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ABSTRACT

This project investigates the failure analysis and material degradation mechanisms in reusable launch vehicle (RLV)
structures, addressing the challenges posed by extreme thermo-mechanical and environmental loads during multiple
mission cycles. Unlike expendable systems, RLVs such as those developed by SpaceX and NASA must endure hypersonic
heating, thermal gradients up to 1500°C, cyclic pressurization, vibrations, impacts, and oxidative environments, leading
to degradation modes including fatigue cracking, creep, oxidation-induced embrittlement, delamination, and buckling.
The study reviews key structural challenges, failure mechanisms, and mitigation strategies, emphasizing the need for
advanced materials, predictive modelling, and non-destructive evaluation to ensure safety, reliability, and cost-
effectiveness. Through a comprehensive analysis, this work provides insights into enhancing structural durability for
sustainable space transportation.

Two aluminum-based composite material series, designated as Sample A and Sample B, were obtained as representative
candidate materials for RLV structural components. Sample A were material used to construct the launch vehicle while
sample B were materials extracted from the launch vehicle after flight and recovery. Each series was prepared as five
individual specimens, labelled 1 to 5 (i.e. A1-A5 and B1-B5), giving ten specimens in total.

Four mechanical tests were carried out to comprehensively characterize the specimens against the degradation
mechanisms before and after flight.

Flexural (three-point bend) testing to evaluate bending strength and stiffness, relevant to structural panels and fuselage
sections under aerodynamic and mechanical bending loads. Hardness testing to evaluate surface resistance to
indentation, relevant to resistance against surface damage and as an indirect indicator of wear performance. Impact
testing to evaluate the energy absorbed prior to fracture under sudden loading, relevant to shock events such as launch
vibration and landing impact. Wear testing to evaluate resistance to surface material loss under sliding contact, relevant
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to repeated friction and surface exposure across reuse cycles. Together, these four tests were considered to represent
all mechanical tests applicable within the scope and equipment available for this study, providing a comprehensive
mechanical performance profile for each specimen.

Keywords: Creep, Delamination, Hypersonic, Oxidation, Thermal Protection System, Thermal Fatigue, Reusable Launch
Vehicle.

1 INTRODUCTION

The global aerospace industry is undergoing a revolutionary transition from expendable launch systems toward
reusable space transportation systems. Historically, expendable launch vehicles (ELVs) were discarded after a single
mission, resulting in high operational costs and significant material waste. The economic inefficiency of such systems
has driven innovation toward reusable launch vehicles (RLVs), which are designed to survive multiple launch, ascent,
re-entry, and landing cycles [1].

Reusable launch vehicles significantly reduce cost per launch and increase mission frequency. Companies such as
SpaceX, Blue Origin, and governmental agencies like NASA have demonstrated the economic and operational feasibility
of partial and fully reusable systems [2], [3],[4]. However, achieving reliable reuse introduces complex engineering
challenges, especially in structural durability and material performance [5],[6]. Unlike conventional aircraft structures,
RLV structures are subjected to: Hypersonic aerodynamic heating, Extreme thermal gradients (up to 1500°C in some
regions), Cyclic pressurization loads, Vibrational and acoustic loads during launch, Mechanical impact during landing
Oxidative and corrosive atmospheric environments [7], [8], [9]. These conditions create a multi-physics loading
environment involving thermomechanical coupling, dynamic stress waves, and microstructural evolution [10], [11].

Reusable Launch Vehicle (RLV) structures operate under significantly more severe service conditions compared to
conventional aircraft systems. Unlike traditional aircraft, which primarily experience subsonic or supersonic
aerodynamic environments, RLVs are exposed to extreme thermo-mechanical and environmental loads during launch,
orbital operation, re-entry, and landing phases. These demanding conditions accelerate material degradation and
increase the risk of structural failure if not properly addressed during design and material selection. One of the primary
challenges encountered by RLV structures is hypersonic aerodynamic heating. During atmospheric re-entry, vehicles
travel at hypersonic velocities (Mach 5 and above), resulting in intense aerodynamic compression and friction between
the vehicle surface and atmospheric gases. This interaction generates extremely high surface temperatures, which can
induce severe thermal stresses, oxidation, and microstructural degradation in structural materials. The thermal
protection system (TPS) and load-bearing components must therefore withstand sustained exposure to elevated
temperatures without significant loss of mechanical integrity. In addition to aerodynamic heating, RLV structures are
subjected to extreme thermal gradients, with temperatures reaching up to approximately 1500°C in certain regions.
These gradients occur due to uneven heating across the vehicle surface and rapid transitions between high-temperature
and relatively cooler internal structural regions. Such non-uniform temperature distribution produces differential
thermal expansion, leading to internal stress development. Repeated exposure to these gradients may result in thermal
fatigue, crack initiation, delamination in composite materials, and creep deformation in high-temperature alloys.

RLVs also experience cyclic pressurization loads, particularly in fuel tanks and pressurized compartments. During
each mission, internal pressure fluctuates significantly due to fueling, ascent, orbital operations, and descent. These
cyclic stresses contribute to fatigue damage accumulation, especially at stress concentration sites such as joints, welds,
and fastener locations. Over multiple missions, fatigue crack propagation may compromise structural reliability if not
detected and mitigated. Furthermore, during launch, RLV structures are exposed to intense vibrational and acoustic
loads generated by rocket propulsion systems. High-frequency vibrations and acoustic shock waves induce dynamic
stresses throughout the vehicle structure. These loads can cause micro-crack formation, fastener loosening, material
delamination, and progressive structural weakening. The combined effect of vibration and high temperature further
accelerates degradation mechanisms. Another critical loading condition arises from mechanical impact during
landing. Reusable vehicles are designed to withstand multiple landing cycles, which introduce impact forces and
localized stress concentrations at landing gear attachments and structural interfaces. Repeated impact loading may
result in plastic deformation, crack initiation, or structural fatigue failure over time. Additionally, RLV materials are
subjected to oxidative and corrosive atmospheric environments, particularly during high-temperature re-entry.
Elevated temperatures accelerate oxidation reactions in metallic components, leading to scale formation, surface
embrittlement, and thickness reduction. Environmental exposure may also promote stress corrosion cracking and
environmentally assisted fracture mechanisms, especially in high-strength alloys. Collectively, these operational
conditions create a highly complex multi-physics loading environment. The structural materials must simultaneously
endure thermomechanical coupling, where thermal and mechanical stresses interact; dynamic stress wave propagation
during launch and landing; and continuous microstructural evolution due to prolonged exposure to high temperatures
and cyclic loading. Microstructural changes such as grain growth, phase transformation, dislocation accumulation, and
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oxidation-induced embrittlement significantly influence long-term material performance. Therefore, failure analysis of
RLV materials requires a comprehensive understanding of coupled thermal, mechanical, and environmental
degradation mechanisms. The interaction of these factors plays a critical role in crack initiation, propagation, and
eventual structural failure, making advanced material characterization and life prediction methodologies essential for
ensuring structural integrity and mission safety.

The repeated exposure of reusable launch vehicle (RLV) structures to extreme thermo-mechanical and environmental
conditions results in progressive and cumulative material degradation. Unlike single-use aerospace systems, RLV
components must endure multiple launch and re-entry cycles, which significantly increases the likelihood of damage
accumulation over time. As a consequence, structural integrity may deteriorate through several interacting degradation
mechanisms, including: Fatigue crack initiation and propagation, Thermal fatigue cracking, Creep deformation,
Oxidation-induced embrittlement, Composite delamination, Buckling instability [12],[13],[14],[15],[16]. Among these
mechanisms, fatigue crack initiation and propagation represents one of the most critical failure modes in reusable
aerospace structures. Cyclic mechanical loading during pressurization, launch vibrations, and landing impact produces
repeated stress fluctuations within the material. Over time, localized stress concentrations particularly at welds, joints,
fastener holes, and geometric discontinuities promote micro crack initiation. Once initiated, these cracks progressively
propagate under continued cyclic loading until catastrophic fracture occurs. Fatigue damage is particularly dangerous
because it may develop without significant macroscopic deformation, making early detection challenging.

In addition to mechanical fatigue, RLV structures are highly susceptible to thermal fatigue cracking due to repeated
heating and cooling cycles during ascent and re-entry. Rapid temperature fluctuations generate alternating thermal
expansion and contraction within the material. If thermal strains are constrained, internal stresses develop, leading to
crack nucleation at the surface or within grain boundaries. Over multiple mission cycles, these cracks may grow and
coalesce, significantly reducing load-bearing capacity.

Another time-dependent degradation mechanism is creep deformation, which becomes significant at elevated
temperatures. When structural materials are subjected to sustained stresses at high temperatures such as during
atmospheric re-entry, they may undergo slow, progressive plastic deformation even if the applied stress is below the
material’s yield strength. Creep can lead to dimensional instability, stress redistribution, grain boundary void formation,
and eventual creep rupture. For high-temperature alloys and thermal protection materials, creep resistance is therefore
a critical design consideration.

High-temperature exposure also promotes oxidation-induced embrittlement. At elevated temperatures, metallic
materials react with atmospheric oxygen, forming oxide scales on their surfaces. While some oxide layers may provide
protective effects, prolonged exposure can lead to scale spallation, thickness reduction, and internal oxidation. More
critically, oxygen diffusion into the material can alter microstructural characteristics, reduce ductility, and increase
brittleness. This embrittlement raises susceptibility to crack initiation and rapid fracture under mechanical loading.

For composite materials commonly used in aerospace structures, delamination is a significant degradation mechanism.
Composite laminates consist of multiple bonded layers, and exposure to thermal gradients, cyclic stresses, and impact
loading can weaken interlaminar bonding. Delamination reduces stiffness and load transfer efficiency between layers,
potentially leading to sudden structural failure without extensive visible damage.

Finally, buckling instability may occur due to combined thermal and mechanical stresses. Thin-walled aerospace
structures are particularly vulnerable to compressive stresses generated by thermal gradients and aerodynamic loads.
If the compressive stress exceeds the critical buckling threshold, sudden structural instability may occur, resulting in
significant deformation or collapse. Buckling is especially critical in panels, fuselage sections, and thermal protection
components subjected to high temperature differentials.

Overall, these degradation mechanisms rarely occur independently. Instead, they interact within a complex multi-
physics environment, where thermal, mechanical, and environmental factors collectively accelerate damage
accumulation. The coupling of fatigue, creep, oxidation, and microstructural evolution significantly influences the long-
term reliability and service life of RLV structures. Therefore, comprehensive failure analysis must consider not only
individual mechanisms but also their synergistic interactions to accurately predict structural lifespan and prevent
catastrophic failure.

Understanding the mechanisms behind these failure processes is essential to ensuring safety, reliability, and cost-
effectiveness [17]. Failure analysis provides systematic procedures for identifying the root causes of structural damage.
Material degradation studies enable prediction of long-term behavior under cyclic service conditions. Together, these
disciplines form the foundation of structural life prediction in reusable aerospace systems [18],[19].
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2 MATERIAL AND METHOD

2.1 Materials

2.1.1 Specimens

Two aluminum-based composite material series, designated as Sample A and Sample B, were obtained as representative
candidate materials for RLV structural components. Sample A were material used to construct the launch vehicle while
sample B were materials extracted from the launch vehicle after flight and recovery. Each series was prepared as five
individual specimens, labelled 1 to 5 (i.e. A1-A5 and B1-B5), giving ten specimens in total.

2.1.2 Equipment

Four mechanical tests were selected to comprehensively characterize the specimens against the degradation
mechanisms:

e  Flexural (three-point bend) testing to evaluate bending strength and stiffness, relevant to structural panels and
fuselage sections under aerodynamic and mechanical bending loads. Static was performed on an Instron 3369
Universal Testing Machine.

e Hardness testing to evaluate surface resistance to indentation, relevant to resistance against surface damage
and as an indirect indicator of wear performance. Surface hardness was assessed with a SOONDA SKD 552 Leeb
rebound hardness tester.

e Impacttesting to evaluate the energy absorbed prior to fracture under sudden loading, relevant to shock events
such as launch vibration and landing impact. Impact resistance was assessed with a Hounsfield Balanced Impact
Machine of the pendulum type.

e  Wear testing to evaluate resistance to surface material loss under sliding contact, relevant to repeated friction
and surface exposure across reuse cycles. Sliding wear behavior was assessed on a wear testing apparatus
operating on the pin on disc principle, with volumetric loss interpreted through the Archard wear relation.

Together, these four tests were considered to represent all mechanical tests applicable within the scope and equipment
available for this study, providing a comprehensive mechanical performance profile for each specimen.

2.2 Method

2.2.1 Fabrication

Specimens were extracted at the workshop using arc-saw machine and surface polishing was caried out on them. Each
test was carried out following standard mechanical testing procedures consistent with recognized ASTM/ISO testing
conventions for flexural, hardness, impact, and wear testing of metallic and composite materials. For each specimen,
replicate readings were taken (two runs for flexural testing; five readings each for hardness and impact testing) and
averaged to obtain a representative value, reducing the influence of localized material variation on the reported result.
Wear testing was carried out once per specimen.

2.2.2 Three Point Flexural Test

Flexural testing was carried out on the Instron 3369 configured in a three-point bending arrangement. Test on 5 samples
of specimen A and 5 samples of specimen B were carried out. The load deflection output was used to calculate the
maximum flexural stress, the flexural elastic modulus, the flexural stress at break, the energy absorbed to fracture, and
the strain at maximum stress for both samples.

2.2.3 Hardness Test

Leeb rebound hardness measurements were taken at different locations across the face of the samples using the
SOONDA SKD 552 tester. The Leeb method is standardized under ISO 16859-1 for metallic materials. Hardness testing
was conducted on two different aluminum samples, designated Sample A and Sample B, with five specimens tested from
each sample. The objective was to compare the hardness characteristics of the two aluminum materials and determine
the variation in hardness within each sample. A total of 10 specimens were prepared and subjected to hardness testing
using a suitable hardness testing machine. The specimens were properly cleaned and positioned on the testing surface
before applying the specified test load. For each sample, five individual hardness measurements were taken under the
same testing conditions to ensure a meaningful comparison.
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2.2.4 Pendulum Impact Test

Impact testing was carried out to evaluate the ability of two different aluminum samples, designated Sample A and
Sample B, to absorb energy under sudden loading. The test was performed using an appropriate impact testing
machine, such as a Charpy impact tester, with five specimens tested from each sample.

The specimens were prepared to the required dimensions and notched where applicable. Each specimen was securely
positioned on the impact-testing machine, and the pendulum was released from a predetermined height. The pendulum
fractured the specimen, and the impact energy absorbed during fracture was obtained from the machine.

2.2.5 Sliding Wear Test

Sliding wear testing was carried out to evaluate the resistance of aluminium specimens to material loss resulting from
sliding contact and friction. The test involved two different aluminium samples, Sample A and Sample B, with five
specimens tested from each sample. Prior to testing, the specimens were prepared and their surfaces cleaned to
remove dirt, grease, and other contaminants. Each specimen was weighed and mounted on the wear-testing machine.
A specified normal load was applied while the specimen was subjected to sliding motion against the counter surface for
a predetermined sliding distance and speed. After testing, the specimens were cleaned and weighed again. The
difference between the initial and final masses was used to determine the material lost during the wear process. The
wear rate of each specimen was calculated from the measured mass loss and the specified test conditions. The results
from the five specimens of each sample were then used to determine the average wear performance.

3 RESULTS AND DISCUSSION

This chapter presents the results of the mechanical testing carried out on the material samples selected to represent
candidate structural materials for reusable launch vehicle (RLV) construction. Two aluminum-based composite
material series, designated Sample A and Sample B, were obtained and subjected to the full range of mechanical tests
applicable to the study: flexural (three-point bend) testing, hardness testing, impact testing, and wear testing. Each
series comprised five specimens (1-5), (A1-A5 and B1-B5) had been fully tested and are reported here. The results are
presented test-by-test, followed by a comparative discussion of Sample A against Sample B.

Figure 1: Specimens of two different Aluminum Samples A and B

3.1 Flexural Test Results

The flexural (three-point bend) test was conducted to evaluate the resistance of each specimen to bending loads, a
loading condition relevant to RLV panels and fuselage sections during ascent, aerodynamic loading, and structural
bending. Table 1 presents the maximum flexural stress recorded for each specimen.
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Table 1: Flexural Test Result for Virgin (A) vs Flown (B) materials

Specimen Pair | Virgin (A) Max Stress (MPa) | Flown (B) Max Stress (MPa)
1 84.89 88.56
2 82.84 86.95
3 81.48 85.72
4 80.75 83.64
5 78.63 81.53
Mean 81.72 85.28

The Flown sample therefore exhibited a higher average maximum flexural stress, with an increase of approximately
3.56 MPa, or 4.36%, relative to the Virgin sample. This indicates that, under the conditions of the flexural test, the
Flown aluminium specimens demonstrated slightly greater resistance to bending-induced failure than the Virgin
specimens. The improvement was observed consistently across all five specimen pairs, with the Flown sample
producing a higher maximum stress in every case. The increase in flexural strength may be associated with differences
in the material's microstructure, thermal history, residual stresses, or changes induced during the service/flight
condition, depending on the specific history of the Flown specimens. However, the flexural results alone cannot
establish the exact cause of the increase.

3.2 Hardness Test Results

Table 2: Hardness - Virgin (A) vs Flown (B) Comparison

s
~

Figure 2: Universal Testing Machine used for Flexural Testing

Specimen Pair | Virgin (A) HV | Flown (B) HV
1 41.12 42.38
2 38.19 43.70
3 41.33 43.46
4 40.23 42.55
5 39.75 43.21
Mean 40.12 43.06

119



Global Journal of Engineering and Technology Advances, 2026, 28(03), 114-124

Hardness testing was carried out to assess the resistance of each specimen's surface to indentation, which relates to the
material's ability to resist surface damage and wear during repeated handling, friction, and contact loading. Table 2
presents the average hardness value recorded for each specimen.

The results show that the Virgin (A) specimens recorded hardness values between 38.19 and 41.33 HV, with a mean
hardness of 40.12 HV. In comparison, the Flown (B) specimens recorded higher hardness values ranging from 42.38
to 43.70 HV, with a mean value of 43.06 HV. The mean hardness of the Flown sample is therefore 2.94 HV higher than
that of the Virgin sample, representing an increase of approximately 7.33%. This increase was observed consistently
across all five specimen pairs, as each Flown specimen recorded a higher hardness value than its corresponding Virgin
specimen. The higher hardness of the Flown sample indicates that the material developed greater resistance to
localized plastic deformation following its service or flight history. In aluminium alloys, such a change can be
associated with factors such as strain hardening, thermal exposure, microstructural changes, precipitation effects, or
other changes occurring during the material's service history [20], [21].

B

Figure 3: Leeb Portable Hardness Tester

3.3 Impact Test Results

Impact testing was carried out to determine the energy absorbed by each specimen prior to fracture under sudden
loading, which is directly relevant to RLV structures that must survive shock loading events such as launch vibration
and landing impact. the comparison of the impact energy values obtained from five specimen pairs of the Virgin (A)
and Flown (B) aluminum samples. The impact test was used to evaluate the ability of the materials to absorb energy
under sudden loading before fracture. Table 3 presents the average impact energy recorded for each specimen.

Table 3: Impact Energy - Virgin (A) vs Flown (B) Comparison

Specimen Pair | Virgin (A) (J/mm?2) | Flown (B) (J/mm?2)
1 0.1813 0.2796
2 0.0416 0.1291
3 0.0403 0.1244
4 0.0512 0.1278
5 0.0341 0.1322
Mean 0.0697 0.1586
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Figure 4: Hounsfield Balanced Impact Testing Machine

3.4 Wear Test Results

Table 4 compares the wear resistance of virgin aluminum (A) with that of the flown aluminum (B). The results
indicate that the flown specimens have a higher measured wear-resistance value than the virgin specimens.

Table 4: Wear Resistance - Virgin (A) vs Flown (B)

Specimen Pair | Virgin (A) (N.m/mm?3) | Flown (B) (N.m/mm3)
1 41.68 48.35
2 40.52 47.44
3 42.05 48.63
4 41.61 47.82
5 40.55 47.48
MEAN 41.28 47.95

The virgin specimens recorded wear-resistance values between 40.52 and 42.05 N-m/mm?, while the flown specimens
recorded values between 47.44 and 48.63 N-m/mm?. The mean wear-resistance values were 41.28 N-m/mm? for the
virgin material and 47.95 N-m/mm? the flown material for. Therefore, the flown aluminium exhibited approximately a
16.13% higher wear-resistance value than the virgin aluminium.

The reported N-m/mm?® parameter is the wear-resistance index, for which a higher value represents better resistance
to material removal, the result indicates that the flown aluminum has approximately 16.13% greater wear resistance
than the virgin aluminum.

This improvement could be associated with changes in the material resulting from its service history. Possible
contributing factors include:

e Strain hardening: Repeated mechanical and vibrational loading during flight may have increased resistance
to plastic deformation at the surface.

e Microstructural modification: Operational thermal and mechanical exposure may have altered the
microstructure and consequently the wear behavior.

e Changes in hardness: If the hardness test results also show an increase in hardness for the flown material,
this may contribute to its improved resistance to abrasive or adhesive wear.

e Surface modification: Flight exposure can alter surface roughness, oxide-film characteristics and other
surface properties, which can influence wear behavior.
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¢ Residual stresses: Service loading and thermal cycling may introduce residual stresses that affect the response
of the surface during sliding.

The increased wear resistance is particularly interesting when considered alongside the higher hardness of the flown
material.

3.5 Comparative Discussion: Sample A versus Sample B

Table 5: Summary - Virgin vs Flown, Mean Change Across All Tests

Test Virgin (A) Mean Flown (B) Mean
Flexural Strength (MPa) 81.72 85.28

Hardness (HV) 40.12 43.06

Impact Energy (J/mm?) 0.0697 0.1586

Wear Resistance (N.m/mm3) | 41.28 47.95

Table 5 provides a comparative summary of the mean mechanical and tribological properties of Sample A (Virgin) and
Sample B (Flown). The table makes it possible to evaluate the overall effect of the flight/service environment on the
aluminum material.

3.6 Comparative Discussion of Sample A and Sample B

The results show that Sample B (Flown) recorded higher mean values than Sample A (Virgin) in all four tests: flexural
strength, hardness, impact energy, and wear resistance. This indicates that the flown material experienced measurable
changes in its mechanical and wear characteristics during service.

3.6.1 Flexural Strength

The mean flexural strength increased from 81.72 MPa for the virgin sample to 85.28 MPa for the flown sample,
representing a 4.36% increase. This relatively moderate increase suggests that service exposure produced some
improvement in the material's resistance to bending or flexural deformation. Possible factors include strain hardening,
changes in microstructure, residual stresses, or thermal exposure during service. However, the increase is relatively
small compared with the changes observed in impact energy and wear resistance. Therefore, the flight environment
appears to have had a limited but measurable influence on flexural strength.

3.6.2 Hardness

The mean hardness increased from 40.12 HV to 43.06 HV, corresponding to a 7.33% increase. The increase in hardness
indicates that the flown material became more resistant to localized plastic deformation. This could result from strain
hardening caused by repeated operational loading, microstructural changes, or thermal effects experienced during
service. The increase in hardness may also have contributed to the improved wear resistance observed for Sample B.
Nevertheless, wear behavior is influenced by several factors, so the relationship should not be regarded as being caused
by hardness alone.

3.6.3 Impact Energy

The most significant change occurred in the impact test. The mean impact energy increased from 0.0697 ]/mm? for the
virgin material to 0.1586 ]/mm? for the flown material. This represents an increase of approximately 127.55%, meaning
that the flown specimens absorbed considerably more energy under the specified impact-test conditions. This result
suggests that the flown material exhibited an enhanced ability to absorb sudden loading before failure. Such behavior
may be associated with microstructural modification, changes in grain structure, precipitate evolution, residual stress
redistribution, or other service-induced changes. The magnitude of this change is considerably greater than those
observed for flexural strength and hardness and therefore represents one of the most notable differences between the
two material conditions.

3.6.4 Wear Resistance

The mean wear-resistance value increased from 41.28 N'm/mm? for Sample A to 47.95 N-m/mm? for Sample B,
representing an improvement of approximately 16.13%.

Since the reported parameter is defined as a wear-resistance index, with higher values representing greater resistance
to material loss, the result indicates that the flown material had superior wear resistance under the test conditions. The
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improvement may be associated with the increased hardness of the flown material, as well as changes in surface
condition, microstructure, oxide formation, residual stress and other service-induced effects.

3.6.5 Overall Comparative Assessment

The results demonstrate that the flown aluminum exhibited improved measured properties relative to the virgin
material:

Flexural strength: increased by 4.36%
Hardness: increased by 7.33%

Impact energy: increased by 127.55%
Wear resistance: increased by 16.13%

The impact energy showed the largest relative change, followed by wear resistance, hardness and flexural strength. This
indicates that the service history had a particularly pronounced influence on the impact response of the material.

4 CONCLUSION

The comparative investigation of the virgin and flown aluminium specimens has demonstrated that exposure to the
operational environment resulted in measurable changes in the mechanical and tribological properties of the material.
The results obtained from the flexural strength, hardness, impact energy and wear-resistance tests consistently showed
higher mean values for the flown specimens compared with the virgin specimens.

The mean flexural strength increased from 81.72 MPa for the virgin material to 85.28 MPa for the flown material,
representing an improvement of approximately 4.36%. Similarly, the mean hardness increased from 40.12 HV to 43.06
HV, corresponding to a 7.33% increase. The most pronounced change was observed in the impact energy, which
increased from 0.0697 J/mm? for the virgin specimens to 0.1586 ]/mm? for the flown specimens, representing an
increase of approximately 127.55%. The reported wear-resistance parameter also increased from 41.28 to 47.95
N-m/mm?, corresponding to an improvement of approximately 16.13%, assuming that higher values represent greater
wear resistance.

The overall improvement observed in the flown material suggests that its service history may have induced changes in
its microstructure, surface condition, residual stress state and mechanical response. Repeated mechanical loading,
vibration, thermal cycling and other operational conditions may have contributed to these changes through mechanisms
such as strain hardening and microstructural evolution. The increase in hardness may also have contributed to the
observed improvement in wear resistance, although wear behaviour is influenced by several factors beyond hardness
alone.

In conclusion, the study establishes that flight/service exposure produced significant and measurable modifications in the
investigated aluminium material, with improvements recorded in flexural strength, hardness, impact energy and the
reported wear-resistance parameter. The findings demonstrate the importance of evaluating the actual service history
and material condition of aerospace components rather than relying exclusively on properties obtained from unused or
virgin materials when assessing structural performance and serviceability.
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