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Failure Analysis of Refueling Door Assembly used on F-16 Military

Aircraft
Mustafa Ozgiir Deveci' Ozgiir Balli?
Tamer Saragyakupoglu®
Arastirma Makalesi DOI: 10.51785/jar.1768779
Gonderi Tarihi: 20.08.2025 Kabul Tarihi: 26.10.20025 Online Yayin Tarihi: 28.02.2026
Abstract

This study presents a detailed metallurgical analysis of the fracture failure that occurred at the hinge of the
refueling door assembly located on the upper fuselage of the F-16 aircraft. The findings revealed that the
fracture of the hinge’s auricle section resulted from a monotonic overload caused by an impact between the
refueling boom and the door assembly due to improper alignment during in-flight refueling operations. Optical
and Scanning Electron Microscopy (SEM) were used to characterize the fracture surface, enabling the
identification of brittle cleavage features, river patterns, and the absence of fatigue striations, all indicative of
a single overload event rather than cyclic fatigue. The study further observed visible evidence of mechanical
distress, such as paint removal, dents, and scratches, corroborating the overload-induced impact mechanism.
The findings underscore that even components designed to stringent aerospace standards may experience
catastrophic failure when subjected to off axis loads and operational misalignment. Future studies may include
finite element modeling to assess hinge redesign strategies under off-axis loading, as well as investigations into
alternative materials and design modifications to enhance durability.

Keywords: Refueling door assembly, Refueling boom, Metallurgical analysis, Monotonic overload
JEL Classification: L93.

F-16 Askeri U¢aginda Kullamlan Yakit Ikmal Kapag Asamblesinin

Ariza Analizi

Oz

Bu ¢aligma, F-16 ugaginin iist govdesinde bulunan yakit ikmal kapist tertibatinin mentesesinde meydana gelen
kirilma arizasinin ayrintili metalurjik analizini sunmaktadir. Bulgular, mentesenin kulak¢ik boliimiindeki
kirilmanin, ugus sirasinda yakit ikmal islemleri sirasinda yanlis hizalama nedeniyle yakit ikmal bomu ile kap1
tertibat1 arasindaki ¢arpigmanin neden oldugu monoton asir1 yiikten kaynaklandigmni ortaya koymustur. Kirilma
yiizeyini karakterize etmek i¢in optik ve Taramali Elektron Mikroskobu (TEM) kullanilmig ve bu sayede
kirilgan yarilma 6zellikleri, nehir desenleri ve yorulma ¢izgilerinin bulunmamasi tespit edilmistir. Tiim bunlar,
dongiisel yorulma yerine tek bir asir1 yiik olayina isaret etmektedir. Caligmada ayrica, boya dokiilmesi, ezikler
ve ¢izikler gibi mekanik hasarin goriintir kanitlar1 gézlemlenmis ve bu da asir1 yiikiin neden oldugu darbe
mekanizmasint dogrulamstir. Bulgular, sik1 havacilik standartlarina gore tasarlanmis bilegenlerin bile eksen
dig1 yiikler ve operasyonel yanlis hizalamaya maruz kaldiklarinda ciddi arizalar yasayabilecegini
vurgulamaktadir. Gelecekteki ¢aligmalar, eksen dis1 yiikleme altinda mentese yeniden tasarim stratejilerini
degerlendirmek igin sonlu eleman modellemesini ve dayanikliligi artirmak i¢in alternatif malzemeler ve
tasarim degisikliklerini igerebilecektir.

Anahtar Kelimeler: Yakit ikmal kapagi, Yakit ikmal bomu, Metalurjik analiz, Monotonik Yiik
JEL Siiflandirma: L93.
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INTRODUCTION

Air vehicles and their components are meticulously engineered to withstand extreme
environmental conditions, necessitating a high degree of precision in their design features.
The rigorous demands placed on these technologies require incessant advancements in
engineering and innovation, positioning the aviation industry as a vital indicator of a nation’s
technological progress. This sector not only reflects the current state of technological
capabilities but also serves as a catalyst for further advancements in aeronautical science and
relevant engineering disciplines (Saptarshi & Zhou, 2019; Noh, 2016; Ma, 2016). In the
pursuit of ensuring flight safety, it is imperative that designers, manufacturers, and
maintenance personnel engage in a comprehensive array of rigorous testing procedures to
ascertain the airworthiness of aircraft. Furthermore, the inherent design of an aircraft is
intricately shaped by its specific mission requirements such as commercial passenger,
ambulance, fire fighter, training etc. This variability in design not only enhances operational
efficiency but also contributes to a marked disparity in risk levels between e.g. military and
commercial passenger aircraft, highlighting the complex interplay between engineering
considerations and safety protocols within the aerospace industry (Purton & Kourousis,
2014; Balli, 2021).

The construction of aircraft and their engines involve a systematic approach that incorporates
a comprehensive array of meticulously designed tests. These assessments are essential for
evaluating the durability and structural integrity of the components, as well as identifying
potential failure modes (Balli, 2020). Through rigorous testing protocols, engineers ensure
that both the aircraft and its components including engines should meet the highest standards
of safety and performance, ultimately safeguarding the reliability of these complex systems
in challenging operational conditions provided in Table 1.

Table 1. Outside Ambient Values at Mean Sea Level and Flight Level of Commercial
Passenger Traffic

Altitude Effective | Temperature | Pressure | Density | Velocity | Comments
Oxygen | (°C) (hPa) 3\ | Of
(feet) (%) (kg/m?) sound
(m/s)
0 20.9 15.0 1013.25 | 1.225 340.29 Mean Sea
Level
5000 17.3 5.1 843.01 1.055 334.39
30000 6.3 -44.4 300.75 0.458 303.17 Regular
Flight
36809 4.5 -56.5 226.32 0.364 295.07 Altitude
(Tropopause)

Source: Young, 2017

Despite the implementation of thorough assessments and evaluations, the occurrence of
failures, damages, and losses in air vehicles continues to be an issue. This is attributed to a
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variety of factors, including operational conditions, environmental influences, human factors
and maintenance activities etc. As a result, ensuring reliability has emerged as a critical
concern in both the design and operational phases of air vehicle development. Addressing
these challenges is essential for enhancing safety and performance in the aviation industry
(Armendariz, 2015). Despite rigorous monitoring of manufacturing processes and
Maintenance, Repair, and Overhaul (MRO) standards, malfunctions can still arise over the
course of an aircraft's service life. These issues may stem from various factors such as the
gradual wear and tear of materials, improper handling during operations, or the impact of
external influences like environmental conditions or unforeseen events.

In this framework, incidents and malfunctions are subject to a thorough and systematic
analysis conducted by both operators and regulatory authorities. These analyses yield
essential measures, which are meticulously documented in technical investigation reports
and procedural guidelines. These documents are subsequently disseminated among operators
to facilitate enhancements in safety protocols. Concurrently, engineers and researchers
engage in rigorous investigations of material-related incidents, contributing valuable insights
to the academic community through publications in international journals. This ongoing
scholarly pursuit not only aids in the understanding of these incidents but also plays a crucial
role in the accumulation of knowledge that informs and strengthens future prevention
strategies.

In the specific context of refueling door assemblies, the components undergo a series of
repetitive cycles such as low-high-random cyclic loads characterized by the constant action
of opening and closing and the vibration originated by the nature of the flight. This cyclical
operation engenders significant stress concentrations, which in turn elevate the likelihood of
crack initiation within the material. To mitigate these risks, it is imperative to adopt design
strategies specifically engineered to minimize stress concentrations, alongside the
integration of advanced manufacturing techniques that enhance material performance and
durability.

The importance of maintaining structural integrity is particularly pronounced within the
realm of military jet aircraft, where the effectiveness of in-flight refueling operations is
integral to mission success and the overarching safety of aerial engagements. The operational
environment in which these aircraft function presents a myriad of challenges that demand a
comprehensive and meticulous approach to the design and fabrication of essential
components. To address these complexities, ongoing research initiatives are actively focused
on the optimization of design parameters and the selection of materials. These efforts are
meticulously crafted to meet the rigorous and often exacting standards set forth by military
aviation guidelines. By refining both structural design and the materials utilized, these
initiatives aim to ensure that military jet aircraft not only meet but exceed the requisite
thresholds for performance and durability in high-stress operational scenarios.

Recent studies have concentrated on optimizing the design of in-flight refueling doors, as
illustrated in Figure 1, to improve both reliability and performance. For instance, Akman,
Turgut, and Caliskan (2022) analyzed design concepts for refueling door actuation using a
decision matrix, highlighting the importance of kinematic synthesis and force analysis. In
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the study, a heuristic approach was employed to evaluate the concepts based on specific
criteria. Following the evaluation process, two concepts were selected for the door opening
and closing mechanism, while three concepts were chosen for the actuation mechanism.
Once the best concepts for each sub-problem were identified, these concepts were integrated
into the preliminary design of the actuation system mechanism.

Figure 1. Refueling Door Location on an F-16 Aircraft (LHBFM, 2023)

In addition, Schwarz (2015) investigated the redesign of a refueling door hinge using
additive manufacturing, achieving significant weight reduction and part count minimization.
In the thesis under discussion, the author thoroughly examines the integration of smaller
components into their respective parent parts, thus allowing them to function as distinct
features. This innovative approach effectively eliminates the necessity for excessive support
structures and mounting materials. Consequently, this reduction not only diminishes the
overall weight of each hinge assembly by approximately 22%, but it also streamlines the
design process by significantly reducing the number of components from six to merely two.
Such enhancements indicate a substantial advancement in the efficiency and simplicity of
the assembly, aligning with contemporary engineering practices that prioritize weight
reduction and component minimization. Furthermore, Khalifeh (2024) emphasized that
fatigue failures remain the dominant cause of aerospace component malfunctions, with over
60% of service failures attributed to cyclic loading, microdefects, and crack propagation.
These findings underline the necessity of adopting advanced design strategies, selecting
fatigue-resistant materials, and implementing strict inspection practices.

For example, Ma, Cao, Luo, and Qiu (2016) conducted a thorough examination of the latest
advancements in manufacturing technologies pertinent to structural components of aircraft,
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placing particular emphasis on the dual objectives of weight reduction and efficiency
enhancement. This investigation underscored the critical role that sophisticated
manufacturing processes play in mitigating material-related failures. However, the present
study offers a significant contribution to the field by illustrating that operational mishandling
can compromise material integrity, ultimately leading to catastrophic failures even in
components that have been meticulously engineered and manufactured. This finding
highlights the necessity of addressing operational procedures alongside technological
advancements to ensure the overall reliability and safety of aircraft structures. Similarly,
(Saptarshi and Zhou, 2019) discussed the potential advantages of 3D printing technology in
the field of aerospace design which has gained considerable attention in recent years.
However, the current investigation presents empirical evidence that underscores a significant
concern: despite the advancements in design optimization achievable through 3D printing
methodologies, real-world overload events possess the capability to surpass and undermine
even the most meticulously optimized designs. This finding calls into question the reliability
of such technologies in critical aerospace applications, necessitating a deeper exploration of
their practical limits and operational resilience.

Furthermore, Purton and Kourousis (2014) highlighted the importance of compliance with
military airworthiness frameworks, emphasizing how procedural discipline ensures
structural safety. The current article directly reinforces this perspective by showing, through
forensic analysis, that procedural misalignment during refueling was the root cause of the
failure. Finally, while Khalifeh (2024) argued that most failures arise from fatigue, the
current work provides a counterexample—showing how monotonic overload, though less
frequent, can be equally catastrophic.

Taken together, this study advances the field by shifting focus from engine-based fatigue
mechanisms to operationally induced overload failures in refueling assemblies. By
combining detailed metallurgical examination with operational context, it fills a critical gap
in the literature and offers actionable insights for both engineering design and personnel
training in military aviation.

The significance of the present study transcends mere academic inquiry, offering substantial
implications for flight safety, operational efficiency, and maintenance planning within the
realm of military aviation. In-flight refueling represents a pivotal capability that facilitates
prolonged missions, swift response, and strategic adaptability for air forces. A failure in the
refueling door assembly jeopardizes not only the integrity of the aircraft involved but also
undermines the success of the mission, consequently impacting the safety of both the tanker
and receiver aircraft.

Firstly, this article warrants scholarly attention as it addresses a notable gap within the
existing literature by meticulously analyzing an often overlooked yet essential structural
component. While prevailing studies predominantly focus on major systems—such as
engines, turbine blades, or primary load-bearing structures—this investigation elucidates the
significant risks posed by relatively small yet mission-critical elements, like refueling doors,
when they are disregarded.
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Secondly, the findings yield direct applicability to operational training and the refinement of
procedural protocols. By elucidating how improper alignment of the tanker boom resulted
in a monotonic overload failure, this study provides empirical recommendations for
enhancing tanker crew training and inspection procedures. This contribution not only
enriches technical analyses but also offers insights into human factors and organizational
practices that are crucial for improving aviation safety.

Thirdly, the employed methodology, which integrates macroscopic, microscopic, and
Scanning Electron Microscopy (SEM) analyses, establishes a robust framework for future
forensic investigations. This comprehensive approach can be adopted by researchers and
maintenance engineers when assessing other unforeseen failures, thereby ensuring precision
and reproducibility in their evaluations.

Fourthly, the ramifications of this research extend to considerations of fleet readiness and
financial management. Effectively preventing failures in the refueling door assembly serves
to diminish unscheduled maintenance occurrences, minimize aircraft downtime, and
alleviate the financial strain associated with the replacement of critical components. Thus,
the study possesses both economic and safety implications for military air forces and the
broader aerospace industry.

Ultimately, this article provides a foundational reference for future explorations into fatigue
resistance, design optimization, and material selection pertaining to external aircraft
assemblies. The insights gleaned from this failure analysis may motivate engineers and
manufacturers to innovate toward the design of hinges that exhibit greater resilience against
operational mishandling, while simultaneously guiding international airworthiness
authorities in the reassessment and enhancement of inspection protocols.

2. MATERIALS AND METHODS

During the investigation of the current study, a comprehensive metallurgical analysis was
conducted on the failed components of the F-16 refueling door assembly. Specimens from
the hinge were collected following the incident and subjected to various characterization
techniques, including optical microscopy and scanning electron microscopy (SEM), to
examine the fracture surface. Additionally, hardness tests were performed to evaluate the
mechanical properties of the materials used in the assembly. A detailed inspection was
carried out to identify any pre-existing conditions, such as stress concentrations or
manufacturing defects that could have contributed to the failure. All findings were
documented and analyzed to establish a clear relationship between the observed flaws and
the identified failure mode.

2.1. Fractured Refueling Door Assembly

In the end-of-flight controls of the F-16C Blok-40M Military aircraft, it has been determined
that the right edge of the hinge of the Refueling Door Assembly, which is used during the
air refueling process, allowing the Refuel to be folded inwards and which cannot be
contacted from the outside, was broken. The broken refueling door assembly was changed
to a new/serviceable refueling door assembly. Then the aircraft was put into flight. The
refueling boom (a) from KC-135 Fuel Tanker Aircraft to F16 Military Aircraft and the
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Refueling Door Assembly (b) on the fuselage of F16 Military Aircraft are illustrated in
Figure 2.

Refueling Boom

Refueling Door Assembly

Figure 2. Refueling system of F16 military aircraft: (a) refueling boom (b) refueling door
assembly (Adopted from Ref. (Dally, 2008; USAF, 2016; 1HBFM, 2023)

The broken refueling door assembly was shipped to the 1st Air Maintenance Factory
Directorate in Eskisehir City, Turkey, for failure investigation, metallurgical analysis, and
root cause determination. The broken refueling door assembly is depicted in Figure 3.

(a)

Figure 3. The broken hinge on refueling door assembly: (a) front surface (b) back surface
(IHBFM, 2023)

2.2. Investigation Methodology

To ascertain the root cause of the fracture observed in the refueling door assembly, a
thorough and multifaceted investigation methodology was meticulously employed. This
approach adhered to internationally recognized procedures for failure analysis, seamlessly
integrating both nondestructive and destructive testing techniques to ensure the reliability
and reproducibility of the results.
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The investigation commenced with a Fluorescent Penetrant Inspection (FPI), a critical
nondestructive evaluation technique that illuminated surface-connected discontinuities,
micro-cracks, and potential zones of stress concentration. This initial step was essential for
identifying preliminary damage features while preserving the integrity of the specimen.
Following this, a Binocular Stereo Microscope (BSM) was utilized to delve deeper into the
assembly’s macroscopic features, revealing intricate details such as fracture patterns, wear
marks, and traces of paint removal. This examination provided invaluable insights into the
external loading conditions and the nature of contact surfaces involved.

For an in-depth exploration of the microstructural characteristics and fracture surfaces, a
scanning electron microscope (SEM) was employed. This advanced analysis facilitated the
identification of brittle cleavage patterns, initial crack sites, and secondary crack propagation
modes, thereby enabling a comprehensive interpretation of the underlying fracture
mechanics. Moreover, an Image Analyzer (IA) was utilized to quantitatively evaluate the
morphology of the damage, measure crack lengths, and assess surface wear features,
enriching the qualitative observations gleaned from both optical and electron microscopy.

The harmonious integration of these investigative techniques ensured a robust evaluation
that captured both macroscopic and microscopic signatures of damage. By triangulating the
compelling evidence obtained from FPI, BSM, SEM, and IA examinations, the methodology
established a formidable foundation for correlating the observed fracture characteristics with
the operational conditions, particularly the significant monotonic overload attributed to the
misalignment of the refueling boom.

3. RESULTS

The investigative methodologies detailed in the preceding section were systematically
applied to the failed hinge of the F-16 refueling door assembly. The comprehensive results,
reinforced by macroscopic, microscopic, and scanning electron microscopy (SEM) analyses,
are discussed in detail below.

The failure site was localized to the right hinge of the refueling door assembly, specifically
at the connection region where bending stresses are known to be most concentrated. Visual
inspections revealed that the fracture occurred in a plane perpendicular to the hinge axis
(Figure 4). Such a fracture morphology is typical of monotonic overload conditions, where
an externally applied force exceeds the material’s tensile limit without the progressive
accumulation of fatigue damage. This finding immediately distinguishes the failure
mechanism from cyclic fatigue-induced cracks, which typically manifest as striations or
beach marks on fracture surfaces.
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Broken parts of hln_ge

{

Left hinge £

Refueling door
assembly

Right hinge cp'

Bushing

Figure 4. General images of a broken hinge (LHBFM, 2023)

In terms of identifying the surface damage characteristics, the macroscopic inspections
conducted on the affected components have unveiled several critical damage characteristics
indicative of severe mechanical distress. Notably, there is extensive removal of paint,
localized areas of crushing, evidence of rubbing, and an array of scratches concentrated
primarily on the contact surfaces, as shown in the Figure 5. These observed marks strongly
suggest that an impact-driven event occurred, resulting in sudden mechanical contact that
displaced the protective coating and caused plastic deformation of the surface asperities.

Figure 5. Damages on the contact surface of the refueling door assembly (1IHBFM, 2023)
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Furthermore, additional supporting evidence is evident in the form of cracking, localized
crushing, and the presence of multiple scratch orientations on the hinge surfaces, as
illustrated in Figure 6. These findings reinforce the hypothesis of a severe overload incident
that has caused significant structural impairment.

Figure 6. Surface damage and cracks on the broken hinge (1IHBFM, 2023)

In particular, the bushing surface of the fractured hinge reveals pronounced signs of
frictional wear accompanied by axial scratches, as shown in Figure 7. This deterioration
shows that there were abnormal lateral forces exerted during the misalignment of the
refueling boom, contributing to the overall failure of the component. This evidence
collectively points to a scenario where extreme mechanical forces led to the observed
damage, warranting further investigation and analysis to determine the underlying causes
and potential mitigation strategies.

Figure 7. Damages to the bushing surface (LHBFM, 2023)
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Scanning electron microscopy (SEM) analysis of the fracture surface reveals transgranular
cleavage facets that exhibit well-defined river patterns across the fracture plane (Fig. 8).
These river markings result from the merging of adjacent cleavage microcracks and indicate
the local direction of rapid crack propagation under high stress (Pantazopoulos, 2019). When
evaluated using Mueller’s brittle—ductile—fatigue discriminator, the observed cleavage and
river morphology—along with the absence of equiaxed dimples from microvoid coalescence
and the lack of fatigue striations—are indicative of brittle overstress caused by a high-rate,
single-event load, rather than ductile overload or cyclic damage (Mueller, 2024). Thus, this
classification aligns with an overload-driven failure event.
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Figure 8. The brittle surfaces and cleavage planes (LHBFM, 2023)

The indicators observed on the fracture surface—specifically, the distinctive cleavage facets
and intricate river patterns devoid of dimples or striations—align perfectly with the brittle-
overstress category of Mueller’s brittle/ductile/fatigue checklist (Mueller, 2024). This
classification resonates with numerous case studies that have linked failures in aircraft
components such as turbine parts to conditions of overload, particularly when fatigue
striations are absent (Park, Hwang, Choi, & Kim, 2002; Mishra, Srinivasan, Nandi, & Bhat,
2017). Additionally, it corresponds with reports that have meticulously documented
cleavage morphology occurring in scenarios of overload (Lee & Achenbach, 2016; Hou,
Wescott, & Attia, 2014).

Consequently, the hinge fracture can be best understood as a result of a monotonic overload
event rather than a gradual cyclic degradation. This interpretation is particularly fitting given
the operational context in which a misaligned boom contact exerted an instantaneous, non-
redundant load on the hinge auricle, leading to this significant failure.

The analysis of both metallurgical and mechanical evidence collectively supports the
conclusion that the fracture of the hinge was the result of an external monotonic overload,
rather than an intrinsic deficiency in the material or degradation due to fatigue. In assessing
the operational context, the most plausible scenario involves a misalignment between the
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refueling boom of the KC-135 and the door assembly of the F-16 during airborne refueling
operations. This misalignment likely resulted in an instantaneous, non-redundant load being
applied to the hinge, surpassing the designed load tolerance. Such an exceedance ultimately
led to a catastrophic failure of the hinge, highlighting the critical importance of precise
alignment in aerial refueling operations.

4. DISCUSSION

When comparing the results with existing literature, it is noteworthy that this study aligns
closely with a significant body of prior research examining overload-induced failures in
aerospace components. Numerous investigations have documented those catastrophic
structural failures, especially in high-stress and safety-critical elements, may occur not due
to fatigue-related mechanisms, but rather from sudden and extreme overload conditions. For
example, studies by (Park et al., 2002; Mishra et al., 2017) presented compelling evidence
from turbine blade failures, where the absence of classical fatigue striations (Mueller, 2024)
on the fracture surfaces indicated that overload, rather than cyclic degradation, governed the
fracture process. These studies emphasized that even components precisely engineered for
long-term cyclic loading may fail due to abrupt and unforeseen overload events under
unfavorable operational conditions.

Additional insights were provided by (Lee & Achenbach, 2016; Hou et al., 2014), who
reported that cleavage morphology—characterized by brittle, faceted surfaces and river
patterns—is a consistent microstructural feature of overload failure in jet engine
components. Their findings have been widely adopted as a diagnostic framework in forensic
metallurgy, supporting the conclusion that specific fracture surface characteristics can
reliably distinguish overload failures from those driven by fatigue. This study reinforces
these conclusions by documenting the predominance of cleavage morphology across the
fracture plane of the failed refueling door hinge, thereby confirming the overload origin of
the failure.

However, a contrasting perspective emerges from the work of (Khalifeh, 2024), which
highlights that fatigue remains the primary cause of service-induced failures in aerospace
applications, accounting for over 60% of documented cases. This statistic underscores the
pervasive nature of fatigue as a structural degradation mechanism in aerospace systems and
explains why a significant proportion of design strategies, inspection regimes, and
maintenance protocols focus primarily on fatigue prevention and early detection. Within this
context, the findings of the current study are particularly significant, as they provide a
counterexample that underscores the dangers of underestimating overload-related risks.
Although monotonic overload is comparatively less common, its occurrence can lead to
sudden, catastrophic failures that lack prior warning signs, posing equally serious threats to
flight safety and mission success.

By situating the present findings within the broader discourse on aerospace failure
mechanisms, this study contributes a nuanced perspective that highlights the need to balance
preventive strategies between fatigue-related degradation and overload-induced fractures.
The failure of the refueling door hinge illustrates that operational mishandling or procedural
misalignment—often categorized as “human error”—can induce overload conditions severe
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enough to override the inherent material resilience and structural safety margins of the
component. Consequently, this case demonstrates that structural reliability in aerospace
systems cannot be assured solely through material selection and fatigue-oriented design; it
must also integrate operational discipline, training, and procedural compliance as critical
safeguards against overload-induced failures.

This study emphasizes the critical significance of both human factors and procedural
integrity in the context of aerospace failures, particularly from an operational perspective.
Unlike material fatigue, which is a gradual process that can be detected and anticipated
through consistent inspection schedules, monotonic overload failures manifest abruptly.
This instantaneous nature affords minimal opportunity for intervention or mitigation once
the failure has begun.

As a result, the prevention of such high-stakes incidents hinges predominantly on several
key elements. First, comprehensive training programs are essential to equip personnel with
the knowledge and skills necessary to recognize and respond effectively to potential
overload situations (e.g., Crew Resource Management (CRM) training’s positive effect on
flight safety culture) (Terzioglu, 2023). Second, strict adherence to established procedures
is vital, ensuring that every action taken adheres to safety protocols in order to minimize
risk—an emphasis echoed in recent maintenance-safety scholarship linking safety outcomes
to procedural compliance within Safety Management Systems (SMS) (Tyagi, Tripathi, &
Bouarfa, 2023). Finally, maintaining real-time situational awareness during in-flight
refueling operations is imperative; this allows crew members to proactively identify and
address any anomalies that may arise, a point reinforced by recent work demonstrating that
fighter-pilot assistance concepts explicitly target situational awareness to improve air-to-air
refueling safety and performance (Ament, Lachmann, Schmelz, & Wandrey, 2024).
Addressing these human and procedural aspects is essential for enhancing the safety and
reliability of aerospace operations, particularly in high-pressure scenarios like in-flight
refueling.

The fracture location, being at the hinge’s bending stress concentration zone, highlights a
structural vulnerability. Although the hinge met all design and manufacturing standards, this
study suggests that design optimization could further enhance its resilience. Strategies may
include:

e Introducing fillets or stress-relief geometries to minimize localized stress
concentrations.

e Employing advanced materials with higher fracture toughness to withstand
accidental overloads.

e Implementing damage-tolerant design philosophies, where secondary load paths can
provide redundancy in case of localized failure.

The implementation of advanced inspection protocols, particularly those utilizing targeted
nondestructive evaluation techniques for hinges, represents a significant advancement in the
early detection of potential structural failures (Torbali et al., 2024). Techniques such as
ultrasonic phased array and high-resolution thermography can facilitate the timely
identification of incipient damage stemming from inadvertent overloads (Ma et al., 2025).
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This proactive approach to maintenance and safety is critical, especially when considered in
the context of mission readiness and flight safety (Bardis et al., 2025).

The ramifications of this research extend well beyond mere technical enhancements. For
instance, the failure of a component as seemingly inconsequential as a refueling door hinge
poses considerable risks that directly affect mission-critical operations, particularly in the
realm of in-flight refueling for military aircraft. The integrity of such components is
paramount, as any malfunction can compromise not only the aircraft’s operational
capabilities but also jeopardize the safety of both the receiver and tanker crews involved in
the complex aerial maneuver.

Further analysis of the failed hinge determined that the underlying cause of the malfunction
was a monotonic overload, a result of improper operational handling during aerial refueling
operations. This study underscores the critical intersection of operational discipline and
engineering design; the metallurgical examinations conducted provided empirical insights
that correlate with established scholarly literature. Consequently, the findings advocate for
the dual necessity of fostering stringent operational protocols alongside the exploration of
design modifications aimed at enhancing component resilience.

5. CONCLUSION

The fracture failure observed in the Refueling Door Assembly of the F-16 Military Aircraft
underwent an extensive and detailed metallurgical and mechanical evaluation. The
investigation revealed several critical findings:

e During in-flight refueling operations, the refueling boom, deployed from the KC-135
Refueling Tanker Aircraft, struck the refueling door assembly with considerable force. This
incident was attributed to improper alignment, which significantly increased the risk of
impact.

e The violent collision of the refueling boom against the refueling door assembly
resulted in a monotonic overload condition at the hinge region. This forceful impact
exceeded the structural load-bearing capacity of the component, leading to its eventual
failure.

e The hinge of the refueling door assembly experienced a catastrophic failure due to
its inability to endure the imposed overload. This failure manifested as a brittle fracture,
oriented perpendicularly to the hinge axis, illustrating the severity of the stress it was
subjected to.

e An assessment of compliance with Technical Order (T.O. TK1F-16CG-6-11)
confirmed that all F-16 aircraft underwent thorough inspections designed to ensure physical
integrity, mechanical functionality, and detection of foreign object damage in the refueling
door assembly area upon their return from missions. This adherence to established protocols
effectively mitigated the need for additional inspection measures.

To avoid similar failures in the future, operational personnel aboard the refueling tanker
aircraft have been meticulously advised and trained to adhere to strict alignment protocols.
Such diligence is essential during aerial refueling maneuvers to maintain safety and
operational efficiency.

66



Deveci, M. O., Balli, O., & Saracyakupoglu, T. (2026). Failure analysis of refueling door assembly used on F-16 military aircraft. Journal
of Aviation Research, 8(1),52-69.

These findings underscore the paramount importance of precision in alignment during aerial
refueling operations. They also highlight the necessity for continuous training of personnel
and strict compliance with established technical directives, thereby ensuring the structural
integrity and operational readiness of military aircraft systems in critical missions.

Beyond the current metallurgical analysis, future research should concentrate on
computational and experimental investigations aimed at enhancing the understanding of
mechanical behavior under off-axis loads. Future studies could involve finite element
modeling to evaluate redesign strategies for hinges under off-axis loading. These numerical
simulations can offer valuable insights into localized stress concentrations, deformation
fields, and points of failure initiation that are challenging to capture through empirical
observation alone. By developing a comprehensive finite element model that accurately
reflects the geometry, material anisotropy, and boundary conditions of the refueling door
hinge, researchers can simulate real-world impacts and misalignment scenarios. The
resulting stress-strain data could then be utilized to assess how varying hinge geometries,
wall thicknesses, and reinforcement fillets affect the overall strength and durability of the
component. Additionally, these computational findings can be integrated with empirical data
from both static and dynamic load tests to create a robust design verification process. This
approach would validate analytical models and help establish a predictive framework for
identifying potential weak points before producing physical prototypes.

In addition to modeling studies, future research initiatives could explore advanced materials
and surface treatment techniques to further enhance the hinge's resistance to accidental
overload and wear. Utilizing lightweight, high-toughness alloys—such as titanium-based or
precipitation-hardened aluminum systems—could strike an optimal balance between
strength and mass efficiency. Investigating surface engineering methods, such as shot
peening, laser shock peening, or plasma nitriding, may also improve fatigue and impact
resistance, thereby extending service life in demanding operational environments.
Furthermore, implementing real-time strain monitoring sensors within the hinge structure
could facilitate predictive maintenance, allowing for the early detection of abnormal loading
events. These innovations would collectively contribute to safer, more resilient refueling
door systems and aid in the development of next-generation military aircraft capable of
performing complex operational maneuvers with reduced structural risk.
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