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Non-destructive testing was applied to an aircraft tow hook made of forged AISI
4130 alloy steels to evaluate its structural integrity under service conditions. Five
inspection methods including magnetic particle, liquid penetrant, eddy current,
ultrasonic, and radiographic testing were applied to the same component and
correlated with finite element stress analysis. Eddy current, ultrasonic, and
radiographic methods proved ineffective due to material ferromagnetism,
complex geometry, and field equipment limitations, while liquid penetrant testing
detected surface indications but suffered from a high level of non-relevant
responses. In contrast, magnetic particle testing reliably identified a linear surface
crack approximately 13 mm long at the inner curvature near the attachment
region. Finite element analysis indicated a yield utilization of approximately 43%,

corresponding to a safety factor of about 2.3 under nominal towing loads, and
fracture-mechanics evaluation yielded a critical crack length of 19.6 mm,
indicating that the observed defect had reached about 66% of the critical value.
The strong agreement between experimental crack detection and numerical stress
predictions demonstrates the value of integrating targeted NDT with finite
element analysis and confirms magnetic particle testing as the most reliable
inspection method for forged AISI 4130 aircraft tow hooks under realistic field
conditions.

Stress analysis;
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1. Introduction

Aircraft ground handling includes towing operations in which the tow hook must safely withstand
operational forces to prevent structural failure [1]. If a tow hook fractures or fails under load, the
aircraft cannot be moved and may suffer Foreign Object Damage from debris, potentially leading to
serious incidents [2,3]. Therefore, maintaining the integrity of tow hooks through proper design,
material selection, and routine inspections is essential for flight safety [4,5]. Aviation authorities
emphasize that ground equipment like tow bars and tow hooks receive regular maintenance and
non-destructive inspections to prevent costly accidents [5,6].

Numerous studies have highlighted the importance of non-destructive testing (NDT) techniques in
the aviation industry. For instance, Ulus et al. surveyed common NDT methods used in aircraft
maintenance and showed their effectiveness in detecting surface cracks on airframe components
[7]. Demircioglu et al. focused on composites and demonstrated how methods like ultrasonic and
radiographic inspection can reveal subsurface flaws in complex materials [8]. Ibrishev et al.
emphasized that although effective NDT techniques are available for finished products, repairing
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damage that occurs during aircraft operation remains complex [9]. Broader reviews by Gupta et al.
and Rao document advances in NDT technology and applications, underscoring that timely
detection of cracks or damage can avert failures in service [10,11]. In particular, magnetic particle
and liquid penetrant inspections are noted for their success in identifying fine surface
discontinuities in steel parts [12]. Magnetic particle testing is widely used to detect surface and
near-surface cracks in ferromagnetic materials [13]. It is an essential, highly sensitive, and user-
friendly non-destructive technique for such applications [14]. On the numerical side, the Finite
Element Method (FEM) has become a powerful tool for stress analysis of mechanical and aerospace
components. Petrici et al. used FEM to obtain the stress and strain field in the towbar and the
towing system. The experimental tests validate the theoretical results obtained [15]. In the context
of vehicle and aircraft hardware, FEM-based studies have been conducted on towing assemblies
and related parts. For instance, Aftab et al. developed a numerical model for a Boeing 737 nose
landing gear to ensure its structural safety under operational loads [16]. Yadav et al. used structural
finite element analysis (FEA) to analyze the nose gear's stress behavior and displacement during
landing, as well as to assess the effect of the runway gradient [17]. More recently, Lin et al.
combined finite element simulations with experimental modal testing for a B-727 aircraft nose
landing gear, evaluating its strength and vibration performance during towing operations [18].
These works show the state-of-the-art in experimental NDT and computational analysis; however,
most studies treat these approaches separately. There is a research gap in integrating multiple NDT
methods with FEM for the same component to cross-verify findings. While some attempts at
validation of experimental results with modelling exist in other fields [19], in aerospace
components such combined studies are scarce. This gap is critical: a unified approach could
improve defect detection and structural assessment by leveraging the strengths of both NDT and
FEM.

In light of the above, the present work provides an integrated evaluation of an aircraft tow hook
using five different NDT techniques in conjunction with finite element stress analysis. This dual
approach is novel, as previous literature has not extensively reported correlating NDT findings with
FEM predictions for towing hardware. By comparing experimental NDT results with simulation,
the study identifies critical stress regions and verifies whether detected discontinuities align with
high-stress zones - an important cross-check that enhances confidence in the findings. Unlike prior
works that might focus only on a single NDT method or purely on analysis, this study uses a
comprehensive suite (magnetic particle, liquid penetrant, eddy current, ultrasonic, and
radiographic testing) on the same component, providing a broad assessment of each method’s
effectiveness. The key outcomes, including the superior crack-detection capability of magnetic
particle testing and the FEM-calculated safety factor of the tow hook, fill the knowledge gap by
demonstrating how numerical simulation can validate and complement NDT in identifying
potential failure points. In comparison to similar studies, our results show agreement in general
trends (e.g., known sensitivity of magnetic particle tests [13]) but also highlight where certain
methods (ultrasonic, radiography) may fall short on complex geometries — a nuance not thoroughly
documented before for tow hooks. The scientific contribution of this work lies in this holistic
inspection methodology. It provides aviation maintenance engineers with a validated inspection
strategy: focusing on the most sensitive NDT method for the given material and geometry, and
using FEM as a diagnostic tool to interpret and reinforce the experimental observations. Ultimately,
the findings of this study can contribute to the development of more reliable tow hook inspection
routines and inform design improvements, thereby enhancing safety margins and reducing the risk
of towing-related incidents.

2. Materials and Methodology

2.1 Material Properties

Forged components made of AISI 4130 alloy steel are widely used in the oil and gas, aerospace,
agricultural, and defense industries, where reliable strength and toughness are required. Typical
applications include forged valve bodies, pumps, and other medium- to low-stress structural parts.
Fig. 1 shows the aircraft tow hook examined in this study, which was manufactured from AISI 4130
steel by hot forging at approximately 1000 °C. After forging, the hooks were oil-quenched from 850
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°C and subsequently double-tempered at 560 °C and 530 °C, respectively, to achieve a balanced
combination of strength and ductility.

Fig. 1. Aircraft tow hook

The typical mechanical properties of the heat-treated AISI 4130 alloy steel used in this study are
presented in Table 1.

Table 1. Mechanical properties of AISI 4130 steel [20,21]

Property Value Unit

Yield strength 630 MPa

Ultimate tensile strength 800 MPa

Hardness 380 HV

Young’s modulus 205 GPa
Poisson’s ratio 0.29 -

Density 7.85 g/cm?
Fracture toughness 75 MPa-m1/2

According to Linear Elastic Fracture Mechanics (LEFM), the critical crack length for AISI 4130 can
be determined using Eq (1) [22].

1 (Kic\* 1
K1=YO'\/T[G,:>G,C=E<E) ()

where, K: Stress intensity factor, o: Applied normal stress, a: Crack length, Y: Geometry factor, a.:
Critical crack length, K;¢: Fracture toughness

For a conservative estimation, the crack observed on the tow hook can be assumed to behave as an
edge or surface crack in a wide plate. Under this assumption, the geometry factor Yis taken as 1.12.
For the maximum stress of 270 MPa obtained in this study, the corresponding critical crack length
is calculated to be 19.6 mm. To account for uncertainty in crack geometry and depth, a brief
sensitivity consideration was conducted by varying the geometry factor within a reasonable range
(Y = 1.0-1.25), consistent with shallow-to-moderate surface crack configurations reported in the
literature. This variation yields a critical crack length range of approximately 17.5-22 mm. Within
this range, the experimentally observed crack length of approximately 13 mm corresponds to about
60-75% of the critical value, confirming that the crack has progressed significantly toward
instability even under conservative assumptions.

It should be noted that magnetic particle inspection provides reliable information on surface crack
length, while the crack depth and exact crack shape cannot be directly determined using this
method. Therefore, the fracture-mechanics evaluation presented here is intended as a screening-
level assessment, based on a conservative surface-crack assumption. The objective of this analysis
is not to predict the exact remaining life, but to evaluate whether the detected crack length
approaches a critical threshold under nominal towing loads.
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2.2. Research Methodology

The methodology combines standardized non-destructive testing (NDT) on the actual part with
finite element method (FEM) on a geometrically accurate model under towing loads. After
material /property confirmation (Table 1), five NDT methods were applied per Table 2, then results
were compared with ANSYS-based stress/deformation maps to confirm whether indications align
with predicted hot-spots. Using complementary methods mitigates false negatives from any single
technique; FEM supplies a physics-based expectation of crack-prone zones to guide interpretation
and future inspections. The brands and models of the test devices used in this study and the
standards followed for each test are summarized in Table 2.

Table 2. Testing devices and relevant standards

Non-destructive

. Standards Test device brand and model
testing method
Magnetic particle 150 9934_1/2?;’4122 3059, ASTM- Magnaflux ZA-1633
Ultrasonic ISO 17640, 16809, EN 12668-1 Eddyfi Panther 2/Mantis/Cypher
Liquid penetrant [SO 3452-1, 1SO 3059 Magnaflux ZA-28/37/915
Radiographic ISO 17636-1/2,19232 TroyMet
Eddy current ISO 17643 Olympus ECT systems

2.2.1 Eddy Current Testing

Eddy current testing was performed using a surface probe with a differential ferrite core in
accordance with ISO 17643. 100 kHz was selected as the nominal operating frequency due to the
ferromagnetic nature of AISI 4130 steel. Under typical inspection conditions, DC pre-magnetization
is applied to stabilize magnetic permeability and improve signal-to-noise ratio; however, the
required equipment was not available in the present study, and the inspection was therefore
conducted without pre-magnetization. Calibration was performed using an AISI 4130 reference
block containing 0.5, 1.0, and 2.0 mm electrical-discharge machining notches, and the amplitude
and phase responses were verified across the frequency sweep. This configuration was selected
due to known limitations of eddy current testing in ferromagnetic steels.

2.2.2 Ultrasonic Testing

Ultrasonic testing was performed under the best achievable field conditions permitted by the
available equipment. Ultrasonic testing was conducted using a portable flaw detector equipped
with a 5 MHz straight-beam longitudinal-wave contact probe with a 10 mm active diameter.
Calibration was performed on a steel reference block containing side-drilled holes in accordance
with ISO 17640 and EN 12668-1. A glycerin-based couplant was applied to ensure acoustic
coupling, and the inspection gate was set from the surface echo to a sound-path depth of 60 mm.

Despite proper calibration and parameter control, the complex curved geometry and variable
cross-section of the forged tow hook caused beam distortion, multiple internal reflections, and poor
signal-to-noise ratio. Advanced ultrasonic configurations such as phased-array, immersion testing,
or custom angle-beam wedges were not available at the test facility. Under these practical
conditions, conventional straight-beam ultrasonic testing did not yield interpretable flaw
indications and was therefore deemed unsuitable for reliable inspection of this component.

2.2.3 Radiographic Testing

Radiographic inspection was performed in accordance with I[SO 17636-1:2021 (film technique for
metallic materials) and ISO 19232 (1QI classification). The TroyMet industrial X-ray unit (tungsten
target, constant potential) was operated at the parameters with their values are shown in Table 3.

The film type used in the radiographic test was AGFA D7 (Class C, medium-speed, EN 584-1), used
together with 0.03-mm lead intensifying screens placed on both the front and back sides.
Processing was performed under red-safe light using manual developer and fixer cycles, including
5 minutes of development, followed by fixing, washing, and drying. A Type 2 1SO 19232-1 IQI (wire
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type, Fe) was placed on the source side; the smallest visible wire was No. 10 (1.0 mm), giving a
basic IQI sensitivity of 2 %. The processed film is then examined on a light inspection panel.

Table 3. Values of parameters for radiographic testing

Parameters Current Duration Voltage Apphcatlon Foca.l-spot
Distance size
Test Values 4 mA 90 s 200 kV 915 mm 2 mm

2.2.4 Liquid Penetrant Testing

Fluorescent penetrant inspection was conducted in accordance with ISO 3452-1:2021 and ISO
3059. A post-emulsifiable fluorescent penetrant system comprising Magnaflux ZL-37 penetrant,
ZE-4B emulsifier, and ZP-9F non-aqueous wet developer was used. Prior to testing, the surface was
cleaned with the SKC-S solvent cleaner and air-dried. The penetrant was applied and allowed to
dwell for 20 + 2 minutes at 22 * 3 °C. Excess penetrant was removed by post-emulsification for 60
seconds, followed by rinsing with a low-pressure water spray (< 0.35 MPa, 25-40 °C). The
component was then dried using hot air at 50 # 5 °C for 5 minutes. The developer was subsequently
applied to achieve a coating thickness of 0.02-0.05 mm, and a developer dwell time of 10 minutes
was observed. Inspection was performed under UV-A illumination at 365 nm with an intensity
greater than 1000 pW/cm? at a distance of 38 cm, while ensuring that ambient white-light levels
remained below 20 Ix, as specified in ISO 3059. System sensitivity was verified using a Type 1 NiCr
cracked reference panel (JIS K C-1 equivalent) before examination.

2.2.5 Magnetic Particle Testing

Magnetic particle testing was selected due to its high sensitivity to surface and near-surface
discontinuities in ferromagnetic steels. Following the previous four tests, a magnetic particle test
was performed, the method recommended by the manufacturer.

Prior to testing, the hook was thoroughly cleaned to remove all grease and contaminants. The main
purpose of this cleaning was to prevent any residual substances from concealing potential
discontinuities. It was then positioned within a device equipped with a five-turn coil (Fig. 2).

Fig. 2. Aircraft tow hook sample washing with magnetic particle testing solution

Magnetic particle inspection was performed according to ASTM E1444/E1444M-25 and ISO 9934-
1/-3 using a Magnaflux ZA-1633 wet horizontal bench unit. The tow hook was magnetized
circularly by-passing current through a five-turn coil, inducing circumferential fields across the
hook section. ASTM-E1444 refers to ASTM-E709-21 for calculation. The magnetizing current was
calculated utilizing Eq (2) [23].
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K
~L/D

Where, N: Number of turns in the coil, I: Coil current to be used, K: Empirically derived constant, L:
Part length, D: Part diameter, NI: Ampere-turns.

NI (2)

The calculation is provided to document compliance with ASTM E1444 requirements; it does not
represent a parametric optimization but ensures adequate magnetization under field conditions. K
values in Eq. (2) have three options as presented in Table 4. The ampere-turns and ampere values
generated for N=5 and length-to-diameter ratio (L/D) of 5. The tow hook cross-section is <0.1 of
the coil area (Table 4, Option 1), so the highest K ensures adequate field strength and flaw visibility;
lower K values are intended for larger parts occupying more of the coil.

Table 4. K values related to part cross-sectional area and coil cross-section

Option  Part cross-sectional area K value NI 1
1 < 0.1 of coil cross-section 45000 9000 1800
5 (>01 and<0.5) of coil 43000 8600 1720
cross-section
3 < 0.5 of coil cross-section 35000 7000 1400

A fluorescent wet suspension (Magnaflux 14A in Carrier I oil) was used at 1.2 g/L + 0.2 g/L particle
concentration, verified daily with a centrifuge tube test per ISO 9934-2. The bath was continuously
agitated and maintained at 25 * 3 °C. Field adequacy was confirmed using Type QQI shims
(Quantitative Quality Indicators, 0.004 in) placed on flat zones of the hook and with a digital
gaussmeter, verifying surface field strength between 2.0-3.5 mT (20-35 G) at magnetization.

Fluorescent inspection was conducted in a darkroom with UV-A intensity > 1000 yW cm ™2 at 38 cm
and ambient white light < 20 Ix, complying with ISO 3059. After inspection, the tow hook was
demagnetized by gradually reducing AC coil current from 1800 A to 0 A while moving the part
axially through the field. Residual magnetism was checked (< 0.5 G) with a gaussmeter before re-
oiling the surface.

2.2.6 Towing Force

During aircraft towing, the tow bar exerts a horizontal force on the tow hook that must overcome
the rolling resistance of the aircraft. To estimate this towing force, the resistance was modeled
using friction coefficients corresponding to different ground surfaces. Typical friction coefficients
(w) for runways are given in Table 5.

Table 5. Friction coefficients of different materials [24,25]

Material Friction coefficient ()
Concrete runway 0.02-0.05
Asphalt runway 0.03-0.06
Grass/soil 0.1-0.2

During towing, aircraft weight and fuel load are critical; heavier loads and excessive towing speed
increase the risk of accidents. Safe towing requires controlled speed and adherence to FAA
guidelines [4]. The General Dynamics F-16 Fighting Falcon was considered in full configuration
[26]. Standard ground-handling procedures recommend that the towing speed does not exceed
approximately 10 km/h. Under such controlled conditions, towing is performed in a quasi-steady
manner, and sudden acceleration or deceleration events are intentionally avoided. Consequently,
the forces associated with starting and stopping were neglected in the present analysis. Assuming
a constant towing velocity, dynamic inertial effects were not considered, and at these low operating
speeds aerodynamic drag forces are negligible. Similar assumptions have been reported by Lin and
Yang (2024), who analyzed commercial aircraft nose landing gear under towing (taxi-out)
conditions and concluded that, for towing speeds on the order of 10 km/h, the influence of dynamic
effects is negligible [18].
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Nevertheless, it is acknowledged that real towing operations may involve minor transient effects
such as gentle braking, turning maneuvers, small impacts, or slight misalignment between the tow
bar and the aircraft. These effects may cause short-term load amplification beyond the nominal
straight-tow condition considered here. From an engineering assessment perspective, the static
towing force adopted in this study should be interpreted as a conservative baseline load, suitable
for assessing structural robustness and correlating experimentally observed damage with
numerically predicted stress concentrations.

The aircraft being serviced via the tow hook was analyzed in two weight configurations: empty
(basic operating weight) and fuel-loaded (maximum taxi weight). The parameters used in the
towing-force calculations are presented in Table 6, and all computations were performed assuming
an asphalt surface. The angular position (8) between tow hook and ground is illustrated in Fig. 3.

Table 6. Parameters of towing force calculations

Parameter Value
Empty aircraft mass (m) 12,473 kg
Fuel-loaded aircraft mass (m) 19,187 kg
Average friction coefficient of asphalt runway (u) 0.04

Aeroplane

Hook

Fig. 3. Angular position of tow hook relative to ground

2.2.7 Numerical Analysis

The finite element analysis was conducted using ANSYS Mechanical. Boundary conditions were
defined with fixed supports at the connection points and applied towing loads in the forward
direction. Although the tow hook is mechanically connected through a pin-clevis joint, complete
rotational freedom is not realized in practice due to contact friction, load-induced constraint, and
manufacturing tolerances. To evaluate the influence of this modeling assumption and to avoid bias
associated with an arbitrary boundary definition, a simplified parametric comparison was
conducted between a fully fixed support and a rotationally released support condition. The fixed
support produced stress values approximately 10-15% higher than the released case at the critical
region. Therefore, the fixed boundary condition adopted in this study represents a conservative
upper-bound estimate of stress, ensuring that the reported results do not underestimate the
structural demand and improving the reproducibility of the analysis under realistic field
conditions. Load magnitudes were calculated based on aircraft weight conditions (empty and fuel-
loaded).

According to Fig. 4, the mesh was refined up to approximately 700,000 elements, after which the
maximum equivalent stress stabilized at around 160 MPa, indicating that further mesh refinement
had a negligible effect on the stress results. In the structural analysis of the tow hook, a three-
dimensional mesh model consisting entirely of tetrahedral elements was generated using the finite
element method (FEM). Tetrahedral elements are widely preferred in such analyses due to their
high adaptability to complex geometries and compatibility with automatic meshing algorithms.
During the modelling process, a high-resolution mesh was constructed, and the geometric quality
of each element was evaluated using the element quality parameter. Element quality, which
represents the overall distortion of an element relative to its ideal finite element shape, is a critical
indicator of mesh performance and has a significant influence on the accuracy and stability of
numerical solutions.

The mesh quality analysis revealed that the element quality values ranged between 0.2132 and 1,
as shown in Fig. 5. The majority of the elements exhibited quality values between 0.4 and 0.7,
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indicating that the overall mesh maintained an acceptable level of accuracy for numerical
computation. Locally lower element quality values (approaching 0.2) were observed in the regions
with complex geometry and tight curvature, particularly near the inner fillets and hook transitions.
Although these areas may slightly reduce local solution accuracy due to geometric complexity, the
limited extent of such elements ensures that the global model accuracy remains within acceptable
limits.

180

160

= = =
o N B
o o o
T T T

Maximum Equivalent Stress (MPa)
o
5]

60
0.3 0.4 0.5 0.6 0.7 0.8 0.9
Number of Elements (million)

Fig. 4. Mesh convergence study

Visual evaluations based on color contour maps (Fig. 5) clearly demonstrated the spatial
distribution of element quality. In the mesh quality plot, blue and green zones represent elements
with high quality values (0.6-0.9), which dominate most regions of the model. Conversely, yellow
to red zones, indicating lower element quality (below 0.4), were confined to limited areas, mainly
around the inner fillets and sharp curvature transitions. This distribution confirms that the overall
mesh exhibits high numerical quality with well-shaped tetrahedral elements. Particularly at load
application points and structurally critical regions, the element transitions were smooth,
minimizing geometric distortion and improving both the stability and accuracy of the analysis
results.

Mesh
Element Quality

1 Max
091258
0,82515
073773
0,65031
0,56289
0,47547
0,38805
030063
0,2132 Min

Fig. 5. Distribution of element quality values of tow hook
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In conclusion, the tetrahedral mesh structure applied in the structural analysis of the tow hook, a
geometrically complex mechanical component, provides both numerical accuracy and engineering
reliability. The homogeneous distribution of element quality values and the low distortion levels in
critical regions demonstrate that the mesh employed offers an effective and robust basis for FEM-
based structural analysis. Fig. 6. illustrates the research methodology, including material
characterization, application of five NDT methods on the tow hook, analysis of NDT results, finite
element simulation of the tow hook under towing loads, and correlation of the experimental and
numerical findings. It provides a visual overview of all steps in this methodology, from initial
inspections to final analysis.

Material Selection and
Characterization

— — /

Non-Destructive Testing
(5 Methods as per Standarts)

s ]

Data Analysis of NDT
Results

4

|

Finite Element Simulation
of Tow Hook

— — =

E v

Correlation of NDT & FEM
Results and Conclusion

-_—

N

Fig. 6. The research methodology

3. Results and Discussion
3.1. Results

A total of five different tests were performed to investigate the damage analysis of the tow hook.
The findings from these tests yielded highly informative results. Reviewing the outcomes of each
test individually provides valuable insight.

3.1.1 Eddy Current Test

The tested tow hook is ferromagnetic in nature. Compared to non-ferromagnetic materials, the
magnetic permeability of ferromagnetic materials varies depending on their internal position,
which may adversely affect the signal-to-noise ratio. It is widely accepted that the use of a DC
magnetization technique-where magnetization is partially or fully directed in one orientation-in
combination with eddy current testing ensures reliable inspection [27]. This necessitates that the
material reaches magnetic saturation before testing [28]. However, while this may appear effective
theoretically, it is rarely preferred in practice. This is primarily because, even if the material is
brought to magnetic saturation, its residual magnetism is short-lived and easily influenced by even
minor magnetic fields. For instance, the Earth’s magnetic field itself can have an impact on the
material. As the testing facility lacked the equipment required for pre-magnetization, the eddy
current test was performed without this step. No interpretable eddy current indications were
obtained under the available inspection conditions.
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3.1.2 Ultrasonic Test

Preliminary visual inspection indicated that the complex curved geometry and uneven surface
condition of the tow hook posed challenges for reliable ultrasonic inspection using conventional
straight-beam techniques. In stressed metallic components, ultrasonic wave propagation may
exhibit non-linear behavior due to interactions with dislocation structures, leading to waveform
distortion and degraded echo interpretation [29].
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Fig. 7. Ultrasonic A-scan showing geometry-induced reflections and low signal-to-noise ratio
(estimated SNR = 3-4 dB)

As illustrated in Fig. 7, the ultrasonic A-scan is characterized by multiple overlapping reflections,
with the back-wall echo amplitude comparable to the background noise level. The signal-to-noise
ratio (SNR), estimated by comparing the peak back-wall echo amplitude to the mean background
noise within the inspection gate, did not exceed approximately 3-4 dB across multiple probe
positions. This value is below the commonly accepted threshold (=6 dB) required for reliable flaw
detection in conventional ultrasonic testing. Reflections from internal curvature further
overlapped with back-wall echoes, preventing definition of a meaningful detection limit;
consequently, the effective minimum detectable flaw size was conservatively assumed to exceed
3-4 mm for surface-connected discontinuities.

Ultrasonic inspection performance is strongly influenced by the compatibility between probe size,
geometry, and the inspected material [30], and the technique exhibits limited sensitivity to surface-
connected flaws when used as a standalone method [31]. Despite proper calibration, controlled
couplant application, and optimized gate settings in accordance with relevant standards, the
recorded signals were dominated by geometry-induced mode conversions and surface-scatter
noise. Under these practical field conditions, conventional single-element straight-beam ultrasonic
testing did not yield interpretable indications and was therefore deemed unsuitable for reliable
inspection of the examined tow hook in the absence of advanced phased-array or immersion-based
configurations.

3.1.3 Radiographic Test

As illustrated in Fig. 9, no interpretable discontinuities were identified on the radiographic film
obtained under the applied exposure conditions. At an operating voltage of 200 kV, X-ray
penetration through the 22 mm thick quenched-and-tempered AISI 4130 steel approaches the
upper limit of Class C film radiography. Even at maximum voltage, the resulting film density
gradient remained low, with a mean optical density of approximately 1.4 + 0.2.

Scatter radiation and geometric unsharpness, estimated to be approximately 1.8 mm at a source-
to-film distance of 915 mm, further reduced image contrast and masked potential small planar
flaws. Based on the applied exposure parameters (200 kV, AGFA D7 Class C film, and ISO wire-type

10
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1QI), the achieved basic image quality indicator sensitivity was approximately 2%, corresponding
to a minimum detectable thickness variation of about 0.4-0.5 mm in a 22 mm steel section. Under
these conditions, planar cracks with an opening width below approximately 1.0 mm are considered
undetectable.

Fig. 8. Radiographic image of the aircraft tow hook

The absence of visible flaw indications in Fig. 9 is therefore attributed to the combined effects of
material thickness, high density, and complex overlapping geometry, rather than insufficient
inspection execution. Reliable crack detection for this component would require either higher-
energy radiation sources (= 1 MeV X-ray or Co-60/Ir-192 y-ray) or digital radiography with
enhanced contrast resolution, which were not available under the present field conditions.

3.1.4 Liquid Penetrant Test

As shown in Fig. 10, fluorescent penetrant testing revealed both relevant and non-relevant surface
indications on the forged tow hook. Linear or rounded indications conforming to ISO 23277 Level
2 criteria were classified as relevant, while isolated fluorescence below 1 mm and diffuse
background responses were disregarded. Surface roughness associated with the forging process
produced scattered fluorescence, which limited interpretability despite careful surface
preparation. To mitigate this effect, oxide scale was removed by light abrasive polishing, post-wash
pressure was reduced to prevent penetrant retention in surface pores, and an etched control
coupon was processed concurrently to monitor background intensity. Nevertheless, diffuse non-
relevant indications remained present.

Fig. 9. Observed discontinuities after liquid penetrant testing

Quantitative evaluation showed an average false-indication density of approximately 6-8 non-
relevant indications per 100 cm? outside the stress-critical regions, primarily associated with
surface roughness and forging marks. In contrast, relevant linear indications were sparse and
localized. This resulted in a low signal-to-background ratio, demonstrating that while fluorescent
penetrant testing is sensitive to surface-connected discontinuities, its reliability is strongly
dependent on surface finishing quality for forged steel components.

11
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3.1.5 Magnetic Particle Test

Prior to inspection, a gaussmeter check confirmed the absence of residual magnetic field. The tow
hook was then positioned within the test coil, and a current of 1,800 A was applied to induce
magnetization, while a fluorescent magnetic particle suspension was uniformly applied. Adequate
magnetization was verified by post-test gaussmeter readings, and inspection was conducted in a
darkroom under UV-A illumination.

As illustrated in Fig. 11, a distinct linear indication with a measured length of approximately 13 mm
was detected on the inner curvature near the attachment lug. The indication was documented using
a calibrated scale and a 10 mm reference grid and exceeded ISO 23278 Level 2 acceptance criteria
for critical hardware, leading to its classification as rejectable.

Fig. 10. Component inspected after magnetic particle test

No comparable linear indications were observed outside the stress-critical region predicted by the
finite element analysis, indicating a low false-indication density. The indication was resolved with
high contrast relative to the background particle distribution, resulting in a high signal-to-
background ratio and confirming the superior sensitivity and specificity of magnetic particle
testing for this component.

3.2. Discussion
3.2.1 Towing Force

During aircraft towing, the positioning and angle of the tow hook relative to the aircraft are of
critical importance. The positioning directly affects the applied forces; incorrect alignment may
shorten the service life of the component, cause material fatigue, or lead to undesired cracks and
fractures. In the present scenario, the effects of the aircraft being either fuel-loaded or empty were
evaluated in conjunction with the angular positioning of the hook. In practice, the angle between
the two hook and ground ranges from 0° to 20°. Table 7 presents the calculated towing force values.

Table 7. Towing force values with ground angle 6

Tow hook angle, 6 0° 10° 20°

Towing f [kN] Empty 49 498 5.21
owing force

& Fuel-loaded 7.53 7.65 8.01

3.2.2 Deformation and Stress

The analysis results included total deformation, maximum principal stress, and von Mises stress
distributions. Total deformation analysis demonstrates the vertical displacement resulting from
the applied force. Fig. 11 indicates the region experiencing maximum deformation (red)
corresponding to the highest stress concentration. Areas experiencing minimal deformation are
indicated in blue. The affected regions remain consistent across all angular variations. The
distribution of maximum principal stress obtained from the finite element analysis is shown in Fig.
12. The transition from blue to green towards red corresponds to increasing stress levels.
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B: Static Structural
Total Deformation
Type: Total Deformation
Unit: mm

Time: 1s

0,09801 Max
0,08712
0,07623
0,06534
0,05445
0,04356
0,03267
0,02178
0,01089

0 Min

Fig. 11. Total deformation

B: Static Structural

Maximum Principal Stress
Type: Maximum Principal Stress
Unit: MPa

Time: 1s

270,56 Max
234,54
198,53
162,51

126,5

90,481
54,465
18,449
-17,568
-53,584 Min

Fig. 12. Distribution of maximum principal stress in the aircraft tow hook under nominal
towing loads

B: Static Structural

Equivalent Stress

Type: Equivalent (von-Mises) Stres:
Unit: MPa

Time: 1s

158,46 Max
140,85
123,24
105,64
88,032
70,425
52,819
35,213
17,606
0 Min

Fig. 13. Equivalent von mises stress
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The identified high-stress regions correlate strongly with the cracks observed during non-
destructive inspection, further supporting the structural assessment. For all angular variations, the
analysis consistently revealed a localized high-stress concentration in the same region, indicating
a potential failure zone. To quantify the stress level relative to material strength, a yield utilization
ratio (UR) was defined as the ratio of the maximum principal stress obtained from the finite
element analysis (Omax) to the material yield strength (oy), i.e., UR = 0max / 0y. The corresponding
safety factor was calculated as its reciprocal (SF = 6y / Omax)-

The finite element analysis yielded a maximum principal stress of approximately 270 MPa,
corresponding to a yield utilization ratio of UR = 0.43 and a safety factor of approximately 2.3.
Equivalent von mises stress analysis (Fig. 13) shows that stress is highest at the connection (end)
section of the tow hook and lowest in the blue-colored regions. This aligns with the results obtained
from the tests-particularly the indications observed in the liquid penetrant test (Fig. 9) and the
distinct discontinuities revealed in the magnetic particle test (Fig. 10). The analysis confirms that
the connection areas are the most susceptible to cracking or fracture.

3.2.3 Limitations of Non-Destructive Testing Methods

Several non-destructive testing methods, including eddy current, ultrasonic, and radiographic
inspection, did not yield reliable flaw detection for the examined tow hook due to the combined
effects of material properties, complex geometry, and practical equipment constraints. These
outcomes emphasize that the effectiveness of an NDT method is highly dependent on its
compatibility with the component geometry and available inspection configurations.

In particular, the limitations observed in ultrasonic testing did not arise from inadequate
parameter control or non-compliance with standards, but from the inherent mismatch between the
curved geometry of the tow hook and the conventional straight-beam UT setup employed. This
clarification reconciles the controlled experimental methodology with the inconclusive inspection
results.

3.2.4 Crack Criticality and Safety Margin Assessment

The fracture-mechanics assessment provides an important context for interpreting the detected
magnetic particle indication. Given that crack depth information is not available from magnetic
particle inspection, the present fracture-mechanics evaluation should be interpreted as a
conservative screening tool rather than a detailed life-prediction model. From an engineering
maintenance perspective, this level of assessment is sufficient to determine whether a detected
surface crack has approached a critical condition requiring rejection or repair. More detailed crack-
shape-dependent analyses would require advanced inspection techniques, which were beyond the
scope of the present field-based study. Assuming a surface crack geometry with a geometry factor
Y = 1.12, the critical crack length corresponding to the maximum principal stress of 270 MPa was
calculated as 19.6 mm. The experimentally observed crack length of approximately 13 mm
therefore corresponds to about 66% of the critical crack length under static towing conditions.

This comparison indicates that the detected crack has not yet reached the critical size for unstable
fracture but has significantly reduced the remaining safety margin. A +10% variation in the
geometry factor (Y = 1.0-1.25) results in a critical crack length range of approximately 17.5-22
mm, which still places the observed crack within 60-75% of the critical threshold. From an
engineering perspective, this proximity highlights the necessity of immediate rejection or repair,
as further crack growth under cyclic towing loads could rapidly lead to fracture.

Although the global safety factor remains acceptable (SF = 2.3), the corresponding yield utilization
indicates that local crack growth can significantly reduce the remaining safety margin well before
yielding occurs. The combined FEM stress analysis and fracture-mechanics evaluation therefore
demonstrate that the tow hook operates with an acceptable global safety factor under nominal
loading, while local crack growth can critically compromise structural integrity.
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4. Conclusion

This study presented an integrated structural integrity assessment of an aircraft tow hook by
combining multiple non-destructive testing techniques with finite element stress analysis and
fracture-mechanics-based evaluation. Rather than focusing solely on defect detection, the work
aimed to clarify the capabilities and limitations of commonly applied inspection methods when
used on a forged, geometrically complex aerospace component operating under service-relevant
loads.

Among the investigated inspection techniques, magnetic particle testing demonstrated the highest
effectiveness in identifying surface-connected defects at critical locations. In contrast, eddy current,
ultrasonic, and radiographic inspections were shown to be inherently limited by the component
geometry, material characteristics, and available field configurations. Importantly, these
limitations did not arise from inadequate test execution or parameter control, but from a
fundamental incompatibility between the inspection methods and the physical characteristics of
the tow hook. This distinction underscores the necessity of method selection based on component-
specific constraints rather than generalized inspection capability.

The finite element analysis revealed a consistent high-stress concentration in the same region
where the relevant magnetic particle indication was detected, confirming the structural relevance
of the observed defect. Although the tow hook exhibits an acceptable global safety factor under
nominal towing loads, the associated yield utilization highlights that stress-based margins alone do
not fully capture the risk posed by localized damage. The fracture-mechanics-based assessment
provided essential context by demonstrating that the detected surface crack occupies a substantial
fraction of the critical crack size for unstable fracture, indicating that local damage can significantly
erode the remaining safety margin well before yielding occurs.

From an engineering and maintenance perspective, these findings emphasize that reliance on
global safety factors or nominal stress criteria may lead to non-conservative conclusions for towing
hardware subjected to cyclic service conditions. The integration of magnetic particle inspection
with finite element stress analysis and crack-criticality evaluation enables a more realistic
assessment of serviceability and supports timely rejection or repair decisions before catastrophic
failure. The fracture-based crack assessment presented in this study represents a conservative,
inspection-driven screening approach, intended to support maintenance decision-making rather
than detailed crack-growth prediction. Beyond the specific case of the tow hook, the methodology
presented in this study is applicable to other forged aerospace components with complex
geometry, where local damage mechanisms may govern structural integrity despite apparently
adequate global design margins.
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