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ABSTRACT: The demand for lightweight, high-performance, and thermally efficient materials in aerospace
applications has led to increased interest in dissimilar metal joining, particularly copper and stainless steel. However,
the significant differences in their thermal and physical properties present major challenges during welding. This study
investigates the feasibility of joining copper and stainless steel using Electron Beam Welding (EBW) and focuses on
the experimental evaluation and parametric optimisation of the process. Key welding parameters such as beam current,
welding speed, beam offset, and beam power are analyzed to understand their influence on weld quality,
microstructure, and mechanical properties. Experimental results demonstrate that EBW produces high-quality joints
with minimal heat-affected zones and reduced distortion. Optimal parameter settings significantly improve tensile
strength, hardness, and microstructural uniformity. The study confirms that EBW is a suitable and reliable technique for
aerospace-grade dissimilar metal joining.
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I. INTRODUCTION

Modern aerospace systems require materials that combine high strength, corrosion resistance, and excellent thermal
conductivity. Copper and stainless steel are widely used due to their complementary properties: copper provides
superior thermal and electrical conductivity, while stainless steel offers mechanical strength and corrosion resistance.
However, joining these materials is difficult due to differences in melting points, thermal conductivity, and
metallurgical incompatibility.

Conventional welding processes often result in defects such as cracks, porosity, and brittle intermetallic compounds.
Electron Beam Welding (EBW) offers a promising solution due to its high energy density, deep penetration capability,
and vacuum environment, which minimizes contamination and oxidation . This study aims to experimentally
investigate EBW of copper and stainless steel and optimise process parameters for improved weld performance.

Il. LITERATURE REVIEW

Recent studies have demonstrated the effectiveness of EBW in joining dissimilar metals. Research shows that welding
parameters such as beam current, welding speed, and beam offset significantly influence weld quality and mechanical
properties . Beam current has been identified as the most critical parameter affecting penetration depth and weld
strength.

Studies on copper-stainless steel joints reveal that proper control of beam power and offset can minimize defects and
improve joint strength. Lower beam power levels tend to produce finer microstructures and higher tensile strength,
while higher power increases ductility but reduces strength . Additionally, beam oscillation techniques have been
shown to reduce porosity and improve material mixing.
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Despite these advancements, challenges remain in controlling intermetallic phase formation and achieving optimal
parameter combinations for aerospace applications. This study addresses these gaps through systematic
experimentation and optimisation.

1. MATERIALS AND METHODS

3.1 Materials
The materials used in this study include commercially pure copper and AlSI 304 stainless steel. These materials are
commonly used in aerospace heat exchangers, fuel systems, and structural components.

3.2 Experimental Setup
Electron Beam Welding was carried out in a high-vacuum chamber to ensure contamination-free welds. The specimens
were prepared with proper surface cleaning and alignment before welding.

3.3 Process Parameters
The following parameters were varied during experimentation:
e  Beam current (40-70 mA)
o Welding speed (0.5-1 cm/s)
e  Beam power (2400-3600 W)
e Beam offset (0.3-0.5 mm toward copper side)
These parameters were selected based on prior research indicating their strong influence on weld quality.

3.4 Characterisation Techniques
The welded joints were evaluated using:
e  Optical microscopy and SEM for microstructural analysis
e Tensile testing for mechanical strength
e Microhardness testing across weld zones
o XRD analysis for phase identification

IV. RESULTS AND DISCUSSION

4.1 Weld Morphology
The EBW process produced defect-free welds with narrow heat-affected zones. The high energy density and localized
heating minimized distortion and residual stresses.

4.2 Microstructural Analysis

The weld zone exhibited a /A79d microstructure consisting of copper-rich and iron-rich phases. The formation of solid
solutions between copper and iron was observed, along with some undissolved copper regions. The microstructure
varied significantly with beam power and welding speed.

At lower beam power, finer grains were observed, resulting in higher strength. Increasing beam power led to coarser
grains and increased ductility but reduced strength .

4.3 Mechanical Properties

The tensile strength of the welded joints was highest at moderate beam power (2400-3000 W). Excessive beam power
resulted in reduced strength due to increased grain size and phase segregation.

Microhardness measurements showed variation across the weld zone, with higher hardness near the stainless steel
region and lower hardness near the copper region. This variation is attributed to differences in material composition and
cooling rates.

4.4 Effect of Process Parameters

Beam Current

Beam current significantly affects penetration depth and weld strength. Higher beam current increases penetration but
may cause excessive melting and defects if not controlled properly .

Welding Speed
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Higher welding speed reduces heat input, resulting in narrower weld zones and finer microstructures. However,
excessively high speeds may lead to incomplete fusion.

Beam Offset

A slight beam offset toward the copper side improves weld quality by balancing heat distribution and reducing defects.

Beam Power
Beam power plays a critical role in determining microstructure and mechanical properties. Optimal power levels
produce strong, defect-free joints, while excessive power leads to reduced strength and increased ductility.

V. PARAMETRIC OPTIMISATION

Parametric optimisation was carried out using experimental observations and statistical analysis. The optimal parameter
combination was found to be:

e Beam current: ~50-60 mA

e  Welding speed: ~0.5 cm/s

e Beam power: ~2400-3000 W

e Beam offset: ~0.3 mm toward copper
These parameters resulted in:

e  Maximum tensile strength

e  Uniform microstructure

e Minimal defects and porosity
Optimisation results indicate that careful control of heat input and beam positioning is essential for achieving high-
quality welds.

VI. APPLICATIONS IN AEROSPACE

The successful joining of copper and stainless steel using EBW has significant implications for aerospace applications,
including:

e Heat exchangers and cooling systems

e  Fuel and hydraulic systems

e  Electronic packaging and thermal management

e  Structural components requiring dissimilar material properties
EBW provides high reliability, precision, and repeatability, making it suitable for critical aerospace components.

VII. ADVANTAGES AND LIMITATIONS

Advantages

e High precision and deep penetration
Minimal heat-affected zone
Reduced distortion and residual stress
Ability to join dissimilar metals

¢ High repeatability and automation
Limitations

e High equipment cost

e Requirement of vacuum environment

e  Sensitivity to parameter variations

e Limited accessibility for large components

VIIl. CONCLUSION

This study demonstrates that Electron Beam Welding is an effective technique for joining copper and stainless steel for
aerospace applications. Experimental investigations reveal that welding parameters significantly influence weld quality,
microstructure, and mechanical properties. Optimal parameter selection results in strong, defect-free joints with
desirable mechanical characteristics.
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The findings highlight the importance of parametric optimisation in achieving reliable dissimilar metal joints. EBW
offers a promising solution for advanced aerospace manufacturing, where performance and reliability are critical.
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