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Highly Flexible Heat-resistant Aluminum Cable and
Connection Technology for HEV/EV

Hiroyuki Saita,1 Minoru Nishimura,2 Sadatoshi Zouraku,2 
Ryo Watanabe,3 and Makoto Mochizuki1

The hybrid electric vehicle (HEV) and electric vehicle (EV) market is expected to expand 
in line with the trends of the recent growing interest in environmental protection and tighter 
environmental regulations in each country. The power systems of these vehicles feature 
increasingly higher power. To carry high current, the cables of the power supply systems tend 
to be larger in size and weight and become less flexible. Against this background, there are 
growing demands for weight reduction and more flexibility of the cables. To respond to these 
requirements, we have developed a more flexible cable. This cable is also lighter in weight 
than a conventional copper cable by the use of an aluminum conductor. In addition, we have 
developed a connection method that replaces the conventional crimp method to secure the 
connection between the aluminum conductor and the tin-plated copper terminal.

1. Introduction
The market of the next-generation vehicles 

represented by HEVs/EVs is rapidly expanding in 
response to current environmental regulations 
requiring improvements in fuel economy and CO2 
emission reductions. As the power supply system of 
electric vehicles generates a higher voltage and 
current than conventional vehicles, cables used for the 
connection also tend to be larger (Fig. 1).

This transition to large-size cables causes an 
increase in the total weight of HEVs/EVs and adversely 
affects the range economy. Thus aluminum, of which 
specific gravity is relatively small, is being used as the 
conductor of the cables to reduce their weight 1). 
However, since aluminum has a higher conductor 
resistance than that of copper, it is necessary to 
increase the conductor cross-sectional area to obtain 
the same conductor resistance as that of copper. For 
this reason, larger-diameter conductors and less 
flexible cables cause difficulty in layout and assembly 
work by narrowing the assembly space.

In addition, taking an HEV as an example, because 
the cables are laid out in the vicinity of the engine 
room and the exhaust pipe, they need heat resistance. 
The cable using a conventional polyethylene insulator 
undergoes a process called “crosslinking” to improve 
heat resistance. However, crosslinking hardens the 
insulator, resulting in reducing cable flexibility.

In addition, an aluminum conductor is known to 
increase the contact resistance of the crimped area 

due to a strong oxide film on the aluminum surface.
This paper describes the development of a highly 

flexible heat-resistant aluminum cable and a connection 
technology between the aluminum conductor and the 
copper terminal to solve above-mentioned issues.

2.   Development of highly flexible heat-resistant 
aluminum cable
By using a thermoplastic elastomer (TPE) that has 

both flexible and heat resistant features, we developed 
an aluminum cable with flexibility and heat resistance 
superior to those of conventional cables (Table 1, Fig. 
2).

2.1  Contribution to Cable Flexibility

The flexibility of the cable can be roughly determined 
by adding the flexibility of the conductor to that of the 
insulator. In flexibility of the cable, the contribution of 
the insulator is predominantly large compared to that 
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of the conductor, and this tendency becomes more 
prominent as the conductor size increases. For the 
crosslinked polyethylene cable, the bending stress of 
the conductor alone is just about 15% of the total (Fig. 
3). Therefore, in order to improve the flexibility of the 
cable, it is important to improve the flexibility of the 
insulator .

2.2  Selection of material for insulator

TPE was selected as the base material for improving 
the flexibility of the insulator. TPE is more flexible 
than cross-linked polyethylene (XLPE), which is a 
conventional insulator material and is harder than 
silicone rubber. This can be seen from the Shore 
hardness showing a smaller value for materials with 
higher flexibility (Table 2). Silicone rubber is a 
material excellent in flexibility and heat resistance, 
which are desirable properties for the development. 
However, in addition to its high price, the material 
requires special equipment such as that for 
vulcanization, and therefore the total cable cost rises. 
In addition, the tearing strength and tensile strength 
of the material are low.

2.3  Blending of TPE

TPE contains two components, one to provide 
flexibility, and another heat resistance. We examined 
A to D TPEs of different materials and composition 
ratios to produce an insulator material having both 
flexibility and 150 ∞C heat resistance properties. Type 

C was chosen as the most suitable insulator material 
for the purpose (Table 3).

2.4  Evaluation results

Table 4 shows the results of evaluation tests on the 
new cable. Bending stress as an index to flexibility of 
this cable was measured using the method shown in 

Table 1.   Comparison of specifications of conventional cables 
and new cable.

Unit
Conventional 

cables
Fujikura new 

cable

Cable size mm2 20 35

Conductor material - Cu Al

Structure of strand

pcs/pcs
/Strand 
diameter

(mm)

19/13/0.32 19/24/0.32

Outside conductor  
diameter

mm 6.5 8.7

Conductor resistance mW/m 0.98 0.88

Insulator material - XLPE TPE

Insulator thickness mm 1.1 1.4

Outside cable diameter mm 8.7 11.5

Flexibility
(Bending stress)

N 34 28

Heat resistance ∞C 125 150

Weight g/m 215 155

Fig. 2. Cable structure.

Conductor Insulator
Fig. 3. Cable flexibility.
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As shown above, the 
bending stress of the 
cable is measured      
when the cable is 
bent with a constant 
bending radius R

Table 2. Shore hardness.

Silicone rubber TPE Cross-linked polyethylene

A50~70 A75~90 More than A95

Table 3. Blend type.

Type A B C D

Crosslinking No Yes Yes Yes

Flexibility + + + + + -
Heat deformability - +/ - + + +

Table 4. Test results of prototype cable (part of all tests).

Items Spec Required characteristic Result

Flexibility
(Bending 

stress)

Company 
standard 2)

34 N or less
(Copper-conductor cross-
linked polyethylene cable)

Pass
28 N

Long-term heat 
resistance

ISO 6722 3) No insulator breakdown 
(150 ∞C x 3000 h)

Pass

Heat 
deformability

JASO D 
624 4)

No insulator breakdown 
(150 ∞C x 4 h)

Pass

Chemical 
resistance

No insulator breakdown Pass

Flame retardant
Burning stopped within 30 
seconds in horizontal 
flammability test

Pass



20

Fig. 4 below. The results showed that this cable has 
flexibility equal to or higher than that of conventional 
copper-conductor cross-linked polyethylene cables. In 
addition, the cable passed the evaluation tests based 
on the automobile standards and was able to satisfy 
the requirements as a cable for HEVs/EVs.

3.   Technology of connecting aluminum conduc-
tor to tin plated copper terminal
We have successfully developed ultrasonic bonding 

technology to connect an aluminum conductor to a tin-
plated copper terminal, which had been considered 
difficult to accomplish, by applying high energy 
efficiently to the joint.

It was also verified that the tensile strength of the 
conductor-to-terminal joint and the contact resistance 
of that after the durability test by thermal shock met 
the requirements (Table 5).

3.1  Selection of connection method

Three representative methods of connecting 
between a cable conductor and a terminal are shown 
in Table 6.

When an aluminum conductor and a terminal are 
connected by crimping method, breaking of the oxide 
film on the aluminum surface by the serration presents 
a challenge. For a small-size aluminum cable (0.35 
mm2 -1.5 mm2), this problem can be solved by devising 
the serration shape inside the crimp barrel of the 
terminal. However, in the case of a large-size aluminum 
cable, the number of strands is larger than that of a 
small-size cable. This causes an increase in the number 
of strands that do not contact the serration, which thus 
does not pass through the oxide film. The light blue 
and dark blue strands in the cross-section photograph 
of the terminal crimped area represent the strands not 
contacting the serration, which does not pass through 
the oxide film. The number of such strands increases 
with an increase of the conductor diameter (Fig. 5). 
The contact resistance between the light blue and the 
dark blue strands and the terminal is larger than that 
between the gray strands contacting the terminal and 
the terminal. This results in an increase in the total 
contact resistance (Table 7).

Next, in the resistance welding method, since the 

Cable

Pushing jig

Fixing jig

100 mm/sec

150 mm

100 mm
R1.25

R5

Fig. 4. Flexibility test method.

Table 5. Test results.

Item Spec Test method Result

Tensile 
strength

500 N or 
higher

Speed 100 mm/min 542 N

Contact 
resistance

0.3  mW or 
lower

Initial 0.05 mW
After thermal shock test

(-40 °C~150 °C X 3000 times)
0.06 mW

Table 6. Connection method.

Items Crimping
Resistance 

welding
Ultrasonic 
bonding

Connection of aluminum 
strands

- + + + +

Connection of aluminum 
conductor to bare copper 

terminal
+/ - - + +

Electrical performance + +/ - + +
Mechanical performance + + +/ - +

Overall judgment - - +

Fig. 5.   Number of strands of which the oxide film has not 
broken up.
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Table 7. Contact resistance (Terminal-Conductor layer).

Terminal-
First layer

Terminal-
Second layer

Terminal-
Third layer

Contact 
resistance 

(mW)
5 30-60 500-1000

3.00 SQ 3.00 SQ 3.00 SQ

Layer color Gray Light blue Dark blue

R
R

R

3.00 SQ3.00 SQ3.00 SQ
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aluminum strands can be melt-bonded to each other, 
there is no increase in the contact resistance due to 
the oxide film as seen in crimping. However, since the 
difference between the melting points of copper and 
aluminum is large, the aluminum conductor melts 
before joining, and thus this method is not suitable for 
connection between a copper terminal and an 
aluminum conductor.
Melting point: Copper = 1083 ∞C. Aluminum = 660 ∞C

Finally, ultrasonic bonding effectively removes the 
oxide film of aluminum conductor strands and is not 
affected by the melting point of a material. Therefore, 
this method was chosen as the connection method for 
the new cable.

3.2  Ultrasonic bonding of tin-plated copper 
terminals

In ultrasonic bonding, terminals used in automotive 
wire harnesses are usually plated with tin to ensure a 
good connection. However, since the melting point of 

tin is low, tin-plating is liquefied at the time of ultrasonic 
bonding, and for this reason ultrasonic bonding of tin 
to aluminum is generally considered to be difficult.
Melting point:  Copper = 1083 ∞C. Aluminum = 660 ∞C. 

Tin = 232 ∞C
Consequently, we gradually added the ultrasonic 

bonding energy from the terminal side, and examined 
the conditions under which the aluminum conductor 
and the tin-plated copper terminal join. These metals 
did not join in the low energy region, and although 
they joined in the high energy region, the problem of 
terminal cracking occurred (Table 8).

This is because the ultrasonic bonding energy input 
from the terminal side spreads from the joint to the 
entire terminal, and cracks are generated at the area 
where the width is narrow and the strength is low.

Even if the direction of energy input is changed 
from the terminal side to the conductor side, energy is 
applied to the conductor strands, and breakage of 
strands occurs (Fig. 6).

The input of high ultrasonic bonding energy from 
one direction can exert excessive load on conductors 
and terminals. Therefore, we set two input points, one 
at the upper side and the other at the lower side to 
adjust the energy applied to the conductors and the 
terminals. Besides, the fixing jig is devised so that the 
energy is efficiently applied to the joint. Finally, the 
terminal is bonded without terminal cracking and 
strands breakage (Fig. 7).

Table 8. Ultrasonic bonding test results.

Terminal
Input 

energy (J)
Photo Result

8500 Not joined

23,000

Joined
(Terminal 
cracking 

occurred)

Fig. 6. Energy input from conductor side.

Vibration

Bonded area

Aluminum 
conductor

Terminal

Fig. 7. Energy input from top and bottom.

Vibration

Vibration

Bonded area

Upper surfaceBottom surface

No broken 
strands

No cracking

Aluminum 
conductor

Terminal
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3.3  Evaluation results of new cable

A cross-section photo of the new cable is shown in 
Fig. 8.

It was verified that the tin-plating was forced aside 
subsequent to melting by applying high energy, and 
the aluminum conductor and the copper terminal 
came in direct contact and joined.

The analysis results of joint surface of the new cable 
after a peel test is shown in Fig. 9 and Fig. 10. In the 
dark gray area in Photo (c), cohesive failure, which is 
metal bonding between aluminum and copper, was 
observed. This is also shown in the pink area of the 
energy dispersive x-ray spectrometry (EDS) analysis 
image (f). This indicates that the aluminum and the 
tin-plated copper terminal are bonded firmly and 
reliably. In addition, the thermal shock test results 
showed that the contact resistance of the new cable is 
more stable than that of the conventional copper 
crimped cable (Fig. 11).

4. Conclusion
We have developed an aluminum cable for the use 

in HEVs/EVs. This cable combines high flexibility 
and heat resistance by the blending of TPE for the first 
time as an insulator. We have also developed a highly 
reliable connection method called ultrasonic bonding 
technology where ultrasonic vibration is applied from 
the upper and lower directions simultaneously. We 
will promote these technological developments that 
successfully accommodate to large-diameter cables to 
be used in next-generation vehicles.
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Fig. 8. Cross-section photo of joint (good condition).

Metal bonding

Aluminum strands

Copper terminal

Aluminum strands

Copper terminal

A - A’ Cross section (strand end)

A’A

Tin-plating layer 
forced aside

Fig. 9. Photo of bonded area.

(a)

(b)

Fig. 10. Magnified photo and EDS.
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Note: This pink area represents the aluminum 
strands that remain as is.

Fig. 11. Thermal shock test results.
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