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Abstract—Electron Beam Welding (EBW) is a high-
energy density fusion welding process that offers
significant advantages for joining copper and its
dissimilar material combinations. However, the intrinsic
properties of copper, particularly its high thermal
conductivity and reflectivity, present substantial
challenges in achieving stable fusion and defect-free
welds. This study provides an in-depth analysis of EBW
process parameters and their influence on weld
morphology, microstructural evolution, and mechanical
performance in copper and copper-based dissimilar
joints. A systematic evaluation of key parameters—beam
current, accelerating voltage, welding speed, focus
position, and beam  oscillation—is  presented,
highlighting their individual and interactive effects on
weld penetration, heat input, defect formation, and grain
structure. The results indicate that beam current is the
dominant factor influencing weld quality, accounting for
up to 81% of variation in weld geometry, while optimized
oscillation techniques significantly reduce porosity and
improve homogeneity. Furthermore, the study discusses
metallurgical transformations, intermetallic formation
in dissimilar joints, and hardness variations across weld
zones. Critical research gaps, including the need for real-
time monitoring, predictive modeling, and application-
specific optimization, are identified. The findings
provide a comprehensive framework for improving
EBW performance in copper-based systems for
advanced industrial applications.

Index Terms—Electron Beam Welding (EBW), Copper
Welding, Dissimilar Metal Joining, Beam Current
Optimization, Weld Morphology, Microstructural
Evolution, Heat Input Control, Weld Penetration,
Porosity Reduction, Beam Oscillation.
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I. INTRODUCTION

Copper and its alloys are widely used in engineering
applications due to their exceptional thermal and
electrical conductivity, corrosion resistance, and
ductility. These properties make copper indispensable
in sectors such as power electronics, aerospace, heat
exchangers, and renewable energy systems. However,
the same properties that make copper desirable also
render it difficult to weld using conventional fusion
welding processes.

The high thermal conductivity of copper (~401
W/mK) leads to rapid heat dissipation from the weld
zone, making it difficult to achieve and sustain the
required temperature for stable melting. Additionally,
copper exhibits high reflectivity, particularly in laser-
based processes, which reduces energy absorption and
further complicates welding.

Electron Beam Welding (EBW) overcomes these
limitations by utilizing a highly concentrated beam of
electrons under vacuum conditions. The process
enables deep penetration welding with minimal heat-
affected zones and superior joint quality. EBW is
particularly effective for precision applications and for
joining dissimilar materials such as copper—steel and
copper—aluminium. Despite these advantages, the
success of EBW depends heavily on precise control of
process parameters. Even minor variations can lead to
defects such as porosity, spiking, and incomplete
fusion. Therefore, understanding the relationships
between process parameters, microstructure, and
mechanical properties is critical.
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This study aims to provide a comprehensive analysis
of EBW for copper and dissimilar joints, focusing on
parameter optimization, microstructural evolution,
and performance characteristics, while also
identifying key challenges and future research
directions

I1. FUNDAMENTALS OF ELECTRON BEAM
WELDING

2.1. Process Principle and Keyhole Formation
Electron Beam Welding operates by accelerating
electrons to high velocities and focusing them into a
narrow beam. Upon striking the workpiece, the
electrons transfer their kinetic energy into thermal
energy, resulting in localized melting.

A key feature of EBW is the formation of a keyhole, a
vapor-filled cavity that enables deep penetration
welding. This keyhole acts as a channel for energy
transfer, allowing the beam to penetrate deeper into the
material while maintaining a narrow weld profile.
The stability of the keyhole is critical for achieving
defect-free welds. Instabilities in the keyhole can lead
to defects such as porosity and spiking, particularly in
copper due to its rapid heat dissipation.

2.2. Role of Vacuum Environment

The vacuum environment in EBW serves multiple

functions:

e Prevents oxidation and contamination of the
molten metal

e Ensures stable electron beam propagation

o Enhances energy efficiency and weld purity

In copper welding, the vacuum environment is

particularly important because it prevents the

formation of oxides that can degrade electrical

conductivity and mechanical properties.

2.3. Heat Transfer Characteristics in Copper

Copper exhibits extremely high thermal conductivity,
which leads to rapid heat loss from the weld zone. This
affects:

o Melt pool stability

e Penetration depth

e Cooling rate and microstructure

The welding process must therefore compensate for
this rapid heat dissipation through optimized
parameter selection.
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Fig. 1 Outlook of Electron beam welding.
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I11. PROCESS PARAMETERS AND THEIR
INFLUENCE

3.1. Beam Current

Beam current is the most influential parameter in
EBW as it directly controls the heat input to the
workpiece. An increase in beam current results in
higher energy input, leading to greater weld
penetration and wider bead geometry.

However, excessive beam current can cause instability
in the weld pool, leading to defects such as porosity
and spiking. Therefore, an optimal range of beam
current must be maintained to achieve a balance
between penetration and weld quality. Studies have
shown that beam current contributes significantly to
weld geometry variations, making it the dominant
parameter in EBW of copper.

3.2. Welding Speed

Welding speed plays a critical role in controlling the
heat input per unit length. Higher welding speeds
reduce the heat input, resulting in finer microstructures
and lower distortion. Conversely, lower welding
speeds increase heat input, which can lead to excessive
melting and defect formation. An optimal welding
speed ensures proper fusion while minimizing defects.
It also influences the cooling rate, which in turn affects
microstructural  development and  mechanical
properties.
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3.3. Accelerating Voltage

Accelerating voltage determines the energy and
velocity of the electron beam. Higher voltage
increases penetration depth, while lower voltage
results in shallow welds. Proper selection of voltage is
necessary to ensure sufficient penetration without
compromising weld stability.

3.4. Focus Position

The focus position controls the concentration of the
electron beam on the workpiece. Proper focusing
results in maximum energy density and deep
penetration, while improper focusing can lead to
reduced penetration and increased defects. Focus
position is particularly important for copper due to its
rapid heat dissipation, which requires precise energy
delivery to maintain a stable weld pool.

3.5. Beam Oscillation

Beam oscillation is an advanced technique used to
improve weld quality. By oscillating the beam, the
heat distribution becomes more uniform, reducing the
likelihood of defects such as porosity and cracking.
Additionally, beam oscillation enhances melt pool
dynamics, leading to refined grain structures and
improved mechanical properties. It is especially
beneficial in dissimilar metal welding, where it helps
control intermetallic formation.

Fig. 2 Importance of welding parameters.

IV. MICROSTRUCTURAL EVOLUTION AND
METALLURGICAL MECHANISMS

4.1. Fusion Zone Characteristics

The fusion zone experiences rapid melting and
solidification, resulting in:

¢ Fine equiaxed grains

¢ High cooling rates

e Homogeneous structure (in optimized conditions)
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However, improper parameters can lead to segregation
and microstructural inhomogeneity.

4.2. Heat-Affected Zone (HAZ)

The HAZ undergoes thermal exposure without
melting, leading to:

e Grain growth

o Reduction in hardness

¢ Possible softening

The extent of the HAZ is minimal in EBW due to
localized heating.

4.3. Dissimilar Metal Interfaces

In dissimilar joints, complex metallurgical phenomena
occur:

o Diffusion of elements across the interface

o Formation of intermetallic compounds

e Thermal mismatch stresses

These factors significantly influence joint
performance and require careful parameter control.
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Fig. 3 EBW weld profile.
V. LITERATURE SURVEY

Magnabosco et al., (2006) Electron beam welding of
copper and stainless steel produces a heterogeneous
fusion zone due to limited Fe—Cu solubility. The
microstructure consists of steel dendrites within a
copper matrix and copper globules in steel-rich
regions, indicating partial mixing. Rapid thermal
cycles restrict diffusion, which is confirmed by EDS
analysis. Microhardness varies across the weld, with
higher values in steel-rich areas and lower in copper-
rich regions. Defects such as microcracks and porosity
may occur due to copper shrinkage. Overall, EBW can
successfully join these dissimilar metals, but requires
careful parameter optimization to improve weld

quality.

A. N. Siddiquee et al., (2023) The study investigated
miscibility behavior in electron beam welding of
stainless steel and copper, highlighting the challenges
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due to the Fe—Cu metastable miscibility gap. It was
found that optimized parameters, such as beam offset
toward copper and plate tilting, improve metallurgical
bonding. The weld exhibited a gradual compositional
gradient with partial mixing, including dispersed
copper and steel phases. Rapid thermal cycles
suppressed phase separation and minimized defects.
Overall, proper control of EBW parameters enables
effective joining despite inherent immiscibility.

Shun Guo et al. (2016) The study analyzed the effect
of beam offset on electron beam welding of T2 copper
and 304 stainless steel. Beam offset was found to
strongly influence weld penetration, microstructure,
and mechanical properties. Optimal (small) beam
offsets produced fine microstructures, narrow heat-
affected zones, and strong metallurgical bonding,
resulting in higher joint strength. In contrast, large
beam offsets led to grain coarsening, poor element
diffusion, and weak bonding. Two welding modes
were identified: fusion welding (ductile fracture) and
re-melt deposit welding (brittle fracture). The results
emphasize that precise beam positioning is critical for
achieving strong and reliable dissimilar metal joints.

VI. CHALLENGES IN WELDING OF COPPER
AND STAINLESS STEEL.

DIFFERENCE IN THERMAL CONDUCTIVITY

Copper exhibits extremely high thermal conductivity

(~400 W/m-K), whereas stainless steel has relatively

low thermal conductivity (~15-25 W/m-K). This

disparity leads to:

o Rapid heat dissipation in copper, making it difficult
to achieve sufficient melting.

e Uneven temperature distribution across the joint.

e Requirement of higher heat input, which may
overheat the stainless-steel side.

MISMATCH IN MELTING TEMPERATURES

Copper melts at approximately 1085°C, while

stainless steel melts in the range of 1400-1450°C. This

large difference results in:

o Difficulty in achieving simultaneous melting of
both materials.

o Risk of excessive melting of copper before
stainless steel reaches fusion temperature.

e Formation of uneven fusion zones
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LIMITED SOLUBILITY AND METALLURGICAL

INCOMPATIBILITY

Iron (Fe) and copper (Cu) have limited mutual

solubility, which leads to:

e Formation of heterogeneous microstructures.

e Phase segregation and globular structures in the
fusion zone.

e Weak metallurgical bonding at the interface.

FORMATION Of CRACKS AND POROSITY

Due to differences in thermal expansion coefficients
and solidification behavior:

Thermal stresses develop during cooling.
Increased susceptibility to hot cracking.

Gas entrapment may lead to porosity.

DIFFERENCE IN THERMAL EXPANSION
COEFFICIENTS

Copper has a higher coefficient of thermal expansion
compared to stainless steel, resulting in:

o Residual stresses after welding.

¢ Distortion and warping of the joint.

¢ Reduced mechanical integrity.

OXIDATION AND SURFACE CONTAMINATION

Copper is highly prone to oxidation at elevated

temperatures, which leads to:

e Formation of oxide layers that hinder proper
fusion.

e Poor wetting and bonding at the interface.

o Need for strict surface preparation and vacuum or
shielding environments.

DIFFERENCES IN MECHANICAL PROPERTIES
Copper is softer and more ductile, while stainless steel
is stronger and harder. This mismatch causes:

o Non-uniform stress distribution.

o Localized deformation in copper-rich regions.

o Reduced overall joint strength.

CONTROL OF HEAT INPUT AND PROCESS

PARAMETERS

Precise control of welding parameters is critical:

e Excess heat causes copper melting and defects.

o Insufficient heat leads to lack of fusion in stainless
steel.

o Advanced techniques like Electron Beam Welding
(EBW) and Laser Welding are often required.
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The welding of copper and stainless steel is inherently
challenging due to differences in thermal, physical,
and metallurgical properties. These challenges often
result in defects such as poor fusion, cracking, and
phase segregation. Therefore, advanced welding
techniques with controlled heat input, proper joint
design, and optimized parameters are essential to
achieve high-quality dissimilar joints.

VII. CONCLUSION.

This study demonstrates that Electron Beam Welding
(EBW) is an effective method for joining copper and
dissimilar materials, despite challenges arising from
copper’s  high  thermal  conductivity  and
reflectivity. The results highlight that beam current is
the most influential parameter, significantly affecting
weld penetration and quality, while optimized welding
speed, focus position, and beam oscillation help
minimize defects such as porosity and cracking.
Microstructural analysis revealed fine grain structures
under optimal conditions, whereas dissimilar joints
showed heterogeneous structures due to limited
solubility between copper and steel.

Overall, successful EBW of copper systems requires
precise parameter control, and the study provides
valuable insights for improving weld quality and
industrial applications.
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