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This work investigates the fatigue performance and microhardness distribution of
friction stir welded aluminum alloy 2024 reinforced by nano-Y-Os. Finite element
analysis (FEA) via ANSYS Workbench was used to evaluate the equivalent stress,
fatigue life prediction, and microhardness differences throughout the base metal (BM),
heat-affected zone (HAZ), and weld zone. While fatigue life was assessed through
simulation, experimental validation was conducted using microhardness data for both
Nano-reinforced and non-reinforced joints at a speed of welding of 24 mm/min and a
speed of rotation 1525 rpm. Additionally, optical microscopy was employed for
microstructural investigation to examine phase distribution and grain refinement in
different weld regions. The results show that by lowering stress concentrations and
enhancing microhardness, nano-Y:0s reinforcement improves the weldment’s
predicted fatigue performance and mechanical stability. Given the enhanced
performance, nano-Y-O; appears to be a promising reinforcement material for high-

performance structural and aeronautical applications.

1. INTRODUCTION

Due to its good mechanical properties, resistance of
corrosion, electrical and thermal conductivity, and perfect
technological properties, alloys of aluminum are mostly used
in various fields such as automobile, aerospace, military, and
structural [1-4]. Aerospace industry often uses AA2024 in
stringers and fuselage in the aircraft wings to produce light-
weight frame. Conventional joining processes like welding,
riveting, and bolting are unavoidable to product large
structures. However, use of bolts and rivets for construct large
structures deteriorates the structural integrity and adds to the
total weight. These disadvantages can be defeat by using
conventional welding processes. Though, the weldability of
these high strength aluminum alloys using conventional
welding processes is extremely poor with depleted fatigue life
and low efficiency [5-10]. Friction stir welding (FSW), is a
solid-state method has been developed for these alloys [11].
FSW is a well-known method of combining aluminum alloys
because it produces welds that are high quality and have few
flaws. Nonetheless, a major area of concern continues to be the
fatigue performance of FSW joints, particularly when
considering the cyclic loading conditions commonly found in
aerospace applications [12, 13]. A lot of research has been
done in the last few years, on the behavior of fatigue joints of
FSW [14-19]. There is agreement that fatigue behavior of
welded joints is lesser than that base material (BM) [20, 21].

To develop the mechanical properties of FSW joints, use of
nanoscale reinforcements has gained increased attention
recently, because of its capacity to enhance the thermal
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stability of welded joints and refine grain architectures [22-
25]. Many researchers have studied the influences of
nanoparticles addition on welded joints mechanical properties
[26-30]. The investigation by Asl et al. [26] investigates the
different joining of alloy sheets of magnesium and aluminum
using FSW with TiO, nanoparticles. The weld joints were
designed with a groove to prevent nanoparticle dissipation.
Results showed that nanoparticles significantly increased
tensile strength and microhardness of welded joints.
Shehabeldeen et al. [27] studied how nano y-Al,Os; nano
powder affected the mechanical characteristics, weldability
and microstructure of FSW lap joint of AA6061-T6 and
Ti6Al4V. They found that there were notable improvements
in FSW properties of Al/Ti joints. Kamaleshwar et al. [28] in
their study, the composite of AA3003 surface is synthesized
by reinforcement nano-Y:Os particles into the matrix
composed with friction stir processing (FSP). Optimal FSP
parameters for welding of AA3003-Y,0; surface composite
are found. The particles of nano-Y20s influence on mechanical
characteristic and microstructure is comprehensively
analyzed. From the results, after FSP the strength and hardness
of surface composite sample were improved, due to the
regularly distribution of reinforcement Y.Os; in AA3003
matrix. Zhu et al. [29] studied how Al3 (Scl—xZrx)
nanoparticles influence the microstructure and mechanical
properties of FSW Al-Mg—Mn alloys. Theoretical analysis
suggests that these nanoparticles contribute to grain boundary
reinforcement in weld zone, enhancing the strength of yield
for the AlI-Mg—Mn joint by 97 MPa. Yaghoubi et al. [30]
investigated the effects of FSP on severely deformed pure Cu
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sheets, with and without yttria nanoparticles. Yttria addition
prevented rapid grain growth, leading to finer grains, higher
hardness, and improved strength and wear resistance.

All of these investigations and others point to the potential
of significantly improving the behavior of fatigue for FSW
joints through the use of nano-reinforcement. While several
studies have explored various alloys and nanoparticle
additions such as Al:O; in AA6061 [27] and Y205 in AA3003
[28] the direct impact of Y20s; nanoparticles on the
performance of fatigue for friction stir welded AA2024 under
cyclic and aerospace-relevant loading conditions remains
underexplored. This work therefore aims to address that
specific knowledge gap by evaluating how Y20s
reinforcement influences both fatigue behavior and
microhardness in AA2024 FSW joints. By conducting a
comprehensive finite element fatigue analysis alongside
experimental validation of microstructure and hardness, this
study offers a focused contribution on a material widely used
in aircraft structures, where long-term cyclic performance is
critical. Thus, it advances the current literature by specifically
targeting AA2024 with Y20s; under loading conditions
pertinent to real-world aerospace environments.

2. METHODOLOGY
2.1 Material and welding process

In the applications of aerospace Aluminum alloy 2024 is
usually used because it has 73 GPa (10.6 Msi) Young's
Modulus, 30% electrical conductivity IACS, 2.78 g/cm® (0.1
1b/in3) density, and has chemical composition as in Table 1.
Two sets of aluminum plates were subjected to FSW
technique. First set was welded without using of nanoparticles,
while the other set was welded using nano-Y:0s particles
added to weld zone.

Table 1. Typical chemical composition of aluminum 2024

(in % by weight)
Element Minimum (%) Maximum (%)
Aluminum (Al) Balance Balance

Copper (Cu) 3.8 4.9
Magnesium (Mg) 1.2 1.8
Manganese (Mn) 0.3 0.9
Iron (Fe) — 0.50
Silicon (Si) — 0.50
Zinc (Zn) — 0.25
Titanium (Ti) — 0.15
Chromium (Cr) — 0.10
Other elements (each) — 0.05
Other elements (total) — 0.15

2.2 FSW process

FSW was used to join two sets of 2024 aluminum alloy
plates with the same set of method parameters:
Welding Speed: 24 mm/min
Rotational Speed: 1525 rpm
Material of tool: [cold work tool steel A681 (D2)
ASTM]
Shoulder diameter: [20 mm]

In order to improve mechanical qualities, the second set has
nano-Y-20s reinforcement in the weld zone, whereas the first
set was welded without it.
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2.3 Analysis of microstructure

Grain refinement, phase distribution, and flaws in heat-
affected zone (HAZ), thermo-mechanically affected zone
(TMAZ), and nugget zone (NZ) were studied using optical
microscopy. To illustrate the effect of nanoparticles on the
quality of weld and mechanical qualities, pictures were taken
comparing the grain size and morphology of nano-Y.Os-
reinforced welds with non-reinforced welds.

2.4 Microhardness testing

A Vickers hardness tester was used to assess microhardness
at a dwell time of 15 seconds and a force of 1.96 N. For both
nano-reinforced and non-reinforced joints, the hardness values
were measured at various weld sites.

2.5 Loading estimation justification

The loading conditions applied in the simulation including
lift force (45.9375 N), drag force (1.53125 N), cyclic bending
moment (5 Nm), centrifugal force (0.695 N), and weight
(0.682 N) were designed to reflect idealized cyclic loading
scenarios that may be encountered by lightweight structural
components in aerospace environments. These values were
estimated using simplified assumptions based on component
mass, cross-sectional area, basic aerodynamic principles, and
vibration-induced forces typical for small-scale assemblies
such as stringers, panel stiffeners, or wing substructures.
Although not derived from a specific aircraft load
specification, these loads serve as reasonable proxies for
evaluating comparative fatigue behavior between the nano-
reinforced and non-reinforced welds.

2.6 Geometry creation

The geometry of two plates of AA2024 with 100 mm
length, 50 mm width and 5 mm thickness. Modeled as a small
strip along the plate contact, the weld zone is critical to FSW
process with width 22 mm represents the diameter of tool
shoulder. When nano-reinforcement is used, nano-Y:0s
particles are added to the weld zone's material properties. After
that, the geometry is finely mesh to precisely capture stress
distributions, especially in welding zone as shown in Figure 1
[31, 32].
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Figure 1. Geometry creation
2.7 Finite element analysis setups

After the geometry was created and meshed, fatigue
behavior of welded joints was simulated using finite element
analysis (FEA) and ANSYS Workbench under the following
loading conditions:

Alternating Lift Force: 45.9375 N
Alternating Drag Force: 1.53125 N
Weight Force: 0.682 N

Cyclic Bending Moment: 5 Nm
Alternating Centrifugal Force: 0.695 N

The plates are subjected to applied loads at one end while
being fastened at the other, to imitate attachment to a bigger
structure. This configuration guarantees that the simulation
accurately represents loading circumstances and offers a
strong basis for further stress and analysis of fatigue life. For
calculate the equivalent stresses and fatigue life for the nano-
reinforced and non-reinforced welds, these forces were
applied to the welded plates [33].

3. RESULTS AND DISCUSSION
3.1 Equivalent stress and fatigue life

FEA results show that welds without reinforcement had
much higher stress concentrations than welds reinforced with
nano-Y:0s. The SN curve study makes it clear that the
reinforced joints' increased fatigue life was influenced by their
enhanced capacity to support loads. The use of Y.0;
nanoparticles improved the grain structure, distributing stress
more evenly and delaying the onset of cracks.

3.2 Observations on microstructure

Y-0s has a beneficial effect on the microstructure, as seen
by the visible grain refinement in the optical microscopy
images of the weld nugget with nano-reinforcement as shown
in Figure 2. The nano-reinforced welds showed the following
characteristics in contrast to the unreinforced welds.

Higher hardness is a result of finer grain structures in
the stir zone.

Reduced concentrations of localized stress due to a
more consistent phase distribution.
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e Reduced microstructural flaws, such voids and
porosity, and improve resistance of fatigue.

The observed rise in the fatigue life and hardness values was
directly correlated with these microstructural changes.

The enhanced fatigue life observed in nano-Y:Os-reinforced
welds can be attributed to several interrelated microstructural
mechanisms. The addition of Y.0s nanoparticles promotes
dynamic recrystallization during FSW, resulting in a finer,
more homogeneous grain structure in the weld zone. Grain
refinement reduces the effective slip length for dislocations
and increases the number of grain boundaries, which influence
as obstacles to propagation and beginning of the crack.
Furthermore, the uniform dispersion of nanoparticles
contributes to dislocation pinning, delaying the onset of
fatigue damage. These mechanisms collectively suppress
early-stage microcrack formation and contribute to the
extended fatigue life observed in the numerical analysis. This
relationship is supported by the optical microscopy results
(Figure 2), which reveal a denser, more uniform
microstructure in the reinforced weld.
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Figure 2. Microstructure of AA2024/AA2024 weldments
3.3 Microhardness distribution analysis

The microhardness results show a significant variation in
hardness in different weld areas as illustrated in Figure 3. Key
points include:

e The strengthening effect of Y-Os was confirmed by
the up to 24% improvement in hardness in the NZ that
nano-reinforced welds showed when compared to
non-reinforced welds.

e The weld nugget, where nano-reinforcement had the

biggest effect, had the highest hardness values.

e  The nano-reinforced weld's HAZ and TMAZ areas
showed a more progressive hardness change, which
enhanced fatigue resistance.

The connection between microhardness and fatigue life
suggests that higher hardness in a weld nugget helps to
increase fatigue resistance by slowing down crack growth.

3.4 Equivalent stress analysis

Figure 4 illustrates the distribution of comparable stress for
the FSW joint in absence of nano-Y:0s. According to the
analysis, minimum stress is 0.016894 MPa, and maximum
stress is 44.619 MPa. This stress distribution demonstrates,
there are notable stress concentrations in the weld zone region
of non-reinforced weld, which may cause an early failure
under cyclic loading circumstances.

On the other hand, as illustrated in Figure 5, the
corresponding stress distribution for FSW joint reinforced
with nano-Y:0s reveals a minimum stress of 0.0058662 MPa
and a maximum stress of 44.638 MPa. Due to the improved
microstructural qualities that the nano-Y2Os particles give, the
greater maximum stress indicates that the Nano-reinforced
weld has a higher load-bearing capacity. Additionally, this
distribution exhibits a more uniform stress gradient, which
could be a factor in the better fatigue life seen in the analysis
that follows.
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Figure 3. Hardness across BM, HAZ, TMAZ and NZ of AA2024/AA2024 weldments with and without nano particles
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Although the maximum equivalent stress values for both the
non-reinforced (44.619 MPa) and nano-reinforced (44.638
MPa) joints are numerically comparable, the main difference
resides in the distribution of stress throughout the weld zone.
In the reinforced joint, the high-stress area is more uniformly
dispersed and less sharply focused, resulting in a smoother
stress gradient. This redistribution of stress rather than a
decrease in peak value suggests better mechanical
performance by lessening local stress concentrations, which

are usually the starting points for fatigue cracks. This
observation aligns with the improved microstructure and
microhardness measurements, backing the assertion of better
fatigue life.

Figure 6 illustrated S-N curves produced for the non-
reinforced and nano-reinforced welds. The fatigue life of the
non-reinforced weld exhibits a sharp reduction with increasing
stress amplitude, indicating the weld's susceptibility to fatigue
failure [34, 35].
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Figure 7. Fatigue life distribution showing maximum and minimum cycles
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Figure 8. Representation of the applied cyclic bending moment and alternating forces, along with the resulting fatigue life
distribution

3.5 Fatigue life analysis

Fatigue life data, as shown in Figure 7, show that the nano-
reinforced and non-reinforced welds have a maximum life of
10,000,000 cycles. The minimum life of the nano-reinforced
weld is 320,080 cycles, while the non-reinforced weld has a
substantially minimum life of 187,680 cycles.

Based on the more favorable S-N curve features, addition of
nano-Y:0s particularly increases fatigue life of FSW joint by
delaying beginning of cracks.

Figure 8 displays the fatigue life distribution that results
from applying alternating stresses and cyclic bending moment
to the welded plates.
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The equivalent stress distribution over the welds shows
notable stress concentrations at specific locations, as shown in
Figures 4 and 5. The regions of decreased fatigue life in Figure
8. a show that these high-stress zones closely correlate to those
where the application of cyclic bending moments and
alternating loads exacerbates possible failure spots.

3.6 Correlation between equivalent stress and fatigue life

The analysis of the equivalent stress distributions, as shown
in Figures 4 and 5, provides critical insight into the regions of
the welded joints that are most susceptible to fatigue failure.
These figures illustrate the stress concentration areas within



both the non-reinforced and nano-reinforced welded joints,
with stress values significantly influencing the fatigue
performance of the material.

The equivalent stress distributions directly correlate with
the fatigue life results, as depicted in Figure 7. The regions
identified with higher equivalent stress in Figures 4 and 5
correspond to the areas where the fatigue life is shortest, as
presented in Figures 7 and 8. This direct relationship
highlights that areas subjected to greater stress concentrations
are more prone to early failure under cyclic loading conditions.

This correlation is critical for validating the simulation's
accuracy. The fact that fatigue life distribution in Figure 8
mirrors the equivalent stress patterns in Figures 5 and 6, which
supports the reliability of the equivalent stress as a predictor
of fatigue life. The more uniform fatigue life distribution in the
nano-reinforced weld suggests that the addition of nano-Y-Os
particles effectively mitigates stress concentrations, leading to
improved fatigue resistance.

4. CONCLUSION

The integration of nano-Y:0s particles into FSW processes
has been shown to significantly enhance mechanical properties
and the fatigue life of aluminum alloy 2024 welds.
Microstructural analysis confirmed that Y20Os nanoparticles
refine grain structure, reduce micro-defects, and improve
overall weld quality. These changes contributed to measurable
increases in microhardness up to 25% and strengthened
mechanical response under simulated cyclic loads.

FEA results demonstrated that fatigue life increased from
187,680 to 320,080 cycles (approximately 71%) in nano-
reinforced welds. Although this improvement is substantial, it
is important to clarify that fatigue predictions were based
solely on numerical simulations. No experimental cyclic
loading was performed in this study. However, the predicted
trends are qualitatively supported by experimental findings,
such as improved hardness and more homogeneous
microstructure in the weld zone.

While increased hardness in the nano-reinforced welds
provides a general indication of improved mechanical
strength, fatigue resistance is more directly influenced by
microstructural mechanisms. The refinement of grain size
increases the number of grain boundaries, which influence as
walls to dislocation motion and crack propagation. Moreover,
the uniform dispersion of Y203 nanoparticles impedes crack
growth by interrupting crack paths and redistributing localized
stress. These microstructural features collectively suppress the
initiation and progression of fatigue cracks, contributing to the
enhanced performance predicted by the FEA.

Therefore, while the simulation suggests a strong potential
benefit, further validation through experimental fatigue testing
is essential and planned in future work. These findings
highlight the potential of nano-Y.Os as an effective
reinforcement material in high-stress structural applications,
particularly in aerospace environments where fatigue
performance is critical. The study offers valuable insight into
optimizing weld quality through nanotechnology, contributing
to the advancement of lightweight and durable engineering
components.
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NOMENCLATURE

AA2024
FSW
YZO3
FEA

S-N Curve
MPa

N

Nm
IACS

N f
F_lift

F drag

F weight

Aluminum Alloy 2024

Friction Stir Welding

Yttrium Oxide

Finite Element Analysis

Stress-Number of Cycles Curve
Megapascal (Unit of Stress)

Newton (Unit of Force)

Newton-Meter (Unit of Torque or Moment)
International Annealed Copper Standard
Fatigue Life, Cycles

Alternating Lift Force, N

Alternating Drag Force, N

Weight Force, N

2907

M bending

F centrifugal
BM

HAZ

TMAZ

NZ

Greek symbols

E

p

o eq

6 max
c_min

Cyclic Bending Moment, Nm
Alternating Centrifugal Force, N
Base Metal

Heat Affected Zone
Thermo-Mechanically Affected Zone
Nugget Zone

Young’s Modulus (Elastic Modulus), GPa
Density, g/cm?

Equivalent Stress, MPa

Maximum Stress, MPa

Minimum Stress, MPa
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