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High-Performance  
Starter Contactor Design

 Key Considerations to Meet ICE  
Application Requirements

Market pressures, including start/stop technology, high compression 
ratios, and lightweighting, are combining to require products outside 
the performance envelope of extant copper contact starter solenoids. 
TLX designed contactors exceed the performance of extant copper 
contactors, increasing the life cycle and current handling of the starter 
solenoid, and can be extended to start/stop applications.
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When actuated, the armature is pulled to 
the right against the pole, and the contac-
tor spring forces the moveable contact to 

engage the stationary 
contacts, completing the 
circuit. The contactor 
spring force determines 
the contact force, which 
in turn determines the 
contact resistance. 
When power to the coil 
is removed, the return 

spring forces the armature back to the 
home position. The return spring must 
provide enough force to overcome the con-
tactor spring and all friction in the system 
as well as provide enough force overhead 

such that shock and vibration loads cannot 
inadvertently close the contacts.

Market Drivers and Associated Risks
The automotive market for internal com-
bustion engine (ICE) starting technology 
is undergoing a change due to market 
pressures. Most substantively, the advent 
of start/stop engine technology requires a 
much longer operating life for the starting 
system components. This is a challenge for 
the high-current contactor. In this device, 
the contacts are subjected to arcing on 
both closure and opening, causing contact 
wear and distributing arcing-related debris 
into the unit. As a result, the contacts have 
a finite lifetime. This lifetime is dramatically 
reduced as the starting current is increased.

Starting current is highest immediately 
upon closure. This inrush current peak can 
be more than five times the steady-state 
current during the start sequence. This is 
true even in the smaller-displacement ICEs 
that are becoming more common and will 
predominate in the future.  The trend in ICE 
technology is toward lower displacement 
and higher performance. This has resulted in 
higher-compression engines that are over- 
square (bore is larger than stroke). Both 
conditions can potentially raise the required 
starting torque. Another market driver that 
unintentionally raises the inrush current is 
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The advent of 
start/stop engine 

technology requires 
a much longer  
operating life.

a starter relay, sometimes referred to as 
a starter solenoid, is used to switch the high 
current needed to turn the starter motor on an 
internal combustion engine. A generic starter 
relay is shown in cross section in Figure 1. This 
relay comprises an actuator (which is a simple 
solenoid) and a set of electrical contacts and 
spring(s), which provide the current carrying 
ability. The electrical contacts typically consist 
of one moveable contact and two stationary 
contacts. In Figure 1, the contactor portion of 
the relay is at left within the blue region of the 
part. The actuator (solenoid) is on the right. 
The solenoid interacts with the contactor 
through the isolator. The isolator provides 
both electrical and thermal isolation between 
the solenoid and contactor. The high-current 
electrical connections to the outside world are 
made with lug terminals, and the low-current 
connection for the solenoid coil (not shown 
here) is typically made with an environmentally 
sealed connector.
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Figure 1: Generic Starter Relay



the drive to lightweighting. This market driv-
er has resulted in changes to the configura-
tion of starting systems to remove excess 
cable length and reduce overall resistance 
of the starting circuit outside of the motor. 
This series resistance normally acts to limit 
inrush current, so reducing the resistance 
allows the inrush current to rise relative to 
the steady-state current. In one case, inrush 
current for a 1.3-liter ICE reached more than 
900 A—a value 50% higher than expected 
for the starting system. During investigation 
into the higher-than-expected inrush value, 
TLX found that the main driver for the high 
inrush current was the low series resistance. 
The inrush current was found not to be 
dependent on the torque load on the starter 
motor to any great degree. In essence, the 
starter motor initially drew as much current 
as if it were stalled, if only for a very short 
period of a few milliseconds.

High inrush current also drives the risk 
of contact welding. During closure, there 
will inevitably be some minor contact 
bounce. An arc will form, and some melt-
ing of contact materials will take place. If 
enough melted area is present when the 
contacts finally close, the weld formed 
may be strong enough that the contacts 

will not open when the contactor is  
released. This is a failure mode that  
must be avoided because it poses a risk 
of collateral damage to the starting 
system and can be a safety risk to the 
vehicle operator and occupants. Figure  
2 shows this bounce behavior.

The bounce test depicted in Figure 2 was 
conducted at a data sampling rate of 100 
kHz. The red trace is the current in the 
starter motor circuit, which for purposes 
of this test was limited to 100 A. The blue 
trace is the solenoid current, which is read 
off the right-hand scale. At point (1), the 
solenoid is actuated, and current begins to 
rise. As the solenoid armature moves, first 
contact is made at (2), and starter current 
begins to rise. At (3) and (4) contact is 
lost again momentarily due to bounce. At 
(5) the solenoid armature has completed 
travel and is locked to the pole. At (6) the 
solenoid voltage is removed, and current 
falls rapidly. Once the magnetic field has 
decayed, the armature moves back toward 
its starting position, and at (7) the contacts 
are opened.

While increased inrush current reduces 
contact life and introduces a welding risk, 
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Figure 2: Contact Bounce



a requirement for stop/start functionality 
dramatically increases the requirements 
for contact life. A vehicle without start/
stop functionality that is primarily used for 

daily commuting may be 
started four to six times 
per day. Over a 15-year ve-
hicle lifetime, this implies 
about 30,000 actuations. 
This number is very typical 
of lifetime requirements 
for ICE-powered vehicles 
where start/stop opera-
tion is not present. Where 
start/stop operation is 

present, the number of cycles required may 
be increased by a factor of 10 or more.

Existing electromechanical contactors 
used in automotive applications will typi-
cally handle the high inrush currents with-
out observed contact welding. However, 
the resulting contact lifetime is short, and 
mechanical failure of the actuator often 
results from the large amounts of metal 
debris created. This results in two predomi-
nant failure modes:

     1.  Debris (mostly melted copper parti-
cles) mechanically jams the contactor.

     2.  Contact wear is so severe that the 
contactor can no longer close.

The existing contactors studied had 
masses of between 350 g and 750 g. None 
of these contactors were able to achieve 
30,000 cycles at a 950 A inrush current.

Meeting the Technical Challenges
Target electrical and mechanical perfor-
mance specifications for a high-current 
contactor capable of operating in start/
stop mode for a high-performance ICE 
would include the following:

+ Inrush handling of 950 A
+ Steady-state current handling of 200 A
+  Contact and mechanical lifetime of 

300,000 to 500,000 closures
+ Mass of less than 350 g

Contact material and geometry are the 
keys to achieving both long contact life 
and high inrush handling. From an elec-
trical perspective, it would initially seem 
that lower contact resistance (and thus 
lower power loss in the device) would be a 
desirable attribute. However, very low ob-
served contact resistance was found to be 
correlated with much higher contact wear 
and higher risk of contact welding due to 
the larger melt area. The larger melt area 
produced an excellent contact once closed 
but resulted in high contact damage and 
large amounts of metal debris, as well as 
a weld strength that sometimes exceeded 
the opening force available. This resulted 
in a stuck-closed condition. An example of 
debris generation is shown in Figure 3.

The debris in Figure 3 has migrated from 
the contactor area past the armature 
and was trapped between the armature 
and pole. Eventually, the debris prevented 
proper actuation since the armature could 
not complete travel. This example involved 
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Figure 3: Debris Generation

The existing contactors 
studied had masses of 

between 350 g and  
750 g. None of these 

contactors were able to 
achieve 30,000 cycles.



copper contacts at a 750 A inrush, and 
failure occurred at 5300 cycles.

In order to alleviate the high contact wear, 
high debris generation, and welding risk, a 
composite contact material was adopted. 
This system included a high-copper alloy for 
low resistive heating with a composite com-
prising a high-conductivity material and a 
refractory material in the contact area. The 
composite contact provided dramatically 
lower observed contact wear and greatly 
reduced debris generation. This resulted in 
an observed contact resistance that was 
approximately 150% higher than the ob-
served contact resistance of pure copper. 

Power dissipated within the contactor 
itself is proportional to the internal resis-
tance. The internal resistance is dominated 
by the contact resistance; an increase of 
150% in contact resistance implies an in-
crease of 150% in dissipated power. Figure 
4 shows the internal power dissipation as 
a function of steady-state current for var-
ious internal resistances. For a contactor 
with pure copper contacts, the internal 

resistance was found to typically be in the 
area of 0.4 milliohms when inrush current 
was controlled to 900 A. Composite con-
tacts showed an internal resistance of 0.62 
milliohms with the same inrush current 
of 900 A. The internal power dissipations 
at 200 A steady-state current for these 
cases were 16 W for the copper contacts 
and 24.8 W for the composite contacts; 
therefore, a contactor designed to handle 
the 200 A steady-state current would need 
to account for the higher heat generation 
if the composite material were used.

Of greater initial concern with respect 
to the composite material was the heat 
generated during the inrush spike. Resistive 
heating increases as the square of the 
current. An inrush current of 950 A across 
a resistance of 0.62 milliohms generates  
560 W of resistive heating. However, the 
very short duration of this spike was found 
to contribute less than 1% of the dissipat-
ed heat energy over a 2-second start cycle. 
The inrush heating was therefore found to 
not be a significant consideration in this 
specific contactor design.

Evaluation of contact wear 
for the composite material vs. 
copper involved rapid make/
break testing with very short 
duration. The closure (make) 
current was held constant 
at 950 A, and the opening 
(break) current was held 
constant at 180 A. Testing 
of copper contacts yielded 
failure at between 10,000 
and 27,000 cycles. Failure was 
due to excess contact debris 
generation. Substituting a 
contactor assembly using 
composite contacts onto 
the same electromechanical 
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Figure 4: Internal Power Dissipation v Resistance & Current



(solenoid) actuator resulted in a lifetime 
of approximately 80,000 cycles. At this 
point, failure was driven by wear in the 
electromechanical actuator. Contact wear 
for the composite material at 80,000 
cycles was a fraction of that observed on 
the copper contacts at 27,000 cycles, and 
the expected contact life was estimated 
to be > 250,000 cycles.

In start/stop operation, the composite 
contact system can perform reliably over 
the expected lifetime, however the high 
cycle life requirement places strict limits 
on the management of debris. Debris will 
always be generated by the contacts, 
and the debris must be prevented from 
impacting the mechanical performance 
of both the moving portions of the con-
tactor and the electromechanical solenoid 
actuator. Contactor debris mitigation 
strategies include:

+  Containment of the debris within the 
contactor. This is achieved by isolating 
the contactor from the actuator with a 
diaphragm or shield, such that particles 
are prevented from migrating into the 
actuator.

+  Particle capture. This can be achieved by 
providing a physical trap where particles 
migrate under vibration and gravity. This 
solution requires a specific mounting 
orientation.

Given adequate management of contact 
debris, achieving a rated life of > 300,000 
cycles depends on the durability of the 
actuator. The low-cost actuators normally 
used for non-start/stop automotive and 
recreational vehicle applications will not 
normally meet this requirement. During 
operation, debris generated from frictional 
wear between moving parts increases 

friction until a point is reached where oper-
ation of the actuator is impaired.

In order to meet the extended life require-
ment, specialty materials and coatings 
may be employed on moving parts, and/
or lubricants may be employed to reduce 
friction. Usually, there is a penalty to be 
paid in cost and sometimes in magnetic 
performance. The result of the higher life 
cycle requirement is most often a more 
expensive and slightly larger and more 
massive part. The increased mechanical 
envelope size is usually due to changes 
required to offset the degradation in 
magnetic performance. For example, 
adding a friction-reducing sleeve between 
the actuator armature and the bore in 
which it rides will reduce both friction and 
debris, increasing life. The sleeve inevitably 
increases gaps in the magnetic circuit and 
therefore degrades magnetic performance. 
Therefore, either a slightly larger solenoid 
or a slightly larger coil with existing parts 
may be required.

Starter solenoids in the market today 
intended for switching high inrush currents 
are typically very large. One example, rated 
at 750 A inrush and 225 A steady state, 
weighs in at 730 g. Most automotive sole-
noids, which will not reliably handle more 
than 600 A inrush, weigh in the 300 g-350 
g range. These solenoids tend to be very 
large because they manage the welding 
and contact wear risks by using large, thick 
copper contacts. The very high mass and 
high thermal conductivity of these con-
tacts ensures that weld area is somewhat 
decreased, and the high mass of moving 
parts provides a mechanical shock to break 
the weld upon opening. This approach has 
proven effective in realizing very low-cost 
solenoids for non-weight-sensitive appli-
cations but with only moderate reliability. 

HIGH-PERFORMANCE STARTER CONTACTOR DESIGN                             5 / 6

TLX Technologies, LLC  sales@tlxtech.com  tlxtech.com



Where high performance and light weight 
are needed, there is no path to success 
with this approach.

Case Study: A Lightweight, 
High-Performance Starter Contactor
A customer came to TLX Technologies 
with a requirement for a starter contactor 
needing the following key characteristics:

+ 950 A inrush handling
+  175 A steady-state current handling
+ 30,000 cycle durability
+  1 m/5-minute water immersion survival
+  Replace an incumbent part weighing 120 g

The incumbent part failed at inrush  
currents above 600 A and had no im-
mersion protection. The incumbent part 
utilized a copper contact system, and the 
high-risk failure mode of contact welding 
was realized during early testing with the  
actual vehicle powertrain. TLX undertook 
the development of an improved contactor 
to meet the key requirements while main-
taining a minimum part mass.

TLX began by determining that a con-
tactor based on a copper contact system 
would be prohibitively large, expensive, and 
heavy. An exploration of high-performance 
contact materials was undertaken, and 
one of these materials was incorporated 
into a proof-of-concept contactor design. 
This contact design was tested and easily 
exceeded the contact life requirements. 
Figure 5 shows the pole area of the sole-
noid after 30,000 cycles.

Contact debris in the actuator portion of the 
relay was found to be nearly absent. A few 
small metal particles were present. Opera-
tion of the actuator was not impeded.

 

The actuator design incorporated a high- 
performance geometry that reduced part 
mass and cost by keeping the coil size 
small. Environmental survivability, including 
water immersion, was assured by using an 
advanced plastic joining process to seal the 
joint between the contactor and actuator 
during assembly and by implementing an 
O-ring seal on the egress points of the  
stud terminals.

The TLX design entered production in  
mid-2020 in an on-road recreational vehicle. 
The mass of the production TLX design is 
less than 160 g and meets the target  
performance requirements. Current- 
handling performance meets or exceeds  
the specification of contactors weighing 
more than four times as much.

The TLX design is extendable to higher 
life cycle ratings (start/stop operation) by 
including additional mitigations for friction 
and wear in the actuator.  
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Figure 5: Pole Area of the Solenoid


