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Abstract: Modern structures are designed to withstand in-service loads over a broad frequency
spectrum. Nonetheless, mechanical properties in numerical codes are assumed to be frequency-
independent to simplify calculations or due to a lack of experimental data, and this approach could
lead to overdesign or failures. This study aims to quantify the frequency effects in the fatigue appli-
cations of a bi-material adhesive joint through analytical, numerical, and experimental procedures.
Analytical and finite element models allowed the specimen design, whereas the frequency effects
were investigated through a conventional servo-hydraulic apparatus at 5, 25, and 50 Hz and with
an ultrasonic fatigue testing machine at 20 kHz. Experimentally, the fatigue life increases with
the applied test frequency. Run-out stress data at 109 cycles follow the same trend: at 25 Hz and
50 Hz, the run-out data were found at 10 MPa, increasing to 15 MPa at 20 kHz. The P–S–N curves
showed that frequency effects have a minor impact on the experimental variability and that standard
deviation values lie in the range of 0.3038–0.7691 between 5 Hz and 20 kHz. Finally, the trend of
fatigue strengths at 2·106 cycles with the applied loading frequency for selected probability levels
was estimated.

Keywords: frequency rate effect; very high cycle fatigue; high cycle fatigue; adhesive joints; stress
singularity; finite elements

1. Introduction

In many engineering fields, complex mechanical structures are required to withstand
fluctuating loads over a broad frequency spectrum during nominal working conditions.
Such loads are typically non-stationary, and detailed investigations based on response
spectra [1] are performed during the development of components to assess their perfor-
mance [2,3].

For example, mechanical systems in the aerospace industry are designed to sustain
launch loads that are ascribable to quasi-statics events (i.e., ≈0 Hz), sinusoidal excitations
(i.e., 5–100 Hz), mechanical random vibrations (i.e., 20–2000 Hz), acoustic pressure loads
(i.e., 20–8000 Hz), and shocks (i.e., 100–10,000 Hz) [4]. Dedicated structural analyses are thus
performed in advance during the design, qualification, and acceptance campaign to assess
and confirm that the system can comply with the frequency spectrum of interest. In the
meanwhile, structures are required to demonstrate their safe-life or fail-safe performances
to avoid jeopardizing the structural integrity [5,6].

In this context, the design phase is usually approached using numerical tools, such as
finite element (FE) analyses, where the analyst in charge of executing simulations translates
the physical model into a numerical description. In this context, to simplify calculations or
due to a lack of experimental data, designers tend to assume constant and load/frequency-
independent material properties within the simulation environment. While this hypothesis
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could be considered valid for some metals [7] or non-critical equipment, to consider material
properties in this way could be dangerous for high-performance structures. These types of
structures are usually produced with engineered materials, such as composites or adhesives,
that can be sensitive to the nature of loads, such as thermal loads [8,9], impact loads [10],
and strain rate-dependent loads [11,12], the load direction [13], and the applied loading
frequency [14,15].

With a particular emphasis on adhesives, such materials have become even more pop-
ular in current engineering products for joining different materials (e.g., metal–composites,
metal–glass, ceramic–composites, . . . ) [16]. Indeed, adhesives allow a smoother stress
distribution along the bonding area compared to conventional joining technologies [17]
and, at the same time, are efficient for mass-saving purposes and repair applications.

The specific nature of adhesives has been recognized as being particularly responsive
to dynamic excitations in terms of damages and reductions in material properties, and such
effects were mainly attributable to the applied loading frequency and mode shapes [18].
Recently, research has highlighted that, under vibration loads, both the absorbed energy and
the ultimate load sustained by the adhesive layer decrease as the applied number of cycles
increases [19]. Under multiple frequencies of excitation fatigue loads, a relevant degradation
of modal properties as the fatigue cycles increase [20] has been observed depending on
the adhesive type. Mechanical strengths were found to be highly subjected to vibration
loads, and experimental results demonstrated a complex interaction between the adhesive
layer and the substrate [21]. Specifically, certain load magnitudes lead to an increase in
the strength compared to others. The stress distribution was also investigated through
analytical and numerical models and results demonstrated the existence of specific patterns
and intensities for different magnitudes, with variations in the frequency content [22]. The
substantial interest in loading frequency effects and the dynamic behaviors of adhesive
joints has accelerated research on up-to-date calculation models and applicable numerical
techniques [23], as well as the exploitation of frequency-related effects for improving the
performance of this joining technique [24].

Another peculiarity that is typically exhibited by adhesive joints refers to the presence
of stress-singularities. This feature is particularly important in the case of adhesive joints
as it can trigger cracks and premature failures [25]. Indeed, the scientific and technical
interest in detecting, quantifying, and assessing stress-singularities in adhesive joints is
demonstrated by several remarkable studies, such as [26,27], two of the oldest studies
concerning bi-material wedges [28,29], which concern bi-material coupons; and [30] where
stress singularities were analyzed in the frame of a failure initiation. In [31], singularity
analyses were performed on joint configurations not explored before; [32–34] offered stress
evaluations based on stress-singular terms, whereas [35] produced a profound literature
review regarding the presence of stress singularities in components and their effects on
the structural integrity. Additionally, mixed adhesive joints have been investigated [36],
as well as the magnitude of the singular field with respect to the variation in the elastic
modulus [37]. More recently, detailed analyses exploiting cohesive zone modelling studied
the effects of stress singularity for failure assessments [38].

However, in recent years, research and investigation have concentrated on the de-
velopment of safer components by removing the stress singularity. This goal is achiev-
able through the analysis of mechanical and geometrical conditions that prevent this
issue [39,40]; additionally, innovative testing methods for better material characterization
have become accessible [41,42]. Furthermore, a significant increase in fatigue perfor-
mance has been exhibited when a stress singularity is removed from a specimen under
investigation [43].

Moreover, due to the increased lifetime of components, experimental investigations of
fatigue responses should focus also on the very high cycle fatigue (VHCF, N > 107) life range
with low-amplitude loads [44,45] applied for a long time or with a high frequency, e.g.,
those due to vibrations. For example, in recent years, VHCF tests have been carried out to
investigate a wide set of materials such as stainless steel [46], steels produced with different
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processes [47], steels with large risk volume [48], and adhesively bonded joints [49,50],
confirming the industrial and academic interest towards this research field. Particular
attention has also been paid to the quantification of the influence of stress singularities on
the joint life [43], size effects [51], and, in general, the fatigue responses of adhesives under
the VHCF regime.

The research presented in this paper aimed to investigate loading frequency-related
effects on the fatigue response of a structural adhesive. Ultrasonic fatigue tests at a loading
frequency of 20 kHz and conventional frequencies of 5, 25, and 50 Hz were performed
with a servo-hydraulic testing machine. Adhesively bonded butt joints, with a geometry
limiting the adhesive singularity (epoxy resin SikaPower®-1277—aluminium 7075 T6) were
subjected to symmetrical tension–compression loading (R = −1) tests. The non-singular
specimen was accurately designed through analytical relationships based on the inverse
Bogy formulation [40], numerically verified with finite element (FE) procedures, and thus
tested under fatigue conditions.

The experimental outcomes showed a relevant difference between ultrasonic and
conventional fatigue tests, thus confirming a significant loading frequency effect for the
investigated adhesive. Indeed, the estimated S–N curves demonstrated an increased fatigue
response as the applied frequency increased.

The fatigue strength at 2 × 106 cycles was found to follow a linear trend in a bi-
logarithmic chart. Data scattering is present among the test conditions, but this effect had a
minor impact on experimental outcomes.

The paper is organized as follows: Section 2 describes the material, analytical, and numer-
ical methods followed to design the specimens and the experimental activity. Section 3 focuses
on the fatigue results and the related analysis. Section 4 discusses the experimental outcomes.
Finally, Section 5 collects the main findings of this work.

2. Materials and Methods
2.1. Material and Testing Devices

Experimental tests were carried out on an adhesively bonded cylindrical butt joint that
was 14.6 mm in diameter. Aluminum 7075 T6 composed the cylindrical substrates that were
bonded together with a thin 0.3 mm layer of bi-component SikaPower®-1277 epoxy resin.
This adhesive is adopted for bonding structural components in transportation and general
industry. Its characteristics make it a good choice for repair purposes in combination with
spot welding or riveting. Glass spheres were pre-mixed by the producer in the resin tube,
and these are responsible for maintaining the 0.3 mm thickness.

In Table 1, the mechanical properties of the adopted material for both design and
testing purposes are collected. These properties were extracted through specific preliminary
tests or extracted from published scientific works [50,52]. Six specimens of aluminum
7075 T6 and six specimens of SikaPower®-1277 epoxy resin were tested in compliance
with [53,54], respectively, whereases values for Ti-6Al-4V were already known from a past
study [50]. The viscosity value was assumed to be valid based on the datasheet [55] and no
additional tests were performed regarding the variation in the quantity with respect to the
temperature. Extracted values for SikaPower®-1277 refer to a hardening period of 24 h at
23 ◦C, as suggested by the adhesive supplier.

The capability of sustaining and transmitting loads between Aluminum 7075 T6
and SikaPower®-1277 epoxy resin was assessed in [43], where dedicated tensile tests
were performed at 2.5 mm/min. The load–displacement curves were comparable, and
processed stress data were in line with those extracted from the bulk adhesive in Table 1.
Moreover, specimens failed fully cohesively without the macroscopic presence of adhesive
detachments, further validating the test results.
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Table 1. Adopted material properties.

Quantity Symbol Units
Materials

Ti-6Al-4V Al. 7075 T6 SikaPower®-1277

Modulus of elasticity E MPa 115,000 71,955 ± 224 2280 ± 533

Poisson’s ratio ν / 0.34 0.3 0.33

Ultimate tensile strength σuts MPa 950 610 ± 15 35.7 ± 1.4

Density ρ g/cc 4.395 2.8 1.1

Loss factor LF / 2.96 × 10−4 3.5 × 10−3 2 × 10−2

Viscosity V Pa·s / / 430 (at 20 ◦C)

The adopted experimental equipment for performing VHCF tests was an ultrasonic
fatigue testing machine (UFTM). The UFTM is shown in Figure 1 and was developed at
Politecnico di Torino for testing components in the chosen fatigue range. The UFTM can
perform tests at 20 ± 0.5 kHz under fully reversed tension–compression stress (R = −1),
which significantly reduces the testing time compared to conventional testing apparatuses.
To perform fatigue tests, the UFTM adopts the following devices: (i) an electric generator
(Branson DCX 4 kW, not visible in Figure 1) which generates an electrical sinusoidal wave
at 20 kHz; (ii) a piezoelectric transducer, responsible for converting the electrical wave
into a mechanical vibration; (iii) a booster and a horn made of Ti–6Al–4V that amplify and
convey the vibration to the specimen under testing; (iv) the specimen under investigation,
which was designed for the UFTM resonance conditions; (v) a laser displacement sensor
that measures the displacement at the specimen free end; (vi) vortex tubes to keep the
temperature controlled in the range (20–24) ◦C; and (vii) a temperature sensor to observe
the temperature evolution during the test execution.
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Figure 1. The UFTM equipment [43].

Performing fatigue tests with the UFTM consists of the application of alternated stress
in specimens that are designed to work in resonance conditions. The specimen and the
vibration components are thus designed to have a resonance frequency corresponding to a
longitudinal mode of vibration close to 20 kHz. Moreover, the UFTM adopts a closed-loop
proportional–integrative–derivative (PID) control logic where the displacement measured
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at the specimen tip is the feedback signal for correcting excitations. Due to the high testing
frequency, the internal dissipations can significantly increase the temperature, and this
effect must be properly monitored during the tests. Finally, the test is stopped when the
resonance conditions are no longer met by the specimen. In this case, manual actions were
required for separating the butt joint.

The HCF tests were performed using an Instron® 8801 (Norwood, MA, USA) hydraulic
testing machine with loading frequencies below 100 Hz. The low-frequency fatigue tests
were load-controlled and performed at 5, 25, and 50 Hz.

2.2. Specimen Mechanical Design

The cylindrical bi-material butt joint under analysis was designed for ultrasonic
fatigue tests. In a previous study [47], it was observed that a nominal cylindrical bi-material
configuration is affected by stress singularity issues. A specific design methodology [43]
should be adopted to collect fatigue properties without the presence of this detrimental
effect, which reduces the joint mechanical performance.

In the following sections, the fundamental aspects related to the removal of the stress
singularity (Section 2.2.1) and the VHCF specimen design (Section 2.2.2) are presented.

2.2.1. Removal of the Stress Singularity

The detection and quantification of model features that can endanger the structural
integrity of a component has always been an important topic in structural engineering.
Among these features, stress singularities are point regions where stress theoretically trends
toward infinite values. In homogenous materials, stress singularities originate in presence
of sharp angular notches [26] and crack fronts, whereas for multi-material unions such
features arise at the material interface under prescribed loads [28]. Stress singularities are
particularly dangerous as their presence has been demonstrated to critically impact safety
and to be a root source of failures [25,56].

To properly understand the physical conditions for removing singularities, the basic
mathematical framework should first be introduced and clarified. In this study, the problem
is restricted to the special case of a bi-material union, which is the simplest and the most
straightforward problem to address, as shown in Figure 2, where x1 and x2 are Cartesian
coordinates and r and θ are polar coordinates that are introduced for the treatment of the
mathematical problem.
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The wedge prototype presented in Figure 2 is characterized by a specific set of mate-
rial properties such as the elasticity modulus

(
Ej
)
, the Poisson’s ratio

(
νj
)
, and the shear

modulus (µ j

)
, where the j index represents the material number. Bogy [29] approached

the problem by manipulating the equilibrium equations in the frame of the Mellin trans-
formation for passing from a physical to an auxiliary plane (i.e., the p-plane), thus solving
the system in terms of the singularity exponent. Under this hypothesis, the so-called Bogy
determinant reported in Equation (1) became one of the fundamental theoretical tools for
studying stress singularities in the case of bi-material unions.

D(θ1, θ2, α, β; p) = Aα2 + Bαβ + Cβ2 + Dα + Eβ + F, (1)

Here, θ1, θ2 are the opening angles of material wedges; p is a complex root defined
within the interval ]0, 1[ that identifies the singularity exponent; and A–F are functions
that depend on trigonometric expressions and on the singularity exponent. The α and β
parameters are the Dundurs’ parameters shown in Equation (2).

α =
E1 − E2

E1 + E2
, β =

µ1(1− 2k2)− µ2(1− 2k1)

2[µ1(1− k2) + µ2(1− k1)]
(2)

Here, Ej is the elasticity modulus under plane stress or plane strain and k j is the
Kolosoff parameter, which depends on the Poisson ratio.

In general, solving Equation (1) leads to a complex solution
(

p = pR + ipI , i =
√
−1
)

that is associated with one of the following possible stress forms: (i) hyperbolic solutions;
(ii) oscillatory unbounded solutions; (iii) logarithmic solutions; and (iv) constant solutions,
in proximity to the singular corner (r→ 0). The latter are reported in Equation (3), where
σ is the stress vector.

σ =


O
(
rp−1) i f p = pR

O
[
rpR−1cos

(
pI log r) or rpR−1sin(pI log r)

]
i f p = pR + ipI

O(log r) i f D 6= 0 f or pR ∈]0− 1
[
, dD

dp = 0 at p = 1

O(1) i f D 6= 0 f or pR ∈]0− 1
[
, dD

dp 6= 0 at p = 1

(3)

Mathematically, Equations (1)–(3) represent the “direct” Bogy problem as it is classi-
cally developed, where the principal unknown is the magnitude of the stress singularity.
However, from a design perspective, this framework uniquely states whether the bi-
material joint is singular or not and, in the case of a singular field, it is informed about the
severity of the singularity (eigenvalue) and the associated stress form (eigenvector).

In contrast, the “inverse” problem consists of manipulating Equation (1) to understand
the system conditions that prevent the stress singularities under prescribed acting loads.
It was first explored by Wu [39] and its solution requires knowledge of the mechanical or
geometrical parameters to insert within the mathematical framework, as well as a guess
value of the singularity exponent. Wu [39] illustrated that, to obtain a valid solution, the
value of the real part of the solution must satisfy the condition pR ≥ 1 in any circumstances
to achieve a non-singular geometry. Moreover, the convergency is guaranteed using
pR = 1 + 10−4 in a non-linear strategy framework.

For this work, mechanical data were considered totally known and applicable. The
unknown of the problem was the substrate angle at the material interface, which ensured
the absence of a singular field at a fixed adhesive angle. In this way, by restricting the
problem to a 1D variable, one can easily explore multiple adhesive–adherend conditions
and choose the final configuration that fits better within the whole mechanical project.

The work logic described above was applied in the angular adhesive range of 10–120◦

to explore a broad set of solutions. A Newton–Raphson strategy manages the non-linear
problem defined by the A–F functions within the determinant definition.
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In Table 2, the obtained substrate angles are reported for both plane stress and plane
strain conditions, whereas in Figure 3, these are graphically subdivided.

Table 2. Obtained solutions from the inverse problem.

Adhesive Angle θ1[◦]
Substrate Angle θ2[◦]

Plane Stress Plane Strain

10 179.6 179.6

20 179.3 179.2

30 178.8 178.7

40 177.9 177.5

50 175.5 171.8

60 121.2 70.28

70 61.35 51.09

80 51.68 45.7

90 48.17 43.5

100 46.97 42.64

110 47.78 42.65

120 60.60 44.83
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The trends illustrated in Figure 3 should be interpreted as the upper conditions to
avoid stress singularities and can be adopted as a design tool for similar bi-material joints.
Thus, with a fixed adhesive angle and plane strain/stress conditions, substrate values lower
than those lying on the curve present singularity-free circumstances.

Three separated regions can exist and are highlighted: (i) a safe region in which the
local adhesive–adherend geometry always prevents stress singularities for any kind of
geometrical combination; (ii) a critical region in which the presence of the singular feature
strongly depends on the modelling assumption. If plane strain conditions are assumed, the
singularity is expected, whereas, in the case of plane stress, this characteristic is removed;
and (iii) an unsafe region where a singularity is surely present for any modelling case.



Appl. Sci. 2023, 13, 12967 8 of 21

As mentioned above, in general, all the valid substrate–adhesive configurations are
suitable for removing the singularity from the mechanical system. However, in this work a
pair of angles 43.5◦ and 90◦ is selected, as this configuration is easy to achieve and a 90◦

adhesive angle can be reached using simple manufacturing procedures.
Even though the inverse mathematical model provides information concerning singularity-

free circumstances, nothing is stated for the stress experienced by the current joint under
prescribed loads. This was made accessible through numerical analyses as described in the
following section.

2.2.2. VHCF Specimen Design: FE Model Development and Analyses

This section revises the key passages that are adopted for preparing and analyzing
a suitable VHCF specimen, in accordance with [43], and exposes the current numerical
outcomes that have been extracted to approach the experimental ultrasonic/low-frequency
test campaign.

The VHCF specimen was designed to work in resonance conditions within the UFTM
operative range. The development of FE models exploited the Ansys APDL capabilities.
Axisymmetric four-node bi-dimensional elements were adopted for preparing the models.
Two classes of FE models were prepared: (i) a global model for studying the overall
structural behavior, keeping the number of elements, nodes, and degrees of freedom low,
and (ii) a local model to study the effects introduced by the removal of the stress singularity
in detail. Indeed, for the sake of clarity, the FE global model works with the presence
of a singular joint, whereas the removal of this feature takes place separately, within the
local description. This approach, called the sub-modelling technique or the global–local
technique [57], is particularly helpful for investigating local structural details such as fillets
or unions of elements that require a specific modelling strategy for their analysis.

The global model, presented in Figure 4, is constituted by 2500 elements, and aims to
simulate the overall testing configuration (i.e., the horn and specimen) under resonance
conditions. Moreover, the global description is adopted for design purposes, and it is
necessary to define the local boundary conditions to apply to local models.
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The main steps to prepare the global model are as follows:

1. The numerical model of the titanium horn is first analyzed through a modal analysis
under free–free conditions to collect the closest natural frequency and mode shape to
the UFTM operative range. An operative frequency of fn = 20, 195 Hz is thus selected
and adopted for design purposes.

2. The 1D elastic wave equations [58] reported in Equation (4) permit the definition of
the specimen total length (Ltot), where fn is the frequency of interest and E, ρ are the
mechanical properties of the aluminium. This calculation results in Ltot = 125.5 mm:

Ltot =
1

2 fn

√
E/ρ (4)
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3. A frequency response analysis (FRA) is run at fn = 20, 195 Hz, where the current
numerical model is composed using the Ltot of the titanium horn and the aluminum
bar, with a displacement excitation at the horn base in the range of 2.2–18 µm, which
corresponds to the capability of the UFTM. Longitudinal stress distributions are
collected along the aluminium specimen axis and are depicted in Figure 5. This
assessment was useful and necessary to explore the stress magnitudes applied to the
whole specimen.

4. A 0.3 mm thick adhesive layer is inserted into the mechanical system, thus dividing the
aluminium bar in two separated components, now adhesively joined. The adhesive is
placed at a suitable distance in order to impose the desired stress magnitude on the
adhesive layer. In this work, the stress range from 5.5–46 MPa was selected. In this
way, the Ltot is divided into L1 = 114.15 mm and L2 = 11.35 mm, as shown in Figure 5.

5. A final numerical re-assessment is performed through an FRA.
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excitation [43].

Once the VHCF global model was prepared and the operative adhesive stress interval
was defined, the local description was prepared by including the suitable geometrical
modification for removing the stress singularity. This modification is based on the pro-
cedure elaborated in Section 2.2.1. Indeed, as presented in Table 2 and Figure 3, many
configurations can avoid singularities and, in general, all of them are good candidates
for testing specimens. As mentioned in Section 2.2.1, the selected adherend–adhesive
configuration is 43.5◦ and 90◦. For the sake of completeness, the 43.5◦–90◦ configuration is
the limit condition to accomplish a non-singular joint; nonetheless, as illustrated in [43],
a safety angular margin should be considered to avoid possible mismatching between
the numerical and physical models during the joint production, which could restore the
singularity condition. Thus, a safer configuration that accounts for a non-singular geometry,
with a reasonable safety margin, is 35◦ and 90◦. Such a geometrical modification was
directly inserted into the FE description without redesigning the specimen.

The local model development required the identification of a suitable model size with
a proper distance from the region of interest (i.e., the non-singular apex) for the application
of boundary conditions. In this circumstance, the boundary conditions arose from displace-
ments transmitted from the global model to the local model (i.e., FRA displacements at
the interface). In general, the sub-modelling process ends when the stresses from both
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the global and local models are reasonably similar and the error is small enough to be
considered negligible. Numerically, suitable Ansys procedures based on spline functions
provided interpolation schemes for passing from global to local boundary conditions [57,59]
thus completing the local model.

The local model discretization exploits structured and free meshes, leading to approx-
imately 350,000 elements, where the minimum element size is on the order of 10−5 mm.
Structured meshed are employed to approach the adherend–adhesive zone, whereas free
meshes were necessary to discretize the curved regions in proximity of the material in-
terface. Moreover, a stress error-based mesh convergence assessment was adopted for
finalizing the mesh refinement. In Figure 6, the final local model is presented.
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Regarding the numerical model adopted for the low-frequency fatigue tests, the FE
model was simply prepared by joining two non-singular aluminum bars (L1 = 114.15 mm)
with a thin layer of adhesive. The local model presented in Figure 6 remained valid, as
the unique difference was constituted by different boundary conditions. Indeed, since
the current testing frequencies (i.e., 5, 25, 50 Hz) are thousands of orders of magnitude
lower than the first natural frequency of the specimen, it is reasonable to assume that a
static analysis could be representative of testing conditions. In such a case, the numerical
assessment assumes the application of pressure to directly impose a specific fixed value of
load without other sources of complexity.

In Figure 7a,b and Figure 8a,b, the extracted numerical outcomes for the ultrasonic/low-
frequency fatigue test campaign are presented.

In the following sections, for simplicity and brevity, we will refer to (i) the “dynamic
case” for those outcomes that explore the ultrasonic testing conditions at 20 kHz and (ii)
the “static case” for those results that investigate the low-frequency testing conditions.

The longitudinal stress patterns are presented in Figure 7a,b for the dynamic and
static cases, respectively. The reported numerical results aimed at producing 15 MPa in
correspondence in the adhesive axis. This stress level was arbitrarily chosen to describe the
specimen response within the testing interval from 10–19 MPa.

There is a clearly visible difference between both load cases due to a different boundary
condition. Indeed, the VHCF local model stress is respectful of the parabolic trend already
obtained in Figure 5, which extinguishes on the left and right sides of the specimen, whereas
the static model provides a uniform stress distribution along the model axis. In both cases,
grey regions are model zones where stresses are higher than the specific stress threshold
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(i.e., 20 MPa) that is adopted for a better map visualization. The maximum stress, apart
from the left side in the VHCF model, is achieved in correspondence with the curved
throats near the adherend–adhesive interface. Moreover, the upper adhesive part presents
significant stress reductions in both specimen cases.
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The numerical outcomes present smooth enough stress distributions to consider the
results to be representative of the current specimen behaviors. Indeed, this is especially
true in correspondence with regions with high stress variation and due to specific mesh
refinements near the adhesive–adherend apex. Some localized and limited stress distortions
are nevertheless present due to the applied mesh transitions from far model regions to
zones near the material interface.

An in-depth observation was also performed in terms of model stresses within the
adhesive layer. These were specifically observed along the external adhesive surface and
in correspondence with the adhesive midline. Such trends are, respectively, reported in
Figure 8a,b, where lengths are provided in a non-dimensional form with respect to the
adhesive thickness (i.e., T = 0.3 mm) and to the specimen radius (i.e., R = 7.3 mm). Stresses
recovered on the thickness surface (Figure 8a) present a trend in accordance with the
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removal of the stress singularity, and intensities correctly approach to a zero-stress value at
the adhesive edges. Stresses recovered along the specimen radius present a concentration
in the range of 85% of the height. However, this concentration is limited, and its value is
below 16 MPa.

For both load conditions, there is no essential difference in terms of longitudinal
stress, thus confirming that the adhesive layer experiences an equal excitation during
ultrasonic/low-frequency fatigue tests, even though the stress maps in Figure 7a,b could
have suggested a different behavior at a first glance. Moreover, damping or resonance
effects do not affect the final stress response despite the VHCF working under UFTM
resonance conditions. This numerical assessment was particularly helpful for design
purposes as well as for defining the operative conditions of the specimen under testing. In
particular, this verification ensures that different loading conditions produce comparable
testing circumstances.

3. Experimental Results

Fifty-five specimens were tested under the stress range from 10–19 MPa. Fatigue
experiments were performed at 20 kHz using the UFTM and at 5, 25, and 50 Hz using the
Instron® 8801 servo-hydraulic testing machine. A standard procedure suggested by the
adhesive manufacturer was followed to obtain the highest adhesive strength. In particular,
abrasive sandpapers were used to prepare the substrate surface to increase the surficial
roughness, followed by a cleaning phase with acetone for removing the aluminum powder
and impurities. The thin layer of adhesive was thus applied between the substrates and
spread to reach a uniform bonding area. Suitable alignment devices were designed to
guarantee the substrate co-axiality. The joint curing required one day under a constant
load at room temperature and, once the adhesive was fully dried, the surplus was removed
from the substrate edges with a cutter. In this way, it was possible to maintain the 0.3 mm
adhesive layer without resin concentration effects on the experimental results.

In Figure 9, the testing configurations are reported. Figure 9a depicts the UFTM testing
conditions whereas Figure 9b shows the low-frequency testing configuration. Specifically,
fatigue tests at conventional frequencies were performed by joining the two long non-
singular bars and clamping them in the Instron® grips.

Experimental tests were carried out up to failure or to a run-out threshold equal to 109

cycles in ultrasonic VHCF tests and to 2× 106 cycles in servo-hydraulic low-frequency tests.
This difference is mainly attributable to the testing time required by the hydraulic machine
working below 100 Hz, which is unable to test specimens in VHCF within a reasonable
timeframe.

Both cohesive and mixed adhesive–cohesive failures were observed at the end of the
testing campaign; nonetheless, only fully cohesive failures were accepted as valid failures
in the S–N diagram shown in Figure 10. Indeed, adhesive–cohesive failures in both the
VHCF and HCF ranges were associated with a very short fatigue life compared to the fully
cohesive failures. In general, a specimen is considered failed when there is a complete
separation between the two bars for both ultrasonic and low frequency configurations.
However, specifically for VHCF tests, failure is also considered when the longitudinal
frequency of the mechanical system falls below 19.5 kHz, which is outside of the UFTM
operative range. In this circumstance, the internal crack nucleates and propagates without
a complete splitting between adherends, and an extra load (manual or automatic) is applied
to separate the elements.

According to Figure 10, the frequency rate effect is clear. Indeed, the fatigue response
is significantly different depending on the testing frequency. Specimens obtained through
ultrasonic fatigue tests are characterized by significantly longer fatigue lives compared to
those of specimens tested at lower frequencies.
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Figure 10. S–N data from VHCF and HCF experiments.

Experimental run-outs from (13–15) MPa were found for five samples in ultrasonic
VHCF tests, whereas only one, at 10 MPa, was observed for 25 and 50 Hz frequencies. These
experiments highlight an important frequency effect for the whole fatigue data distribution
and, in general, a high sensitivity to excitation frequency for the SikaPower®-1277 adhesive.

VHCF tests were carried out under temperature-controlled conditions, as mentioned
in Section 2. Accordingly, possible self-excited temperature effects were excluded, as well
as significant changes in the adhesive joint properties that could have influenced the test
outcomes. Indeed, it was numerically demonstrated in [50] that for the investigated stress
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range the thermal increment within the adhesive layer was limited and remained in an
acceptable range for testing adhesive joints.

A further investigation on the frequency effect, especially for low-frequency tests, was
carried out by estimating the probability–stress–number of cycles (P–S–N) curves. P–S–N
estimation was carried out with the maximum likelihood (ML) principle to account for
both failures and run-outs [60,61].

In Equation (5) the compact formulation of the likelihood function that must be
maximized is reported.

L[θ] =
nf

∏
i=1

fY|X=x[yi; xi,θ]·
nr

∏
j=1

(
1− FY|X=x[yi; xi,θ]

)
, (5)

Here, L[·] is the likelihood operator, θ is the set of parameters to be estimated, fY|X=x is
the probability density function of the fatigue life, FY|X=x is the cumulative distribution
function, yi and xi are the fatigue life and the logarithm of the applied stress of the i-th
specimen, respectively, and nf and nr are the number of failures and run-outs, respectively.
According to [19], the random variable Y, i.e., the logarithm of the fatigue life, is assumed to
follow a normal distribution, with a constant standard deviation and mean that is linearly
dependent on the logarithm of applied stress. In Equation (6) the mathematical relationship
describing the mean is reported:

µY(x) = cY + mY·x, (6)

where cY and mY are the parameters to be determined as well as the standard deviation
within the normal distribution.

The unknown parameters were estimated practically, using a Matlab® R2023a script
and an optimization toolbox that exploits the Nelder–Mead simplex algorithm in order to
identify the entire θ vector of the unknowns.

The 50% P–S–N curves associated with each tested condition were estimated. The
resulting curves are shown in Figure 11, where the selected probability level aims at
representing the averaged behaviours of the tested specimens. The P–S–N curves confirm
the frequency rate effect, with a recursive increase in the joint life as the applied frequency
increases. This effect can be observed at every investigated test level, namely, between the
ultrasonic and low frequencies and among the three selected low-frequency levels.
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The impact of the data scattering was analysed through the analysis of standard
deviations (SD), whose values are reported in Table 3. Indeed, low frequencies tend to
produce a slightly lower variability in failure distribution, whereas this quantity tends
to increase as the applied frequency passes into the ultrasonic range. For the sake of
completeness, even though this effect is present, it is limited without a relevant impact on
the experimental outcomes.

Table 3. Standard deviations of data processed with ML and optimization.

Failures at 5 Hz Failures at 25 Hz Failures at 50 Hz Failures at 20 kHz

Standard deviation (SD) 0.3038 0.5763 0.4687 0.7691

Finally, as shown in Figure 12, fatigue strengths at N = 2 × 106 cycles were collected
for three probability levels, namely, 10%, 50%, and 90%. Data were interpolated through
a power law scheme, i.e., σ = A· f b, where σ is the experimental fatigue strength, f is
the applied test frequency, and A, b are the model parameters to be determined. The
calculation was performed with the least squares method. The R2 factor was higher
than 0.995 for all investigated cases. As demonstrated by the interpolation, in a bi-log
chart, the data were quite well approximated. This information is particularly useful, and
the results demonstrated a power law increase in the frequency effect. Moreover, this
experimental evidence can be considered when predicting strength values not covered by
the experimentation.
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4. Discussion

The combined analytical–numerical approach based on the inverse Bogy formulation
and FEA investigations was effectively applied as a design methodology for producing
a fatigue test configuration. Indeed, the absence of analytically predicted stress singu-
larities was confirmed by FEA investigations for both test conditions. Notably, the FEA
studies demonstrated that even though the overall stress distribution was different for the
test-representative experimental conditions (Figure 7a,b), the recovered longitudinal stress
levels within the adhesive were equal under fixed applied explorative stress conditions
(Figure 8a,b) of 15 MPa. From a design perspective, performing FEA studies was partic-
ularly important to carefully approach the test phase, as the joint was thus tested in its
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physical best condition (i.e., no stress singularity effects) and under the same test levels
(i.e., no damping, resonance, or visible frequency-induced effects).

The experimental campaign executed using a commonly adopted fatigue machine
and an ultrasonic testing machine highlighted different aspects of fatigue testing, both
in general and regarding adhesive joint testing in particular: (i) the use of an ultrasonic
testing machine was effectively applied for testing specimens up to the VHCF range. This
fatigue range is relatively new for material characterization, and several studies have been
performed in recent years; (ii) performing ultrasonic tests confirmed the capability of the
investigated adhesive to sustain loads for a higher number of cycles. This evidence is of
particular importance and interest as modern structures that are composed by innovative
and engineered materials are required to sustain acting loads for much more time than
before; (iii) performing commonly executed fatigue tests enabled the investigation of
the loading frequency effects, and the experimental outcomes have shown an extreme
sensibility to this parameter for the investigated adhesive. For example, at 14 MPa, there
is a difference in the range of five orders of magnitude between the ultrasonic and low-
frequency fatigue lives. Specifically, joints subjected to ultrasonic fatigue tests failed in
the VHCF range, whereas the remaining classes failed in the HCF range. Similarly, the
run-out threshold decreases from values close to 15 MPa in the case of ultrasonic testing
to 10 MPa when specimens are subjected to commonly adopted frequencies. Indeed, as
illustrated by other research (e.g., [14]), loading frequency effects and strain rate effects
have a tendency to increase material properties (e.g., the strength or elasticity modulus)
and enhance material responses. Information such as that extracted in this work is of
fundamental importance in the structural design of equipment, as modern structures
should sustain loads over a broad frequency spectrum that is commonly characterized
by complex stress/strain histories at different stress ratios; (iv) the use of a statistical tool
was particularly useful for both the precise quantification and visualization of frequency
effects, as well as to manage data scattering and uncertainties. For the special case of the
selected adhesive, the ML technique was employed for extracting the P–S–N curves, while
SD studies quantified data scattering. The S–N curves revealed that fatigue responses
at 5, 25, and 50 Hz increase as the applied frequencies vary accordingly and that data
scattering has a minor impact among the explored frequencies but is nevertheless present
(0.3038 at 5 Hz, 0.5763 at 25 Hz, 0.4687 at 50 Hz, and 0.7691 at 20 kHz); (v) to approach
loading frequency studies, is quite unfeasible to test specimens at every single excitation
frequency. Thus, a regression/interpolation model should be applied for extracting design
values from the experimental range. To understand the strength distribution, values at
N = 2 × 106 were selected for three probability levels (P = 10, 50, 90%), and fatigue strengths
were well-approximated using a power law model.

The analyses carried out in this paper have important implications for components
and structures that are commonly subject to a broad frequency spectrum, as in the case of
aerospace components during their operative conditions. Neglecting frequency rate effects
could lead to earlier failures if components spend a significant number of cycles subjected
to low-frequency loads, as demonstrated in this work. At the same time, attention should
be paid when extracting material properties from ultrasonic testing. Indeed, in the case of
fatigue strength, the extrapolation of such quantities for lower numbers of cycles could be
risky, as fatigue strength can be overestimated.

Practically, the design of components should be addressed to carefully incorporate
the effects of multiple frequencies within the analysis environment, going beyond material
property extraction using a single harmonic approach. In this way, possible earlier failures
could be properly anticipated to develop reliable components with extended capabilities for
working under a broad spectrum. Additionally, this concept is also important to implement
rational maintenance inspections.
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5. Conclusions

In this paper, an experimental testing campaign aimed at quantifying frequency effects
on the fatigue responses of adhesively bonded cylindrical butt joints was performed.
Fatigue tests were executed using the ultrasonic loading frequency (i.e., 20 kHz) and
commonly adopted low frequencies (i.e., 5, 25, 50 Hz). A combined analytical and numerical
methodology was applied to design and verify the specimens under investigation.

The main findings of this study are:

• At a fixed applied load, specimens tested at an ultrasonic frequency are prone to fail in
the very high cycle fatigue range (N > 107), whereas specimens subjected to common
frequencies fail in the high cycle fatigue range, thus confirming the presence of a
frequency effect.

• Specimens tested at an ultrasonic frequency express run-out data below 15 MPa
compared to 10 MPa in the case of 25 and 50 Hz frequencies. Specimens at 5 Hz do
not present run-outs.

• There is an increase in fatigue performance among specimens tested in the low-
frequency range, and this is visible through the S–N curve at the 50% probability level.

• Data scattering was investigated through standard deviations, and the experimental
results demonstrated a minor impact on fatigue properties (i.e., 0.3038 at 5 Hz, 0.5763
at 25 Hz, 0.4687 at 50 Hz, and 0.7691 at 20 kHz);

• Interpolating data at N = 2 × 106 for three probability levels (P = 10, 50, 90%) showed
the possibility of strength prediction.
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Nomenclature

E Modulus of elasticity
fY Probability density function of the fatigue life
FY Cumulative distribution function of the fatigue life
FY|x Conditional distribution of fatigue life
L[·] Maximum likelihood function
nf Number of failures
nr Number of run-outs
R Tension–compression loading ratio
r Radial coordinate
BCs Boundary conditions
FE Finite element
FRA Frequency response analysis
ML Maximum likelihood
PID Proportional–integrative–derivative
SD Standard deviation
UFTM Ultrasonic fatigue testing machine
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V Viscosity
VHCF Very high cycle fatigue
α, β Dundurs parameters
θ Local material angle
µ Shear modulus
µY Mean stress distribution
ν Poisson’s ratio
ρ Density
σ Stress vector
σuts Ultimate tensile strength
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