High-Temperature Splice and Termination Solutions

Evaluating Crimp, Solder, and Weld Technologies in Extreme Thermal Environments

Executive Summary

High-temperature electrical systems used in aerospace, defense, energy, motorsports, industrial
automation, and directed-energy applications demand splice and termination solutions capable of
maintaining electrical integrity under severe thermal stress. As operating temperatures continue to rise in
modern platforms, traditional connection methods are increasingly challenged by thermal cycling,
vibration, oxidation, material degradation, and mechanical fatigue.

This whitepaper examines the performance characteristics of crimped, soldered, and welded splices and
terminations in extreme thermal environments. It evaluates each technology in terms of thermal
endurance, electrical reliability, mechanical robustness, manufacturability, inspection capability, and
long-term operational stability. The paper also explores material compatibility, insulation considerations,
and environmental influences affecting connection integrity at elevated temperatures.

For mission-critical systems where downtime or failure is unacceptable, selecting the correct
termination methodology is no longer a manufacturing preference, it is a system-level reliability decision.
Understanding the strengths and limitations of each interconnection approach allows engineers,
procurement specialists, and maintenance organizations to optimize performance, reduce lifecycle
costs, and improve survivability in harsh operating environments.

Introduction

Modern electrical and electronic systems are operating in environments far more demanding than those
of previous generations. Aerospace propulsion systems, hypersonic platforms, military vehicles,
industrial furnaces, oil and gas drilling equipment, high-power RF systems, and advanced directed-
energy technologies routinely expose wiring assemblies and electrical terminations to temperatures
exceeding 200°C, while some specialized systems encounter temperatures approaching or surpassing
500°C.

Under these conditions, the reliability of a splice or termination becomes a critical determinant of system
survivability. Elevated temperatures accelerate oxidation, weaken conductor materials, degrade
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insulation systems, alter contact resistance, and magnify the effects of thermal expansion and
contraction. Repeated thermal cycling can cause microfractures, mechanical loosening, and eventual
electrical failure if the interconnection method is not engineered appropriately for the environment.

Historically, crimping, soldering, and welding have each served as established approaches for joining
conductors and creating electrical terminations. However, extreme thermal environments expose
significant differences in how these methods perform over time. A connection technology that performs
adequately in commercial electronics may fail rapidly in aerospace engine compartments, military power
distribution systems, or high-energy pulse applications.

This whitepaper provides a detailed examination of high-temperature splice and termination solutions
with a specific focus on the comparative advantages and limitations of crimped, soldered, and welded
connections. The discussion emphasizes reliability, thermal stability, vibration resistance,
manufacturability, and suitability for harsh-environment applications. Additionally, the paper highlights
material considerations, inspection methodologies, and emerging best practices for engineers designing
next-generation high-temperature interconnect systems.

The Challenges of Extreme Thermal Environments

Extreme thermal environments create several interconnected failure mechanisms that directly impact
splice and termination performance.

Thermal Expansion and Contraction

Different conductive and insulating materials expand and contract at varying rates when exposed to heat.
Over time, repeated thermal cycling introduces stress concentrations that can loosen mechanical joints,
fracture solder interfaces, or weaken weld structures.

Oxidation and Corrosion

Elevated temperatures accelerate oxidation of conductive materials such as copper, aluminum, and
plated surfaces. Oxidized interfaces increase contact resistance, generate localized heating, and reduce
current-carrying efficiency.

Insulation Degradation

High temperatures can embrittle or carbonize insulation systems, especially in environments involving
oils, fuels, hydraulic fluids, or radiation exposure. Insulation shrinkage and cracking can expose
conductors and compromise dielectric performance.
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Vibration and Mechanical Stress

Many high-temperature applications also involve vibration, shock, and dynamic movement. Aircraft
engines, missile systems, turbine assemblies, and armored vehicles place continuous mechanical stress
on electrical interconnections.

Current Density and Heat Generation

As power density increases, conductors themselves become additional heat sources. Poorly designed
terminations can develop resistance hot spots, further accelerating thermal degradation.

High-Temperature Termination Technologies

Crimped Connections

Crimping creates a cold-weld style mechanical compression between the conductor and terminal barrel
using calibrated tooling.

Advantages of Crimped Connections

¢ Excellentvibration resistance when properly executed

No thermal damage introduced during assembly

e Fastand repeatable manufacturing process

e Compatible with automated production environments
e Reduced risk of wicking and conductor embrittlement
o Easier field repair capability

High-quality crimp terminations generate gas-tight connections that minimize oxidation and maintain
stable electrical performance over time.

Limitations in Extreme Heat

Despite their advantages, crimped terminations can experience degradation in high-temperature
applications due to:

¢ Relaxation of contact pressure

e Annealing of conductor materials

www.sea-wire.com | SEA Wire and Cable, Inc. | info@sea-wire.com



http://www.sea-wire.com/
mailto:info@sea-wire.com

Loss of spring force in connector systems

Oxidation at the compressed interface

These risks become increasingly significant above 200°C unless specialized alloys and high-temperature
plating systems are used.

High-Temperature Crimp Materials

Common materials include:

Nickel-plated copper
Silver-plated copper
Nickel alloys

Inconel-based contact systems

High-temperature crimp systems often incorporate ceramic, fiberglass, or polyimide insulation support

structures to maintain integrity under prolonged heat exposure.

Soldered Connections

Soldering creates an electrical bond using a molten filler alloy between conductors and terminals.

Advantages of Soldered Connections

Low electrical resistance

Excellent conductivity

Strong metallurgical bonding

Effective for compact electronic assemblies

Suitable for fine-gauge conductors

Soldering remains widely used in electronics and sensor systems where precise electrical continuity is

essential.

Limitations in Extreme Thermal Environments

Solder joints face significant challenges at elevated temperatures:
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e Solder softening under heat

e Thermalfatigue cracking

¢ Intermetallic compound growth

e Conductor embrittlement from solder wicking
o Reduced vibration tolerance

Traditional tin-lead solder systems are especially vulnerable at higher operating temperatures. Even high-
temperature solder alloys may experience long-term creep deformation during thermal cycling.

In dynamic environments, soldered terminations often fail earlier than properly engineered crimp or weld
solutions due to rigid stress concentration zones.

High-Temperature Solder Alloys
Specialized solder materials include:

o High-lead solder alloys

e Gold-tin alloys

o Silver-bearing solders

e SAC high-temperature formulations

While these alloys improve temperature capability, they also increase manufacturing complexity and
cost.

Welded Connections

Welded splices and terminations create direct metallurgical fusion between conductive materials using
resistance welding, laser welding, ultrasonic welding, or electron beam processes.

Advantages of Welded Connections

Exceptional thermal stability

Extremely low contact resistance

High mechanical integrity

Minimal interface degradation
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e Outstanding vibration resistance
e Long-term reliability in harsh environments

Welded interconnections eliminate many of the mechanical relaxation concerns associated with
crimping and many of the creep-related weaknesses associated with soldering.

Limitations of Welded Connections
Challenges include:

e Higher equipment costs

e Specialized operator training

e Reduced field repairability

e Increased process complexity

e Material compatibility constraints

Welding may also introduce localized heat-affected zones that alter conductor flexibility or metallurgical
properties if process parameters are not tightly controlled.

Common High-Temperature Welding Methods

Resistance Welding

Widely used for aerospace harnesses and battery systems due to repeatability and strong electrical
performance.

Laser Welding

Provides precise energy delivery with minimal thermal distortion and is increasingly used in miniature
high-density interconnect systems.

Ultrasonic Welding

Creates solid-state bonds with limited thermal input and excellent conductivity characteristics.
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rimp v lder vs Wel

in Extreme Thermal Environment

Performance Factor Crimp Solder Weld
Thermal Stability Moderate to High|{|Moderate Very High
Vibration Resistance High Moderate to Low|Very High
Electrical Resistance Stability|High Moderate Very High
Manufacturing Speed High Moderate Moderate
Repairability High Moderate Low
Long-Term Thermal Cycling ||Moderate Low to Moderate||High
Automation Capability High Moderate High
High-Current Capability High Moderate Very High
Oxidation Resistance Moderate Moderate High
Process Cost Low to Moderate |[Moderate High

Material Selection for High-Temperature Splices

Termination reliability depends heavily on conductor and insulation compatibility.

Conductor Materials

Copper

Offers excellent conductivity but oxidizes rapidly at elevated temperatures without protective plating.

Nickel-Plated Copper

Improves oxidation resistance and is commonly used in aerospace and defense wiring systems.

www.sea-wire.com | SEA Wire and Cable, Inc. | info@sea-wire.com



http://www.sea-wire.com/
mailto:info@sea-wire.com

Silver-Plated Copper

Provides superior conductivity but may suffer from silver migration or oxidation in sulfur-rich
environments.

Nickel and High-Temperature Alloys
Used in extreme applications exceeding conventional copper temperature limits.
Insulation tems for High-Temperature Application

High-temperature splice assemblies frequently incorporate specialized insulation systems such as:

e Polyimide
e PTFE
e ETFE

e Fiberglass braid

e Ceramic insulation

o Silicone composites
Selection depends on:

¢ Maximum operating temperature

e Chemical exposure

e Flexrequirements

e Flame resistance

e Radiation tolerance

e Abrasion resistance
Reliability Considerations in Aerospace and Defense Systems
Military and aerospace applications impose particularly demanding reliability requirements due to:

e Wide thermal cycling ranges
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e High vibration exposure

e Extended operational life expectations

¢ Limited maintenance accessibility

e Mission-critical failure consequences
These industries increasingly favor:

¢ Welded interconnects for ultra-high reliability zones

¢ High-performance crimp systems for maintainability and scalability

e Limited solder usage in high-vibration thermal environments
Compliance with standards such as:

e SAE International AS standards

e IPC workmanship specifications

e U.S. Department of Defense military requirements

e International Aerospace Quality Group AS9100 quality systems

remains essential for qualification and procurement approval.

Inspection and Quality Assurance
High-temperature interconnections require rigorous inspection protocols.
Crimp Inspection

e Pull-force testing

e Crimp height measurement

e Microsection analysis

e Resistance testing
Solder Inspection

e X-ray analysis
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e Wetting evaluation

e Void detection

e Thermal fatigue analysis
Weld Inspection

e Cross-sectional analysis

e Resistance verification

e Ultrasonic inspection

e Destructive pull testing

Advanced predictive maintenance programs increasingly integrate thermal imaging and embedded
monitoring systems to identify degradation before catastrophic failure occurs.

Emerging Trends in High-Temperature Interconnect Technology
Several emerging technologies are reshaping high-temperature termination strategies:
Advanced Alloy Development

New conductor and contact materials are improving oxidation resistance and mechanical stability at
elevated temperatures.

Hybrid Interconnect Architectures

Combining crimp, weld, and mechanical reinforcement techniques enhances performance in complex
thermal environments.

Laser-Based Manufacturing

Precision laser welding supports miniaturized, high-density, high-reliability interconnect systems.
Smart Harness Monitoring

Embedded sensing technologies enable real-time health monitoring of splice and termination integrity.
Lightweight High-Temperature Wiring

Next-generation aerospace systems increasingly require lighter materials without sacrificing thermal
capability.
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Conclusion

As electrical systems continue to evolve toward higher power densities, elevated operating
temperatures, and increasingly hostile operating conditions, the importance of reliable splice and
termination technology becomes more critical than ever. Extreme thermal environments expose
weaknesses that may remain hidden under normal operating conditions, making connection
methodology a major determinant of long-term system reliability and mission success.

Crimped, soldered, and welded interconnections each provide unique advantages, but their
performance characteristics differ substantially when subjected to prolonged heat exposure, thermal
cycling, vibration, and mechanical stress. Crimped connections offer excellent manufacturability,
vibration resistance, and maintainability when paired with appropriate high-temperature materials and
tooling. Soldered connections continue to serve valuable roles in electronics and compact assemblies
but face limitations in severe thermal and dynamic environments due to creep, embrittlement, and
fatigue concerns. Welded interconnections provide the highest level of thermal and mechanical
durability, making them ideal for the most demanding aerospace, defense, energy, and high-power
applications, though at the expense of increased process complexity and cost.

The future of high-temperature interconnect engineering will increasingly depend on advanced materials,
precision manufacturing, integrated monitoring technologies, and application-specific design
optimization. Organizations that carefully align splice and termination strategies with environmental
requirements, lifecycle expectations, and mission-critical reliability goals will achieve superior
operational performance, reduced maintenance burden, and enhanced system survivability.

In the most demanding thermal environments, the integrity of a single electrical connection can
determine the reliability of an entire platform. Selecting the proper splice and termination solution is
therefore not simply a manufacturing decision, it is a strategic engineering investment in safety,
performance, and mission assurance.
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