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Abstract: This study examines the effects of rotational speed and post-weld quenching
on aluminum friction-welded joints” microstructure, hardness, and mechanical properties.
Tests were conducted at rotational speeds of 1250 rpm, 1350 rpm, and 1450 rpm, with
elemental composition assessed via SEM-EDS, and the hardness and mechanical properties
were measured. The results showed that aluminum (Al) was the primary element in all
samples. Hardness increased with rotational speed, reaching 70 VHN at 1250 rpm, 80 VHN
at 1350 rpm, and 81 VHN at 1450 rpm. The highest stress was recorded at 1350 rpm, with the
lowest at 1450 rpm. The aluminum joints exhibited high stress and strain values, confirming
their ductile nature. These findings highlight the significant influence of rotational speed
and quenching on friction-welded aluminum’s microstructural and mechanical behavior,
providing insights for optimizing welding parameters for improved material performance
in industrial applications.

Keywords: friction welding; rotational speed; aluminum joints; microstructure analysis;
mechanical properties optimization

1. Introduction

Friction welding is an increasingly adopted solid-state joining technique, which is
precious for aluminum alloys used in aerospace and automotive industries. The method
minimizes the issues associated with fusion welding, such as porosity and cracking, which
are common in aluminum due to its high thermal conductivity and oxide layer formation [1].
Friction welding relies on rotational speed, friction time, and axial force, which are critical
to achieving solid joints with minimal defects [2]. Studies highlight the unique challenges
of welding aluminum, including controlling interfacial heat to avoid thermal degradation
while ensuring sufficient bonding [3,4].

Rotational speed is a critical factor in friction welding that directly influences heat
generation and material flow. Higher rotational speeds increase the heat at the interface,
promoting plastic deformation and grain refinement through dynamic recrystallization. At
optimal speeds, aluminum alloys achieve finer grains and improved mechanical proper-
ties [5,6]. However, excessive speed can lead to grain coarsening due to overheating, weak-
ening the joint [7]. Research suggests that rotational speeds between 1200 and 1500 rpm
effectively balance strength and ductility in aluminum joints [8,9].

Quenching is commonly applied as a post-weld heat treatment to refine the mi-
crostructure and enhance mechanical properties. In friction-welded aluminum, quenching
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accelerates cooling, limiting grain growth and increasing hardness. Studies indicate that
quenching after friction welding results in finer grains and increased tensile strength, al-
though it may slightly reduce ductility [10,11]. Comparative studies of quenching with
other heat treatments, like annealing and aging, show that quenching provides the best
combination of hardness and strength, essential for load-bearing applications [12,13].

Advanced microstructural analysis techniques, particularly SEM (Scanning Electron
Microscopy) and EDS (Energy Dispersive Spectroscopy), are pivotal in examining friction-
welded aluminum joints. SEM provides detailed images of grain boundaries and phase
distributions, while EDS allows elemental analysis across the weld line [14,15]. SEM-EDS
analysis helps identify the presence of oxides or impurities, which may weaken weld
integrity. Studies utilizing SEM-EDS confirm that increased rotational speed and post-weld
quenching result in more homogeneous aluminum distribution and reduced impurity
segregation [16,17].

The mechanical properties of aluminum friction welds, including hardness, tensile
strength, and ductility, depend highly on rotational speed and post-weld treatments. In-
creased rotational speeds improve hardness and tensile strength due to finer grains and
enhanced bonding. However, extremely high speeds can lead to brittle behavior. Studies
report that friction welds quenched after welding exhibit increased hardness and strength
but may experience reduced elongation [7,18]. Stress—strain analysis reveals that quenching
achieves optimal mechanical performance at moderate rotational speeds, providing an
ideal balance of strength and flexibility [19,20].

The microstructural changes induced by friction welding parameters directly corre-
late with mechanical performance. According to the Hall-Petch relationship, finer grains
increase hardness and strength, as seen in quenched, high-speed friction welds of alu-
minum [21]. Elemental distribution and phase transformations further influence weld
integrity, with well-distributed aluminum phases enhancing load-bearing capacity and
resistance to crack initiation [22,23]. The optimization of welding parameters is essential
for achieving a strong and ductile weld capable of withstanding mechanical stress without
premature failure [24,25].

Despite advancements in understanding friction welding of aluminum, gaps remain in
quantitative studies that correlate specific rotational speeds and quenching conditions with
stress—strain behaviors. Future research should focus on real-time monitoring of microstruc-
tural changes during welding and post-treatment to fine-tune parameter selection [26,27].
Additionally, long-term performance tests, including fatigue and corrosion resistance, are
recommended to establish more comprehensive guidelines for industrial applications of
friction-welded aluminum [28,29].

The literature highlights that friction welding parameters, particularly rotational speed,
and post-weld quenching, significantly influence aluminum joints” microstructural and
mechanical properties. Optimal settings enhance hardness, tensile strength, and ductility,
making aluminum welds suitable for demanding industrial applications. Further research
in parameter optimization and testing under varying service conditions will expand the
utility of friction-welded aluminum components.

2. Materials and Methods
2.1. Materials

The material used in this study is aluminum alloy A6061, as shown in Figure 1. It was
chosen for its excellent weldability, good corrosion resistance, and high strength-to-weight

ratio, making it ideal for industrial applications. The A6061 material was provided as
solid cylindrical rods with a length of 100 mm and a diameter of 16 mm. These rods were
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subsequently machined into test specimens, with specific shaping for tensile testing and

surface preparation for hardness testing and microstructural analysis.

Figure 1. The A6061 material for friction welding.

2.2. Equipment and Experimental Setup

A range of specialized equipment was used for friction welding, machining, heat

treatment, and testing. Detailed specifications for each piece of equipment are as follows:

Friction welding machine: The friction welding process was conducted using a custom-
built friction welding machine in the Mechanical Engineering Laboratory. The machine
was equipped with a precision control system, enabling accurate adjustments to
rotational speed, friction time, and axial force, which are critical to achieving consistent
welding results. Rotational speeds were set at 1250 rpm, 1350 rpm, and 1450 rpm for
this study.

Lathe machine: A high-precision lathe (Brand: Haas ST-10, Haas Automation, Inc.,
California, USA.) was used to prepare the specimens for tensile testing by machining
the cylindrical aluminum rods into a bone shape with threads at each end. This
threading ensures secure gripping during the tensile test, preventing slippage. The
Haas ST-10 provides machining precision within +0.02 mm, maintaining uniformity
across all specimens.

Tensile testing machine: Tensile tests were conducted using an Instron 5982 Universal
Testing Machine, capable of handling loads up to 100 kN. This machine, equipped with
Bluehill Universal software, records tensile strength, yield strength, and strain data.
The machine’s precision load cell ensures high accuracy in measurement, and testing
was conducted at a constant crosshead speed of 1 mm/min to maintain consistency
across specimens.

Furnace machine: Heat treatment was carried out in a high-temperature laboratory
furnace (Brand: Nabertherm LHT 02/17 LB, Nabertherm GmbH, headquartered in
Lilienthal, Germany) capable of reaching temperatures up to 1650 °C. The specimens
underwent a quenching process immediately after heat treatment. The furnace’s
digital control system allowed for precise temperature setting and uniform heating,
essential for maintaining consistency across samples.

Hardness testing machine: Vickers hardness tests were performed using a Mitutoyo
HM-210 hardness tester. The machine was set to a load of 500 g with a dwell time of
10 s. This tester provides a high degree of accuracy in hardness measurements within
the 5-1500 VHN range. Hardness values were taken at multiple points across the
weld interface to assess hardness distribution and identify any changes due to friction
welding and post-weld heat treatment.

Scanning Electron Microscope (SEM) and Energy Dispersive Spectroscopy (EDS):
Microstructural and elemental analyses were performed using a JEOL JSM-IT500
SEM (JEOL Ltd., Tokyo, Japan). with integrated EDS capabilities. The SEM offers a
resolution of 3 nm at 30 kV, which allows for detailed imaging of grain structures and
weld interfaces. EDS was used to analyze the elemental composition across the weld
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zone to confirm the presence and distribution of aluminum and any alloying elements
or impurities. SEM-EDS data provided insights into the changes in microstructure
and phase distribution induced by different welding parameters and heat treatments.

2.3. Specimen Preparation

Cutting and machining: Aluminum A6061 rods were first cut to 100 mm using a band
saw. The specimens were then machined on the Haas ST-10 lathe to achieve the specified
diameter of 16 mm. Bone-shaped tensile test specimens were created according to ASTM
E8 standards, with threads machined at both ends to facilitate secure gripping during
tensile testing.

Before welding, each specimen was polished using silicon carbide abrasive papers
(grit sequence: 400, 800, and 1200) to remove any oxide layer and surface contaminants.
This step ensured consistent contact during welding and reduced the potential for surface
imperfections affecting the results.

2.4. Friction Welding Process

The friction welding process was conducted on the laboratory friction welding ma-
chine, with rotational speeds set at 1250 rpm, 1350 rpm, and 1450 rpm. The following
parameters were carefully controlled and recorded for each welding trial:

e Rotational speed: set at each of the three predetermined speeds to assess the effect of
rotational speed on weld quality.

e  Friction time: each specimen was subjected to a standardized friction time to ensure
uniform exposure to frictional heat.

e  Axial force: a constant axial force of 10 kN was applied throughout the welding process
to maintain pressure at the weld interface.

2.5. Heat Treatment (Quenching)

The specimens underwent heat treatment in the Nabertherm LHT 02/17 LB furnace
after the friction welding process. Each specimen was heated to a target temperature and
then rapidly cooled through quenching in water. This process was intended to refine the
microstructure, increase hardness, and improve the mechanical properties of the welded
joints. The controlled quenching process minimized residual stresses and helped achieve
uniform hardness across the weld zone.

2.6. Testing and Analysis

Tensile testing: After heat treatment, tensile tests were conducted on the Instron
5982 Universal Testing Machine (Instron, Massachusetts, USA) to assess each specimen’s
strength, yield point, and ductility. The data obtained from these tests provided insights
into the effects of welding parameters and heat treatment on the mechanical properties of
the aluminum joints.

Hardness testing: Vickers hardness measurements were taken across the weld interface
to evaluate the hardness profile and identify changes due to friction welding and quenching.
Multiple measurements were made from the center of the weld outward to capture the
hardness gradient across the weld zone.

Microstructural and elemental analysis: SEM—-EDS was used to examine the microstruc-
ture and elemental distribution at the weld interface. The JEOL JSM-IT500 SEM provided
high-resolution images of the grain structure, while EDS analysis identified the distribution
of elements such as aluminum, magnesium, and any impurities. These analyses were
crucial for understanding the effects of welding parameters and heat treatment on the
welded joints” microstructural evolution and alloy composition.



Eng. Proc. 2025, 84, 20

50f9

3. Results and Discussion
3.1. Friction Welding and Rotational Speed Effects

This study conducted friction welding at rotational speeds of 1250, 1350, and 1450 rpm
with a friction time of 7 s. Rotational speed is a crucial parameter in friction welding, as it
directly impacts the heat generated and the material flow at the weld interface. With increas-
ing rotational speed, the generated heat increases, enhancing plastic deformation and bond
formation. At 1250 rpm, the welding interface was exposed to moderate heat, resulting in a
stable yet less refined structure than at higher speeds. The specimen welded at 1350 rpm
exhibited optimal properties due to sufficient heat for dynamic recrystallization without
excessive grain coarsening. At 1450 rpm, although there was significant heat generation,
slight over-softening of the material occurred, which reduced the tensile strength and made
the weldless ductile. This demonstrates that while higher speeds enhance bonding, an
optimal range must be maintained to prevent overheating and reduce potential weaknesses
in the joint.

3.2. Heat Treatment and Quenching

After friction welding, each specimen underwent heat treatment, including quenching
from 550 °C for 45 min. Quenching is essential for grain refinement and enhancing the hard-
ness and tensile properties by rapidly cooling the material and solidifying the microstruc-
ture. The rapid cooling suppresses the formation of coarser grains, ensuring a refined
and uniform grain structure in the aluminum alloy. The microstructure of the quenched
specimens revealed smaller grains and increased hardness due to minimized grain growth,
which is typical of quenched A6061 aluminum. This heat treatment also improved the
material’s ductility, as the uniform grain size contributes to enhanced toughness without
compromising strength. The quenching process thus effectively balanced the aluminum’s
microstructure, reinforcing the weld area and improving its mechanical performance.

3.3. Tensile Testing Results

The tensile tests were conducted to evaluate the strength and ductility of the weld joints
at each rotational speed, as described in Figure 2. The tensile strength varied significantly
with rotational speed, peaking at 1350 rpm. At 1250 rpm, the tensile strength was lower due
to insufficient plastic deformation at the weld interface, leading to a less cohesive joint. The
1350 rpm specimen, with the highest tensile strength, benefitted from adequate heat and
plastic flow that optimized interfacial bonding. This optimal tensile strength was recorded
at 242.72 MPa, with a notable strain of 33.44%, indicating good ductility. At 1450 rpm,
the tensile strength declined slightly to 217.2 MPa due to the softening effect of excessive
heat, which can compromise the bond’s structural integrity. The results imply that an
intermediate speed provides the most favorable balance between strength and ductility for
aluminum joints in friction welding.

—RPM 1250
RPM 1350
RPM 1450

0 20 40
Strain (%)

Figure 2. The influence of rotation to the stress—strain.
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The fracture surfaces of the tensile test specimens were analyzed, showing typical
ductile failure patterns with dimples and microvoids, confirming that the welded joints
retained their ductility. The variation in stress—strain behavior across the three speeds
highlights the importance of optimizing rotational speed to achieve desired mechanical
properties in aluminum friction welding.

3.4. Hardness Testing Results

Figure 3 shows the microhardness results in all specimens’ weld regions. Hardness
testing revealed significant differences across the three welding speeds. At 1250 rpm, the
hardness value was recorded at 70 VHN, which is comparatively low due to the reduced
heat and plastic deformation. At 1350 rpm, hardness increased to 80 VHN, reflecting the
refined grain structure and enhanced bond strength due to optimal heating conditions. For
the 1450 rpm specimen, hardness was slightly higher at 81 VHN, suggesting additional
hardening due to increased heat; however, this came with the trade-off of decreased
tensile strength. The hardness profile indicated that quenching after welding contributed
to a uniform hardness distribution across the weld area, ensuring a robust joint with
minimized weaknesses.

90
80 A
70 1
60 -
50 1
40 ~
30 -

80 81

Hardness (VHN)

RPM1250_Q RPM1350_Q RPM1450-Q
Specimen

Figure 3. The results of microhardness of all specimens.

The observed increase in hardness with rotational speed aligns with the microstruc-
tural refinement noted in the SEM images, with finer grains providing resistance to indenta-
tion. This refinement and quenching suggest that heat treatment is essential for maintaining
hardness in aluminum welds, especially at higher rotational speeds.

3.5. SEM and Microstructural Analysis

SEM imaging provided insights into the grain structure and phase distribution within
the weld zone, as seen in Figure 4. At 1250 rpm (see Figure 4a), the SEM images displayed
more oversized and irregular grains due to lower heat input, resulting in a less refined
structure. At 1350 rpm (see Figure 4b), the microstructure was characterized by refined,
equiaxed grains indicative of dynamic recrystallization at optimal heat levels. This grain
refinement enhances strength and hardness, aligning with the observed tensile and hard-
ness data. SEM revealed an ultra-fine grain structure at 1450 rpm (Figure 4c), but slight
over-softening due to excess heat may have compromised the joint’s toughness.
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Full scale counts: 58,431
Integral counts: 521,423

1EDS

Figure 4. The SEM images of the weld region from friction welding conducted at varying rotational
speeds: (a) 1250 rpm; (b) 1350 rpm; and (c) 1450 rpm.

The microstructural evolution observed at each speed underscores the importance
of achieving controlled thermal cycles. The ideal microstructure, noted at 1350 rpm,
demonstrated a balance of refined grains and stable phases, essential for maximizing
hardness and ductility.

3.6. EDS Analysis and Elemental Composition

EDS analysis confirmed the elemental composition in the weld area, with aluminum
as the primary element, supported by traces of magnesium and silicon, as illustrated in
Figure 5. At 1250 rpm (Figure 5a), the aluminum content was 96.03%, with minor oxygen
and carbon, possibly from surface contamination or oxidation. The EDS results at 1350 rpm
(see Figure 5b) showed a slight reduction in aluminum concentration (95.67%) but increased
distribution uniformity, suggesting enhanced diffusion of alloying elements. At 1450 rpm
(Figure 5c), aluminum concentration was similar (96.78%), but a slight increase in oxygen
indicated some surface oxidation due to prolonged exposure to high temperatures.

Full scale counts: 56,624 20 Full scale counts: 52,862 3608
Integral counts: 507,763 Integral counts: 526,464

60K Al

50K

40k-{

30K

20K

w0k F

Al Al

(b) (c)

Figure 5. The EDS analysis results of the weld region from friction welding performed at different
rotational speeds: (a) 1250 rpm; (b) 1350 rpm; and (c) 1450 rpm.

The magnesium content remained stable across all speeds, supporting the alloy’s stabil-
ity and microstructural integrity during welding. The presence of magnesium contributes
to the hardness and strength of the alloy, complementing the grain refinement observed
in SEM analysis. The EDS results underscore the importance of controlling oxidation,
especially at higher speeds, to maintain the quality of the weld interface.

4. Conclusions

The results of this study demonstrate that both rotational speed and post-weld quench-
ing significantly impact the microstructure and mechanical properties of friction-welded
aluminum A6061 joints. An intermediate rotational speed (1350 rpm) was identified as
optimal, balancing tensile strength, hardness, and ductility due to sufficient heat input for
grain refinement without excessive softening. Post-weld quenching effectively refined the
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grain structure, enhancing hardness across the weld interface. SEM and EDS analyses cor-
roborated these findings, revealing a refined, stable microstructure with limited oxidation.

These results suggest that by optimizing rotational speed and employing appro-
priate heat treatment, friction welding can produce high-quality aluminum joints with
superior mechanical properties, suitable for industrial applications with critical strength
and ductility.
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