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Given the length of the structure, extruded products are occasionally joined to reach the desired length. To minimize
production costs, this joint is achieved through extrusion welding, where it takes place while the workpiece is still
a heated billet inside a chamber. As extrusion structures differ in complexity, this study seeks to identify the traits
of extrusion welding outcomes across various structural designs. Research findings suggest that structural design
significantly impacts both the physical and mechanical properties of the extruded plate and the extrusion joints.
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INTRODUCTION

Aluminum alloys have several beneficial characteri-
stics, including being lightweight, highly resistant to corro-
sion, and having good thermal conductivity [1]. These pro-
perties make aluminum suitable for use in the transportati-
on industry, particularly for manufacturing train car bodies
[2,3]. Modern train car bodies are often produced through
extrusion to create hollow panels [4]. This design choice
helps reduce the car body’s mass, enhancing speed and
fuel efficiency. Given the length of trains, it is necessary to
join hollow panels to form a continuous structure. Fusion
welding is commonly used for this purpose[5].

Fusion welding involves using a heat source to melt
the materials being joined, either with or without filler
metal [6]. Its advantages include providing mechanical
strength to the welded joint. However, uneven heat input
can cause distortion and residual stress in the workpiece
[7,8]. To reduce welding defects and minimize costs, im-
proved welding methods for extruded hollow panels are
needed. One such method is extrusion welding, which
joins profiles during the extrusion process by heating a
billet inside a container to 400-450°C [1,7]. This process
can produce continuous profiles of the desired length [9].

The extrusion welding with longitudinal joints using
aluminum alloy 2195 found that increasing the tempe-
rature and extrusion speed enhanced the closure of
microvoids on the workpiece surface [10]. The quality
of longitudinal extrusion joints is affected by the billet
heating temperature, whereas higher temperatures im-
proved welding joints. Due to the hollow panels are ma-
nufactured in many designs, this study focuses on the
extrusion welding of aluminum 6061 hollow panel jo-
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ints, examining profiles with varying levels of com-
plexity. The aim is to investigate how different profile
designs affect the physical and mechanical properties of
the welded panels resulting from the extrusion process.

EXPERIMENTAL PROCEDURES

This study utilized extruded aluminum alloy 6061
hollow panels. The extrusion welding process involved
joining two billets to create a continuous extrusion, as
illustrated in Figure 1. Following the extrusion process,
the profile shapes were categorized into three levels of
complexity: simple, medium, and complex, as shown in
Figure 2. These hollow panels were then prepared as pla-
tes and grouped based on the configuration of their sides:
horizontal, vertical, and fin, as depicted in Figure 3.

After preparation, the specimens from the extrusion
welding process were tested to determine their physical
and mechanical properties. The tests included metallo-
graphic and hardness testing. Metallographic testing ai-

Container

Billet 1 Billet 2 Ram

(a)

Container —m-

Billet 2
s

Direction
(b)

Ram

Figure 1 Extrusion welding illustration: (a) initial process,
(b) joined panel
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Figure 2 Detail geometry of extruded hollow panel profiles
(a) simple, (b) medium, and (c) complex
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Figure 3 Terminology of the hollow panel sides

med to observe the macro and microstructures of the
extrusion welding outcomes. For macrostructure obser-
vation, an Olympus SZ61 microscope was used, while an
Olympus SZ2 ILST microscope was employed for
microstructure observation. The specimens were etched
using Keller reagent, which consists of 12 mL HF, 15 mL
HCI, 25 mL HNO3, and 90 mL distilled water, with an
immersion time of 3 minutes. Following the macro and
microstructure observations, the specimens underwent
hardness testing using a Vickers microhardness machine,
model HWMMT-X7, with 11 indentation points.

RESULTS AND DISCUSSION

Based on the micro and macrostructure observations of
simple, medium, and complex hollow panels (Figures
5-7), distinct color patterns are evident in the macrostructu-
re of each panel. These patterns, which differ between the
outer and inner regions, arise from the cooling process af-
ter extrusion using a cooling etchant. The outer layer cools
significantly faster than the inner layer, leading to tempera-
ture variations and resulting color differences, as shown in
the macrostructure observations in Figures 4,5,6.

Microstructure observations reveal the absence of pre-
cipitates within the hollow panels. This absence indicates
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Figure 6 Microstructure of complex hollow panel

that phases which would normally precipitate during the
initial heating phase of extrusion have dissolved [12]. The
microstructures of simple and medium hollow panels exhi-
bit similar grain shapes on each side, in contrast to the co-
arser grain structure found in the complex hollow panel.
This difference is attributed to the increased pressure on
the ram and friction between the billet and dies in more
complex panels, affecting the temperature during extrusi-
on and resulting in a coarser grain structure [13].
Hardness testing across each side of the hollow panels
shows a relatively uniform distribution of values in both
the Weld Zone (WZ) and Base Metal (BM) areas. For the
simple hollow panel (Figure 7), the highest average har-
dness is on the fin side at 91.4 HV, while the lowest is on
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Figure 7 Hardness of simple hollow panel.
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Figure 8 Hardness of medium hollow panel
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Figure 9 Hardness of complex hollow panel

the vertical side at 84.2 HV. The medium hollow panel
(Figure 8) has its highest average hardness on the fin side
at 81.58 HV and the lowest on the vertical side at 76.68
HV. The complex hollow panel (Figure 9) exhibits the
highest average hardness value at 91.13 HV. This elevated
hardness in the complex panel correlates with its coarser
grain structure, as coarse grains typically have higher har-
dness values compared to finer grains [14].

CONCLUSIONS

Based on the results, the following conclusions can

be drawn:

1. The complexity of the hollow panel influences the
grain structure size. More complex hollow panels
tend to have a finer grain structure.

2. A finer grain structure increases the hardness of
the hollow panel. This is because the complexity
of the panel increases the pressure on the ram and
the frictional force on the die, leading to increase
the level of strain hardening in billet.
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