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ABSTRACT

Dissimilar welding between copper (Cu) and stainless steel 316L (SS316L) is essential for heat pipe applica-
tions that require high thermal conductivity combined with adequate mechanical integrity. However, the large
mismatch in thermal and metallurgical properties between Cu and SS316L complicates joint optimization. This
study investigates the effect of heat input (HI) during TIG welding with an ERCuSi-A filler on the microstruc-
ture, mechanical behavior, and thermal conductivity of Cu/SS316L dissimilar joints. Three heat input levels
(1.41, 2.02, and 2.04 kJ/mm) were applied under identical welding conditions. Microstructural evaluation was
performed using optical microscopy and Scanning Electron Microscopy coupled with energy-dispersive x-ray
spectroscopy (SEM-EDS) to assess grain evolution, elemental diffusion, and weld metal homogeneity. Tensile
testing showed that fractures consistently occurred in the Cu heat-affected zone, indicating that the Cu-rich
weld metal was mechanically stronger than the copper base material. Increasing heat input promoted grain
coarsening, SS-rich particle agglomeration, and microstructural heterogeneity. Thermal conductivity decreased
after welding, with measured values of approximately 264, 198, and 111 W/m-K for heat inputs of 1.41, 2.02,
and 2.04 kJ/mm, respectively, lying between those of Cu and SS316L. Overall, a low heat input of 1.41 kJ/
mm provided the most favorable balance between mechanical integrity, microstructural stability, and thermal
conductivity. These findings highlight the importance of precise heat input control when designing Cu/SS316L
welded joints for heat pipe systems.

Keywords: dissimilar metal welding, Cu/SS316L, TIG, thermal conductivity, heat pipe.

INTRODUCTION shown significant potential in nuclear technolo-
gies, such as space power systems, microreac-
tors, and spent fuel pool cooling [4-5]. Kusuma

et al. [6] investigated a passive cooling system for

Heat pipes become a potential passive system
technology to be used for various applications

due to their high thermal performance and abil-
ity as a heat exchanger, including nuclear instal-
lations [1-2]. These devices utilize the latent
heat of vaporization to transport heat with mini-
mal temperature differences [3]. Heat pipes have

spent nuclear fuel pools using a vertical wickless
heat pipe. Their experimental and simulation
results demonstrated excellent thermal perfor-
mance, achieving a thermal resistance as low as
0.016 + 0.0006 °C/W under optimal conditions,
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including low initial pressure and an 80% evapo-
rator filling ratio. This study highlights the poten-
tial of wickless heat pipes as an effective passive
cooling strategy in nuclear safety applications
[6]. Beyond nuclear systems, heat pipes have
also been widely applied in other thermal man-
agement fields such as electronic cooling, HVAC
systems, solar energy, and waste heat recovery
[3]. In the context of microreactors, they offer
passive heat removal solutions alongside other
strategies like natural convection and conduc-
tion—radiation cooling [7]. The research contin-
ues to enhance heat pipe performance through
innovations such as nanofluid integration and the
use of phase change materials [1], reflecting the
growing role of advanced functional materials for
next-generation heat transfer systems.

Most heat pipes use a single material, such
as copper, for its excellent thermal conductivity.
However, in high-temperature or corrosive envi-
ronments, copper alone lacks sufficient durability.
A practical approach is to combine copper with
SS316L — using Cu for the evaporator and con-
denser to maximize heat transfer, and SS316L
for the adiabatic section where thermal conduc-
tivity is less critical. In this region, the superior
corrosion resistance and mechanical strength of
SS316L provide clear advantages.

Despite this functional complementarity, inte-
grating Cu and SS316L remains challenging due
to large differences in thermophysical and met-
allurgical properties, which can result in thermal
mismatch, fusion imbalance, and intermetallic
formation [8,9]. Recent studies on dissimilar TIG
welding have emphasized that severe thermal mis-
match and uneven heat distribution significantly
affect HAZ stability and joint integrity. Pandey et
al. reported that improper heat input during TIG
of dissimilar metals promotes microstructural
heterogeneity and premature failure, particularly
in the weaker base metal side [10]. Recent stud-
ies have highlighted the critical role of heat input
control in maintaining microstructural stability
and joint reliability in TIG welding. Variations in
current and welding speed were shown to signifi-
cantly influence heat distribution and mechanical
performance. Excessive heat input, particularly in
copper-based alloys, can lead to microstructural
degradation, emphasizing the need for precise
parameter optimization [11-13].

Advances in solid-state welding and multi-
metal additive manufacturing have shown
promise in overcoming these issues [9,10]. yet,
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achieving reliable Cu—SS316L joints for heat
pipes operating in the 300-600 °C range contin-
ues to demand further investigation, particularly
regarding suitable joining techniques and materi-
al combinations that ensure both structural integ-
rity and thermal efficiency [15].

The welding of Cu and SS316L is challenging
due to large differences in thermal conductivity,
thermal expansion, and metallurgical compat-
ibility, which can cause fusion imbalance, brit-
tle intermetallic formation, and uneven residual
stresses. Recent studies emphasize that heat input
in TIG welding plays a decisive role in joint qual-
ity. For example, investigations on TIG-welded
SS304L have shown that heat input strongly
influences temperature distribution, microstruc-
tural evolution, and tensile strength, with phase
transformations and fracture modes confirmed
through XRD and SEM analyses [16].

Previous studies on Cu and dissimilar
materials, such as Cu-SS joints, have reported
that increasing TIG welding heat input affects
tensile strength, hardness, and thermal conduc-
tivity, with optimal strength observed at 1.2 kJ/
mm due to improved penetration and metallur-
gical bonding [17]. The use of TIG welding with
a nickel-based filler produced complex micro-
structures at the fusion zone, characterized by
incomplete mixing and copper diffusion along
stainless steel grain boundaries, resulting in
tensile strength up to 143.7 MPa [18]. More
recently, additive manufacturing with Selec-
tive Laser Melting has demonstrated defect-
free Cu-SS316L joints with enhanced interface
strength, attributed to Fe-rich nanoparticle for-
mation and elemental diffusion supported by
Marangoni convection [19].

Although various joining techniques, such as
Electron Beam Welding, Magnetic Pulse Weld-
ing, Laser Beam Welding, Friction Stir Welding,
TIG, and Shielded Metal Arc Welding, have been
developed [20,21]. The TIG welding remains
one of the most widely used and cost-effective
methods for joining a wide range of metals and
alloys. This process employs a non-consumable
tungsten electrode and an inert shielding gas to
protect the arc and molten pool from atmospheric
contamination [22]. Also, TIG welding is particu-
larly effective for stainless steels and non-ferrous
alloys, offering high-quality welds [21]. A prom-
ising approach involves using a Cu-Si-based fill-
er metal, which provides chemical compatibility
with both Cu and SS substrates [23,24].
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Dissimilar metal welding between Cu and
SS316L remains technically demanding due to
their contrasting thermal conductivities, coef-
ficients of thermal expansion, and metallurgical
compatibility [23,25]. These differences often
result in fusion imbalance and brittle intermetal-
lic phase formation. The TIG welding process is
widely used for joining dissimilar metals, with
welding parameters playing a critical role in deter-
mining joint quality. Among these parameters,
heat input has been identified as a key factor influ-
encing tensile strength, hardness, and bead width
[26,27]. Optimal heat input settings can improve
mechanical properties and microstructure [27-
30]. The selection of filler material also signifi-
cantly influences the resulting microstructure and
mechanical properties of the weld joint [26,29].

Unlike previous studies that focused on
homogeneous stainless-steel welds or evaluated
individual properties separately, this work adopts
a multidimensional approach that links weld-
ing heat input to both joint integrity and ther-
mal performance. It provides a comprehensive
assessment of how TIG welding with ERCuSi-A
filler and controlled heat input affects the ther-
mo-mechanical behavior of Cu/SS316L joints,
including microstructural evolution, hardness,
tensile strength, and thermal conductivity.

The effect of TIG welding parameters, partic-
ularly heat input, on the mechanical, microstruc-
tural, and thermal behavior of Cu/SS316L joints
remains unclear, especially for heat pipe applica-
tions, where high thermal conductivity is crucial.
The use of ERCuSi-A filler (a Cu—Si alloy) offers
both chemical compatibility with Cu and SS316L
and the potential formation of Cu-Si intermetal-
lics that increase local hardness without sacrific-
ing thermal conductivity.

The novelty of this work lies in quantifying
how heat input affects thermal conductivity in
the Cu/SS316L weld metal and in demonstrating
its direct implications for heat pipe performance.
Reduced conductivity in the welded joint region
increases axial thermal resistance; therefore, the

Table 1. Chemical composition

welded joint must be located outside the evapo-
rator—adiabatic and adiabatic—condenser bound-
aries to avoid loss of efficiency. This study pro-
vides the first systematic correlation between heat
input, weld microstructure, and thermal transport
for Cu/SS joints intended for heat pipe systems.

MATERIALS AND METHODS

Materials

This study utilized Cu and SS 316L stainless
steel as base materials, selected for their thermal
compatibility and relevance to heat transfer appli-
cations, particularly in passive cooling heat pipe
systems. ERCuSi-A filler wire was used due to
its known physical and chemical compatibility
for welding Cu to SS316L. The chemical com-
position of the materials used in this study is pre-
sented in Table 1. The chemical composition data
were obtained using X-ray fluorescence (XRF)
analysis in quantitative mode.

Cu and SS316L samples were cut to dimen-
sions of 300 x 200 x 2.7 mm using a precision
cutter. The joint surfaces were cleaned using fine
sandpaper and an acetone solution to remove
oxides, oil, and other contaminants. The welding
was performed using a butt joint configuration.
The root gap and bevel geometry are illustrated
in Figure 1.

Figure 1 illustrates the joint geometry used for
dissimilar Cu/SS316L welding. The copper side
was prepared with a sharper bevel angle to facili-
tate sufficient heat concentration and ensure ade-
quate fusion, considering copper’s high thermal
conductivity and rapid heat dissipation. In contrast,
the SS316L side was machined with a less acute
(non-sharp) bevel to avoid excessive penetra-
tion and dilution from the stainless steel, thereby
maintaining weld pool stability and controlling
elemental mixing. This asymmetric bevel design
promotes balanced fusion behavior and improves
joint integrity in Cu/SS316L dissimilar welding.

Name Al (%) Fe (%) Si (%) Cu (%) Mn (%) Co (%) Ni (%) Others
Cu 0.12 0.03 0.10 98.97 0.02 - 0.03 <0.2
Name Mo (%) Fe (%) Cr (%) Cu (%) Mn (%) Co (%) Ni (%) V (%)
SS 316L 2.078 69.15 16.82 0.08 1.21 0.37 10.23 0.070
Filler Rod: ERCuSI-A - - 3 97
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200 mm

Figure 1. Joint geometry

TIG welding procedure

A butt joint between Cu and SS 316L was pre-
pared with a V-groove bevel on both sides to ensure
optimal weld penetration. Welding was performed
using the TIG process in multiple passes, with
varying heat inputs of 2.02, 2.04, and 1.41 kJ/mm.
The selected heat inputs were derived from weld-
ing currents of 120-150 A, which are suitable for
the 2.7 mm plate thickness. Preliminary welding
trials outside this current range produced signifi-
cant defects such as burn-through and excessive
penetration. Thus, the selected currents and their
corresponding heat inputs were chosen to ensure
defect-free welding while enabling controlled
variation in the thermal cycle.

The tungsten used is 2% Lanthanated tung-
sten, and the filler rod used is ERCuSi-A (2 mm).
Ultra high purity (UHP) gas was supplied at a
flow rate of 10 L/min to both the capping and
root sides, as illustrated in Figure 2. The detailed
welding parameters are summarized in Table 2.

The welding configuration used in this
study is illustrated in Figure 2. The experiment
employed a TIG system equipped with a dedicat-
ed TIG power source and a dual-argon shielding
arrangement to ensure stable arc formation and
oxidation-free weld surfaces during the joining of
copper and SS316L. An argon supply was con-
nected directly to the TIG torch to provide prima-
ry shielding over the molten weld pool, thereby
protecting the arc region from atmospheric con-
tamination and maintaining arc stability, which
is particularly important due to the high thermal
conductivity of copper.

In addition to the primary shielding, a second-
ary argon flow was introduced through a purging
system positioned beneath the workpiece. This
purging gas created an inert atmosphere on the
root side of the joint, preventing oxidation and
minimizing the formation of surface defects,
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especially on the SS316L side, which is highly
susceptible to root oxidation at elevated tempera-
tures. The workpieces, consisting of copper and
SS316L plates arranged in a butt-joint configura-
tion, were positioned on a fixture that provided
adequate torch access and a consistent purging
flow beneath the joint. This dual-shielding con-
figuration ensured that both the upper weld region
and the underside of the joint remained protected
throughout the welding process. The combined
effect of primary shielding and purging provided
the controlled thermal and atmospheric condi-
tions necessary for producing a clean and stable
Cu/SS316L weld, thereby minimizing oxidation,
contamination, and undesirable metallurgical
reactions during joining. Welding parameters are
shown in Table 2.

Table 2 shows that manual TIG welding was
performed under identical conditions. Welding
was conducted in two passes (root and capping)
with a 2.0 mm ERCuSi-A filler rod to ensure
adequate weld metal deposition for the 2.7 mm
plate thickness while maintaining controlled heat
input. UHP argon was used as the shielding gas at
a flow rate of 10 L/min. The reported heat input
values represent effective heat input derived from
the applied welding parameters and were used
for comparative analysis without introducing an
explicit arc efficiency factor.

Before welding, the base materials were pre-
heated to 100 °C to minimize thermal gradients
and reduce the risk of cracking due to differential
expansion [30]. Additionally, an interpass preheat
temperature of 60 °C was applied before each
welding layer to maintain thermal consistency
and promote stable metallurgical bonding across
the joint. Following the completion of welding, a
non-destructive test (NDT) was performed using
the penetrant testing method to detect surface
defects such as cracks, open porosity, or lack of
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Figure 2. Material welding setup

Table 2. TIG welding parameters

Sample (No.) Welding current (A) Volt (V) Welding speed (mm/min) | Welding heat Input (kJ/mm)
1# 150 12 76.69 1.41
2# 120 12 42.79 2.02
3t 135 12 47.61 2.04

fusion in the welded joint [31]. The procedure
employed a solvent-removable penetrant system,
in which excess dye was wiped off using a cloth
moistened with a dedicated solvent before apply-
ing the developer, ensuring accurate and reliable
inspection results.

Figure 3 shows the results of non-destructive
testing conducted on the Cu/SS316L welded
joints. Visual testing (VT) was performed first
and revealed a uniform weld surface with no
visible defects such as cracks, open porosity, or
lack of fusion. This was followed by penetrant
testing (PT) to detect possible small or micro
surface-breaking defects. After the application of
the developer, no indications appeared along the
welded joint bead, confirming that no surface or
micro defects were present in the welded joint.

Characterization of the welded joints

The Cu/SS316L dissimilar joints were eval-
uated through a comprehensive set of mechani-
cal, thermal, and microstructural characteriza-
tions to investigate how different heat input lev-
els influence joint performance. Metallographic
preparation of cross-sectioned samples involved
standard procedures, including grinding, polish-
ing, and etching using a mixture of 5 g FeCls,
10 mL HCI, and 100 mL H.O. Microstructural
features were examined with a Carl Zeiss optical

microscope and a FEI Quanta 250 scanning elec-
tron microscope (SEM), while elemental com-
position and diffusion across the interface were
analyzed using energy dispersive x-ray spectros-
copy (EDS).

Microhardness testing was performed using
the Vickers method with a load of 1 kgf and a dwell
time of 15 s to evaluate the hardness distribution
across the TIG-welded Cu/SS316L joint. The
selected load falls within the micro-Vickers range
and is suitable for dissimilar joints, considering
the higher hardness of SS316L compared with Cu,
while providing sufficient indentation depth for
reliable measurements in the welded joint metal
and HAZ, where microstructures may be heteroge-
neous. Indentations were placed at 1 mm intervals
along a transverse line from the SS316L base metal
through the HAZ, weld metal, and into the Cu side,
and the 2.7 mm plate thickness was sufficient to
avoid substrate effects. Tensile test specimens were
prepared in accordance with the ASTM E8/E8M
standard, as illustrated in Figure 4. Tensile testing
was performed using a Galda Bini™ Universal
Testing Machine with a maximum load capacity
of 100 kN. A total of nine specimens were tested,
with three specimens evaluated for each heat input
condition (1.41, 2.02, and 2.04 kJ/mm).

These combined characterization techniques
provided insight into how thermal input from
TIG welding impacts the welded joint integrity,
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Figure 4. Tensile test specimen [32]

structure, and heat conduction capability, which
are critical factors in heat pipe applications for
passive nuclear cooling systems.

Thermal conductivity test

Thermal conductivity testing was conducted
using the hot plate method, a technique for deter-
mining a material’s ability to conduct heat. This
method involves placing the test specimen between
two metal plates with a controlled temperature
difference. One plate is heated while the other is
maintained at a lower temperature, as illustrated in
Figure 5. Thermal conductivity is calculated based
on the temperature difference between the plates
and the heat flux through the specimen [33].

RESULTS AND DISCUSSION
Welding results

The welding of dissimilar materials of Cu -
SS316L using the TIG process was successfully
carried out with three different heat inputs: sam-
ple 1#, sample 2#, and sample 3#, as shown in
Figure 6. Each heat input level produced distinct
visual characteristics and weld bead geometries.
Overall, the welded joint quality was considered
satisfactory, with no visible surface defects such
as undercut, open porosity, or incomplete fusion.
The results of the penetrant test further confirmed
the absence of welding defects.
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Figure 6 shows the capping surface of the Cu/
SS316L dissimilar welded joint, with Cu on the
right and SS316L on the left. The weld bead is
continuous and straight, with no visible surface
defects such as undercut, porosity, or incomplete
fusion. Oxidation discoloration on the Cu side
reflects its higher thermal conductivity and differ-
ent thermal response compared with SS316L.

Tensile strength

The tensile strength of the Cu—SS316L weld-
ed joints was analyzed by evaluating the effect of
three different heat input levels. A total of nine
tensile test specimens were tested, with three
specimens evaluated at each heat input level
(2.02, 2.04, and 1.41 kJ/mm). The tensile test
results are presented in Figure 7.

Figure 7a. presents the tensile test results of
the Cu/SS316L welded joints. Fracture consis-
tently occurred on the copper side within or near
the heat-affected zone (HAZ), as indicated by the
dashed red box, while no fracture was observed in
the weld metal, indicating that the weld metal was
mechanically stronger than the copper base metal.
This fracture behavior is attributed to the thermal
cycle imposed by the selected welding current
and heat input, where copper’s high thermal con-
ductivity promotes localized softening in the Cu
HAZ. Error bars represent the standard deviation
from three repeated tensile tests. This observation
is consistent with the findings of Singh et al. [34]
and Chethan et al. [35], who reported failure in
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Figure 7. Tensile test results. (a) Fracture appearance, (b) Tensile strength vs heat input

the Cu HAZ due to thermal softening and grain
coarsening under high local heat input. The
absence of fracture within the welded joint metal
confirms that the welded joint metal was mechani-
cally stronger than the copper base material, high-
lighting the critical role of heat input control and
confirming that the selected welding parameters
produced an acceptable and mechanically sound
Cu/SS316L welded joint [34,35]. As shown in
Figure 7b, the ultimate tensile strength (UTS)
exhibits a non-monotonic dependence on heat

input, reaching a maximum value of 158 MPa at
2.02 kJ/mm, followed by lower strengths of 150
MPa at 1.41 kJ/mm and 152 MPa at 2.04 kJ/mm.
These results indicate that the tensile response of
the Cu/SS316L welded joints is sensitive to varia-
tions in heat input within the investigated range.
Overall, these results confirm that sample 1#
offers optimal mechanical performance. The ten-
sile strength results in this study align with the
findings of Britto et al. [24], where failure con-
sistently occurred in the HAZ region [24]. This
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confirms the thermal sensitivity of SS in dis-
similar joints with copper. Additionally, while
ERCuSi-A was also used as the filler metal, both
studies observed that increasing heat input does
not linearly enhance joint strength, highlighting
the importance of optimizing thermal input to
prevent softening or grain coarsening in the HAZ.

Hardness analysis

This test aimed to observe hardness variation
resulting from differences in cooling rates and
thermal effects induced by variations in heat input
as shown in Figure 8.

Figure 8 shows the microhardness distribu-
tion across the dissimilar Cu/SS316L TIG-welded
joints using ERCuSi-A filler under different heat
inputs. The Cu base metal exhibits the lowest hard-
ness (~60—70 HV), consistent with its soft a-Cu
matrix, while the SS316L base metal shows high-
er hardness (~100—-110 HV) due to solid-solution
strengthening. An increase in hardness is observed
in the Cu HAZ, particularly at higher heat input,
which is attributed to thermal exposure, element
diffusion, and the formation of Cu—Si-rich precipi-
tates. The weld metal region exhibits the highest
hardness, with a peak value of ~165 HV at sam-
ple 1#, associated with rapid solidification and a
fine dendritic structure, while samples 2# and 3#
show a slight reduction due to grain coarsening
and partial annealing. The SS316L HAZ displays
moderate hardness enhancement (~130 HV), like-
ly related to thermally induced strain hardening.
These hardness trends are consistent with previ-
ous reports by Chang et al. [36] and Chethan et
al. [35]. From a heat pipe perspective, sample 2#
provides a favorable balance between mechanical

60 w

BM Cu

HAZ Cu Weld

integrity and thermal conduction, highlighting the
importance of precise heat input control in Cu/
SS316L dissimilar welding.

Microstructure observation

The welded joint microstructure critically
influences the mechanical and functional per-
formance of dissimilar joints, particularly for
heat pipe applications. Optical microscopy was
employed to examine the effects of heat input
on microstructural evolution in Cu/SS316L TIG
welds using ERCuSi-A filler, covering the weld
metal, HAZ, and base metals. These observations
clarify the relationship between welding param-
eters and the resulting hardness, tensile strength,
and thermal conductivity, as shown for samples
1#, 2#, and 3# in Figure 9.

Figure 9a—c presents the microstructural evo-
lution across the Cu/SS316L weldment observed
under different heat inputs (1#, 2#, and 3#). Under
the lowest heat input condition (Figure 9a), the Cu
HAZ exhibits relatively fine grains with a clearly
defined fusion boundary, indicating limited ther-
mal exposure. The weld metal is dominated by a
Cu-rich matrix with generally fine and uniformly
distributed SS-rich particles; although a few rela-
tively coarse SS particles are observed, their limited
number and isolated distribution prevent the forma-
tion of continuous networks or significant porosity,
reflecting stable solidification and a minimal influ-
ence on the overall mechanical and thermal proper-
ties. The SS316L HAZ shows only minor micro-
structural changes with limited grain growth, indi-
cating that the applied heat input remains within a
controlled range. Overall, this condition results in
the most homogeneous microstructure.

HAZ S§ BM
316L SS316L

Figure 8. Microhardness (HV) distribution across Cu/SS316L welded joints
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Figure 9. Microstructure. (a) 1#, (b) 2#, (c) 3#

With increasing heat input (Figure 9b), the Cu
HAZ exhibits more pronounced grain coarsening
compared with condition (9a), indicating increased
thermal exposure. The weld metal shows a higher
number and larger SS-rich particles with a pro-
gressively non-uniform distribution, along with
indications of microporosity, suggesting a reduced
cooling rate. In the SS316L HAZ, increased grain
boundary activity is observed, although without
severe degradation. This microstructural condi-
tion reflects a trade-off between improved fusion
and the onset of microstructural heterogeneity.
Under the highest heat input condition (Figure 9c),
the Cu HAZ exhibits the most pronounced grain
coarsening, reflecting excessive thermal expo-
sure. The weld metal shows coarser and increas-
ingly agglomerated SS-rich particles accompanied
by higher microporosity, indicating non-uniform
solidification and intensified elemental diffusion.
The SS316L. HAZ undergoes more evident grain
growth, suggesting an increased risk of mechani-
cal and thermal property degradation. Overall, this
microstructure indicates that the applied heat input
exceeds the optimal condition.

These microstructural observations are con-
sistent with the review by Amirhossein et al. [37],
which highlights the complexity of achieving met-
allurgically sound dissimilar joints between cop-
per and stainless steel. Their findings emphasize
that controlling fusion line morphology, elemen-
tal interdiffusion, and intermetallic formation is
critical to ensuring joint integrity, especially when
welding highly conductive materials like copper.

To further investigate the microstructural
features and elemental distribution, SEM-EDS
characterization was performed on the specimen
welded at samples 1#, 2#, and 3#, are presented
in Figure 10.

Figure 10a shows a clearly defined fusion
boundary between the welded joint metal and the
SS316L base metal at 500x magnification. The
welded joint metal exhibits a more homogeneous
morphology dominated by fine granular solidifi-
cation structures from the Cu-based ERCuSi-A
filler, while the SS316L side displays a coarser
austenitic structure. The microstructural transi-
tion near the fusion line appears sharp, with no
evidence of a thick intermetallic layer, although a
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Figure 10. SEM-EDS on welded joints at: Sample (a) 1# (b) 2# (c) 3#

thin transition zone is present due to limited ele-
mental diffusion during welding. The EDS Map
Sum Spectrum identifies Cu as the dominant ele-
ment in the welded joint metal, originating from
both the Cu base metal and the ERCuSi-A filler,
along with Fe, Cr, and Ni from the SS316L base
metal. The presence of Si confirms the contribu-
tion of the filler, whereas O indicates localized
oxidation. The low-intensity Cr and Ni peaks sug-
gest minimal diffusion at the applied heat input of
2.02 kJ/mm, and no characteristic peaks of newly
formed intermetallic compounds are detected.
Overall, these results confirm that Cu-SS316L
welding at 2.02 kJ/mm produces a clean fusion
boundary, limited elemental interdiffusion, and a
uniform Cu-based weld metal solidification.
Figure 10b shows the 500% microstructure of
the Cu/SS316L joint welded at 2.04 kJ/mm. The
fusion boundary is still clear, but the welded joint
metal exhibits a more heterogeneous morphology
with coarser solidification features and Cu-rich
regions, reflecting increased thermal exposure and
slower cooling. The SS316L base metal maintains
its austenitic structure, while the transition zone

becomes slightly wider, indicating greater elemen-
tal mixing than at lower heat input. Localized
island-type segregations appear near the fusion line,
though no continuous intermetallic layer is present.
EDS mapping confirms Cu as the dominant weld-
metal element, with Fe, Cr, and Ni peaks showing
more pronounced diffusion from SS316L com-
pared with lower heat inputs. Si originates from the
ERCuSi-A filler, and minor oxygen peaks suggest
light oxidation. Importantly, no distinct intermetal-
lic peaks are detected. Overall, welding at 2.04 kJ/
mm produces a wider transition zone, increased dif-
fusion, and a more heterogeneous weld metal, yet
the fusion boundary remains intact and free of det-
rimental intermetallic layers, indicating acceptable
metallurgical compatibility at this heat input.
Figure 10c shows the microstructure of the
Cu/SS316L joint welded at 1.41 kJ/mm (200x%).
The fusion boundary is smooth and well-defined,
with minimal distortion. The welded joint metal
displays a fine, uniform granular structure,
indicating faster cooling at low heat input. The
SS316L base metal retains its austenitic morphol-
ogy with a very narrow transition zone, reflecting
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limited thermal penetration and elemental mix-
ing. EDS mapping confirms that Cu dominates
the welded joint metal, originating from both the
Cu base and the ERCuSi-A filler. Fe, Cr, Ni, and
Mo from SS316L appear only in low intensities,
showing minimal diffusion, while Si corresponds
to the Cu-Si filler. No peaks indicating interme-
tallic formation are detected. Overall, SEM—-EDS
results show that 1.41 kJ/mm produces a clean
interface, minimal interdiffusion, and a refined
weld structure — indicating that low heat input
effectively suppresses dilution and prevents brit-
tle intermetallic formation in Cu/SS316L joints.

Thermal conductivity

Thermal conductivity is crucial for heat pipe
performance, especially in high-temperature pas-
sive cooling systems. In Cu/SS316L joints, it is
strongly affected by the welding thermal cycle
and the resulting microstructure. Three speci-
mens — each representing a different heat input
— were tested, with three measurements per speci-
men. Thermal conductivity for samples 1#, 2#,
and 3# was obtained using the hot plate method,
as shown in Figure 11.

Figure 11 shows a marked contrast in thermal
conductivity between the base materials, with
copper exhibiting the highest value (~398—400
W/m-K), consistent with its high electron mobil-
ity, while SS316L shows a significantly lower
value (~16 W/m-K), which inherently challeng-
es thermal uniformity in the welded joint zone.
After welding, a general reduction in thermal
conductivity was observed in all joints, which is

attributed to structural heterogeneity and the for-
mation of Cu—Si intermetallic precipitates. The
thermal conductivity values of the welded joints
are presented as mean * standard deviation (n =
9), and the relatively small and comparable stan-
dard deviation across different heat input condi-
tions indicates good repeatability and measure-
ment stability. As shown in Figure 11, the lowest
thermal conductivity was recorded for sample
3# (2.04 kJ/mm). This reduction is associated
with microstructural (Figure 9) inhomogeneity in
the weld metal, where Cu-Si precipitates act as
electron-scattering sites that impede heat transfer.
Similar observations were reported by Sun and
Dilger [38], who demonstrated that microstruc-
tural heterogeneity significantly degrades thermal
conductivity in welded joints, leading to higher
thermal gradients and non-uniform cooling.
Armentani et al. [39] further noted that reduced
thermal conductivity promotes localized heat
retention and increases residual stress.

In contrast, sample 1# exhibited the highest
thermal conductivity among the welded joints,
while sample 2# showed an intermediate value,
indicating that thermal transport is highly sensi-
tive to heat input and microstructural evolution.
These results are consistent with Ley et al. [40],
who emphasized that welding parameters strong-
ly influence the thermal behavior of dissimilar
joints. The present findings highlight that, beyond
mechanical strength, thermal conductivity must
be carefully considered for heat pipe applications,
as reduced conductivity, particularly in sample
3#, may increase axial thermal resistance during
steady-state operation.
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Figure 11. Thermal conductivity
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CONCLUSION

This study examined the effect of TIG welding
heat input on the microstructure, mechanical prop-
erties, and thermal conductivity of dissimilar Cu/
SS316L welded joints using an ERCuSi-A filler
for heat pipe applications. The results confirm that
heat input critically governs microstructural unifor-
mity, elemental diffusion, and joint performance.
Tensile testing showed that fractures consistently
occurred in the Cu heat-affected zone rather than
in the weld metal, indicating that the weld metal
was mechanically stronger than the copper base
material. Among the investigated conditions, the
lowest heat input (1.41 kJ/mm) provided the most
favorable balance, resulting in stable mechanical
behavior and the highest thermal conductivity of
the welded joints. In contrast, excessive heat input
promoted microstructural heterogeneity and Cu—Si
precipitate formation, which disrupted heat con-
duction and reduced thermal performance. These
findings demonstrate that thermal conductivity, in
addition to mechanical strength, must be carefully
considered when welding Cu/SS316L joints for
heat pipe systems. Future work will focus on ther-
mal cycling and long-term reliability under repre-
sentative service conditions.
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