High-Temperature Wire Insulations for Hypersonic, Engine, and Power Applications

Summary

High-temperature wire insulation is a critical enabler for modern aerospace, propulsion, and power
systems, where extreme thermal environments, electrical stresses, and mechanical demands converge.
This paper reviews the materials, design considerations, and performance characteristics of wire
insulations suitable for hypersonic vehicles, high-performance engines, and high-power electrical
systems. Emphasis is placed on polymeric and inorganic insulations, their thermal and electrical
properties, and recent advances in high-performance insulation technologies that enable reliable
operation in environments exceeding 250°C.

Introduction

Advancements in aerospace propulsion, hypersonic vehicles, and high-power electrical systems impose
stringent requirements on wire insulation materials. These applications operate under extreme
temperatures, vibration, chemical exposure, and electrical stress. Failure of wire insulation in such
environments can lead to catastrophic system failures, underscoring the importance of selecting and
designing high-temperature insulation.

High-temperature wire insulations must balance thermal resistance, mechanical durability, electrical
integrity, and manufacturability. Emerging hypersonic applications, which experience aerodynamic
heating above 500°C, push conventional insulation technologies beyond their limits, necessitating
specialized materials and innovative designs.

Requirements for High-Temperature Wire Insulation

High-temperature wire insulation must meet a combination of mechanical, thermal, electrical, and
environmental criteria:

Thermal Performance

¢ Continuous operating temperature: Insulation must sustain long-term operation at
temperatures typically ranging from 200°C to 600°C depending on the application.

o Thermal cycling stability: Materials must withstand repeated heating and cooling without
cracking or delaminating.
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e Ablation and oxidation resistance: Particularly in hypersonic or high-velocity airflow
applications, insulation must resist oxidative degradation.

Electrical Performance
o Dielectric strength: Maintaining high breakdown voltage under elevated temperatures is critical.

¢ Insulation resistance: Low leakage currents are required even under thermal and mechanical
stress.

Mechanical Performance
¢ Flexibility: Insulation must retain flexibility during installation and vibration exposure.
+ Tensile and impact strength: Materials must resist cracking or deformation under stress.
Environmental Resistance
e Chemicalresistance: Fuels, lubricants, and atmospheric oxidants should not degrade insulation.
o Radiation resistance: In aerospace applications, resistance to ionizing radiation may be required.
Materials for High-Temperature Wire Insulation
Polymeric Insulations

High-performance polymers are widely used due to their excellent combination of dielectric and
mechanical properties.

o Polytetrafluoroethylene (PTFE/Teflon): Resistant to oxidation, chemically inert, and operates up
to 260°C continuously.

« Polyimide (Kapton, Upilex): Extremely high thermal stability (up to 400°C) and excellent electrical
insulation.

¢ PFA (Perfluoroalkoxy) and FEP (Fluorinated Ethylene Propylene): Improved flexibility compared
to PTFE, suitable for wiring in complex geometries.

Inorganic Insulations

e Glass fiber sleeving: Provides thermal stability beyond 500°C, often used in combination with
silicone coatings.
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e Ceramic coatings: Alumina, silica, and mica-based insulations can withstand temperatures
exceeding 600°C, ideal for engine and hypersonic applications.

e Micatapes: Layered mica provides excellent dielectric properties at elevated temperatures.
Hybrid Insulations
« Polyimide-glass composites: Combine flexibility with thermal resistance for aerospace wiring.
¢ Silicone-glass braids: Offer vibration damping and high-temperature endurance.
Wire Design Considerations

e Conductor selection: Copper or nickel-based alloys are commonly used, with nickel alloys
preferred at extreme temperatures.

o Stranding and flexibility: Fine-stranded wires reduce fatigue under vibration.
o Insulation thickness: Must balance voltage rating with thermal dissipation requirements.

e Bundling and shielding: High-temperature applications may require braided shielding to mitigate
electromagnetic interference and mechanical abrasion.

Applications
Hypersonic Vehicles

Hypersonic flight exposes wires to aerodynamic heating above 500°C. Insulation materials such as
polyimide-glass composites or ceramic coatings are essential to maintain electrical integrity and prevent
failure.

High-Performance Engines

Turbine engines and rocket propulsion systems experience prolonged temperatures above 300°C.
Insulations must resist oxidation, vibration, and chemical exposure from fuels and lubricants.

High-Power Electrical Systems

Electric propulsion, high-power converters, and energy-dense systems demand insulation with high
dielectric strength, thermal endurance, and mechanical robustness. PTFE and PFA insulations are
common in these systems, often with additional mineral or ceramic reinforcement for extreme
conditions.
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Recent Advances

e Nanocomposite coatings: Enhancing thermal conductivity while maintaining dielectric strength.

o Aerogel-based insulation: Ultra-lightweight, high-temperature insulators for weight-sensitive

applications.

e Additive manufacturing of insulated wiring: Allows integrated insulation deposition with
complex geometries and optimized thermal paths.

Information Table:

Short-
. Dielectric . . . c .
. Continuous |Term Chemical Mechanical |Typical Applicationsin
Material Strength . Lo L. .
Temp (°C) Temp Resistance |Flexibility Mission Environments
(kV/mm)
(°C)
Excellent High-power wiring,
PTFE 260 300 50-60 (fuels, oils, Moderate aerospace wiring,
acids) electrical connectors
Wire harnesses,
Very good . insulation in engines,
ETFE 150175 200 35-45 . High
(fuels, acids) low-mass aerospace
wiring
Wire bundles exposed
Moderate- to vibration and
XL-ETFE |150-200 225 35-50 Very good . .
High temperature cycling in
engines
Hypersonic vehicles,
L. high-temperature
Polyimide|250-400 450-5001(100-120 Excellent Moderate . .
engine wiring, space
applications
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Short-
. Dielectric . . . L .
. Continuous |Term Chemical Mechanical (Typical Applicationsin
Material Strength . Lo L .
Temp (°C) Temp Resistance |Flexibility Mission Environments
(kV/mm)
(°C)
Flexible wiring in engine
. Good (fuels, . compartments, high-
Silicone ||200-250 300 15-25 . Very High . .
lubricants) vibration aerospace
wiring

Notes on Real Mission Conditions:

1. Continuous vs. Short-Term Temperature — Continuous refers to the maximum temperature for
long-term operation, short-term accounts for spikes during engine start, hypersonic heating, or
power surges.

2. Dielectric Strength — Critical for preventing electrical breakdown under voltage stress, especially
in high-power or pulse applications.

3. Chemical Resistance — Real mission environments expose wires to fuels, oils, oxidizers, and
atmospheric contaminants.

4. Mechanical Flexibility — High vibration and thermal expansion in engines and flight systems
require insulation that does not crack or fatigue.

5. Mission Relevance - Polyimide dominates extreme hypersonic/space applications; silicone is
preferred in high-vibration and flex environments; ETFE/XL-ETFE balances low-mass and
moderate thermal resistance; PTFE is highly resistant to chemicals and thermal spikes.

Conclusion

High-temperature wire insulation is critical for aerospace, propulsion, and high-power applications,
where failure is not an option. Material selection must consider thermal endurance, dielectric properties,
mechanical resilience, and environmental resistance. Emerging materials and hybrid technologies are
pushing the boundaries of what is possible, enabling the next generation of hypersonic vehicles, high-
performance engines, and advanced power systems. Continued research in materials science and
innovative insulation designs will remain pivotal to meet the extreme demands of future applications.
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