in those thermal properties, giving rise 

to the attribute of temperature dependency.  

Table 19 Thermal properties for some metals at ambient temperature 

Metals 
   

       

   

            

  

      

   

     (300K) 

  

              

Aluminium 900 23.6 247 98.8 2.20 

copper 386 17.0 398 117 2.25 

Nickel 443 13.3 90  2.08 

silver 235 19.7 428  2.13 

Stainless steel 502 16.0 15.9   

Brass 375 20.0 120   

Alumina Al2O3 778 7.6 39   

Polyethylene PE 1850 106-180 0.46-0.50   

Attributing to the generation of Joule heat in contact zone, current induced temperature rise is, 

however, the most common and evident factor that is frequently used to explain the adverse influences of 

current on electrical contacts, as a number of processes, such as creep, stress relaxation, fretting, corrosion, 

or electrical conductivity are found to be affected by atmospheric temperature which will be further 

discussed in Section 5.2. More specifically, individual asperities on the contact interface are known to 

provide conductive paths for electrons movement, which is susceptible to the issues of interfacial heating.  

It can be seen from some investigations that contact area might tend to increase with an increasing current 

when the contact temperature can be developed to the recrystallization temperatures of conductor 

metals[92][93]. Generally, temperature peak    at the interface is induced by the generated heat in the 

constriction region in the vicinity of contact spots. It was demonstrated [94] that it is possible to model 

thermal conditions on the contact zone and a channel or bridge is formed to offer a path for current flow 

where Joule heat predominantly is occurring. The basic Kohlraush equation was used to evaluate the 

temperature rise in this bridge while assumption was made on the basis of classical contact theory i.e. Joule 

heat dissipates only in the conducting medium without the presence of film layer [88]. 

  
              

  

  

 

where   is the voltage drop across electrical contact and    and    are respectively bulk temperature 

and temperature at the contact surface. Then based on Kohlraush equation, different expressions for 

temperature rise have been derived and demonstrated in Table 20, while      is dependency for 

contacting metals.  

It is also assumed that there is a threshold     for the occurrence of interfacial overheating. In a round 

contact spot with diameter     the threshold value     for some metals according to the equation 

    
   

   
 

     
    

     

   
 are listed in Table 21. A low threshold value indicates high potential of interfacial 

overheating in electrical contact interface. In addition to thermal effects on the contact spots, high electrical 
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current might produce other effects, such as electroplastic effects while current density is      -     

     . 

Table 20 Some Formulas derived using Kohlraush Equation for film free metal contact 

Formula and equation Assumptions 

   
  

     
 

Ignoring the dependencies of electrical and 

heat conductivity[88] 

    
    

   
  

 
 Viedemann-Franz-Lorenz law[88] 
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Table 21 Current density threshold versus contact-spot area (      
       

          ) 

Metal                                     

copper 1.75 2.73 0.27 0.027 

gold 2.3 2.08 0.21 0.021 

Aluminium 2.9 1.68 0.165 0.017 

steel 11.7 0.16 0.018 0.002 

Those equations have been experimentally validated for large contact spots . With smaller contact area, 

the oxide film layer is playing much greater role for heat dissipation, and thereby the resistance from 

electron scattering over constriction boundaries should be considered. In addition, the presence of surface 

film adds a number of features for the current paths and consequently for the heat generation in the 

electrical contact. Then contact resistance combines constriction resistance with specific film resistance    

and determined by    
    

  
 

  

 
 as discussed previously. When current   passes through contact spot of 

area    , the heat flow is expressed as     
     

 
            while   is current density with 

respect to contact spot. Then the temperature peak is obtained as     
            

  
 and current 

density is derived as  j 
 

 
 

     

         
 .Accordingly, a larger    will lead to a decrease in     and 

afterwards result in an easier interfacial overheating possibility. When current density is exceeding to the 

threshold value    , current density will keep increasing in the metallic contacts, causing an even higher 

temperature rise in electrical contact.  

Contact temperature exerts a vital impact on the behaviour of electrical contact as it will initiate 

additional stress and strain in the contact interface. Thereby overheating on the contact spots due to 

repeated current loading is most essential problem for electrical contact. It has also been established [96] 
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that interfacial heating can contribute to contact degradation if the interface temperature is too much high. 

Thus this allows an acceptable contact resistance value as well as voltage drop through the electrical 

contact.   

Interfacial heating is attributed to electrical load, which also generates stress from thermal and 

electrical impacts. The contribution of electrical current to electrical stress is given by the equation 

              , where   indicates the electrostatic field,   is resistivity of conductor metal,   

represents local current density and    is the effective charge number. Giving an approximated value to 

  of -8, the value of     is about 5 eV/m while carrying a current density of          A/cm2. 

Meanwhile, thermal stress that is normally lower than 0.03 eV/m for most conductive metals accompanied 

by such current density is 160 times less than electrical stress while thermal stress is calculated by 

     
  

 
 and Q is transported heat and equals to the energy flow per unit mass [97]. 

Nonetheless, there is an additional impact from interfacial heating and thermal stress, which can 

magnify the thermal expansion issue, especially when electrical conductor is subjected to high operating 

temperature condition or a great contact resistance in the presence of electrical contact. Most solid 

materials expand upon temperature shock and the change in length for a solid material can be expressed as 

follows.  

     

  
              

  

  
      

Where    and    represent the initial and final length while temperature changes from    to   . 

The parameter    is a material property and termed as the linear coefficient of thermal expansion, 

indicating the extent to which a metal expands upon heating. Table 19 also indicates    values for some 

metals.  

While dissimilar metals are in contact, the obtained incompatible linear expansion    might deliver 

thermal stress in tension or in compression to those contacted metals. Thermal stress, due to the restrained 

thermal expansion and constriction or temperature gradients in different parts of solid metal, results in 

different dimensional changes. According to equation        , stress from temperature gradient can be 

assessed, and   is the elastic modulus of metal. As rapid heating can generate a strong temperature 

gradient, this will exert a significant pressure on the contact area, which also works for rapid cooling.  

Moreover, thermal stresses might cause plastic deformation for ductile materials or fracture in brittle 

materials, especially for those contact metals that have been exposed to high operating temperature 

environment or have been deteriorated over long period. The ability to withstand thermal stress caused by 

rapid cooling or heating is thermal shock resistance. Although thermal stress might be relieved by recovery 

at higher temperature and however it would build up again with little recovery and little stress relief during 

cooling, which triggers the occurrences of interfacial shearing and/or plastic deformation. Then repeated 

temperature shock cycles can produce a considerable plastic deformation if the generated thermal stress is 

higher than yield strength of contact metals. The following consequence will be accelerated connection 

degradation and contact failure. Other influences from thermal expansion while coupling with other 

mechanical stresses such as thermal fatigue and work hardening will be discussed in Section 5.1.4.   
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5.1.3. Corrosion and chemical resistance 

5.1.3.1. General corrosion  

Corrosion refers to the deterioration from chemical causes, exhibiting processes of electrochemical 

oxidation and reduction reactions in the presence of electrolyte. The degradation initiates with the 

formation of corrosion product layer and continues until equilibrium of reactions. Eventually Both 

properties and functions of metal are degraded. Internal and external factors can affect the corrosion rate 

and the types of corrosion, which entails not only the general corrosion, but also localized crevice, pitting, 

galvanic and atmospheric corrosions.  

Considerations in thermodynamically determine whether a reaction can occur spontaneously where 

Gibbs free decreasing is expected. In electrochemistry,    is associated with the potential difference and 

expressed as       , where z is the number of electrons transferred in the reaction, F is constant and E 

represents electrical potential. Value of   can be derived by the standard electrode potential    and 

normally it is standard hydrogen electrode that is chosen as reference.  Table 22 demonstrates the 

standard electrode potentials for some metals and metals with lower potential tend to lose electrons and 

be oxidized while high potential metals is prone to reduction by accepting electrons. Normally, the standard 

potentials can be used to evaluate corrosion potential of a metal, especially in the humidity environment.  

Table 22 Selected standard electrode potentials [98] 

 

 Corrosion is initiated after immersing the metal in electrolyte and the electrochemical reactions 

create equilibrium potential, called open circuit potential in the absence of electrical connections. The 

corrosion potential, termed by      , refers to the voltage difference between the immersed metal and an 

appropriate reference electrode and the value of        is determined by a numerical fit of 

current-vs-potential data, as indicated in Figure 21.  The corresponded value to       is estimated as 

corrosion rate       which relates to the corrosion kinetics and quantification of corrosion process.  This 

estimation assumes that the corrosion reactions are under charge transfer control. In reality,        is a 

function of many factors, including type of metal, composition of the solution, temperature, movement of 

the solution, metal working history, and so on. Then polarization resistance     can be used as a 

quantitative parameter to compare corrosion resistance of metals . Polarization resistance     is defined as 
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the resistance of a metal to oxidation during the application of an external potential and the mathematical 

equation is      
  

  
 
    

. Polarization resistance is caused due to electrochemical reactions induced at 

the metal surface, which behaves like a resistor in a circuit. High     represents a high corrosion resistance 

with low corrosive attack while low    implies a more severe corrosion.  

Polarization resistance    can be calculated by the inverse slope of the curve indicating relation 

between current and potential around the corrosion potential. Relation between    and       can be 

derived by            
    

     
 
 

  
 , and        is obtained if Tafel slope values for anodic and catholic 

reaction (   and    ) are known or derived from a logarithmic current versas potential plot as indicated in 

Figure 21.  On the basis of obtained       value, the corrosion rate in units of distance per year can be 

calculated for the uniform corrosion, indicated as     
              

   
 , where the unit of corrosion rate    

is in millinches per year, A is area in mm2, d represent density in g/cm3, and     stands for equivalent 

weight in g/eq.  

 
Figure 21 corrosion process presenting anodic and cathodic components of current 

5.1.3.2. Galvanic corrosion 

Galvanic corrosion is also one common type of corrosion for aluminium conductor, resulting from two 

dissimilar conductive materials in a corrosive condition. Galvanic corrosion current is defined by the 

corrosion current when those two conducting materials are exposed to an electrolyte. The potential 

difference in those coupled materials is the driving force to galvanic corrosion while the geometry, 

temperature and other environmental parameters, pH and other parameters related to electrolyte 

properties, etc, also affect the complex galvanic corrosion process.  As demonstrated in Figure 22 [99], the 

galvanic series of some commercial metals and alloys obtained in seawater is presented.  When two 

metals are coupled with each other, the active one is susceptible to corrosion as the resultant potential 

difference. In a bimetallic system, galvanic corrosion is the most serious degradation mechanism and is an 

accelerated deterioration process occurring as long as dissimilar metals are coupled in the presence of 

electrolyte such as contacted ionized salts. As galvanic corrosion works like a battery cell, Faraday’s law can 

still work to make it possible to calculate the quantity of metals that is consumed as the anode.  

  
 

     

 

 
    

Where   is the consumded mass,   is the atomic mass of metal,   is the valency,   is the current 

Tafel slope ba 

Tafel slope bc 
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intensity and   is exposure time in second. If the anode metal has a quite small surface area, then an 

aggressive corrosion attack will occur and meanwhile electrolyte and external environmental parameters 

will also play a role in determining corrosion process.   

In addition, brittle intermetallic compounds may be formed if two dissimilar metals are in electrical 

contact interface, which can be deleterious to mechanical stability of contact interface. The mechanism 

about the formation of intermetallic compounds is associated with diffusion controlled process, and thus 

the expression            
 

  
  can be used while   is activation energy for diffusion and   is the 

universal gas constant. The activation energy for diffusion depends on the natural of materials in the 

contact interface as well as external temperature, while a low active energy or high temperature favors the 

diffusion. In electrical contact, the accelerated diffusion occurs via some short-circuit diffusing paths rather 

than through the lattice and those diffusing paths including dislocations, grain boundaries, and subgrain 

boundaries offer a considerable faster path for diffusing elements. The presence of intermetallic 

compounds in electrical contact interfaces is linked to overheating issues for some types of electrical 

contacts such as aluminum involved contact. The raised temperature accelerates the oxidation rate of 

electrical conductors, or in turn accelerates the rate of elements diffusion i.e. the formation of intermetallic 

compounds, leading to dramatically increase in contact resistance, which is independent of mechanical 

integrity of contact interface because the intermetallic compounds formed in the interface normally have 

relatively poor electrical conductivity than conductors and they grow sufficiently thick to hinder electrical 

flow. Eventually a long-term reliability of the electrical contact is doubted. 

 

Figure 22 Galvanic series of metals and alloys in seawater 

5.1.3.3. Localized corrosion 

Localized corrosion, such as crevice corrosion, occurs in the gaps formed on jointing two structural 

members. Damages caused by localized corrosion are often difficult to detect and quantify because visible 

surface flaws tend to be small and cannot indicate the damage extent that has happened under the surface. 
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The driving force of crevice corrosion is the formation of a differential aeration cell in the crevice.  The 

oxygen level is lower in the crevice and the difference in oxygen concentration leads to a difference in local 

corrosion potentials promoting the corrosion in the less noble area i.e. the oxygen depleted zone in the 

crevice. Therefore, the oxygen rich zone assumes the role of cathode. Other type of localized corrosion, 

pitting corrosion, is also very common degradation of metal which is covered with a very thin coating or 

passive layer. The pitting attack is confined to a point or small area with cavities which are generally 

irregularly shaped and may or may not be filled with corrosion products. The formation of pits usually 

occurs at weak spots in the coating and at sites where the coating is damaged mechanically.   

5.1.3.4. Fretting corrosion 

Other damaging corrosion attack on the electrical contact metal is fretting corrosion since the electrical 

contact metal is subjected to small oscillatory movements in the automotive vibrating condition. Fretting 

refers to accelerated wear and fatigue as well as corrosive attack at the asperities of contact surfaces, which 

is induced under stresses and in the presence of cycling relative surface motions, such as vibration. At the 

first beginning of fretting, the metal might have been oxidized and then the asperities on the contact 

interface are rubbing metal surface i.e. oxide layer, during oscillatory movements, resulting in new clean 

metal surfaces. Afterwards, oxidation will be immediately finished on these newly produced metal surfaces, 

or gas molecules are rapidly absorbed to induce the further reaction with metal.  Meanwhile, asperities 

penetrate below the surface, leading to wear by shearing stress. There are different theories to support the 

mechanisms of fretting corrosion. Basically, the fretting corrosion in the electrical contact involves the 

following processes. 1) Clean and strained metal surface are exposed after the rupture of oxide film on the 

surface by mechanical stresses, which will react with the environment and rapidly be oxidized. 2) Surface 

metal is removed by adhesion wear or by shearing the microwelded contacts among asperities. 3) The 

formation of wear debris by oxidation and formation of hard particles will continue to damage the surface.  

4) A thick insulating layer including oxides and wear debris is formed between contact interfaces. As it is 

ineffective to clean away wear debris and accumulated oxides for an electrical contact in automotive 

application, the highly localized, thick, insulating layer formed in the contact interface will lead to a rapid 

and dramatic increase in contact resistance. The factors affect fretting corrosion involve a large number of 

variables, including contact conditions and environmental conditions as well as material related properties 

and behavior , as indicated in Figure 23. Fretting fatigue might occur as fatigue crack can be initiated and 

then propagate into the metal, accelerating contact failure.  

 

Figure 23 Representative factors that affect fretting corrosion in electrical contact [88]
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5.1.3.5. Environmentally assisted corrosion and chemical attack  

Environmentally assisted corrosion includes stress corrosion crack, corrosion fatigue and hydrogen 

embrittlement. Stress corrosion cracking is induced from combined influences of tensile stress, a 

susceptible alloy and corrosive environment.  Corrosion fatigue is due to the combined action of cyclic 

stress and corrosive environment. The occurrence of irreversible cyclic plastic deformation with localized 

corrosion activity would trigger a fatigue crack in the forms of pit or surface flaw initially. When the flaw 

reaches a critical size, a threshold for fatigue cracking is exceeded and eventually a mechanical failure of the 

materials happens. Hydrogen embrittlement is supposed to occur at the high temperature close to alloy 

melting point while the atmosphere includes water vapor or excessive hydrocarbons. However, some 

researches also show that hydrogen generated during corrosion can penetrate into grain boundary and lead 

to embrittlement, although mechanism behind hydrogen embrittlement is difficult to study. A further 

consideration about atmospheric corrosion is the formation of surface contaminants when conductors are 

exposed to atmosphere such as at termination where oxides, chloride and sulphides of aluminium 

conductor metal are common.  Corrosion caused by atmospheric action need the presence of oxygen and 

moisture that can build up an electrochemical battery cell.  Although it is unusual to gain significant 

moisture at terminations that probably is in sealed conduction, humidity in the form of condensation may 

occur with high humidity environments or during temperature shock, which promotes the formation of 

oxides on aluminium conductor. Copper conductor also suffers from this oxidation, but the oxidization 

product of copper conductor is still conductive whereas aluminium oxide is not.  

The presence of chemical substances in surroundings might be able to attack aluminium conductor as 

well, while environmental conductions such as high temperature can also exert its influences. In 

automobiles, a high operating temperature may exist in underhood near engine compartment that can 

affect the levels of humidity in surroundings [100]. Cables or other onboard electronic components are also 

exposed to some chemical substances, probably biodiesel, naphtha, or other hydrocarbon substances, as 

well as organic ones like oxygen, chlorides, sulphides, inorganic acids or salts, etc.  According to [101], 

organic substances such as hydrocarbon, aldehydes and ketones, etc., normally have no attack on 

aluminium conductor.  At room temperature, aluminium is not susceptible to attack in the presence of 

ethyl, phenol, methyl alcohol as well. However,  at high temperature OH group can react with aluminium 

according to the reactions: 3ROH+AI→3H2+AI(RO)3 and  3ArOH+AI→3H2+AI(ArO)3. The aqueous solution 

of such substances begins to trigger a slight attack at 60-70 °C. In terms of inorganic compounds, except the 

corrosion types mentioned above, both inorganic acids or alkaline can lead to damaging effects on 

aluminium conductors. Aluminium has a good ability to withstand chlorides, nonetheless, a very dense 

pitting corrosion will take place during the first period when aluminium is subjected to sodium chloride.  

5.1.4. Mechanical degradation  

Mechanical stability of electrical contact relates to the performance and service life of electrical 

contact, which is dependent on properties of applied contact metal and terminal metal, the residual force 

after heat treatment, previous mechanical contact load, operating environment, etc. It is generally believed 

that the action of electrical current can significantly affect the mechanical behaviors in the contact region, 

such as creep, stress relaxation and flow due to the facts that electro-plasticity and the combination of 

thermal stresses and mechanical stresses will augment itself in a dramatic increase in the ductility of 

conductor metal as well as in the degradation of its mechanical properties by involving in the interaction 

between electrons and dislocations and interaction of the electrical field with structural defects.   
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The loss of initial contact pressure due to stress relaxation or creep leads to a loss of contact area in a 

relatively short time period. Creep occurs when conductor metal is subjected to a constant external force 

over time duration. The rate of creep behavior while a permeant dimensional change is caused depends on 

stress and temperature as well as the intrinsic mechanical behavior of conductors. Similarly, stress 

relaxation is also affected by time duration, operating temperature and applied stress, which is however not 

accompanied by dimensional changes. A high stress level is able to trigger the occurrence of stress 

relaxation representative by a reduction in the contact pressure. On the terminating joints, mechanical 

strength applied at the contact interface usually exceed the yield stress of conductor metal, while the stress 

in the bulk of conductor is less than yield stress. During the creep or stress relaxation, the deformation 

changes in the bulk from elastic to plastic will significantly reduce the residual contact pressure in the joints 

and thus increase the contact resistance over time, possibly to an eventual loosening of terminal or contact.  

The rate of stress relaxation and creep is especially temperature dependent and the relaxation degree 

or permanent dimensional change after a long period at a low temperature can be represented by a shorter 

period at a higher temperature. Hence, the loss of initial contact force can be further augmented at 

elevated temperature, leading to a loss of contact area over a relatively short time period. Therefore, it is 

believed that there is no need to deform the conductors excessively during termination and high initial 

stress pressure has no means to provide residual mechanical load to contact interface, which still cause 

accelerated stress relaxation and eventual contact failure at the high operating temperature. The 

mechanisms responsible for such behaviors are partly due to the microstructures of materials, involving 

dislocation climb, viscous dislocation glide and climb, grain boundary sliding, and a general reordering of 

dislocations to a more stable configuration, etc. Therefore, it is generally accepted that in addition to the 

operating temperature, the effect of metallurgical state of materials used as conductor will also exert 

influences on the behaviors of stress relaxation and creep. For instance, both elevated temperature and 

increased hardening treatment could augment the rate of stress relaxation and creep for aluminum 

conductors.  

As demonstrated earlier, electrical current will propel the influences of electro-plasticity by means of 

involvement of the electron-dislocation interactions and thereafter increase the rate of stress relaxation and 

creep. Moreover, thermal fatigue of conductor metals, work-hardening of contact augmented by thermal 

expansion can also be the explanations for the effects of electrical current on stress relaxation and creep 

behaviors of conductors. Even with the low density electrical current level while temperature rise is not 

significant, a sufficient stress can still be generated by thermal expansion which results in localized yielding 

and then work hardening.  During current cycling, the combined actions of thermal and mechanical 

stresses are exhibiting in the contact area, giving rise to the total of strains         , while    and    

are respectively representing mechanical and thermal stresses. The expressions of these two strains are 

   
 

 
 

 

  
 and             , while   is mechanical stress,   is the applied contact force,   is the 

elastic modulus constant,   is apparent contact area,    is coefficient of linear thermal expansion ,   and 

   are initial and final temperatures. Accordingly, the total strains for the conductor by thermal and 

mechanical stresses become    
 

 
         . This demonstrates that thermal stresses induced by 

electrical current contributes to deformation of conductor metal and hence promote the rate of stress 

relaxation and creep because thermal fatigue appears under thermal and mechanical stresses as well as the 

accompanying reduced overall strength of conductors. 
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Since stress relaxation of conductor metal is significantly associated with arrangement, density and 

motion of dislocations and their interactions with other microstructural defects such as grain and subgrain 

boundaries, impurities, solutes, and precipitates, the weaken of the binding forces between dislocations 

and obstacles impeding dislocation motion is taking place when the electrical current passes through the 

conductors and heating effects i.e. expansion, are accompanying. As a result, it will also alleviate the 

nucleation and multiplication which will in turn increase the dislocation density and alter the arrangements 

in the metals. Certainly, repeated current cycles of electrical current through conductor will free more 

dislocations, enhance mobility and reduce dislocation density in the conductor metals, causing an increased 

rate of stress relaxation.  

In terms of creep behavior, plastic deformation can describe the phenomena related to dislocation 

dynamics and viscous diffusion flow while viscous diffusion flow occurs at temperatures close to melting 

point of conductor. However, under a lower temperature or low applied force pressure condition, the creep 

rate will gradually diminish and vanish as described by the logarithmic law                , where   

and   are constant and    represents the initial deformation. This law of creep is only valid for metals at 

temperature below 0.2-0.3  , and can be responsible for the study of plastic deformation rate. At low 

temperatures, creep is dominated by dislocation mechanism which involves in the combined strains form 

thermal and mechanical impacts.  

For the use of electrical conductor, fatigue life refers to both the electrical contact performance and 

the fatigue of conductors. Then flex life refers primarily to the electrical conductor, relating to its ability to 

withstand specific bending or flexing without fracture or breakage, which also depends on termination 

techniques including how the insulation is supported by terminals and how conductor is fastened within 

equipment. In the automotive applications, a longer flex life and high flexibility is highly demanded so that 

normally stranded cable conductors instead of solid ones are installed in automobiles.  As flex life is 

primarily related to the number and size of individual strands, the strength of conductor metal, and the 

length and direction of stranding, a greater flex life is anticipated with larger number of smaller size strands. 

So the use of a solid conductor would not be considered in the applications where flex-life or flexibility is 

important. Apart from the need of smaller strands sizes, the strength of conductor will also play a significant 

role in the flex-life of conductors, as the climbing of dislocations, slide of grain boundaries, accumulative 

plastic strains, and other microstructural related factors affect the imitation of crack and further 

propagation. According, the intrinsic properties and the metallurgical state of conductors contribute to 

significant effects on the fatigue resistance of conductors and thus on the flex life of electrical conductor. It 

is generally believed that conductors with inferior mechanical strength or with smaller bending radii tend to 

withstand lower flex-life before crack [102]. According to the standard ASTM B 470-02 , it requires that an 

average of bending-cycles to fracture i.e. flex life exceeds 20-100 depending on the applications. Typical 

fracture geometry after bending test is shown in Figure 24 [102], which represents a fatigue crack before 

fracture and then this crack propagates further to a breakage of conductor. The initiation and propagation 

of crack are associated with the fracture toughness and ductility behaviours of conductors. Fracture 

toughness is the resistance of materials to resist the extension of crack while ductility is the ability of 

material to absorb plastic strain before fracture where elongation is assessed. An occurrence of fatigue 

refers to tensile strength established for conductors which is normally based on single static load. However, 

the repeated loads or stresses might result in fracture at a stress level less than the static tensile strength, 

leading to fatigue. Fatigue strength is also affected by environment conditions, such as the conductors 

having been suffered by corrosion issues have also been through such degradation because some corrosion 
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pits, or flaws might act as the points where cracks can be initiated.  

  

 

fatigue crack 

before fracture 

Figure 24 Typical fracture geometry after flex life tests [102] 

Moreover, a combination of various factors will affect the behavior of conductors due to the differing 

in operating conditions at the contact interface. Under the vibration settings in the automobiles, as well as 

relative movement of surface coupled with heat generated by joule effect, the occurrence of stress 

relaxation and creep behavior of conductors lead to a high contact resistance and then generation of more 

heat issues. Accordingly, the effects from temperature on the instinct properties of conductors will be 

reflected on ability to resist a fatigue. Not only the termination joints, but also the conductors are subjected 

to the vibration conditions and then are vulnerable to an eventual failure.  

5.1.5. Analytic methodology  

Contact resistance: As discussed previously, heating related issues, corrosion, formation of 

intermetallic compounds, as well as stress relaxation and creep behaviour will give rise to an dramatically 

increase in contact resistance which actually is a fundamental characteristic of electrical contact. Actually, 

specific levels of change in contact resistance have been proposed as a failure criterion to evaluate the 

reliability, stability and safety of electrical contact. The concepts of using three times and ten times the 

original contact resistance were proposed as a reasonable failure criteria for separable and permanent 

electrical contacts, which assumed that real contact area has been reduced from 10% to 1% of apparent 

contact[103] . According to the formula of contact resistance demonstrated in section 5.1.1, both constriction 

resistance and film resistance contribute to total contact resistance and meanwhile real contact area i.e. 

  –spots, is much smaller than apparent contact area. Thereby, it is possible to calculate the value of 

contact resistance if the area of   –spots can be obtained. However, it is much difficult to measure the real 

contact area of   –spots in the contact interface and then other approach to measure electrical contact 

resistance is suggested i.e. voltage drop test across the electrical contact. In order to rate or evaluate 

contact resistance, some investigations [103]-[107]have been done through measurements of voltage drop. 

Figure 25 demonstrates a schematic electrical diagram for testing setup. Voltage   is applied to the 

contact through resistor    from controllable current source   which is limited by resistor     and 

controlled by voltage drop across resistance    . Then X-Y recorder is obtained to register voltage drop 

across the contact and the applied current, i.e., current-voltage characteristics of the contact interface. The 

derived       characteristics can be used to analyze the mechanism of current passage through the 

contact.  
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Interfacial heating/Temperature measurements: The interfacial heating issue is closely related to 

contact resistance and thus voltage drop across the contact interface which is indicated by relation between 

voltage drop and temperature, such as Viedemann-Franz-law     
    

   
  

 
 as demonstrated in Table 

20. Accordingly, temperature can be derived by measuring the voltage drop as well. Meanwhile, 

temperature sensors or other IR technology can be applied to detect the temperature at the contact 

interface as well.  Thereafter, thermal expansion and accompanied thermal stress can be probably derived 

by those calculated temperature values.  

 

Figure 25 electrical diagram of testing voltage drop across the contact 

Corrosion behaviours: For corrosion behaviour of electrical conductor, there are various analytic 

methods to estimate corrosion possibilities. Electrochemical cell is commonly used to quality corrosion 

issue or to compare corrosion behaviour of different metals, including a working electrode i.e. tested 

conductors, a reference electrode e.g., Ag/Ag/Cl and a counter electrode e.g., platinum mesh being 

immersed in an electrolyte, while electrochemical measurements can be conducted. The typical 

electrochemical corrosion testing setup is shown in Figure 26. Corrosion reactions will create an 

electrochemical potential, or open circuit potential, and then corrosion potential       can be derived 

with respect to the known reference potential. By means of potentiostat measurement where potential 

difference between the reference electrode and working electrode is controlled and applied potential is 

imposed, current flow between working electrode and the counter electrode can be measured. 

Subsequently, the relation between applied potential and current flow is obtained, which is capable of 

measuring       and       . Then tafel slopes for anodic and cathodic reactions can be acquired as 

demonstrated in Figure 21. In order to measure polarization resistance   , applied potential with a range 

of     MV around       is scanned with an appropriate scanning rate typically 0.1 mV/sec to plot a 

curve regarding the applied potentials VS measured current. Or ASTM G59 can be employed here and a 

typical polarization resistance plot is indicated in Figure 27.    can serve as a quantitative parameter to 

compare the corrosion behaviours of different metals while a higher   represents a lower corrosion attack.  

Such methodology can be used to investigate galvanic corrosion behaviours of conductors while terminals 

are attached and investigated at the same time.  

Salt spray or salt mist is a standardized corrosion test to assess corrosion behaviour including galvanic 

corrosion of electrical conductors. Many works have been done to investigate corrosion behaviours in salt 

spray environment [108]-[110]. ISO 9227 “ Corrosion tests in artificial atmospheres-salt spray tests” as well as 

ASTM B117 specify testing apparatus, reagents and procedures that are regulated in conducting salt spray 

tests for assessment of corrosion resistance of metallic materials. Sodium chloride solution with a 

conductivity less than 20 μS/cm at 25 0C 2 0C and a concentration of 50g/l   5 g/l is prepared as solution. 

Three different tests with different pH levels, neutral salt spray (NSS), acetic acid salt spray (AASS) and 

copper-accelerated acetic acid salt spray (CASS) are simulating various corrosive environments while 
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respective operating conditions are suggested.  After exposed to salt spray environments, subsequent 

measurements such as metal loss, SEM/ EDS or other morphological approaches can be applied to evaluate 

the corrosion behaviours of metals. Similarly, the ability to withstand various chemical substances is valued 

by exposing electrical conductors to those chemicals by immersion, or sweeping, and then afterwards 

morphological characterizations can investigate the degrees of chemical attack.  

 

 
Figure 26 A typical electrochemical corrosion test cell Figure 27 A typical polarization resistance curve 

Morphological characterizations: Scanning electron microscopy and energy dispersive spectroscopy 

(SEM/EDS) provides indirect information about surface morphology before and after corrosion or chemical 

attack. Intermetallic compounds can also be analyzed through such analytic methods. SEM, as electron 

microscope, produces images of the surface by scanning with a focused beam of electrons in vacuum 

condition. The interactions between electrons and atoms can produce various signals which contain 

information about surface morphology as well as composition. SEM can be combined with quantitative 

measurement such as EDS which relies on an interaction of X-ray excitation and metal surface. As each 

element has its unique atomic structure allowing specific set of peaks on its X-ray emission spectrum, EDS is 

capable of characterizing various elements as well as elemental composition based on the spectrum 

information. In addition, light optical microscopy (LOM) makes use of visible light and light sensitive 

cameras to capture digital images of metal surface, while metal surface is enlarged by the lenses through 

magnifications in order to enable observers to directly gain the enlarged images.  

Mechanical behaviours: In terms of stress relaxation, creep and flow behaviour of conductors, it is 

very difficult to assess those in electrical contact since curves about basic contact force and contact 

resistance show that there is no significant increase in contact resistance until the contact force drops to a 

very low state. It is true that those contact spots i.e. a-spots are much more easily ruptured during vibration 

or under other mechanical disturbances, resulting in tendency of loosening terminal, but the process is not 

corresponding or proportional to the increase process in contact resistance. In this regard, pull out force of 

terminal might to be adopted to evaluate such mechanical degradation. It is said that 50% of the ultimate 

tensile stress of the associated conductor is required for the terminating joint to withstand the tensile stress 

in the mechanical testing. Figure 28 indicates a typical stress-strain curve of metal material while tensile 

strength TS is indicated at point M and fracture is represented by point F. The tensile test for electrical wires 

with diameter larger than 4 mm can refer to ISO 6892 for tensile testing at room temperature. 

Compression test can be conducted that is in a manner similar to tensile test, except the force is 

compressive, in order to value the degrees of deterioration or degradation. However, tensile test is the 
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most common evaluation in terms of investigating mechanical behaviour of electrical conductor.  

 
Figure 28 Typical engineering stress-strain behavior of metal 

5.2. Potential Failures in aluminium cables  

Due to differences in characteristics of copper conductor and aluminum conductor, potential failure 

analysis is important to assess behaviors of aluminum cables in automotive applications if copper cables are 

expected to convert into aluminum ones. Assuming the failures due to insulation materials are equivalent 

and demonstrated in Table 23 , this section mainly focuses on the failures due to the introduction of new 

electrical conductors i.e. aluminium. As one of the main functions for cable insulation materials is to protect 

the conductor from the external environment and ensure a low energy loss. Insulation materials are 

supposed to be resistant to high temperature and abrasion without breakage. Therefore, failures for cable 

insulations are primarily due to accelerated aging with performance deterioration and reduced ability to 

withstand high temperature.  

Table 23 Failure analysis due to insulation impacts[111] 

Component/Part Failure mode Possible causes 

A. interruption in 

cable 

 

 

 

 

 

A.1 chafing 

A.1.1wear resistance of cable insulation materials;  

and deteriorates of insulation due to heat effect ① ; 

A.1.2 wear resistance of insulation material ; 

deteriorates due to chemical exposure, such as battery 

acid; 

A.1.3 routing over an shaped edge; 

A.1.4 rubbing against surface due to distance between 

clamping points ; 

A.2 bent off A.2.1 relative movement; 

A.3 oxidation or aging A.3.1 damaged cable insulation ; 

A.4 broken / trapped / 

ripped off 

A.4.1 due to collision; 

A.4.2 due to big relative movement; 

B. short circuit 

 

B.1 insulation wears away due to sharp edge or heavy clamping etc 

B.2 insulation melts 

away 

B.2.1due to external heat ① ; 

B.2.2due to wrong relationship between overload 

protection and cable area; 
①

  CONDUCTOR MIGHT PARTLY CONTRIBUTE TO THIS EFFECT. 
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5.2.1. Failure mechanisms for aluminium conductors  

As described in Section 5.1,  failures due to aluminium conductors in automotive application can be 

attributed to a combination of internal and external conditions, i.e., intrinsic characteristics of conductor 

materials and operating conditions. Then concern with potential risks associated with aluminium 

conductors needs to be addressed when integrated impacts on aluminium conductor are considered. Lower 

fatigue strength and high potential to corrosion of aluminium conductor degenerate its performance while 

stress relaxation/creep tendency and interfacial heating issues threaten the reliability of contact, thereafter 

chemical stability and service life of electrical contact will be affected. Therefore, if aluminium cables are 

substituted copper ones in automotive applications, stability and reliability for both electrical conductor 

metal and electrical contact are the basic guarantees. Accordingly, the following qualifications or 

requirements should be met, unless corresponding potential failure will be induced. 

 electrical aspect: low power losses, no distortion, no overheating, low electrical stress; 

 thermal aspect: withstand rapid temperature chock without loosening terminals, minimal thermal 

stresses or thermal impacts on conductors;  

 mechanical aspect: high wear resistance, stable contact force, integrity of mechanical behavior 

across electrical contact, long flex life;  

 chemical aspect: high resistance to oxygen or chemical substances in automotive settings, no 

deterioration on aluminium conductor as well as its electrical contact;  

Specifically, strict requirements are made for electrical conductor metal, such as high resistance to 

oxygen in order to prevent the formation of insulating layer on conductor surface and contact interface and 

thus to ensure the relative low loss of conductivity, high ability to withstand electrical erosion and 

compressive loads/impacts; satisfactory thermal characteristics and stable mechanical performance; as well 

as excellent wear resistance.  

 
Figure 29 Schematic of degradation mechanisms in applications of aluminium conductor 

For aluminium electrical conductor, its primary function is to allow uninterrupted flow of electrical 

current passing across contact joint and at the same time to ensure its service life. A good metal-to-metal 

contact should be achieved and however complex processes are occurring in electrical contact interface 

which have not been fully explained within the limited present knowledge. The life expectancy for cable is 

more than 40 years while vehicles are expected to keep in function for at least 15 years and the impacts or 

stresses from operating environment on aluminium conductors are also complex. Although there are 
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complicated processes occurring in electrical contact interface and complex impacts on conductors, the 

application of aluminium cables in automotive cables are governed by the same fundamental phenomena 

and degradation mechanism, as summarized in Figure 29, which combines with electrical contact interface 

and associated changes under thermal, mechanical, chemical and electrical stresses, as well as associates 

electrical conductor with relevant influences. The failure mechanism is defined as actual physical 

phenomenon behind the occurrence of failures.  

Table 24 Failure analysis due to aluminium conductor impacts 

Component/Part Failure mode Possible Causes 

A. High voltage 

drop 

A.1 wrong relation between 

cable area and cable length 

A.1.1 aluminium conductor needs larger area to 

maintain same current carrying ampacity; 

A.2 increased resistance of 

conductor 
A.2.1 formation of oxide layer; 

A.3 high voltage drop in 

terminal 

A.3.1 increase in contact resistance and decrease in 

real contact area; 

A.3.2 interruption in contact interface (see point C); 

B. Interruption in 

conductor 

B.1 low flex life B.1.1 crack formation due to low strength; 

B.2 higher localized 

temperature 

B.2.1 the presence of kinks in aluminium conductor 

as potential weakness point; 

C. Interruption in 

terminal or 

contact 

C.1 tension relaxes in 

contact system over time 

C.1.1 wrong contact system for the application; 

inefficient contact area of a-spots; 

C.1.2 induced decreases in contact pressure or 

permanent dimensional changes owing to stress 

relaxation and creep of aluminium conductor; 

C.1.3 softens due to interfacial heat; 

C.1.4 accelerated by electrical stress; 

C.2 terminal loosen 

C.2.1 pulled out due to bad termination and/or 

vibrations; 

C.2.2 failure to break insulating layer (see A.2); 

C.2.3 thermal fatigue and work-hardening of 

conductor, coupled with C1.3 and C.1.4; 

C.2.4 incompatible thermal expansion between 

aluminium conductor and copper or tin based 

terminals, combined with C.1.3; 

C.3 oxidation; corrosive or 

chemical attack (including 

galvanic corrosion, localized 

corrosion and fretting 

corrosion) 

C.3.1 bad clamping, see C.1.1; 

C.3.2 joint points are not sealed correctly; 

C.3.3 localized corrosion (pitting or crevice 

corrosion), and attack by chemical substances, in 

combination with C.3.1 and C.3.2; 

C.3.4 wrong contact system for the application (e.g. 

wrong plating or coating ); bimetallic corrosion; 

C.3.5 presence of wear debris and fretting corrosion 

or intermetallic compounds. 

In the following section, potential risks are established and failure in this study only refers to 

deteriorations of electrical contact and electrical conductor due to the contributions from the introduction 

of aluminium conductors.  As summarized in Table 24, probable accompanied failures as a result of the 
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influences from aluminium conductors are indicated, including concerns during assembly or installation 

process, such as lower crimping force because of lower yield strength of aluminium conductor compared to 

copper one, the need of large aluminium conductor and larger bending radii as well as gentle and careful 

installation due to easy formations of crack and kinks. 

5.2.2. Failure analysis  

A. High voltage drop  

A1: As indicated in Table 8, the area of aluminium conductor is supposed to be larger than that of 

copper one in order to carry equivalent current. According to resistance formula    
 

 
,  area of 

aluminium conductor in relation to copper one can be derived according to values of resistivity. If area of 

aluminium is relatively smaller than the corresponding value to that of copper, a greater resistance of cable 

is obtained, resulting in bigger voltage drop in electric circuit.   

A2: For the metallic conductor, oxidation easily occurs when it is exposed to oxygen content, and as a 

result oxide layer is immediately generated on the surface of conductor. There exhibits a significant 

difference in conductivity value for oxidation products by aluminium conductor and copper one. For the 

copper conductor, conductivity of Cu2O is 10 S/cm which is able to perform as a satisfactory conductivity, 

and however, the transparent and hard Al2O3 with a conductivity value of 10-7 S/cm presents insulated 

function. The depletion of conductor metal coupled with an insulating layer causes a relatively smaller cross 

section area, leading to a greater resistance in agreement with    
 

 
 .Thereby, greater voltage drop is 

present, causing larger power loss. As a hard, tenacious and brittle layer on the conductor, Al2O3 stresses 

more negative impacts on electrical contact where a raised contact resistance exists. Failures trigged by the 

consecutive consequences of a high electrical contact resistance will be deliberated in point C.  

A3: The bigger voltage drop in the electrical contact can also be attributed to the previous terminating 

techniques. A good metal-to-metal contact with efficient contact area spots i.e.   –spots is guaranteed 

firstly by terminating method. According to formula for constriction resistance              , 

aluminum conductor has a greater constriction resistance value because of its higher electrical resistivity if  

areas of   –spots with respect to aluminium and copper are the same. In addition, the insulating oxide 

layer of aluminium conductor generates a great film resistance as well, leading to a big contact resistance, if 

inappropriate terminating approach was employed.  

Assuming mechanical termination was applied here for aluminium cables, according to relation 

between normal load    , apparent contact area    and hardness    which is expressed by        , 

theoretically the required normal load can be derived to ensure a good electrical contact and a low voltage 

drop value. The 100% hardness for copper is corresponding to around 44% for aluminium; therefore it 

seems that contact area for aluminium conductor would be larger than that for copper if equivalent normal 

force was used previously. Then combined with a greater resistivity value, constriction resistance and film 

resistance for aluminium conductor might be able to arrive the same values as those for copper conductor. 

Hence, wrong terminating force applied on the aluminium conductor will probably give rise to the increases 

in voltage drop across the contact. In addition, it is probably taking place that contact areas decrease and 

then contact resistance keeps increasing during operating conditions, which will be established in the part 

about interruption in terminal/contact.   
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B. Interruption in conductor  

B1: The life expectancy for automotive cables is 40 years while automotive vehicle has a service life of 

at least 15 years. However, the interruption in conductor will cause a shorter service life for electrical 

cables, which will also affect further recycling process and increase external cost. Flex life is one method to 

value the ability of conductor to withstand specific bending or flexing without fracture or breakage. Based 

on ASTM B 470-02, an average bending cycles (>20-100 )to fracture is required which is depending on the 

application locations as well. For the conductor material, the alloy level and its metallurgical state as well as 

external operating temperature play a role in determining its flex life. Table 25 demonstrated experimental 

results about flex life for single conductor strand with larger bending diameter (2-10mm), which was 

conducted by Leoni/GTS according to ASTM B470-02 [102].  

According to results, hard drawn Al-Fe-Si conductor with the tensile strength approximately 258 MPa 

has an average flex life 96 (cycles to fracture) at 25 oC and 12 cycles at 105 oC . These values for Cu-ETP (hard) 

with tensile around 443 MPa are 536 cycles and 154 cycles, respectively,  and for Cu-ETP (annealed) with 

tensile strength of 238 MPa are 562 cycles and 278 cycles. According to the standard specification, 

aluminium conductor is unlikely to meet the ASTM B470-02 standard flex life test at 250C and would 

certainly fail at 1050C, which would be at risk of fatigue failure in the automotive conditions.   

Table 25 Flex life for various electrical conductors [102] 

ELECTRICAL 

CONDUCTOR 

DIAMETER 

[mm] 

HEAT 

TREATMENT 

CONDUCTIVITY 

[MS/m] 

FLEX LIFE 

25 0C 

FLEX LIFE 

1050C 

TENSILE 

STRENGTH 

[MPa] 

Cu-ETP 0.25 Hard 55.5 536 154 443 

Cu-ETP 0.25 Soft 57.5 562 278 238 

CuMg0.14 0.25 Hard 45.3 3163 ----- 740 

CuMg0.14 0.25 Soft 48.9 402 ----- 274 

CuSn0.25 0.25 Hard 38.8 3397 ----- 649 

CuSn0.25 0.25 Soft 37.3 495 ----- 279 

CuSn0.39 0.25 Hard 38.8 2022 ----- 660 

CuSn0.39 0.25 Soft 37.3 401 ----- 228 

CnZn37 0.25 Hard 11.4 6003 ----- 1052 

CuZn37 0.25 Soft 14.6 572 ----- 488 

AlFe0.13Si0.05 0.25 As drawn 35 96 12 258 

B2: Other potential risk is due to low yield strength as well as rigidity modulus of aluminium conductor, 

especially for aluminium cables with small cross section area which correspondingly ought to allow smaller 

bending radius. Then these aluminium conductors are more easily becoming “set” or “yielding” during 

installation or other handling, which might cause kinks if aluminium cables are bent with smaller radius, 

remaining as a potential weakness in aluminium cables. If the kinked cable is straightened afterwards, a hot 

spot is remained in previous kinked points.  

C. Interruption in terminal/contact 

C.1 Tension relaxes in contact system overtime  

(1) As discussed previously, electrical contact is closely associated with real contact spots, so-called 

  –spots, which are directly determined by termination technique. Efficient amount of   –spots and large 
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area of such   –spots are required to a reliable electrical contact. On the other hand, the reliability cannot 

be ensured if a wrong contact system was established. The tension force tends to relax over time in a poor 

metal-to-metal contact system after mechanical crimping being adopted, as the driving force of the tension 

relax is always the achievement of lowest energy state in the system.   

(2) The occurrence of decreases in contact pressure or further permanent deformation, due to stress 

relaxation and creep behaviour of conductor, can diminish metal-to-metal contact area as well as reduce 

the areas of   –spots, when conductor metal is subjected to external force overtime no matter in statically 

or in dynamically[112]. Both rates of creep and stress relaxation are dependent of time duration, temperature 

and applied load. Aluminium exhibits a higher rate than copper while such deleterious phenomenon cannot 

be prevented. Although some adequate joint configuration might be possible to improve the mechanical 

stability of some mechanical joints. The difference in creep and stress relaxation is that creep behavior of 

conductor will create dimensional changes so that tension force is regularly released whereas stress 

relaxation is accompanied by a reduction in contact pressure due to differs in metallurgical structure of 

conductor that gives rise to a decrease in contact areas. As indicated in Table 8, aluminium conductor has a 

permanent 0.022% plastic deformation after 1000h at temperature 200C while the temperature for copper 

to achieve the same creep rate is 150 0C, which shows that aluminium is vulnerable to creep even at a 

normal ambient temperature and the creep rate of aluminium conductor will be much higher under high 

operating temperature environment. The deformation changes from elastically to plastically lead to the 

reduction in residual contact pressure in contact interface and then an increase in contact resistance. Some 

investigations on the stress relaxation and creep of aluminium conductor (EC 1350 grade) have been 

done[113]-[116], showing that hard-drawn aluminium conductor ( which is excellent electrical conductor) is 

prone to stress relaxation if compared with the annealed one, as demonstrated in Figure 30. 

 

Figure 30 Stress relaxation of aluminum conductor in various metallurgical state[113]
 

(3) In addition, tension relaxes phenomenon evidenced by a decrease in contact area or reduction in 

contact pressure can be further accelerated at elevated operating temperature that can be generated by 

interfacial heat or overheat issues. For a satisfactory contact, temperature rise effects should be slight and 

temperature gradient in conductor metal is supposed to be narrow so that no overheating or no 

super-temperature exists in the contact interface. However, the provoked high interfacial temperature by a 

poor electrical contact gives rise to a higher creep rate and stress relaxation of conductor metal.  
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(4) Not only a higher temperature is raised by electrical current, but also change in mechanical 

response is accompanied by the applied current. It shows that especially a lower density electrical current 

(such as 1.6 A/mm2) tends to exert more influences on the mechanical behavior of conductor metals, 

leading to higher rate of stress relaxation and creep. Current cycling with greater current density might 

bring some beneficial impacts on electrical conductor, especially for those that insulating oxides are 

produced, because cracking of oxide layer under greater electrical stress facilitates metal-to-metal contact. 

However, under the circumstance of low current density, it is said that the effects on stress relaxation from 

elevated temperature or from current cycling condition are equivalent even through a low electrical current 

value might only raise temperature by merely 2-3 Celsius degree. The reasons why current cycling with low 

electrical current value affects stress relaxation of aluminium are also associated with thermal fatigue of 

aluminium conductor, work-hardening of electrical contact as a result of thermal expansion and 

electro-plasticity.   

Moreover, investigations indicated that electrical current significantly affects tension relaxes behavior 

while electroplasticity is involved in interacting electrons and dislocations in conductor and manifests the 

ductility of aluminium conductor. Due to the intrinsic properties of aluminum conductor,  stress relaxation 

and creep are always the most deleterious degradation although alloying elements might ease such 

behaviors but still will bring an adverse effect on electrical performance.   

C.2 Terminal loosen  

(1) As seen from C1, an efficient amount of contact area or contact spots   –spots will directly 

determine mechanical stability of contact terminal, and contribute to the loosening of terminal as a result 

of reducing in contact pressure over time.  In addition, a further vibrating operating circumstance in 

automotive setting will accelerate tension relaxes of termination.  

(2) The oxidation of aluminium conductor occurs immediately whenever it is subjected to oxygen 

atmosphere, generating a hard, tenacious and insulated oxide layer which isolates conductors from 

conductive path and diminishes metal-to-metal contact. Although the thickness of Al2O3 is merely 10nm for 

rough surface, a substantial decline in real contact area is still present accompanying with a lower contact 

pressure. While combining with other impacts, such as creep behavior, stress relaxation, thermal and 

electrical stress as well as thermal expansion, which will be deliberated later, the presence of aluminium 

oxide weakens the connection among conductor and terminal. Generally speaking, the formation of Al2O3 is 

totally undesired for aluminium conductor and the constantly breakage of Al2O3  is favorable for an ensured 

termination.  

(3) Thermal fatigue is caused by repeated thermal and mechanical stresses while work hardening and 

augmented stress relaxation are occurring in contact interface. Even though aluminium conductor is 

carrying low duty electric power, localized yielding in contact zone is still present by thermal expansion 

generated stress and then work hardening is accompanying. Thermal fatigue gives rise to a decline in 

strength of conductor metal, as well as a higher rate of stress relaxation, which contributes to the inefficient 

connection in the contact zone. 

(4) Incompatible thermal expansion is always the reason to a degradation of aluminium conductor 

which is in contact with dissimilar metals. For instance, aluminium-to-copper connection is vulnerable 

because aluminium behaves a greater expansion than copper when they are subjected to an increasing 

temperature condition. The difference in expansion level is supposed to be                      

where    is the temperature change. Meanwhile, it is possible that aluminium obtains a great strain during 
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temperature shock, which could exceed the yield strain.  According to the coefficient values for aluminium 

and copper in Table 8, the corresponding differential strains for Al-Cu contact at 100 oC and 150 oC are 

respectively 6.8       (1/oC) and 10.2      (1/oC) . Based on the tensile yield strength and elastic 

modulus of aluminium, it has a yield strain around 7.8      . This means that aluminium is prone to 

yielding if temperature is going down from 150 oC to 100 oC. After being subjected to repeated temperature 

shock cycles, an increasing contact resistance and then the loosening of terminal can be foreseen. As shown 

in Table 18 conducted by Nexans, aluminium exhibits a big contact resistance change after temperature and 

humidity cycling test, which is threatening the connection between aluminium conductor and terminal.  

Table 18. Contact resistance change after heat/ humidity cycles[21] 

DELTA RESISTANCE [m∙Ohm] AFTER 10 CYCLES 15 CYCLES 20 CYCLES 

Cu 0.07 0.10 0.15 

All Al >50 >50 >50 

Mechanical strength Cu 230 MPa, CCA 120/150 MPa, Al 120 MPa. 

C.3 Corrosion and chemical related  

As aluminium cables will be installed in automobiles, the corrosion environment needs to be 

established in the automotive operating atmosphere to assess potential risks that are highly associated with 

corrosion or chemical attacks. 

(1) As described in C1, an inappropriate termination allows conductor material being exposed to 

external environment and getting attack by oxygen, humidity or other chemical substances in the operating 

atmosphere. In the presence of electrolyte, such as humidity in the air, an electrochemical battery cell is 

built up and then the less noble metal performing as anode electrode is consumed. As aluminium conductor 

is relatively more active than other metals as indicated in Table 14 and Figure 19, aluminium conductor is 

much more vulnerable to corrode while it is coupled with other nobler metals.  Thereafter, the 

consumption of aluminum conductor is weakening the electrical contact and as a result terminal is relaxing 

contact pressure and is susceptible to loosening.   

(2) With respect to aluminium, sealing approach is normally applied to prevent the conductor from 

being exposed to external environment, because negative consequences bring considerable losses. However, 

a failure of sealing will still put the electrical conductor in the harsh corrosive condition. TE connectivity has 

conducted such comparative experiments [68] and results showed that unsealed crimp contact for aluminium 

cable with CSA 2.5mm2 retained a contact resistance value of 1.1 mΩ after salt spray test, which 

corresponded to a value of 0.05 mΩ for the sealed case. Meanwhile, pull-out force for unsealed aluminium 

cable decreased rapidly and the reduction value was almost 8 times greater if compared with the sealed 

one.  

(3) The gaps in interface zone allows the exposure of aluminium conductor to external substances, 

such as oxygen, carbon dioxide, water vapor as well as sulfur and chloride compounds, etc., that are present 

in automotive operating condition, and also facilitates the occasion of localized corrosion like pitting 

corrosion and crevice corrosion in aluminium conductor, which is not easy to detect, but is able to degrade 

the properties of aluminium conductor. Chemical attacks while aluminium conductor is consumed 

accelerate the failure of electrical contact and the accumulation of reaction products at interface zone 

lowers the efficiency of metal-to-metal contact. Meanwhile at the interface zone where physical contact 

area is way too much smaller than apparent contact area, the formation of crevice and  gaps between 

insulation and conductor redistributes oxygen and results in depleted oxygen inside crevice over a time 
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periods. Then anodic reaction appears in crevice where aluminum is oxidized and the whole reaction 

becomes Al3++3H2O→3H++Al(OH)3. A further decreased pH value and acidification is accompanying with the 

consumption of aluminium conductor. The prevention of crevice corrosion is to avoid the gaps by sealing or 

welding, so that the reliable contact of aluminium is ensured. In terms of pitting, metals with easily formed 

oxide layer is much prone to such attack if some specific substances or ions are inhabited. Chloride ions Cl- 

will trigger the incident of pitting corrosion in aluminium and AlOHCl may be produced according to 

reaction Al3++3H2O+Cl−→H++ AlOHCl+. Similarly to crevice corrosion, the pit cavity will be acidified during 

evolution of hydrogen. The consumption of aluminium conductor during pitting and crevice corrosion will 

not only deteriorate the strength of conductor, but also leads to an inefficient and ineffective contact which 

eventually stimulates relax of terminal.   

(4) A wrong contact system is represented by the use of dissimilar metals while aluminium is the more 

active one. The direct consequence is corrosion attack occurring in the aluminium conductor. Since copper, 

or tined copper is the most common contact materials for aluminium conductor, but such contact materials 

with higher natural electrode potentials than aluminium serves as an cathode and promotes a heavy elution 

of anode i.e. aluminium, as demonstrated in Figure 31, in a presence of significance potential difference 

(around -0.5 V). Then aluminium dissolves and is deposited as a complex hydrated aluminium oxide while 

evolution of hydrogen at the cathodic electrode i.e. copper is simultaneously taking place once this battery 

cell is formed. Galvanic corrosion process can continue until aluminium has been consumed completely 

although the buildup of corrosion process is associated with kinetic aspects and might be accelerated if 

aluminium contains a considerably smaller area than copper. The degree of galvanic corrosion is related to 

numerous and complex factors and the humidity operating environment is the vital one which will facilitate 

the buildup of battery cell. Meanwhile, appropriate terminal design and good insulation method are also 

required to minimize the depletion of aluminium conductor by galvanic corrosion.   

 
Figure 31 Galvanic corrosion of aluminium while coupled with copper terminal  

(5) Some relative or oscillatory movements among electrical contact and conductor are getting along 

with the repeated stresses form thermal and electrical impacts as well as vibrating condition in automobiles, 

which provokes corrosion attacks by fretting. As a long term destructive behaviour, fretting corrosion with 

accumulated wear debris and oxides at the contact interface can result in considerable instability and 

serious deterioration of electrical contact. For aluminium conductor, it seems like that at very first stage no 

damage and no effects on its contact are caused by fretting when surface asperities start penetrating  

oxide layer and a good contact is present as a result of the rupture of insulating oxide layer. But afterwards, 

asperities in contact interface will be deformed under high localized contact pressure , and then shear force 

is exerting on microscopic connecting bridges and some conducting debris are generated by the relative 

movement among aluminium conductor and terminal. While subjected to a longer fretting condition, the 

accumulative wear debris coupled with insulating oxide layer Al2O3 diminishes the conducting paths and 
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reduces the real metal-to-metal contact. In the long term, the metallic layer becomes softened and 

progressive separation of these layers takes place which results in a substantial reduction in metallic contact 

and an extensive increase in contact resistance.  Fretting corrosion is combined with complex factors as 

indicated in Figure 23. Where automotive cables are installed, a relative lower electrical load is needed if 

compared with aluminium cables in power line uses. Regarding the influences of electrical load on fretting , 

a higher electrical current might be able to reduce the damaging impacts and to eliminate the rise in 

contact resistance as the fritting effect in a high electrical load is probably capable of rupture oxide layer 

and wear debris formed during fretting and guaranteeing the metallic contact . However, in automotive 

applications aluminium cables will only need to carry relatively low electrical currents so that they will not 

benefit from the positive consequences caused by localized high current densities .  

In addition to stimulate fretting in contact zone, the presence of intermetallic compounds in contact 

interface is also threatening mechanical and electrical stabilities of electrical contact. For aluminium 

conductor with Al-Cu contact, it is possible to occur that mechanical integrity is totally lost. Figure 32 

displays the intermetallic compounds formed at interface zone of Al-Cu contact and such compounds result 

in deleterious effects on the contact where a greater brittleness of contact interface and higher contact 

resistance are generated.   

 
Figure 32 Microstructure of intermetallic phases formed at interface of Al-Cu contact [85] 

5.3. Evaluation approaches  

According to assessment of potential risks demonstrated above in Section 5.2, the behaviors and 

performances of aluminium conductors used as automotive cables should be evaluated since the stability 

and reliability of electrical contact for aluminium conductor is the most significant issue. Normally the 

impacts form mechanical, electrical, chemical and thermal on electrical are coupling together, therefore 

aluminium conductor in automotive applications ought to be valued from these aspects and its intrinsic 

properties shall be maintained to guarantee a demanded service life before substituting copper conductors 

in automobiles.   

5.3.1. Principal purposes of evaluation 

Based on degradation mechanisms of aluminum conductor in automotive applications indicated in 

Figure 29, the main objectives of evaluation are to investigate the coupling effects as summarized in Figure 

33 on aluminium conductor as well as its contact. Only the stable performances of aluminium conductor 

and its electrical contact under those impacts can allow the possibility of replacing copper cables in 
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automobiles. The requirements for the adoption of aluminium cables in automotive applications are 

summarized as follows, which can also be seen as the main principles of assessment.  

 Stability and reliability of electrical contact for aluminium cables;  

 Integrity of mechanical and electrical behaviors of electrical contact;  

 Characteristic integrity of aluminium conductor in automotive applications; 

More specifically, stability and reliability of electrical contact require allowable contact resistance to 

prevent electrical contact from failures. The integrity is related to the guaranteed functions of electrical 

contact for aluminium conductor i.e. the power transmission with lowest loss and acceptable connection 

with other energy consumers or suppliers without interruption. The deteriorated properties of aluminium 

conductors give rise to damages and challenge life expectancy of new automotive cables. And the integrity 

for aluminium conductor and its contact is associated with fewer impacts from temperature shock or high 

operating temperature, chemical exposure and/or attack, corrosion issues, as well as electrical stresses.  

 
Figure 33 schematic of coupling effects on conductor and its contact 

5.3.2. Experimental design  

According to degradation mechanisms demonstrated in Figure 29 and coupling effects from various 

aspects summarized in Figure 33, the objectives of experimental tests are to assess the stability of 

aluminium conductor and its contact in mechanically, chemically, electrically and thermally. The rapid 

increase in contact resistance is the direct and obvious consequence from those contact instabilities and as 

a result there has always been a failure criterion for electrical contact [90][103]. An general acceptable contact 

resistance value is 3 times of original Rc, and Scania also employs this 3Rc as a failure criterion for electrical 

contact. The raise in contact resistance is attributing to combined factors since those four measuring 

aspects can affect each other as described as follows. 

 Interfacial heat by electrical stress can augment thermal instability and bring about thermal fatigue 

while less real contact area caused by insulating layer Al2O3 accelerates interfacial heat. Then test 

such as current cycles or electrical load need to be conducted.  

 For thermal stability, it can trigger the occurrence of oxidation and at the same time the 

accompanied stress exerts influences on stress relaxation and creep of aluminium conductor at 

termination, which can be simulated by humidity /temperature cycling test according to standard 

ISO 8090.  
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 Mechanical impact give rise to relaxation of contact pressure through stress relaxation and creep 

behaviors of aluminium conductor, allowing exposures of conductor to oxygen, humidity or external 

chemical substances which can facilitate oxidation and corrosion of aluminium. Regarding 

mechanical factors, cycling bending, vibration settings as well as impact test are probably suitable.  

 Then corrosion or chemical related attack occurring at the termination or in aluminium conductor 

that will interact with other factors, impairs mechanical property of termination joint and 

aluminium conductor while degradation of mechanical strength is closely related to the final fatigue 

life of aluminium conductor and its contact. As oxidation and corrosion is always a big issue for the 

use of aluminium cables and the constant breakage of oxide layer on aluminium surface is required, 

LOM or SEM/EDS can be used to investigate corrosion behaviors of aluminium conductor in various 

conditions. Scientific approach, such as polarization resistance through a built electrochemical cell, 

is capable of determining corrosion behaviors like galvanic corrosion that might take place among 

aluminium conductor and its terminal.  

Accordingly, the stabilities are assessed which can be reflected by the values of contact resistance, 

while allowing aluminium cables as well as attached terminal to be exposed to those different testing 

conditions. In addition to the measurement of contact resistance, other associated consequences can also 

be evaluated as indicators of degradation, since the increased contact resistance will provoke and/or be 

followed by the overheat issue, the loss of contact pressure, as well as accumulated corrosion products or 

oxide layer at the contact interface. Therefore, parameters such as temperature rise and voltage drop can 

be measured over time while pull-out force can value the residual contact pressure at termination joint. 

Regarding pull-out force measurement, Scania has its own standard that regulates acceptable pull-out 

forces for cable terminals and tensile test is conducted here.  

5.3.3. Test plan  

5.3.3.1. Scope of test plan  

The evaluations for aluminum cables in automotive applications are summarized in Table 26, and 

based on Scania technical regulations and standards as well as some international standards in terms of 

onboard connections as well as cables. Parameters or requirements for the functional tests refer to those 

specific test standards and regulations as well, while the main principle is to simulate the harsh operating 

environment in automotive vehicles although some accelerated experiments will also be executed. All the 

tests represented in Table 26 are expected to assess behaviors of aluminium conductors and accordingly the 

evaluation of insulation is not the scope of this test plan, except the probable influences that aluminium 

conductor might generate on insulation materials. Regarding such impacts, withstand voltage test i.e. 

dielectric test is then used. Additionally, water tightness is also required for sealed terminals before and 

after functional tests No.3 – No.9, while tests No.1 and No.2 are to investigate potential severe damages 

that a harsh operating condition in vehicles can exert on aluminium cables. Nevertheless, all aluminium 

cables should comply with technical regulations compiled in ISO 6722-2[117].  

Main functional tests from No.1 to No.9 are operated in order to investigate impacts form four aspects 

while degradations of aluminium conductor are evaluated through premeasurement and 

post-measurement. The connectivity of terminal on aluminium conductor is the governing indicator to 

determine the use of aluminium cables and methods to assess the connectivity in test plan are contact 

resistance measurement, temperature rise at termination, pull-out force as well as SEM (or other 

morphological characterization techniques), while monitoring temperature rise and contact resistance 
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during tests No.4, No.6 and No.8 can be an excellent indicator of connectivity. Apart from identifying 

corrosion behavior of aluminium conductor, SEM or other morphological characterizations are employed to 

detect the formation of oxide layer or corrosion products on aluminium conductor since one requirement 

for the use of aluminium cable is the constant breakage of this oxide layer. Performance evaluation for 

aluminium conductor is through corrosion and tensile test in that the limitations are associated with its high 

potential of being attacked and inferior strength that will deteriorate its operating functions and service life.  

Table 26 Framework of test sequences ① 

TEST OBJECTIVES 
CHEMICAL 

STRESS 

THERMAL 

STRESS 

MECHANICAL 

STRESS 

ELECTRICAL 

STRESS 

PRE-ME

ASURE

MENT 

Contact resistance √ √ √ √ √ √ √ √ √ √ 

Pull-out force (tensile 

without terminal) 
√ √ √ √ √ √ √ √ √ √ 

Tensile test   √   √ √ √   

FUNCTI

ONAL 

TESTS 

No.1 
Qualified corrosion 

test (LPR) 
√          

No.2 Chemical resistance  √         

No.3 Salt spray/Salt mist   √        

No.4 

High temperature 

and humidity 

cycling② 

   √       

No.5 Temperature shock     √      

No.6 

Combined vibration 

and high 

temperature ② 

     √     

No.7 Cycling bending        √   

No.8 
Current 

cycling②③ 
        √  

No.9 Electrical load④          √ 

POST-

MEASU

REMEN

TS 

Visual 

examination/inspection 
√ √ √ √ √ √ √  √ √ 

Contact resistance √ √ √ √ √ √ √ √ √ √ 

Morphology characterization 

(LOM,SEM/EDS, etc) 
√ √ √ √ √ √ √ √ √ √ 

Pull-out force √ √ √ √ √ √ √ √ √ √ 

Tensile test for cable   √   √ √ √   

Remarks: 

① Water tightness for sealed terminal needs to be evaluated previously and functional tests        

No3-No9 are for both sealed and unsealed terminals; 

②Contact resistance and temperature monitoring during testing; 

③Withstand drop test will be performed to value the probable influences on insulation materials 

due to interfacial heat; 

④Electrical load test is for power cables where high current density is required. 
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5.3.3.2. Details for tests 

(1) Auxiliary measurement   

Water tightness test: According to standards and regulation [118][119] , sealed terminals after preheated 

in a designated temperature chamber for 4 h are subsequently immersed in de-ionized water with 5% NaCl 

at ambient temperature for 1 h. A dye is used to check visually the probable leakage of sealed terminal 

during the following electrical measurement. 

Withstand voltage test: the main aim is to determine flaws in insulation which might be attributed to   

heat effect from aluminium conductor. The immersed cable in NaCl solution (3-5%wt) needs to withstand 1 

kV voltage without dielectric breakdown or flash-over [118][119].   

(2) Principal tests  

No.1 Qualified corrosion test:  Electrochemical cell can be built up as indicated in Figure 26 in order 

to evaluate galvanic corrosion behavior of aluminium conductor and its terminal. The setup and analysis 

procedures can refer to ASTM G59 [123]and linear polarization resistance    is measured by means of 

relation between applied potential around       and the corresponding current value. The value of     

represents the potential to resist corrosion attack while a higher value means a lower corrosion potential. 

No.2 Chemical resistance:  The ability of aluminium conductor to withstand most commonly used 

chemicals in automobiles is determined according to ISO 16750-5[124]. Attack form chemical substances can 

be observed visually or through morphological characterization techniques. The chemical interaction 

between aluminium conductor and chemical substances, such as battery acid exposure near battery box, 

biodiesel at high temperature around engine compartment, or contact spray that is for terminal cleaning, 

etc., might cause some failure modes, such as reduced strength or other physical function deterioration of 

aluminum conductor.  

No.3 Salt spray/Salt mist[125][126]: According to ISO 8090 (corresponding to Scania regulations and 

standards), accelerated corrosion test is simulated in artificial atmosphere while test apparatus, parameters, 

time duration, etc., are regulated. The main objectives are to assess the resistance to galvanic corrosion at 

termination or other corrosion in the presence of chloride ions where 5 % sodium chloride solution is used. 

The associated failure modes are obviously corrosion for termination point as well as aluminum conductor, 

as well as intrusion of salt. Afterwards, test samples need to be dried before rinsing in order to reduce risks 

of attacking corrosion products, and meanwhile residues of spray solution from surface should be removed 

to prevent further corrosion attack.   

 No.4 High temperature and humidity cycling[118] : Purpose of this test is to evaluate influences from 

thermal stress as well as oxidation due to incompatible thermal expansion coefficient and the 

corresponding oxygen exposure atmosphere. Experimental parameters can refer to ISO 8090 while 

aluminum cables are connected through their terminals. One cycle of total 10 cycles includes the following 

procedures:1) hold the chamber temperature at         oC and at 45% to 75% RH for 4h; 2) raise     to 

55    oC at 95% to 99% within 0.5 h; 3) hold    at 55   at 95%-99% for 10h; 4) lower    to -40   oC 

within 2.5 h, hold it for 2h; 5) raise    to test temp from -40 oC within 1.5 h and hold it for 2h; then finally 6) 

lower    to room temperature 23   oC within 1.5h. The total cycle number is 10 cycles. 

No. 5 Temperature shock [118][127]: Rapid temperature change probably occurs when vehicle is driven on 

wet roads. A considerable difference in temperature offers a great driving force for thermal expansion of 

conductor and its contact according to expansion formula. Then the tension relax at terminal might take 
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place over time. According to, 1oo thermal shock cycles are performed and each cycle changes temperature 

from -40 oC to the highest operated temperature in 10 s. 

No.6 Combined vibration and high temperature [118][119][127]: Random vibration induced by rough road 

driving or other vibration sources is frequently present in automobiles, and typical failure modes are 

loosening of terminal or other contact failures owing to frequent rupture of contact interface, wear, 

overheating, creep and stress relaxation at termination, as well as induced fretting corrosion. Parameters, 

such as vibration frequency, test temperature, time duration, etc, depend on the locations that aluminium 

cables are installed. During vibration testing while high temperature exits, an induced greater contact 

resistance probably lead to the overheat issue so that temperature probe and contact resistance monitoring 

can be good indicators of contact behavior.  

No.7 Cycling bending: One basic requirement for cable conductor is capable of withstanding 5000 

cycles of cyclic bending without breakdown according to ISO 6722-2. The bending radius shall be 5-6 times 

larger than the diameter cable and bending speed is 10-15 cycles per minute while cable shall carry a load 

with a value 0.5 kg per mm2 conductor area (Maximum 5kg) . As aluminum conductor has a lower flex life 

than copper one, the potential failure modes in this test is the easier fracture of aluminium conductor or 

reduction in strength.  

No.8 Current cycling [118]: As electrical stress from low current density is not able to interrupt oxide 

layer and allows penetration of asperities into oxide layer, the effects involve thermal fatigue, interfacial 

heat and accompanied increase in contact resistance. In a long term, performances of terminal/contact in 

aluminium cables will deteriorate. The current that needs to carry during test should refer to the common 

operated currents in reality while temperature is set according to installed locations as well. For instance, an 

normal European tractor with trailer have approximately the current consumption between 20 A-40 A 

which is also depend on surrounding conditions. It can probably achieve to an extreme 100 A if there are a 

lot of power consumers operating simultaneously such as microwave oven, or auxiliary working lights etc.   

No.9 Electrical load [128] : This test is designed to evaluate power cables such as battery cables that 

requires excellent electrical contact and allows high current density in a short time as indicated in Table 27.  

The thermal field in aluminium conductor and its contact interface is able to illustrate the induced 

temperature rise by high current stress.  

Table 27 High current loads for battery cable and its terminal 

Current load Duration  

2000A 0.5 seconds 

1000A 60 seconds 

300A Continuously  

(3) Primary measurement 

 Contact resistance Rc: Value of Rc can be determined by voltage drop across contact termination, in 

order to assess the tightness of terminal before and after being exposed to harsh operating environment as 

well as to determine the formation of corrosion products such as aluminium oxide on conductor to some 

extent. The value shall agree with technical regulations and for instance Rc should be less than 2 mΩ at 20 

A for normal conductive demands with current ampacity 10mA-20A while Rc cannot be larger than 0.2 mΩ 

at 100A according to Scania technical regulation [119].  Moreover, the increases in contact resistance is not 

allowed to be more than 3 times of initial value during tests if terminal is tin plated and the limited raise 

value becomes 2 times of initial value if it is gold or silver plated.   
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Pull-out force (i.e. tensile test for terminal) [120]: Pull-out force is capable of describing the contact 

tightness of terminal and the degeneration of pull-out force is accompanying with a higher contact 

resistance, worsen interfacial heat, and probably the creep behavior as well as tension relaxation at the 

termination. Based on Scania Standards, tensile test is adopted at ambient temperature with a strain rate 

around 25-100 mm/minute until failure takes place. The minimum pull-out force depends on CSA of cables 

and the types of terminals. Taking tubular raw material for example, the minimum acceptable tensile 

pull-out force is specified in Table 28. 

Table 28 Minimum pull-out force for terminal 

CSA of cables, mm2 Pull-out force, N.min 

25 2400 

40 3000 

50 4200 

85 6000 

120 8400 

160 8400 

200 8400 

Tensile test: yield strength, tensile strength and elongation of aluminium conductor can be measured 

through tensile test. The loss of strength is strongly dependent of its size, previous cold working, and 

operating conditions [121].  The fracture of aluminum cables as a result of inferior strength is challenging 

long-term performance of aluminium cable. Tensile test for cables can be performed according to ISO 6892 
[122] where test parameters are regulated.   

Morphological characterization: The constant breakdown of oxide layer is one of the most significant 

requirements for the use of aluminium cable. As aluminium oxide is an transparent layer which cannot be 

visually observed, advanced characterization techniques such as SEM/EDS is capable of determining the 

formation of Al2O3. Other types of corrosion, such as pitting, creative or fretting, as well as inter-metallic 

components can be analyzed through those techniques as well.  
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6. Trail tests   

6.1 Experimental procedures     

Owing to limited time period of this thesis work and the unavailability of samples that assemble cable 

conductors with terminals, trial tests were merely to measure the performances of aluminium conductors 

and analyze potential damages that exert on aluminium conductors in automotive conditions. The following 

tests were conducted, namely chemical resistance test, humidity cycles, salt mist, vibration test and bending. 

The methodology and procedures of those tests can refer to the descriptions in analytic methodology and 

evaluation approaches in Section 5.1 and 5.2. Specific test procedures that are not covered previously 

would be described in this section. Tests were carried out in Scania laboratory and based on Scania internal 

regulations and standards.    

Firstly, chemical resistance test is executed to assess the ability of aluminium conductor to withstand 

chemical substances in surroundings. As lead-acid batteries are installed in chassis of Scania trucks and 

buses and meanwhile battery cables are expected to be replaced in the very first step, then battery acid i.e. 

sulfuric acid is the chemical substance that would be evaluated for aluminium cables. Some cables are also 

very close to engine compartment, such as engine starter cables that might be subjected to biodiesel while 

contact spray is commonly used to clean cable terminal before connecting. Therefore, chemical resistance 

tests apply these three chemicals i.e. sulfuric acid and biodiesel both at high temperature (around 80 oC) 

and ambient atmosphere, as well as contact spray at ambient temperature. Experiments procedures and 

requirements agree with Scania technical regulations.  

In addition, humidity and temperature exposure was performed to investigate corrosion possibilities of 

aluminium conductors and results would be compared with that of copper ones. The test duration was 168 

hours with temperature around 60 oC and humidity value 95% afterwards internal inspection after removing 

insulation layer and morphological approaches were used. That accelerated aging time corresponds to 

desired real time around 3 months at ambient temperature condition [129].  Equivalently, salt mist was 

conducted to assess the corrosion behavior of conductors according to Scania technical regulations and 

morphological approaches were also employed to investigate corrosion behavior . Preliminary attempts of 

bending cycling were tried to evaluate bending behaviors of aluminium cables and to compare results with 

copper ones while testing period and specifications refer to previous description of test plan in Section 

5.3.3.2 . Vibration test was aiming to evaluate the influences on cable conductors while they were mounted 

in different positions i.e. straight or bent as shown in Figure 34. Attempts of tensile test (with strain rate 20 

mm/min) and compression test (with strain rate 100 mm/min) were to evaluate mechanical degradation 

behaviors of aluminium conductors under humid/temperature condition and salt mist. Setups of those tests 

are indicated in Figure 35 and Figure 36.   
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Figure 34 Different positions in vibration testing  

  

Figure 35 Setup of compressing testing 

  

Figure 36 Setup of tensile testing 

6.2 Results and discussion   

6.2.1. Chemical resistance test  

Aluminium conductors were immersed in contact spray, battery acid and biodiesel while the first one 

was conducted at ambient temperature and the latter two were conducted at high temperature around 80 
oC. Cross section areas were investigated through LOM and average area of strand was obtained while 

maximum and minimum values were deducted from those random selected strands as indicated in Figure 

37 . Results of average area for conductor strand were demonstrated in Table 29 and original data were also 

indicated in APPENDIX (Figure A2 and Figure A4). It can be seen from Table 29 that copper conductors 

exhibit insignificant changes after exposure to those chemicals while aluminium conductors after immersing 

in biodiesel and in battery acid showed respectively the decreased and increased diameter. A slight increase 

in diameter of aluminium conductor after immersing in contact spray was also displayed.  
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Al-As received Ref Al- Contact spray 
 

Figure 37 LOM images of Aluminium conductor before(L) and after (R) exposure to contact spray 

Table 29 Average area of conductor strand after immersion chemical substances 

Average area of 

conductor strand[mm2] 

As 

received 

Contact 

spray 

Battery 

acid 

Biodiesel 

Al conductor 0.194 0.201 0.206 0.176 

Cu Conductor 0.0463 0.0445 0.0472 0.0462 

Figure 38 and Figure 39 also indicate LOM images of aluminium conductors after immersing in 

biodiesel and battery acid. Compared with Figure 37 that showed cross section area of aluminum conductor 

after immersing in contact spray, obvious attacks can be found in Figure 38 pits are present in Figure 39as 

marked in those images. Then results from chemical resistance test can be summarized in Table 30 while 

combining results displayed in APPENDIX (Figure A2-Figure A5) as well.  

Normally long-chain substances such as methyl and ethyl in biodiesel will not attack aluminium metal 

at room temperature as displayed in section 5.1.3.5. However at high temperature the aqueous solution of 

such substances start to consume aluminium metal leading to slight and superficial attack as observed in 

Figure 38. The reason why aluminium conductor diameter decreases after immersing in biodiesel is 

probably the slight consumption of aluminium conductor during chemical reactions. For inorganic acids i.e. 

battery acid immersing after 1 min, theoretically both aluminium metal and its natural oxide layer are in 

soluble in acidic media, however, pits proceeds over uniform depletion by chemical reactions. Nonetheless, 

the mechanism behind the increased diameter of aluminium strand after immersing in battery acid is 

uncertain.    
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Figure 38 Aluminium conductors after immersion (1min) in Biodiesel at high temperature  

  

 

 

Figure 39 Aluminium conductor after immersion in Battery acid (1min) at high temperature 

Table 30 Results of chemical resistance tests  

Chemical substances  Aluminium conductor Copper conductor 

Battery acid Pitting Attack 

Biodiesel Attack Attack 

Contact spray Slight effect No effect 

6.2.2. Humidity/temperature exposure  

After subjecting to temperature/humidity condition, it seems no difference on the surface of 

aluminium conductor as indicated in Figure 40, comparing with LOM images for copper conductor in 

APPENDIX Figure A6 that reveals evident oxidization in copper conductor surface. However, result from 

SEM/EDS shown in Figure 41 exhibits different degrees of oxidization on the surface of aluminium conductor, 

which indicates that bulk area (point 1) has the minimal oxidization degree and crevice areas (points 1 and 3) 

represent the most severe oxidization.  Such surface defects as crevice or crack on the surface will facilitate 

and promote the progress of corrosion and as a result those areas have much more serious corrosion attack 

than bulk area. Nonetheless, the slight oxidization in the bulk after temperature/humidity exposure is not 

pleasant and can bring negative impacts on the application of aluminium conductors.  
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Figure 40 LOM images before (left) and after(right) temperature/humidity exposure 
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Figure 41 SEM images of aluminium conductor after humidity/temperature exposure 

6.2.3. Salt mist  

Unlike temperature/humidity exposure, pitting as corrosion products on surface of aluminium 

conductor can be clearly observed through LOM as illustrated in Figure 42. While comparing with corrosion 

behavior of copper as displayed in APPENDIX Figure A7 that represents uniform corrosion behavior on the 

surface of copper conductor, aluminium conductor is suffering from localized corrosion in the presence of 

chlorides in sodium chloride. It is chlorides in sodium chloride that is triggering the occurrence of pitting 

corrosion for aluminium metal and such localized corrosion will definitely deteriorate the strength of 

aluminium conductor which might result in fracture during service.   
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Figure 42 LOM images of aluminium conductor after salt mist 

  
 

 

Figure 43 SEM images of aluminium conductor after salt mist 

6.2.4. Bending and vibration  

After bending and vibration, tensile tests were prepared in order to estimate the probable mechanical 

degradation for copper cable with CSA 25 mm2 and aluminium cable with CSA 40mm2. Due to lack of 

appropriate fastened instrument for cables, failures of losing contact with holding grips might take place 

earlier before obtaining yield strength or ultimate strength (i.e. tensile strength). Nevertheless, ultimate 

forces for reference samples of Al and Cu are more than the values of 3472 N and 4695 N, respectively, as 

illustrated in Table 31 that also indicates ultimate forces in tensile tests for bended or vibrated samples.  

Table 31 Ultimate forces after bending and vibrating testing 

Ultimate force  

[N] 

Al-cable  

CSA 40mm2 

Cu-cable  

CSA 25mm2 

As received Ref >3472 >4695 

After cycling bending  =150 (Break down) 

>3529 After 

vibration 

Straight position 3446(break down) 

Bent position 2869 (Break down) 

It can been seen from Table 31 that aluminium cable is easily broken down after cycling bending and 

the fracture occurred in the bend point that cannot withstand a force around 150 N. Figure 44 reveals 
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morphology of aluminium conductor after bending as well as tensile testing, which represents fracture 

toughness of aluminium conductor. For the vibrated samples, aluminium cables either in straight position or 

in bent position fractured in middle parts of cables during tensile tests and exhibit mechanical deterioration 

to some extent as shown in Table 31 (For tensile tests curves, see Appendix Figure A1). As also 

demonstrated in Figure 45, no breakage was taking place for   copper cables during tensile test. All results 

from tensile tests indicate that aluminium cables represent inferior mechanical behaviors after cycling 

bending and vibration condition while copper cables can still perform well under those circumstances. As 

discussed in previous part regarding potential failures that might be caused by aluminium cables, one 

weakness of aluminium cable is its poor mechanical strength which can be demonstrated in these tests.  

  

 

 

Figure 44 Images after tensile test of cycling bended aluminium conductors  

  

 

 

Figure 45 Images after tensile tests for vibrated Al cables (L) and Cu cables(R) 

6.2.5. Compression  

Efforts have been made to examine ultimate forces to compress or bend cables with same lengths and 

ultimate forces obtained after temperature/humidity exposures and salt mist were compared that can to 

some extent indicate changes in mechanical behaviors of cables. Results illustrated in Figure 46 show that 

greater force would be required to bend aluminium cable after being subjected to salt mist and there is no 

significant difference for aluminium cable under temperature/humidity aging condition. For copper cables 

after salt mist test, a slight larger force is also demanded.  

The greater forces to bend those salt exposed cables are due to the formation of corrosion products on 

the surface of cable conductors. For instance, It is certainly believed that aluminium oxide will require a 
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greater force during compression as a hard, tenacious and brittle layer formed on the surface of aluminium 

conductor. A slight oxidization degree of aluminium conductor during temperature/humidity exposure test 

then exhibits less increment of ultimate forces as shown in Figure 46. Possible consequences of such 

behaviors are not only degrading mechanical behaviors of aluminium cables but also indicating difficulties 

for future installation and maintenance related process as well as other handling procedures like recycling.  

 
Figure 46 Ultimate forces in compression testing for Al cables and Cu cables 
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7. Summary 

(1) State of art:   

 Mainly it is large single core aluminium cables such as battery cables that has been 

implemented in passenger vehicles;  

 The applications of smaller-sized ones are prospected in near further while both aluminium 

conductor and its terminating technique require technical improvements.   

 Major challenges of aluminium cable uses in automotive vehicles are due to inferior strength 

of aluminium conductor and its unreliable electrical contact ; 

(2) Case Study: 

 Copper cables with CSA larger than 25mm2 in chassis zones could be the first batch of 

aluminium cables in Scania trucks and buses; 

 Weight reduction of those chosen cables is approximately 1.78 kg per truck and 9.67 kg per 

bus with a reduction ratio around 40%, which is accompanied with fuel economy and 

environmental advantages ;  

 Volume increases if those aluminum cables are installed and the raised value would be greater 

than a mere increment due to larger sizes of aluminium cables;  

 Economic benefits depend on cost of new termination for aluminium cables, price of copper 

and length of cable harness; 

 Potential consequences such as required high level of installation and maintenance are stated, 

while impacts on present cable harness system ought to be kept as minimal as possible;  

(3) Failure analysis 

 High voltage drop across electrical contact is the main failure mode; 

 Failure mechanisms lie on the impacts from electrical, mechanical, thermal and chemical 

aspects which can eventually lead to unexpected rises of contact resistance as well as the 

reduced life expectancy of aluminium conductor;     

 Due to coupling effects from those four impacts, interruptions in aluminium conductor and its 

contact are threatening the demanded stability and reliability of cable assembly in automotive 

vehicles;  

(4) Evaluation framework and trial tests 

 Reliability and stability of aluminium conductor and its electrical contact need to be assessed 

before the employment of aluminium cables; 

 Experimental evaluation plan is suggested in order to assess the performances of new cable 

assembly;   

 Trail tests that agree with studies in previous part of failure analysis indicate that aluminium 

conductor is susceptible to damages in the forms of oxidization, corrosion and chemical attack 

as well as mechanical degradation while being subjected to common operating condition in 

automobiles. 
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8. Prospects for future works  

 Although it is said taht there is a good compatibility between aluminium conductor and insulation 

materials which will not stick on or adhere to aluminium conductor in various operating conditions. 

However, high temperature operating condition in automobiles requires a better compatibility 

between those two in harsh environment. According, further investigation regarding interactions 

between insulation layer and aluminium conductors is capable of offering optimum insulating 

solutions to aluminium cables in automotive applications.   

 The exploration of the uses of aluminium cables that have smaller CSA or multicore cables in high 

operating temperature environment, high voltage condition and severe vibration scenarios is 

expected.  

 The compatibility between aluminium conductor and its terminal shall be enhanced and 

meanwhile better methods to prevent corrosion issue and raise the resistance to chemical 

substances, especially battery acid for battery cable harness, need to be improved and 

standardized;  

 Failure rate assessment model shall be set for terminals and contacts of aluminium conductor with 

respect to various factors in thermally, mechanically, electrically, environmentally or in 

combination of those factors.   

 Fatigue life of aluminium conductor needs to be assessed in order to evaluate the whole service 

life of aluminium cables in automotive applications;  and then economic consequences over the 

service life of aluminium cables shall be valuedl;   

 Specific regulations for the installation or handling of aluminium cables ought to be set or present 

regulations should be tailored to accommodate the introduction of aluminium cables in 

automobiles ;   

 Cooperation with cable manufactures to seek better solutions of issues and challenges related to 

aluminium conductor and its electrical contact is recommended in order to maintain reliable and 

stable performances of automotive aluminium cables.  
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Appendix- Some results of trial tests  

1. Chemical resistance tests:  

(1) LOM images for Average cross section area of individual strand for alumininum conductor and 

surface area of aluminium conductor after chemical resistance tests 

 
Al-conductor As received- Ref 

 
Al-conductor after biodiesel immersion 

 
Al-conductor after contact spray immersion 

 
Al-conductor after battery acid immersion 

 

 

Figure A2 LOM images of aluminium conductor in CSA after chemical resistance tests 

 

 
Al-conductor As received-Ref 

 
Al-conductor biodiesel sweeping 
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Al-conductor contact spray sweeping 

 
Al-conductor Battery acid sweeping 

 

 
Figure A3 LOM images of aluminium conductor after chemical resistance tests by sweeping 

(2) LOM images for Average cross section area of individual strand for copper conductor and surface 

area of aluminium conductor after chemical resistance tests 
  

 
Cu-conductor As received- Ref 

 
 Cu-conductor after biodiesel immersion 

 
Cu- conductor after contact spray immersion 

 
Cu-conductor after battery acid immersion 

 
 

Figure A4 LOM images of aluminium conductor in CSA after chemical resistance tests 
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Cu-conductor As received-Ref 

 
Cu-conductor biodiesel sweeping 

 
           Cu-conductor contact spray sweeping 

 
Cu-conductor battery acid sweeping 

 
 

Figure A5 LOM images of copper conductor after chemical resistance tests by sweeping 

2. Humidity/temperature exposure  

  

 
 

Figure A6 LOM images of copper conductor before(L) and after(R, internal) humidity/temperature exposure  
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3. Salt mist  

  

 
 

Figure A7 LOM images of copper conductor before (L) and after(R, internal) salt mist test 

4. Tensile tests 

 
Figure A8 Tensile tests for Aluminium cables in straight and bent position during vibration setting 
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