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Preface

PMCs, including CFRPs and GFRPs, are increasingly used in the energy (e.g., wind
turbines) and transportation (e.g., vehicles, aviation, rail, and marine) sectors for their superior
strength-to-weight ratio, durability, environmental resilience, and design flexibility. However, the
lack of knowledge of their fatigue responses necessitates conservative design approaches, often
resulting in over-designed structures to mitigate the risk of significant damage accumulation
under prolonged cyclic loading and to prevent premature failure. This imposes not only weight
and cost penalties but also limits structural design optimization.

A fundamental challenge in the application of PMCs is understanding their fatigue
responses under different loading regimes, from low- to very-high-cycle fatigue. Nevertheless,
prolonged fatigue experiments at the conventional loading frequency range (i.e., 5 Hz or
below) are unfeasible due to excessive time requirements and costs. For example, a single
fatigue test reaching 10° cycles would take more than six years under a loading frequency
of 5 Hz—equivalent to approximately one-fifth of the typical service lifetime of an aircraft.
Therefore, it is of primary significance to reduce fatigue testing durations. Accelerating fatigue
testing at higher frequencies is one pathway to address this limitation and enable fatigue testing
within a feasible timeframe.

While high-frequency testing offers a feasible solution, it induces the self-heating
phenomenon due to the viscoelastic nature of polymers, leading to complex thermal-mechanical
synergy. Depending on the intensity of the self-heating effect, the integrity of the PMC can either
be maintained without structural degradation or significantly altered, which can complicate the
analysis of fatigue-induced damage. This, in turn, poses challenges in developing predictive life
models essential for improving the longevity and reliability of PMCs.

This dissertation aims to bridge these gaps by developing a physics-based framework for
understanding and modeling the self-heating phenomenon in fatigue-loaded PMCs. Furthermore,
novel methodologies are introduced to assess the fatigue response of PMCs in the presence of
self-heating, while strategies for mitigating the adverse effects of self-heating are also evaluated.
Moreover, the potential use of self-heating phenomenon as a heat source, previously explored

by our research group, is further developed for assessing the structural integrity of PMCs.
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Chapter 1
Introduction

Chapter [I] provides a comprehensive overview of the research, highlighting the significance
of the self-heating phenomenon in fatigue analysis as well its applicability in the non-destructive
evaluation of PMCs. Section[I.T|describes the phenomenology of self-heating in different phases.
Section reviews how the fatigue response of PMCs, in the presence of the self-heating
effect, is affected by environmental factors, material types, and loading parameters. Recent
advances in modeling the self-heating phenomenon in fatigue-loaded PMCs are presented in
Section [1.3] highlighting several predictive approaches and their limitations. Considering the
time-consuming nature of fatigue testing, Section[I.4]discusses the recent strategies implemented
for the rapid fatigue analysis of PMCs through thermography-based approaches, which allow
fatigue strength and life estimation in the presence of the self-heating effect. Section[I.5|provides
a literature review on viable solutions, including surface cooling during loading and optimal
material design, to mitigate structural degradation caused by the self-heating effect, thereby
extending the fatigue life of PMCs. Section [I.6] highlights the potential of using self-heating as
an alternative heat source for damage assessment of PMCs through thermography-based NDT
techniques. In Section the motivation, aim, and hypothesis of the research are established
based on identified gaps in the existing literature. Finally, Section[1.8|defines the research scope

and outlines the methodological framework for achieving the objectives.

1.1 Phenomenology of self-heating effect

When a PMC structure is subjected to cyclic loading, the cyclic response indicates a delay or
phase lag between stress and strain magnitudes due to the viscoelastic nature of polymers, which
is associated with hysteretic phenomena. Additionally, since the thermal conductivity of a typical
polymeric composite is significantly lower than that of metallic components []1, 2, 3| 4, |5, 6],

a substantial amount of heat is stored within the tested PMC specimen. This heat accumulation
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manifests as a temperature rise in the structure, known as the self-heating phenomenon [6].
In addition to the laboratory fatigue testing, this phenomenon may also occur in industrial
fatigue-loaded PMC structures such as wind turbine blade sections [7, (8], and CFRP composite

gear shown in Figure[I.1] [9], see [6] for more details.

Figure 1.1: Illustration of the model and registered thermogram showing the self-heating effect
during the operation of a CFRP composite gear [9]].

The self-heating phenomenon is generally described by the following three phases as
illustrated in Figure [[.2] [6]. Phase I involves rapid temperature growth in a relatively short
period, which is primarily driven by friction. Phase II is characterized by a stabilized
self-heating temperature over prolonged fatigue loading. This stabilization arises from the
synergy between mechanical fatigue and viscoelastic-driven thermal energy, leading to
a thermodynamic equilibrium where heat generation is nearly equal to heat dissipation through
convection, conduction, and radiation. Phase III marks a sudden increase in self-heating
temperature, resulting from mechanical softening and progressive damage accumulation. This
leads to the dominance of heat storage, ultimately resulting in specimen failure or structural
breakdown [6]. The boundary between phases II and III is related to the critical self-heating
temperature, the parameter used in previous studies for evaluating the thermomechanical
fatigue response of PMCs [10, |11}, [12]]. This parameter signifies a temperature value at which
rapid damage propagation begins, accelerating fatigue damage accumulation and eventually
resulting in premature failure [[6]. If the self-heating temperature increase is maintained
within the safe range (usually below 3°C [13]]), it is feasible to implement this phenomenon
for damage inspection using NDT techniques, without jeopardizing the structural integrity
as schematically demonstrated in Figure (13} 14} |15]. Otherwise, subjecting PMCs to
high stress and/or frequency loading results in significant internal heat accumulation, and

consequently high self-heating temperature [|6]. This contributes to the stiffness degradation
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of PMCs by accelerating the damage accumulation at different scales, ranging from micro- to
macro-scale [6]. At the microscale, for example, the higher coefficient of thermal expansion
of polymers compared to fibers leads to residual thermal stresses at the interface/interphase
region between the reinforcement and bulk polymer [16]. The residual stress acts as a catalyst
in increasing the self-heating temperature [17]. This results in chemical degradation and
softening of crosslinked networks [18]], reduction in intermolecular forces, and consequently
debonding in the interphase zone, attributed to phase I [[19, 20]. In the microscale linked to
phase II, the fatigue-loaded PMC specimen may experience different damage types including
matrix cracking, single fiber breakage, microdelamination, and microcrack [21, 22, 23]]. The
irreversible formation of microcracks and microdelaminations occurs continuously and generates
entropy, aligning with the second law of thermodynamics (Clausius inequality statement) [24]].
The evolution of macroscopic damage, triggered by the accumulation of microcracks and
microdelaminations, forms macrocracks and macrodelaminations, which ultimately leads to
sudden failure. A comprehensive understanding of the phenomenology of self-heating allows

for reliably simulating the self-heating phenomenon.

Figure 1.2: A schematic illustration of the self-heating evolution in different phases during cyclic
loading [6].
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1.2 Dependency of fatigue response on loading parameters

The fatigue response of PMCs is influenced by the self-heating effect, whose severity depends
on (i) operational and environmental factors (e.g., ambient temperature) [25, 26, 27, [28]], (ii)
material types [[12, 29,30} 31,|32], and (iii) loading parameters (e.g., loading frequency, applied
stress/strain ratio) [|15], 33| (34, |35, [36| |37]], see [[6, |32]] for additional information. For this
purpose, Charalambous et al. [26] employed the four-point bending test to investigate the fatigue
performance of CFRP composites under various ambient temperatures. Their findings revealed
that the delamination rate increased with rising ambient temperature during fatigue testing. The
crack propagation rate at 80 °C was observed to be twice as high as that at RT. In addition,
several studies have investigated the fatigue behavior of GFRP specimens under axial loading
at different stress ratios (R) and low frequencies (15 Hz or below) [38} 39, 40, 41]]. The authors
of the mentioned studies reported that increasing R at the same stress level led to longer fatigue
life, while the slope of S-N curve dropped with more scattered responses. Additionally, different
R values resulted in different damage distributions. Damage was uniformly distributed along
the specimens for R=0.5, while damage zones were severe and localized at R=0.1 and caused
continuous stiffness degradation. Moreover, despite extensive research highlighting the negative
impact of loading frequency on the fatigue performance of PMCs, few studies have directly
examined its specific role in the fatigue response, necessitating further investigation. The role
of material types is discussed in Section [I.5] respectively, owing to their relevance. While
high-frequency testing offers a feasible solution, it induces the self-heating phenomenon due to

the viscoelastic nature of polymers, leading to complex thermal-mechanical synergy.

1.3 Advances in modeling the self-heating phenomenon

The self-heating effect can significantly alter the fatigue response of PMCs, complicating
the accurate assessment of fatigue-induced damage. This, in turn, makes it difficult to develop
reliable predictive life models, which are essential for enhancing the longevity and reliability of
PMCs under real-world operating conditions. Therefore, understanding the physics and modeling
the self-heating phenomenon within fatigue experiments is crucial. For this purpose, Ly et al.
[42]] developed a numerical viscoelastic constitutive model using the thermodynamic laws to
study the self-heating effect that appeared in HDPE-carbon composite under cyclic loading
with the low-frequency, i.e., 0.1 Hz and 1 Hz. Nonetheless, the model was not validated
experimentally. Sevenois et al. [43] numerically investigated the influence of self-heating
on the thermoviscoplastic behavior of representative volume element of a unidirectional

carbon-polyamide 6 composite under monotonic loading. The influence of frequency was not
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taken into consideration in their study. De Lima et al. [44]] implemented a numerical-experimental
concept based on a curve-fitting procedure for investigating the self-heating effect in viscoelastic
dampers under cyclic loading. Furthermore, Sapozhnikov et al. [45]] developed an analytical
self-heating model under three-point bending. In another study [46], they examined how loading
frequency affected self-heating temperature. Despite their success in evaluating temperature
distribution, the developed model has a limitation. The approach of substituting convection
heat flux for all boundaries may not always be suitable in scenarios where at least one
boundary remains unaffected by fluid interaction. Moreover, Lahuerta et al. [47] carried out
an experimental-numerical investigation to predict the self-heating temperature of thick GFRP
laminates (i.e., 10 mm, 20 mm, and 30 mm of thickness) under low frequencies, ranging from
0.25 Hz to 2.5 Hz. However, the assumption of uniform heat generation in their analysis may
diminish the accuracy of the results, particularly in scenarios with high-stress levels. Therefore,
developing a model that accounts for all the limitations outlined above is of primary importance

for improving the predictability of the self-heating phenomenon.

1.4 Advances in rapid fatigue life assessment methods

To tackle the challenge of performing time-consuming fatigue experiments at conventional
frequencies (e.g., 5 Hz or below), a viable strategy is to accelerate fatigue testing at higher
frequencies within a feasible time duration, which induces the self-heating phenomenon.
Advances in understanding the phenomenology of the self-heating effect have led to
the development of thermographic approaches using non-contact infrared thermography to
rapidly estimate fatigue strength or, in other studies, the fatigue limit. The concept of determining
the fatigue strength/limit through IATs under sequential stress levels was first introduced by
Luong [48], Rosa and Risitano [49]], called temperature rise-stress (AT-o). This approach
evaluates the fatigue strength of the tested PMC by measuring the stabilized temperature
increases corresponding to a wide range of stress levels without requiring extensive time or
large datasets. According to this groundbreaking methodology, fatigue strength corresponds to
the beginning of rapid thermal response, which marks the beginning of structural degradation.
The classical method developed by Luong relies on bilinear regression to determine the fatigue
strength at the intersection of two fitted lines. Numerous studies have demonstrated the utility of
this method in predicting the fatigue strength of numerous PMCs, including CFRPs, GFRPs, and
other PMCs [15, 23,36, 49,50, 51,52,|53,|54,|55, |56]. Meanwhile, Huang et al. [52] proposed
alternative curve-fitting methods, each potentially suitable for modeling the thermomechanical
fatigue response of specific polymers and PMCs. In addition to AT-o approach, the heat

dissipation rate-stress (AT-o°) approach has shown its capability for determining the fatigue
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strength of PMCs [57,/58]. In summary, both methods offer advantages depending on the material
and application, with the AT-o excelling in simplicity and speed, while the ¢-o approach,
requiring further analysis, but may deliver a more in-depth assessment of fatigue behavior. This
represents a key gap in the literature, highlighting the importance of selecting an appropriate
thermographic approach for determining fatigue strength. In addition to the fatigue strength
estimation [53,59, 60], the fatigue life assessment of PMCs plays a key role in ensuring the PMC
performance across different fatigue regimes, ranging from LCF to VHCEF [11]. Unlike the widely
used standard S-N curves, which rely on final failure and are constructed under conventional
frequencies (5 Hz or below) without accounting for the self-heating effect, the entropy concept
as a thermodynamic framework offers a more comprehensive analysis by incorporating results
from the ¢-o approach [61]. Entropy-based models can advantageously capture the impact of
self-heating at any arbitrary frequency, providing a more generalized assessment of fatigue
behavior. Entropy generation, governed by the second law of thermodynamics [[62]], is a function
of loading types [63[], ambient temperature [64]], stress level, and frequency [65, 66]. For
fatigue-loaded PMCs, entropy generation may arise from different fracture mechanisms such
as matrix cracking, fiber breakage, debonding, and delamination [67]. Several studies have
implemented entropy-based models for fatigue life prediction in PMCs [53| |68, |69, [70]. By
applying the first and second laws of thermodynamics, Naderi and Khonsari [67] developed
a theoretical framework to assess the fracture fatigue entropy (FFE) as a material property.
Their findings were further supported by Mohammadi and Mahmoudi [62]], who proposed
a micromechanical model for evaluating FFE. Huang et al. [53]] assessed the FFE value for
CFRP. For this reason, they implemented a quadratic function to separate the internal heat friction
from the entire heat generation, and finally, determined the heat induced by damage as the key
factor in the FFE determination. All previous works assumed constant heat capacity (C,) when
implementing the ¢-o- approach for evaluating FFE, but incorporating temperature-dependent

C, is critical for accurately modeling and quantifying the heat dissipation rate.

1.5 Advances in limiting self-heating effect and prolonging

fatigue life

The intensity of the self-heating effect is highly dependent on loading frequency — higher
frequencies result in greater temperature rise and reduced fatigue lifetime. The severity of the
self-heating effect in fatigue-loaded PMCs can be mitigated through two feasible strategies:
(1) surface cooling of a tested PMC during fatigue loading [26, 27, |71} [72], and (i1) optimal

materials design and selection [73]].
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The first strategy, as discussed in detail in [|6, 32]], involves the forced air or liquid cooling
of a tested composite surface using various media and technologies. To limit the self-heating
effect, researchers in 33,11, 37]] used a pulse-pause method alongside forced air cooling. Lee et
al. [74] incorporated a Peltier ring-type cooling, while Wang et al. [30]] utilized both cryogenic
nitrogen cooling and pulse—pause method, see [6] for further details. In the second strategy for
limiting self-heating, several studies have investigated the feasibility of PMC modifications using
nanoparticles during the manufacturing process, see [|6,|32]] for more details. Among the diverse
types of nanoparticles, carbon-based allotropes are distinguished owing to their exceptional
mechanical, electrical, and thermal properties [75, 76, (77, |78, [79, 80]]. In this context, the
literature also highlights that incorporating hybrid nanoparticles into composites improves
their performance by synergizing the unique benefits of each type of nanoparticle. These
advantages can be obtained in multiple aspects, with notable gains in mechanical properties
such as fatigue strength. For example, Boger et al. [81]] hybridized silica nanoparticles with
MWCNTs and obtained benefits of several orders of magnitude in fatigue life. Furthermore,
Li et al. [82] hybridized CNFs with GO and found longer fatigue lives compared to those
achieved with individual nanoparticle types. Using a semi-crystalline thermoplastic PEEK
matrix, Papageorgiou et al. [83]] achieved similar findings when hybridizing GNPs with short
carbon fibers. Shokrieh et al. [84], for example, studied the fatigue response of composites
reinforced with CNFs and GNPs. They reported that the fatigue life increased, respectively,
24 and 27.4 times compared to composites with a neat matrix. However, when they hybridized
the two nanoparticles (CNF+GNP) in a 1:1 ratio, the improvements were around 37.2 times.
According to the authors, while GNPs increased stiffness, CNFs increased strength. Therefore,
hybridization with nanoparticles of different geometric shapes enables the CNFs to reduce the
agglomeration of GNPs, providing better mechanical properties due to the resulting synergistic
effect [75) 85, [86]]. Nevertheless, the literature highlights the absence of studies exploring the
potential benefits of the synergistic effect on heat dissipation and its subsequent impact on fatigue

response.

1.6 Advances in using self-heating phenomenon for

non-destructive damage evaluation

Ensuring the longevity of PMC structures necessitates periodic inspections using NDT
techniques. Among the developed NDT techniques [87, 88, |89, 90|, IRT stands out for its
speed, and simplicity in PMC inspections, along with its high effectiveness in detecting various

types of external and internal damage [36, 91, 92, |93]]. There are several techniques within the
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scope of IRT, with the VT distinguished by its ability to identify complex defects and cracks.
VT has been successfully applied for inspecting the diverse categories of defects and cracks
in PMCs, consisting of debonds [93]], closed cracks [94], and vertical open cracks oriented
orthogonally to the inspected surface [95]], surface-breaking and fatigue-induced cracks [96, (97,
98, [99]], delamination [[100], impact damage [101], and corrosion [102]. In the cases, where
the application of external excitation sources is unfeasible, e.g., single-sided access or limited
accessibility to specific regions of the inspected specimen [[103], the non-destructive SHVT
technique can serve as an alternative [47]]. The self-heating phenomenon was employed as a heat
source in this method, eliminating the need for external sources like flash lamps, optical heaters,
or lasers during damage inspection. The authors of |89, 98,104, 105]], excited the PMC specimens
at their resonant frequencies for crack localization and crack propagation monitoring, which were
likewise employed by the authors of [106]. SHVT technique was successfully implemented in
the inspection of PMC elements with numerous defect types, consisting of simulated cracks, flat
bottom holes [[107], and LVID [[14]]. Previous studies primarily concentrated on one-dimensional
composite beams when applying the SHVT technique. Furthermore, while some approaches exist
in transient thermography for selecting the optimal thermograms, the literature highlights the
challenges in selecting effective thermograms from large data sets captured during SHVT testing

for further image processing, aimed at damage identification in PMC structures.

1.7 Motivations and objectives

The comprehensive literature reviews in [6} 32] highlighted several key research problems in
understanding the phenomenology of self-heating and predicting the fatigue response of PMCs,
as summarized below.

One research problem is the need to develop a robust physics-based framework to
predict the self-heating effect under cyclic loading. This is of primary importance in the
assessment of fatigue response of PMCs, and enabling non-destructive damage inspection using
self-heating-based techniques.

To fully understand the fatigue performance of PMCs, it is essential to analyze their behavior
across different loading regimes, ranging from LCF to VHCEF. Typically, LFFT, operating below
100 Hz, is used for LCF and HCF studies, whereas UFFT, operating in the range of 20 kHz with
forced air or liquid cooling, is implemented for VHCF experiments. Despite the availability of
LFFT and UFFT systems, few studies have examined fatigue response across all regimes. A key
challenge in this regard is the self-heating phenomenon, which arises at frequencies above 5 Hz
and complicates fatigue behavior analysis. This highlights issues related to the transferability of

LFFT and UFFT results and the need for further investigation to establish a feasible strategy to
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bridge this gap.

Another critical limitation in the current fatigue assessment methods, like the S-N curve,
is its reliance on extensive experimental campaigns, making it time-consuming and unfeasible
for real-time predictive maintenance. Moreover, the current fatigue life prediction models often
neglect or oversimplify the effects of self-heating, and primarily consider the final failure
stages of fatigue-loaded PMC specimens. To enhance predictability and enable continuous
damage evaluation, it is essential to develop a reliable model for thermomechanical fatigue life
assessment of PMCs that incorporates self-heating effects throughout the entire fatigue process,
from early-stage damage initiation to rapid damage accumulation leading to final failure.

Moreover, few studies have explored the strategies for mitigating the self-heating effect from
the perspective of optimal materials design and selection at the stage of manufacturing of PMC:s.
According to the literature [6, [32], carbon-based allotropes are the prime candidates owing to
their exceptional mechanical properties and excellent thermal conductivity. These nanofillers
enhance the interconnected thermal conduction pathways for efficient heat transfer from the
tested PMC to the environment. Therefore, exploring the effect of incorporating the thermally
conductive nanofillers on the fatigue response of modified PMCs is essential as a cost-effective
strategy.

In addition, the effectiveness of SHVT as a non-destructive technique for damage inspection
in 1D composite beams has been successfully demonstrated. However, it is of primary importance
to enhance its applicability to a broader range of structures, e.g., PMC plate-like structures, which
are more commonly used in engineering applications than 1D composite elements. To bridge

these gaps, this PhD research aims to achieve the following objectives:

(1) Development of a physics-based framework for reliably modeling the self-heating

phenomenon in fatigue-loaded PMC:s.

(2) Assessment of the feasibility of combining the low and ultrasonic fatigue testing results

using the heat dissipation rate concept.

(3) Thermomechanical fatigue life assessment of PMCs by establishing an entropy-based
model (index) and a stiffness degradation concept accounting for different stages of

fatigue-induced damage evolution.

(4) Investigation of the potential synergistic effects of incorporating the nanocarbon-based
allotropes (i.e., GNPs and CNFs) in mitigating self-heating, thereby improving the fatigue
strength, and prolonging the fatigue lifetime of modified GFRP composite.

(5) Broadening the applicability of SHVT as an NDT technique for damage inspection in
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composite plate-like structures by utilizing the self-heating phenomenon as an alternative

heat source for thermal excitation.

Considering the identified research gaps and objectives, the dissertation hypothesis was
formulated as follows:

It is possible to enhance the assessment of fatigue response and structural integrity of
polymer-matrix composites by developing a thermomechanical framework that accounts for
the self-heating phenomenon, while also improving the fatigue longevity of polymer-matrix
composites by mitigating and controlling hysteretic heat accumulation.

These findings will contribute to more reliable fatigue assessments, enhanced non-destructive
testing methods, and the development of advanced PMCs with improved performance in

demanding engineering applications.

1.8 Research scope

As the primary objectives and hypothesis of this research are already defined in Section[L.7]
the scope of this study focuses on achieving these objectives and validating the proposed
hypothesis. The primary milestones defining the scope of this PhD research are highlighted

below:

* Modeling the self-heating phenomenon. This milestone involves oscillatory shear
rheometry testing to estimate the thermoviscoelastic response of PMCs using
a mathematical temperature- and frequency-dependent Prony series representation. This
aims to simulate the self-heating phenomenon induced during cyclic loading in the form

of temperature distribution, see Chapter [2]and [[108]] for more details.

* Transferability of fatigue testing results. This milestone involves analyzing the
transferability of fatigue results for the CF/PEKK composite derived from LFFT at 50 Hz
under natural air cooling, and UFFT at 20.2 kHz under controlled temperature using
a pulse-pause loading pattern with forced air cooling. A unitless heat dissipation rate
factor is introduced to link the results from both testing conditions, with further details
provided in Chapter [3]and [11}, 37].

* Fatigue life assessment using stiffness degradation and entropy-based damage
analysis. This milestone involves establishing a new trilinear ¢g-o- model by combining
IAT and CAT results, considering the temperature-dependent heat capacity, enabling the
determination of FFE values across different regimes. By implementing the developed

trilinear g-o- model, a novel EDI concept is then introduced, enabling the establishment
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of the S-N curves based on different stages of fatigue-induced damage evolution. This
milestone also includes establishing the S-N curve accounting for different levels of

stiffness degradation, see Chapter 4| and [[109] for more details.

* Synergistic role of hybrid nanofillers in improving fatigue longevity. This milestone
introduces a new thermographic approach (i.e., MPD-based g-o-), serving as an alternative
to the commonly used bilinear AT-o approach, offering a more efficient methodology
for estimating the fatigue strength of modified PMCs, see Chapter [5| and [I10] for
more details. Additionally, this milestone assesses the synergistic effects of incorporating
thermally conductive hybridization of GNPs and CNFs for mitigating the hysteretic heat
accumulation and prolonging the fatigue lifespan of the modified GFRP composite, see

Chapter [5|and [110] for more details.

» Using self-heating effect for non-destructive testing of composites. This milestone
includes utilizing the scanning laser Doppler vibrometer to acquire the natural frequencies
of the tested PMC plates, and exciting the plate-like structures at their natural frequencies
to demonstrate the applicability of self-heating as a potential alternative heat source for

damage inspection, see Chapter|[6]and [[111]] for more details.



Chapter 2
Modeling the self-heating phenomenon

The necessity of understanding the self-heating phenomenology in accelerated fatigue testing
and its potential impact on engineering applications have been highlighted in the benchmark
review papers [6,|32]]. Due to the importance of the self-heating effect, the first objective of this
PhD research was to develop a model for simulating this phenomenon and address the limitations
of existing models. To accomplish this, the GFRP composite was selected for the investigation,

with further details provided in [108].

2.1 Theoretical background

Modeling the self-heating phenomenon and predicting the thermal response induced during

fatigue loading requires solving the energy equation, expressed in the following form [112]:

/ (pc,,%—f) dV+ / (—KVZT) dv + / h(T —T,) dA,,

+ / e (T“—Tj) dA,q = / Ggen dV, @.1)

where V is the control volume, T and ¢ are the temperature and time, respectively. p is the
density, A., and A, are the surface areas exposed to convection and radiation, respectively. e is
the emissivity, and 3 is the Stefan Boltzmann constant. K denotes the thermal conductivity of
the GFRP composite, which is assumed to be independent of temperature for GFRP as well as
thermally isotropic (i.e., Ky = K, = K; = K), as specified in the manufacturer’s datasheet [[113]].
Nevertheless, C,, exhibits temperature dependency and can be derived from Eq. [114].

C, =828.7+2.71T. (2.2)
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dgen denotes the volumetric heat generation rate, which is proportional to the thermomechanical

strain amplitude (&), frequency (f), and the dynamic shear loss modulus (G”(f,T)) [115].

dgen = 37f53G" (f,T). (2.3)

2.2 Thermoviscoelastic modeling

Solving the energy equation requires modeling the thermoviscoelastic response of the PMCs,
particularly G”(f, T), which is a key factor in quantifying heat generation during cyclic loading.
Understanding this parameter is crucial for analyzing the conversion of mechanical energy into
heat and its impact on the self-heating behavior of PMCs. Since thermoviscoelastic properties
depend on both frequency and temperature, dynamic rheological measurements were conducted
to determine G”( f, T), along with storage shear modulus (G’(f,T)), which is required for the
mathematical formulation of G”(f,T) in the form of Prony series. These measurements were
carried out using the ARES-G2 rheometer in torsional oscillation mode. Additional details are
available in [108]. Measurements of storage and loss shear moduli were taken at temperatures
ranging from 25 °C to 175 °C, covering 18 frequencies between 0.01 Hz and 99 Hz. The raw data
extracted from ARES-G2 for all frequencies were first processed to obtain frequency-domain
curves at various temperatures. Using the kinetic Arrhenius model, the reference temperature
was then set at 140 °C, the lowest value among the 18 values for the glass transition temperature
(T,) acquired from experiments. Finally, the master curves for the storage and loss shear moduli,
presented in Figures 2.1 and [2.2] respectively, were constructed based on the TTS principle
in terms of reduced frequency (f,), incorporating the combined effects of temperature and

frequency.
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Figure 2.1: Master curve representing storage shear modulus versus reduced frequency [108].

Figure 2.2: Master curve illustrating shear loss modulus versus reduced frequency [[108].
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The generalized Maxwell model, represented by Prony series, estimates the linear viscoelastic
behavior of PMCs [116]. The frequency-dependent Prony series used in [45] can be

mathematically rewritten as the frequency-temperature-dependent Prony series [46]:

2.2 2
8iT arw
G (T,w)=Go+G rire 2.4
(T, w) OZHT o (2.4)
< giTiarw
G"(T,w) =G =Lkt S 2.5
( ) 0;1+Tl.2a%a)2 2:5)

where w denotes the angular frequency, defined as 2z f, and n denotes the number of required
Prony parameters, i.e., g; and 7;. The parameter g; represents the relaxation modulus at each
relaxation time 7;, indicating how much the material relaxes under an applied load over time.
G 1s the long-term shear modulus obtained from a static test, while G¢ is the initial shear
modulus at time ¢ = 0 of a relaxation test. Such shear moduli can be converted to each other

using the Prony parameter of g; as follows:

n
Ge = Go |1 - Zg,-) : (2.6)
i=1
G
Gp=— . 2.7)
0 1 - er_zzl 8i

Estimated parameter g; should be positive and ina sum below one,i.e., >, ; & < 1, g > 0.
For optimizing Prony parameters, n is an arbitrarily selected number, while g;, 7;, and Gy were
initially assumed. The storage and loss shear moduli (G” and G”) were then estimated using
Egs. [2.2) and [2.3] and compared with the extracted data from a torsional rheometer. The errors
were finally minimized using the given objective function (OF) programmed in MATLAB

software.

(G,s — GL,)? N (G, —G")? N (tan 8,5 — tan Gy )>
0a(Glns) a(Gg) o4 (tan 6,y)

where tan ., denotes the dissipation factor estimated by Eq. 2.7, ms and es indices show

= (OF), (2.8)

the measured data from experiments and estimated data using the minimization algorithm,
respectively, and o indicates the standard deviations for each of these three measured values.
To represent the thermoviscoelastic behavior of the investigated PMCs with the required
accuracy, up to 75 Prony series with corresponding coefficients were taken into account.
Employing the minimization objective function (see Eq.[2.§), the optimal number of the Prony
series was identified as 44, and coefficients are given in the Appendix in [108]. The loss shear

modulus, crucial for determining the heat generation rate (see Eq.[2.3)), was then mathematically
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formulated and quantified using 44 Prony series. Figure [2.3] demonstrates a good agreement

between the loss modulus obtained from the 44-term Prony series and the master curve.

Figure 2.3: Evaluating the loss shear modulus via Prony series versus the master curve [[108]].

2.3 Simulation results and validation

IR cameras can only capture surface temperatures, making it impossible to directly measure
the self-heating temperature variation through the PMC thickness. Therefore, the numerical
simulation was essential to bridge this gap by estimating the internal temperature distribution.

To address this, the self-heating effect was numerically simulated by incorporating the heat
generation rate, modeled with a 44-term Prony series, into the energy equation (Eq. [2.1)) while
accounting for the ICs and BCs. To solve the energy equation, a finite difference approach was
applied, with a convergence criterion based on the unitless residual temperature, further details
can be found in [108]. The results obtained from the self-heating model were validated through
fatigue experiments on a cantilever PMC beam exposed to natural air cooling via a customized
electrodynamic shaker-based setup in fully reversed displacement-controlled mode, see the
details in [108]].

Six ROIs were defined to numerically analyze temperature distributions across

the cross-sectional (XZ-plane) and longitudinal (YZ-plane) dimensions (see [108]]). Assuming
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the symmetry of temperature response under fully reversed bending, ROIs were considered
across half of the specimen’s thickness. The temporal evolution of self-heating was examined
in ROIs 1-3, located near the lower clamp where the maximum stress concentration occurs.
Meanwhile, ROIs 4-6 captured the temperature distribution at the end of fatigue loading, as
shown and discussed in [[108§]]. Figure [2.4] shows the relationship between the heat generation
rate and the temperature increase across ROIs 1-3. ROI 1 exhibited the highest heat generation
due to the maximum bending stress, while ROI 3 showed negligible heat generation, as this ROI

experienced only the shear stress (4.3 MPa), which was 66 times lower than the bending stress.

Figure 2.4: Heat generation rate versus temperature increase for ROIs 1 to 3 [[108]].

To evaluate the accuracy of the numerical model, only surface temperature results were
compared with experiments, as IR cameras cannot capture through-thickness thermal variations.
Furthermore, the impact of radiation was examined in the simulations. Figures[2.5(a) and [2.5(b)
depict the numerical simulation results by excluding and including the influence of radiation,
respectively, along with the experimental results shown in Figure [2.5(c). Figures [2.6(a) and
[2.6(b) compare the cross-sectional temperature distributions with and without considering the
radiative heat flux near the clamp.

Results obtained from the numerical simulations, as shown in Figures [2.5]and [2.6] provided

a deeper understanding of the temperature distribution on the surface and through the thickness
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of a fatigue-loaded PMC, respectively. In thin PMCs, such as the one tested with a thickness
of 2.4 mm and a length-to-thickness ratio of 16, the surface temperature near the clamp on
the surface (ROI 1) was consistently higher than that of the neutral axis (ROI 2), illustrated in
Figure [2.5] The temperature variation between ROI 1 and ROI 2 remained below 4 °C when
the radiation effect was considered and below 7 °C when the radiation effect was excluded
(see Figure[2.6)). This indicates that the surface temperature measurement suffices for thin PMC
structures (see Figure [2.5). However, for thicker specimens, this temperature difference may
be more pronounced and necessitates consideration in future investigations. The absence of
radiative heat flux in the simulations led to increased temperature values across all ROIs due to
the reduction of heat dissipation into the environment. However, the incorporation of radiation
effects into numerical models significantly enhanced the accuracy of temperature predictions,

highlighting its importance in capturing real-world thermomechanical fatigue behavior.
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Figure 2.5: Relative temperature distributions on the specimen surface from (a) simulations
excluding radiation, (b) simulations including radiation, and (c) experiment [[108].
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Figure 2.6: Relative temperature distributions near the clamp from numerical simulations:
(a) excluding the radiation effect, and (b) including the radiation effect [108].

Incorporating the influence of radiation and considering the most critical region (i.e., ROI 1),
further comparison between numerical simulations and experimental results was carried out
under three stress levels, as depicted in Figure Considering the computational constraints
linked to the small time increment (i.e., 8.3 ms) and its consequential effect on simulation
duration, the analyses were limited to a maximum of 3 - 10* cycles. It is evident that self-heating
temperature exponentially increases from the beginning up to 10* cycles in both experiments and
simulations. However, the discrepancies in temperature values are notable up to this range of
loading cycles. Numerical results consistently indicated lower temperature values compared
to experimental data. This inconsistency between numerical simulations and experimental
measurements may be attributed to implementing the simplified model for the convective heat
transfer coefficient. Notably, as the number of cycles increased, convergence became evident

between numerical and experimental results, where the temperature stabilization occurred.
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Figure 2.7: Comparing the numerical model and experiment results at three load levels [[108].

2.4 Summary

As presented in this chapter, the first objective was successfully achieved by developing
a robust physics-based framework that reliably modeled the self-heating phenomenon induced
in the fatigue-loaded PMCs. This was accomplished by implementing a 44-term temperature- and
frequency-dependent Prony series representation, enabling the mathematical formulation and
reliable estimation of the thermoviscoelastic response, and finally the self-heating temperature
distribution via the energy equation.

A key finding was that radiative heat flux significantly influences thermal response,
necessitating its inclusion in self-heating models to ensure accurate predictions. In addition, for
thin PMCs with a length-to-thickness ratio of 16, the through-thickness temperature variation was
determined to be negligible (below 4 °C) compared to the substantial 100 °C increase observed
on the surface of tested PMCs under high-stress conditions. This highlights the reliability of

surface temperature measurements using IR thermography during the fatigue experiments.
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Thermomechanical fatigue analysis under

different loading regimes

As highlighted in Section and in [6, [32]], understanding the fatigue behavior of
high-performance PMCs, such as CF/PEKK, is crucial for advanced applications across
all fatigue regimes, ranging from LCF to VHCEF. Considering the inherent challenges and
time-consuming nature of performing VHCF experiments at low frequencies, the second
objective of this PhD research was to introduce a feasible strategy for combining the fatigue
testing results within LFFT and UFFT (up to 10% and above 10® cycles, respectively). To achieve
this, the fatigue behavior of the CF/PEKK composite was assessed under three-point bending,
with LFFT performed under natural air cooling and UFFT conducted in a pulse-pause loading
pattern with forced air cooling (see [11,|37] for more details). Furthermore, using UFFT results,
the critical self-heating temperature was determined, corresponding to the transition between

phases II and III, where rapid damage propagation occurs, as illustrated in Figure[1.2]

3.1 Combining low and ultrasonic fatigue results using the

heat dissipation rate concept

Based on the recommendations in [6]], the fatigue testing of GFRPs under natural air cooling
should be conducted at frequencies below 10 Hz to minimize the self-heating effect resulting
from loading frequency. However, this approach seems to be conservative for the CF/PEKK
composite due to its higher thermal conductivity, which allows for more efficient heat transfer
into the surroundings, and consequently limits the self-heating temperature. IATs were conducted
over a 5-50 Hz frequency range to identify the maximum permissible loading frequency where

self-heating is primarily driven by mechanical loading (i.e., phase lag between stress and
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strain) rather than frequency. The preliminary results demonstrated that the induced self-heating
temperature was unaffected by this frequency interval. This finding allowed for accelerating the
fatigue experiments, enabling all LFFT tests to be performed at 50 Hz under the natural air
cooling using a custom-designed three-point bending fixture, see [11] for further details. On the
other hand, VHCF experiments were conducted at the frequency range of 20.2 + 0.02 kHz using
a pulse-pause loading pattern, with a temperature control achieved through forced air cooling to
mitigate the thermal effects resulting from high loading frequency.

To combine LFFT and UFFT results, the CATs were conducted for both regimes at the same
mean load of 283.5 MPa. The CAT results are illustrated in Figure[3.1] Analyzing the CAT results
highlighted a transition zone between LFFT and UFFT regimes for CF/PEKK composite (see
Figure 3.1). Constructing the transition zone only through LFFT requires extensive testing time,
while UFFT is still limited by current technological constraints that prevent applying higher
amplitudes to cause specimen failure at a lower number of cycles. For example, the maximum
achievable load amplitude in UFFT is £49.1 MPa with a corresponding displacement amplitude
of £54.2 um [11]].

Figure 3.1: Combining the LFFT and UFFT results via the S-N curve driven from CATs [11].

Considering the time-consuming nature of LFFT and the technological constraints in UFFT
for constructing the transition zone in the S-N curve, a novel approach was proposed to combine

the thermomechanical fatigue responses of CF/PEKK composite derived from LFFTs and
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UFFTs. This method is based on the heat dissipation rate concept by incorporating IATs under
different mean loads using both testing scenarios.
In accordance with the first law of thermodynamics for a control volume in Eq. when
a PMC specimen reaches the stabilized self-heating temperature, the heat generation rate drops
to zero at the moment of unloading (see Figure[3.2). At this stage, the rate of heat storage ()
balances with the total heat dissipation rate (g) through conduction, convection, and radiation,
which is given by [117]]:
oTr
Gs=q=-pCpg-
where 0T /0t refers to the cooling rate at time 7, when the tested PMC is unloaded [11]], see
Figure 3.2| for more details.

(3.1)

b
t=t,

Figure 3.2: The exemplary thermal response under stress amplitude 44.6 MPa for evaluating the
heat dissipation rate in the UFFT regime [11]].

The heat dissipation rate (g) is intrinsically influenced by several key variables, including
loading frequency (f), oscillation displacement/force amplitude (6,/F,), and the implemented
cooling technique. Distinguishing the effects of these parameters on results obtained from LF
and UF techniques poses a significant challenge. Among the mentioned factors, however, the
mechanical loading from LF (force control) and UF (displacement control) has been linked using

the correlation between force and displacement, as shown in Figure[3.3] By establishing a unitless
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scalable factor that serves as an indicator of the cumulative effects of frequency and applied
cooling technique, the results from LFFT and UFFT became transferable and comparable. This
approach, indeed, simplified the interplay of such factors in the comparative analysis of LF
and UF techniques. The proposed scalable energy ratio, represented as ¢rasio, facilitated the
transferability of results from UFFT to LFFT regime under similar amplitude displacement
conditions, which is given by:

JUFFT

q'ratio = ,
JLFFT

(3.2)

where guprr and ¢prrr denote the heat dissipation rates within the UFFT and LFFT scenarios,
respectively. To quantify the dependency of ¢ on the load amplitude, a series of IATs was
performed with the same mean load of 283.5 MPa, as shown in Figure The stress ratio
for IATs within LFFTs ranged from 0.11 to 0.59, whereas for UFFTs, it varied between 0.67
and 0.88. Applying such a broad spectrum of load ratio was essential to comprehensively
characterize the thermomechanical fatigue behavior of CF/PEKK composites, allowing for
an in-depth understanding of their durability, potential failure modes, and fracture mechanisms.

The heat dissipation rate over the determined spectrum of displacement amplitudes (utilizing
the relationship between displacement and force) is illustrated in Figure [3.3] It was assumed
that the heat dissipation rate is negligible when the displacement amplitude is zero, denoted
as 6, = 0, implying that § = 0 under such a condition. This zero-displacement scenario was
considered as the lower boundary condition, while data extracted from LFFTs performed at the
higher displacement amplitudes were considered as the upper boundary condition. Considering
these boundary conditions, a quadratic fit (4th-order polynomial) was applied to model ¢ with
satisfactory accuracy, illustrated in [[11] with more details. Analysis of the extracted LFFT
and UFFT results revealed an average energy ratio (i.e., §ratio) Of 2107. In other words, this
dimensionless energy ratio indicates that the interplay between frequency and the cooling system
in UFFT enhanced the heat dissipation rate by a factor of 2107 compared to the LFFT under the
same stress level. Accordingly, this scalable factor was implemented to account for the combined
effects of loading frequency and cooling technique in further analyses of heat dissipation rates
across LFFT and UFFT regimes.
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Figure 3.3: Dependency of heat dissipation rate on loading amplitude for LFFT and UFFT
regimes [[11].

Considering the aforementioned assumptions and applying ¢rasio, the heat dissipation rate
for an equivalent mean load of 283.5 MPa was first evaluated based on the obtained results
from IATs for both LFFT (2.5 kN) and UFFT (300 um), illustrated by the blue and red squares
in Figure [3.4] respectively, see [11]] for the detailed testing conditions. It is important to note
that the applied mean load of 283.5 MPa includes approximately one-third of the CF/PEKK
ultimate strength (811 MPa[118]]), which is insufficient for the comprehensive thermomechanical
fatigue characterization of such a composite. For this purpose, the operational boundaries of
performing three-point bending testing using both low and ultrasonic frequency techniques have
been illustrated in Figure[3.4] As can be extracted from Figure [3.4] the UFFT technique allows
for testing at lower mean loads, whereas the LFFT method enables testing at higher mean loads.
By implementing these advantages, a range of mean loads was applied to the tested specimens.
UFFTs were performed under the highest possible mean load of 283.5 MPa (300 um, denoted
by U300) and the lower mean load of 236 MPa (250 um, denoted by U250). In both cases,
the thermal responses were recorded using an IR camera. On the other hand, according to the
preliminary LFFT results, the lowest load amplitude that resulted in a thermal response was
102 MPa (900 N). As the limitation of conducting three-point bending testing, the applied

amplitude loading must not exceed the mean load value. Considering such limitations regarding
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the testing technique and the necessity for thermal response registration, the tested specimens
were additionally applied to higher mean loads (i.e., 340 MPa and 397 MPa, labeled as L3000
and L3500 in Figure 3.4} respectively) using the LFFT technique. Taking advantage of UFFTs,
the thermomechanical fatigue responses were predicted for LFFTs for the lower mean load of
236 MPa (i.e., 250 um or U250 in Figure [3.4). Using LFFTs, by contrast, the o-g curves were
predicted for higher mean loads of 340 MPa and 397 MPa (i.e., 368 um and 429 um, referred
to as U368 and U429 in Figure 3.4} respectively), which exceed the capabilities of the current
UFFT setup. These findings resulted in a foundation for a comprehensive understanding of

thermomechanical fatigue behavior in CF/PEKK composites using LFFT and UFFT results.

Figure 3.4: Combining the extracted fatigue responses under LFFT and UFFT conditions via
stress-heat dissipation rate concept for CF/PEKK composite [[11].

3.2 Determination of critical self-heating temperature using

heat dissipation rate concept

Furthermore, the heat dissipation rate concept has been utilized to determine the critical
self-heating temperature interval [37]], which serves as an indicator for identifying the beginning

of rapid damage accumulation in the fatigue-loaded CF/PEKK composite. To achieve this, heat
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dissipation rate values were plotted versus the self-heating temperature, derived from a range of
amplitude conditions in the UFFT scenario. These findings, shown in Figure [3.5] align with the
three-phase self-heating behavior outlined in Figure In phase I, rapid temperature growth
driven by frictional heating corresponds to the initial increase in heat dissipation observed up to
54 °C. Phase Il is characterized by temperature stabilization, with a steady heat dissipation rate of
around 1.5 W/cm?® between 54 °C and 65 °C, indicating a thermodynamic equilibrium between
heat generation and dissipation. Finally, phase III marks a sharp temperature rise, correlating with
a significant increase in heat dissipation beyond 65 °C, indicating severe damage accumulation,
likely due to polymer softening, macrodelamination, macrocrack formation, and fiber breakage.
The critical self-heating temperature interval (54-65 °C) identified in these phases potentially
indicates the initiation of rapid damage accumulation in the CF/PEKK composite, highlighting
the importance of temperature monitoring in evaluating the structural integrity of PMCs under

fatigue loading.

Figure 3.5: Heat dissipation rate versus the self-heating temperature, adopted from [37].
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3.3 Summary

The findings presented in this chapter contributed to establishing a comprehensive framework
for understanding the thermomechanical fatigue response of CF/PEKK composite under both
LFFT and UFFT regimes. The second objective of this PhD dissertation was successfully
accomplished by analyzing the transferability of fatigue results under controlled temperature
conditions in aerospace-grade CF/PEKK composites.

A key finding was that implementing the standard S-N curve was unfeasible for capturing
the fatigue response of CF/PEKK composite across all fatigue regimes, ranging from LCF to
VHCF. Consequently, a transition zone between LFFT and UFFT regimes (i.e., from 10° to
103 cycles) was identified. Nevertheless, constructing this transition zone using the standard
method (i.e., S-N curves ) was challenging due to extensive testing time requirements and
technological limitations. For this purpose, a novel heat dissipation rate factor was proposed
to bridge the findings from both low and ultrasonic fatigue testing techniques. Furthermore,
the critical temperature threshold (50-65 °C) was determined through the analysis of the heat
dissipation rate within the UFFT scenario, which can be used as a failure criterion for future

ultrasonic fatigue testing.



Chapter 4

Thermomechanical fatigue life assessment

through different methods

As highlighted in Sections and the conventional fatigue life prediction models
(e.g., the S-N curve) often overlook or oversimplify the self-heating effect, and primarily
focus on the final failure stages of fatigue-loaded PMCs. Enhancing the accuracy of predictive
models and enabling the continuous damage assessment requires a robust thermomechanical
fatigue life model that incorporates the self-heating effect within the entire fatigue process,
from early damage initiation to rapid accumulation leading to abrupt failure. Considering these
limitations, the third objective of this research study was to assess the fatigue response of PMCs
by establishing novel concepts of entropy-based damage evolution and stiffness degradation.
These concepts account for the different stages of cumulative fatigue damage of PMCs, focusing

on the GFRP composite in this study, with detailed information provided in [109].

4.1 Thermodynamic process of entropy generation for fatigue

life assessment

When the applied stress level remains below the fatigue strength (ofs), the primary
mechanism for heat dissipation is the internal friction (i.e., ¢ = ¢ ), which is considered as
a recoverable process [69]. However, when the applied stress exceeds the fatigue strength, the
heat arises due to the internal friction and the fatigue-induced damage (g4), corresponding to

the reversible and irreversible thermodynamic processes, respectively, which is given by [109]:

d=dqf+a=4q4f+4qa. 4.1)

For IAT scenarios, ¢ is determined using Meneghetti’s approach [117]] based on the cooling
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rate at the moment of unloading, see Figure [3.2]and [[109] for further details. The heat dissipation

rate led by damage (¢4) can then be determined as a function of stress (o) using:

Ga = qr+a (0 = 0Fs) — Gy (0 < OFs). 4.2)

By implementing the second law of thermodynamics [62], the total volumetric entropy

generation () can then be quantified by [53]]:

g ' Ga
y:FFE:/ ydt:/ 9 ar 4.3)
1o 1o

The cumulative entropy, termed as FFE, generated for multiple load levels within IATs can

be expressed as follows [[65]]:

A Nida,
= ST

where m represents the number of load levels, and N; is the number of cycles at the i-th step.7;

FFE = 4.4)

denotes the stabilized temperature in Kelvin, g, indicates the damage-induced heat dissipation
rate, and f; is the loading frequency at the i-th step. Once the FFE value [[67] is determined from
fatigue testing results, it becomes possible to estimate the number of fatigue cycles to failure

(Ny) for any arbitrary stress level above the fatigue strength (o~ > o) using Eq. [4.5]

JTs(o)
Ga(o)
For CAT scenarios, when m = 1 in Eq. applying Meneghetti’s approach [117] to

N¢(o) = FFE (4.5)

measure the cooling rate for heat dissipation quantification becomes unfeasible at high-stress
levels. This issue stems from the rapid temperature rise in the third phase of self-heating
temperature evolution [/11]], associated with the fatigue damage accumulation in the tested PMC,
making reliable cooling rate determination challenging at the end of testing [[109]. A practical
alternative is to use the initial temperature rise instead, as it provides an equivalent measure
of heat dissipation [56 |65, [119]. Furthermore, the stabilized temperature in Eq. @ can be
substituted with the critical temperature for determining the FFE values within CAT scenarios.
This substitution is justified because the stabilized temperature indicates the transition between
phases II and III at lower stress levels, while the critical temperature serves the same role under
higher stress levels [6} 12, [109].
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4.2 Results and discussion

Figure 4. 1]illustrates the sequential workflow of this chapter for achieving the third objective
by defining four subgoals. The fatigue strength of PMCs was first assessed using IATs based on
the bilinear thermographic approaches (i.e., AT — o and ¢ — o) in Section §.2.1] followed by
an analysis of their potential into the thermodynamic-based entropy generation for predicting
the fatigue response of PMCs. CATs were then performed to construct the S-N curve by
identifying the AE-based critical boundary, where the rapid damage accumulation begins, see
Section #.2.2] By combining IAT and CAT results, a novel trilinear § — o model was then
developed (see Section to assess the FFE values across different loading regimes. This
entropy-based methodology was further extended to introduce a novel EDI concept. This concept
offers an alternative methodology for constructing the S-N curves based on progressive damage

accumulation from the initiation to the final failure, as discussed in Sections [4.2.4] and [4.2.3]

Furthermore, by using the measured force and displacement from twice-integrated acceleration
data, the dynamic Young’s modulus was calculated, allowing for the construction of S-N curves
under different stiffness degradation levels (see Section@]), which addressed the final subgoal
of the study.
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Figure 4.1: Schematic workflow of the thermomechanical fatigue assessment of tested PMCs
[109].

4.2.1 Fatigue strength estimation via thermography-based approaches

The fatigue strength values were determined under four loading frequencies (20 Hz,
30 Hz, 40 Hz, and 50 Hz) using the bilinear AT-0- and ¢-o methods, represented by the
value at the intersection of two characteristic lines in Figure #.2] The role of constant and
temperature-dependent C,, was investigated in the g-o- approach, while only the results for
temperature-dependent C,, are presented here; see [[109] for further details.

The results obtained from both AT-0- and ¢-o- approaches similarly demonstrated a decline
in fatigue strength with rising frequency, e.g., see Figure d.2]for the ¢-o results [109]. At lower

frequencies, the viscoelastic nature of PMCs leads to dissipating the hysteretic energy into the
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surroundings, which prevents the occurrence of a remarkable temperature rise of the surface of
the tested PMC. This makes the fatigue-damage process more mechanically driven. In contrast, at
higher frequencies, low thermal conductivity and larger phase lag between stress and strain during
fatigue loading cause more heat storage at higher loading frequencies, leading to thermal hotspots
and higher temperatures. These thermal effects, along with mechanical loading, accelerate the
degradation mechanisms such as weakening of polymer chain interactions, matrix cracking,
fiber-matrix debonding, and delamination, finally leading to a reduction in fatigue strength.
The g-o method consistently predicted higher fatigue strengths than the AT-o- method,
especially at higher frequencies when incorporating temperature-dependent C,, with the
discrepancy becoming more pronounced at higher frequencies. Due to the relatively high
discrepancy in the estimated fatigue strength values from AT-0- and ¢-o- approaches at higher
frequencies (40 Hz and 50 Hz), the standard S-N curves for these frequencies were constructed
as a reference to assess the reliability of these thermographic approaches; see [109]]. At both
40 Hz and 50 Hz, the g-o approach yielded more reliable fatigue strength results than the
AT-o method when compared to the standard S-N curve at 10° load cycles. This highlights
the advantage of implementing the §-o approach, offering better accuracy in fatigue analysis of

PMCs, particularly at higher frequencies where thermal effects become more pronounced.

Figure 4.2: Fatigue strength estimation of PMCs under different loading frequencies using the
g-o approach [109].
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4.2.2 Fatigue life prediction via acoustic emission-based damage criticality

In addition to assessing the effect of frequency on fatigue strength, the AE responses of
fatigue-loaded PMCs from CATs were examined to identify the critical damage accumulation
boundaries. This analysis led to the establishment of a novel methodology for constructing the
S-N curve using AE-based criticality. Unlike the standard S-N approach, accounting for the final
stage of failure, the proposed criticality-based AE method relies on the boundaries where the
damage is progressively accumulated throughout the remaining lifespan of the fatigue-loaded
PMC specimen.

During the preliminary study, several AE features were evaluated, including CCNT, ETE,
CENY, and ALIN. Among them, CCNT was identified as the most sensitive feature/indicator
of early microstructural changes and microcrack growth, a finding that was also confirmed by
previous studies (e.g., [[12]]). For example, some of the AE responses acquired from fatigue testing
at the loading frequency of 40 Hz have been presented in Figure see [[109] for 50 Hz and
further information. The results were categorized into three fatigue regimes: LCF with less than
103 cycles, ICF ranging from 103 to 10° cycles, and HCF beyond 10° cycles [120]. While these
classifications may not be universally standardized, they allowed for establishing a regime-based
framework to assess the fatigue behavior of PMCs within this research. For example, Figures 4.3
(a) and [4.3] (b) illustrate the AE data at 40 Hz for the LCF and HCF regimes, respectively,
with further results available in [109]]. In Figure 4.3] the abrupt/final fatigue failure events are
marked by the peak values of the CCNT feature, alongside the critical boundary, denoted by
black dashed lines, where significant damage accumulation begins.

Using the identified criticality boundary values derived from the CCNT feature for different
stress levels, a new strategy, termed the AE-based S-N curve, was established. This approach
allows for identifying the permissible number of cycles a tested PMC can endure at a given
stress level before entering the accelerated fatigue damage phase. The S-N curves represented
in Figure [4.4] derived from final failure events (e.g., denoted by diamonds in Figure §.3| for
40 Hz) predict slightly higher fatigue strengths at 10° cycles for both frequencies of 40 Hz
and 50 Hz compared to the criticality-based S-N curves. The fatigue strength under 40 Hz
is estimated at 241.1 MPa based on the final failure, versus 222.9 MPa from the criticality-based
S-N curve, showing a 7.5% discrepancy. This highlights that the criticality-based S-N method
tends to predict a lower value, owing to identifying the fatigue damage at an earlier stage of
degradation, thereby providing a more conservative estimation that is key to preventing sudden
failures. Despite these findings, a key question arises regarding how the S-N curves extracted
from the criticality of AE data correlate with the stiffness degradation of fatigue-loaded PMC:s.

Establishing such a relationship will enhance the predictive capabilities in fatigue assessments,
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considering that the stiffness degradation serves as an indicator of structural integrity and residual
service life of PMCs.

Figure 4.3: Exemplary AE results from fatigue testing of PMCs at 40 Hz for: (a) LCF, and (b)
HCEF regimes [|109].

Figure 4.4: The S-N curves constructed using final failure and criticality of AE at 40 Hz and
50 Hz [[109].
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4.2.3 Analysis of fracture fatigue entropy across different loading regimes

Fatigue damage evolution depends on different loading parameters such as stress, frequency,
and thermal response [65, |66]]. The widely used standard S-N curves rely on final failure and
are primarily constructed under low frequencies (5 Hz or below) without accounting for the
self-heating effect. Nevertheless, by incorporating results from the ¢-o approach presented
in Section @4.2.1] the entropy-based models can effectively capture the interplay between the
mechanical loading and the thermal responses, providing a more reliable and generalized
assessment of the fatigue damage evolution of PMCs at different stages of damage evolution.

For this purpose, the FFE values were first determined using Eq. 4.4 within IAT scenarios.
However, preliminary results indicated that FFE values derived from the bilinear §-o- model in
Figure @, consistent with prior studies within IATs [53] [69]], were insufficient for fatigue life
assessment across different regimes [[109]. To address the unfeasibility of the bilinear model, the
CAT results were also incorporated to cover a broader stress range at 40 Hz and 50 Hz.

For IAT scenarios, the stabilized temperature was used to evaluate FFE via Eq.[4.4] while for
CAT scenarios, the critical temperature was used instead. The load cycle index corresponding
to the AE-based critical boundary at each stress level (e.g., Figure {.3] for 40 Hz) was used
to determine the corresponding critical temperature value from the temperature history curves
(e.g., see Figure[d.5|for 40 Hz). The AE event recording and thermal response registration were
synchronized throughout the fatigue testing to ensure both datasets captured the same damage
evolution stages.

Incorporating temperature-dependent Cp within the ¢-o approach was essential for
accurately quantifying heat dissipation rates, thereby facilitating a better evaluation of entropy
generation. This refined framework resulted in the trilinear ¢-o- model by combining IAT and

CAT results over a wide spectrum of stress levels under frequencies of 40 Hz and 50 Hz shown
in Figure [4.6]
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Figure 4.5: Thermal responses including critical temperature values for various stress levels at
40 Hz [109].

Figure 4.6: The constructed trilinear ¢g-o- models under 40 Hz and 50 Hz [109].
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As shown in [109]], the entropy evolved as a function of the load cycle, stress level, and
frequency for different fatigue regimes until the final fracture, known as FFE [67]. Analysis of
FFE values derived from the trilinear g-o results for 40 Hz and 50 Hz (Figure illustrated
three distinct trends corresponding to LCF (below 10 cycles), ICF (10> to 10° cycles), and HCF
(above 10° cycles) regimes, see Figure Consistent with other studies [53}, 162, 70], FFE can
still be treated as a material property with regime-based FFE values, making it a reliable metric
for evaluating PMC fatigue behavior under different stress levels and frequencies. The mean FFE
values for LCF, ICF, and HCF regimes were calculated as 1.8 + 0.9 Jem3 K, 6.5 + 1.2 J/em? K,
and 12.8 + 2.1 J/em? K, respectively.

As shown in [109]], compared to the rapid entropy growth in the LCF regime per cycle, ICF
showed a more gradual entropy increase. This behavior is linked to a moderate level of energy
dissipation (see Figure [4.6)), highlighting that more load cycles are necessary to reach the final
fracture/failure. The FFE values within the ICF regime ranged between those of LCF and HCF
values. The mean FFE value within the ICF regime is more than three times greater than those
for LCF. Among all the fatigue regimes, the slowest entropy accumulation occurs in the HCF
regime under relatively lower stress levels. Despite minimal energy dissipation per cycle, the
large number of cycles until abrupt failure resulted in cumulative entropy exceeding that of LCF
and ICF regimes. The determined mean FFE value for HCF regime was approximately double
that of ICF and seven times higher than LCF.

Figure 4.7: Determined FFE values for different loading regimes under 40 Hz and 50 Hz [109].
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4.2.4 Evaluating the effectiveness of the entropy-based fatigue life model

Using three mean FFE values, determined for LCF, ICF, and HCF regimes derived from
Figure the FFE-based S-N curves were established for 40 Hz and 50 Hz, see Figure 4.8
These curves were then compared with the standard S-N curves to assess their effectiveness in
predicting the fatigue life of PMC across different fatigue regimes. The comparative analysis
demonstrates that the FFE-based S-N curves slightly underestimate the number of cycles in the
LCF regime (below 10° cycles). This may be attributed to the sensitivity of considering the
mean FFE value in the LCF regime, where the higher entropy accumulation rate per cycle leads
to significant early-stage damage in the fatigue process due to the dominance of the self-heating
effect. The FFE-based S-N curves illustrate a good agreement with the standard S-N curves in
both ICF and HCF regimes. The primary reason for this better alignment may be rooted in a more
balanced distribution of mechanical and thermal energy over the fatigue cycles compared to the
LCF regime. This highlights that the FFE approach holds the potential as a reliable methodology

for fatigue life assessment.

Figure 4.8: Comparison of the standard S-N curves and FFE-based S-N curves for 40 Hz and
50 Hz [109].
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4.2.5 Fatigue life prediction using entropy-based damage index

The application of the FFE concept, which has shown its effectiveness in characterizing
fatigue behavior across LCF, ICF, and HCF regimes, was further extended into the entropy-based
damage index (EDI). This index was determined through dividing the cycle-dependent
cumulative entropy (yn), see [109], by the FFE values (at the final fracture) presented in
Figure across various stress levels for 40 Hz and 50 Hz (i.e., EDI = y»/FFE). This index
provides a normalized and dimensionless measure of damage accumulation throughout the
lifespan of a fatigue-loaded PMC, where the EDI with the value of 100% represents the final
fracture. In this study, the EDI concept was presented in the form of S-N curves to predict the
fatigue life of PMCs [109]. The EDI-based S-N curves allow to identify the permissible number
of cycles that a fatigue-loaded PMC can endure at a given stress level. For example, Figure #.9]
illustrates the EDI-based S-N curves based on various EDI levels ranging from 10% up to the
final fracture, for the loading frequency of 40 Hz. The EDI concept can be considered as a failure
criterion similar to the concept of damage tolerance in materials design.

A comparison between the EDI-based S-N curves and standard S-N curves highlights some
key differences in the representation of fatigue life. As opposed to the standard S-N curves
reflecting the fatigue cycles at the final fracture, i.e., EDI = 100%; the EDI-based S-N curves
provide a continuous measure of the damage evolution at different stages. This is crucial for
applications where identifying the early stages of fatigue damage is vital for their predictive
maintenance and life extension strategies. In other words, the implementation of the FFE and
EDI concepts provides a comprehensive framework for predicting fatigue life across different

fatigue regimes and loading frequencies.
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Figure 4.9: S-N curves corresponding to different EDI values for 40 Hz loading [[109].

4.2.6 Fatigue life assessment based on stiffness degradation

The S-N curves were further established based on different levels of stiffness degradation
(SD): 10%, 20%, 30%, 40%, and 50%, at frequencies of 40 Hz and 50 Hz, e.g., Figure m
illustrates the results for 40 Hz. Similar to the EDI-based S-N curves, this Figure demonstrates
the permissible fatigue life of a PMC under various SD levels at 40 Hz. Furthermore, the
relationship between the AE-derived critical values (e.g., Figure 4.3] for 40 Hz) and the SD
levels was analyzed for both 40 Hz and 50 Hz (see [109]]). To establish this correlation, the
SD-based S-N curves were constructed through the implementation of AE-based critical values,
as exemplarily shown in Figure d.10|for 40 Hz. Within the LCF, ICF, and HCF regimes at 40 Hz,
the AE-based critical values correlate with the SD levels of approximately 11%, 12%, and 13%,
respectively. This gradual increase in degradation (up to 2%) from the LCF to HCF regime
can be attributed to the influence of creep during prolonged fatigue cycling [35]. Based on
the analysis of results for 40 Hz and 50 Hz presented in [109], an SD threshold of 14—18%
is recommended as a test termination criterion. Maintaining degradation within this range is
vital to prevent catastrophic failure, especially in ultrasonic fatigue testing setups designed for
the VHCEF regime [11]].
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Figure 4.10: Constructed S-N curves using various SD levels for 40 Hz [[109].

4.3 Summary

As presented in this chapter, the third objective was successfully achieved by systematically
evaluating the effects of loading frequency (20-50 Hz) on fatigue strength, damage evolution,
and lifespan of PMCs. The standard S-N curves and thermographic fatigue strength assessments
(i.e., AT-0, and g-0) consistently showed a significant decline in fatigue strength with increasing
frequency. Incorporating temperature-dependent heat capacity within the g-o approach was
essential for accurately quantifying heat dissipation rates, thereby facilitating a better evaluation
of entropy generation. This refinement allowed for the development of a trilinear §-o- model by
combining IAT and CAT results, enabling a reliable determination of FFE values within different
fatigue regimes (LCF, ICF, and HCF). The mean FFE values varied significantly across regimes,
with HCF reaching 12.8 + 2.1 J/(cm3-K), approximately twice that of ICF (6.5 + 1.2 J/(cm3-K)),
and seven times that of LCF (1.8 + 0.9 J/(cm3-K)).

The trilinear ¢-o- model further allowed for the construction of S-N curves based on mean
FFE values determined for different fatigue regimes. The FFE-based S-N curves were validated
versus the standard S-N curves extracted from the real-time AE monitoring data at the point of

abrupt failure. Unlike standard S-N curves, which represent fatigue cycles only at final failure,
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the proposed EDI-based S-N concept as a normalized indicator for damage evolution allowed
for a continuous assessment of damage progression. The constructed EDI-based S-N curves
captured various stages of damage accumulation, ranging from 10% to 100% (i.e., final failure),
providing a more comprehensive understanding of the fatigue response of PMCs. Furthermore,
the SD-based S-N curves were developed for the SD levels ranging from 10% to 50%, indicating
the permissible number of cycles that a fatigue-loaded PMC can endure under a given stress level
depending on an arbitrary SD level. The correlation between the AE-based critical boundaries
and the SD-based S-N curves indicated a stiffness degradation threshold of 11-13% under
the loading frequency of 40 Hz. Such a threshold can serve as a criterion for fatigue testing
termination, offering an alternative to the critical self-heating temperature interval concept
discussed in Section[3.2] By implementing FFE-, EDI-, and SD-based S-N concepts, this chapter
bridged the knowledge gap and established refined methodologies for the thermomechanical

fatigue analysis of PMCs.



Chapter 5

Synergistic role of nanocarbon-based

allotropes in improving fatigue longevity

The Sections and highlighted the importance of exploring the synergistic effects of
nanocarbon-based allotropes on the fatigue response of PMCs, accounting for the self-heating
effect. Considering the absence of research in this area, the fifth objective of this PhD thesis
was to investigate how incorporating the thermally conductive nanocarbon-based fillers may
mitigate the self-heating effect, and enhance the fatigue lifetime of modified GFRP composites.
To achieve this, three composite materials were investigated including unmodified GFRP,
GFRP modified with GNPs (0.75 wt.%), and GFRP modified with hybrid nano-reinforcements
(0.375+0.375 wt.% GNPs and CNFs). Their fatigue responses were evaluated through the
thermography-based approaches, and the standard S-N curves [110].

5.1 The role of nanofillers in improving the fatigue strength

The feasibility of implementing ¢ as an alternative parameter to the AT for determining
the fatigue strength was confirmed, demonstrating a more reliable estimation, as highlighted in
Chapter [4] (see [[109] for further details). Therefore, in addition to the AT-o approach, g-o was
also implemented to determine the fatigue strengths of the modified composites. The preliminary
analysis of the results obtained from IATs illustrated that the bilinear models implemented within
the thermography-based (i.e., AT-0, and ¢-o) approaches in Chapter @] [[109], failed to provide
a reliable fit to the experimental data for these composites. However, as demonstrated in [|110],
the exponential models presented in Eqs. [5.1] and [5.2] successfully captured the measured

behavior of the three tested composite materials.

AT = a exp(by0) + 1, (5.1)
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g = azexp(br0) + c2, (5.2)

where ay, az, by, by, c1, and ¢, indicate the coefficients derived from the exponential curve
fitting. Once the parameters of the exponential models were adjusted, the fatigue strength for
each type of composite was estimated using two different procedures for each thermographic
method. These procedures included (i) the MCR, and (ii) the MPD of the chord linking the
initial and final measured points to the exponential curve constructed for the measured data, see
[110] for more details. The MPD procedure, previously employed in [121] only for the AT-o
approach, was not utilized for nano-reinforced composites. This research broadens its scope to
bridge this gap [[110]].

Both MCR and MPD procedures were applied within the thermographic AT-o- and ¢-o
approaches to determine the fatigue strengths of unmodified GFRP, GFRP-GNPs, and
GFRP-HNPs composites. For example, Figure [5.1(a) and [5.1(b) illustrate the curves driven
from the MCR- and MPD-based ¢-o approaches, respectively, see [[110] for further details.

Table summarizes the fatigue strength values obtained from the AT-o and ¢-o
approaches, along with the values derived from the standard S-N curves for three types of
composites at 10° cycles. Both AT-¢- and §-o approaches yielded comparable results, except

for the unmodified GFRP, with the maximum discrepancy among all composites.

Table 5.1: Fatigue strength estimation for different composites using the AT-o and ¢-o
approaches, and S-N curve [110].

Type of Composite AT -0 approach g-o approach S-N curve
oK [MPa] | oY [MPa] | o ViR [MPa] | o X [MPa] | oY [MPa]
Unmodified GFRP 66.5 123 5 114 4 140 3 177.9
GFRP-GNPs 111.8 126.1 109.0 125.9 157.5
GFRP-HNPs 159.0 195.3 162.6 196.9 206.5

For unmodified GFRP, when the MCR and MPD procedures were incorporated into the
AT-o and ¢-o approaches, the maximum error found between MCR-based AT-o and §-o
approaches was roughly 46%. Nevertheless, incorporating the MPD procedure within ¢-o- and
AT-o methods consistently yielded predictions closer to the S-N curve than the MCR procedure
for all three types of PMCs. Notably, the results obtained from ¢-o approach demonstrated
a closer alignment with the S-N curve predictions compared to the AT-o method, especially for
unmodified GFRP. Consistent with the results presented in Chapter ] and [109], this highlights
that incorporating heat dissipation rate enhances the accuracy of fatigue behavior assessment of
PMC:s. Therefore, implementing the ¢-o- method and MPD-based analysis stand out as reliable
tools for evaluating the fatigue strength of PMCs.
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Figure 5.1: Estimated fatigue strength for GFRP composite marked in blue, GFRP-GNPs
composite marked in red, and GFRP-HNPs marked in green [110]].
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5.2 Influence of nanofillers on mitigating the self-heating and

extending the fatigue life

In addition to examining the influence of thermally conductive nanocarbon-based allotropes
on the fatigue strength of modified PMCs in Section 5.1} their role in fatigue life is analyzed in
Section[5.2] For detailed results, see [110].

Figure [5.2]illustrates the identified bilinear S-N curve for the unmodified GFRP, indicating
the existence of two fatigue regimes, represented by line I and line II. The transition point
between these two regimes, denoted as point A, occurs at a stress level of 193.4 MPa for around
2.1 - 10* cycles. The slope of the first line in the S-N curve is steeper, approximately five times
higher than that of line II. This indicates that fatigue life rapidly decreases at higher stress levels
due to the adverse effects of self-heating. Within line II, the influence of self-heating diminishes,
which mitigates the fatigue degradation process in modified GFRP, illustrating the enhancement
of fatigue life at lower stress levels.

Incorporating GNPs into the GFRP composite significantly altered the fatigue behavior,
particularly within the LCF regime. The addition of GNPs extended the fatigue life of the
composite, in the range of 10 cycles up to 1.8 - 10° cycles (up to Point B). This indicates
that GNPs contribute to prolonged fatigue life by mitigating the self-heating effects during the
early stages of fatigue. However, beyond 1.8 - 10° cycles, the benefits of GNPs declined with
the increasing number of cycles, causing a considerable reduction in the fatigue performance of
GFRP-GNPs. At point B, the S-N curves for GFRP and GFRP-GNPs converge, after which the
fatigue life of GFRP-GNPs declines faster compared to unmodified GFRP. For example, under
the stress level of 168.4 MPa, while unmodified GFRP maintained its endurance up to 10 cycles,
GFRP-GNPs failed after only 5 - 10° cycles. This indicates that although GNPs enhance fatigue
life in relatively low-cycle regimes, they may not be a viable candidate for improving the fatigue
performance of GFRP in the high-cycle regime.

As shown in Figure [5.2] the fatigue performance of GFRP-GNPs outperformed the other
composites up to point C (5 - 10° cycles), while incorporating GNPs and CNFs into GFRP
(GFRP-HNPs) led to a consistent improvement in prolonging fatigue life. This improvement
was evident within all fatigue regimes, ranging from 5 - 103 cycles to 2.6 - 10° cycles, compared
to unmodified GFRP and GFRP-GNPs. These findings on the improved thermomechanical
fatigue response of GFRP-HNPs were supported by the heat dissipation analysis in Section [5.1]
(see Figure[5.1), which illustrates that GFRP-HNPs maintain the lowest heat dissipation rate at
similar applied stress levels. As aresult, less heat is stored within the fatigue-loaded GFRP-HNPs
specimen, leading to a reduction in the temperature rise and limiting the damage induced by

thermal effects, thereby prolonging the fatigue life of the GFRP-HNPs compared to unmodified
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GFRP and GFRP-GNPs.

Figure 5.2: Constructed S-N curves for three different composite materials [[110].

To further support the thermomechanical fatigue response of all composites presented in
the S-N curves illustrated in Figure [5.2] the thermal responses of all types of fatigue-loaded
PMCs were compared at two different stress levels at the end of loading, as shown in Figure[5.3]
Figure[5.3](a-c) corresponds to the stress level of 198.7 + 1.4 MPa, showing (a) unmodified GFRP,
(b) GFRP-GNPs, and (c) GFRP-HNPs. Similarly, Figure[5.3(d-f) corresponds to the stress level
of 219.7 = 1.0 MPa, illustrating (d) unmodified GFRP, (¢) GFRP-GNPs, and (f) GFRP-HNPs.

In Figure[5.3(b) and (e), the addition of GNPs vividly illustrated a significant reduction in the
magnitude of temperature rise, particularly in the critical region (bottom) of the tested specimen.
This effect is observed across the entire surface of the specimen for both stress levels, mitigating
the thermal response effectively. From Figure [5.3(c) and (f), it is evident that incorporating
HNPs further reduced the temperature rise magnitude and provided superior control over the

thermal response for the entire specimen surface compared to GNPs, for both stress levels.
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Figure 5.3: Recorded IR images corresponding to the stress level of 198.69 + 1.36 MPa,
for (a) unmodified GFRP, (b) GFRP-GNPs, and (c) GFRP-HNPs, and the stress level of
219.73 + 1.00 MPa, for (d) unmodified GFRP, (e) GFRP-GNPs, and (f) GFRP-HNPs [110].

Controlling the temperature rise and reducing the heat dissipation rate by incorporating
thermally conductive nanocarbon-based allotropes resulted in a substantial improvement in
the fatigue lifetime of the tested PMCs, as illustrated in Figures [5.2] and [5.3] According to
Figure under the stress level of 198.7 + 1.4 MPa, the fatigue life extended from 10* cycles
(for unmodified GFRP) to 9.1 - 103 cycles with the addition of GNPs (approximately 9 times
greater), and further to 2.6 - 10° cycles with HNPs (257 times higher). Similarly, under a stress
level of 219.7 + 1.0 MPa, the fatigue life increased from 3.5 - 103 cycles (for unmodified GFRP)
to 1.9 - 10* cycles with GNPs, and to 2.5 - 10° cycles with HNPs. These findings highlight the
beneficial role of adding nanocarbon-based allotropes, particularly the hybridization with GNPs
and CNFs.
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The hybridization of PMC composites with GNPs and CNFs improved the dispersion and
bonds among the polymer chains and reinforcement, thereby reducing filler agglomeration
and forming interconnected thermal pathways for efficient heat transfer. The hybridization with
GNPs and CNFs mitigated localized heating by reducing mismatches in the coefficient of thermal
expansion between the fibers and the surrounding polymer matrix [6]]. This mitigated the induced
self-heating effect, thereby decreasing the heat storage rate inside the fatigue-loaded GFRP-HNPs
specimen, maintaining a mechanically driven fatigue process. In addition to the thermal benefits,
the hybridization of GNPs and CNFs contributed to improving the stiffness and toughness of
the modified PMCs, delaying crack initiation and propagation, and thereby prolonging the fatigue
life of the modified GFRP composite.

5.3 Summary

As presented in this chapter, the fourth objective was successfully achieved by exploring
the synergistic role of thermally conductive GNPs and CNFs on the thermomechanical fatigue
response of modified GFRP composite. The results extracted from thermographic approaches
highlighted the negative influence of GNPs on fatigue strength, while HNPs contributed to
fatigue strength improvement. The S-N curves were then constructed as a reference to assess
the reliability of fatigue strengths derived from thermographic approaches. Unlike the MCR,
incorporating MPD analysis into AT-o0 and ¢-o- approaches demonstrated better alignment
with fatigue strength values derived from the standard S-N curves. Nevertheless, the introduced
MPD-based ¢-o approach provided a reliable strategy for assessing the fatigue strengths of these
composites.

Analyzing the S-N curves and the thermal responses illustrated the capability of thermally
conductive nanocarbon allotropes in mitigating the thermal responses induced by the self-heating
phenomenon, leading to controlling temperature rise and prolonging the fatigue life of modified
GFRP. However, the analysis also highlighted that while GNPs enhanced the low-cycle fatigue
performance, incorporating HNPs notably improved the life of modified GFRP composite within
both low- and high-cycle regimes. It is worth mentioning that controlling the self-heating
temperature via the modifications of the material systems (e.g., hybridization of GNPs and
CNFs) may be particularly advantageous for engineering applications where external cooling

systems cannot be applied due to operational and technological limitations.
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Broadening the self-heating application in

non-destructive damage analysis

In addition to assessing the fatigue response of PMCs, periodic NDT inspections play
a vital role in ensuring their structural integrity and longevity. Among thermography-based
NDT methods highlighted in Section [I.6] the SHVT technique, developed by the Structural
Integrity Assessment Research Group, is a promising alternative for the inspection of composite
structures, where the heat source has an internal character |13} |14, 122} |123]].

Previous findings by the group highlighted the necessity to extend the application of the
SHVT technique to a broader range of structures, e.g., 2D (i.e., plate-like) PMCs, which are
more commonly used in engineering applications than 1D PMCs. Furthermore, studies have
pointed to the necessity of developing a robust strategy for selecting effective thermograms from
alarge set of registered images during SHVT testing for damage inspection of PMCs. Considering
these limitations, the fifth objective of this PhD thesis was to broaden the applicability of SHVT
as an NDT technique for damage assessment in 2D PMCs and establish a robust methodology

for selecting the optimal raw thermograms, see [|111] for further details.

6.1 Specimens and testing procedure

A total of nine scenarios were examined, each incorporating a centrally located square
FBD with a length of 50 mm. The FBDs were introduced in the GFRP plates with effective
dimensions of 200 mm x 240 mm, with extrusion depths of 10%, 25%, and 50% relative to
the total thicknesses of 0.5 mm, 0.75 mm, and 1 mm for each specimen; see [111] for further
details. The own-designed SHVT testing configuration shown in Figure was implemented
for damage inspection in 2D PMCs, see [111]] for further details.

According to the initially established procedure in the previous studies [[122], the testing



56 Chapter 6. Broadening the self-heating application in non-destructive damage analysis

procedure consisted of two steps. The modal analysis was first performed to acquire the natural
frequencies of vibration of the tested specimens. Each PMC specimen was then excited under
its fundamental natural frequency to induce the self-heating effect without unmounting from the
fixing frame to preserve the BCs throughout the testing. An IR camera was used to capture the
thermal response during the SHVT testing.

The modal analysis was performed on the PMC specimen using LDV with the grid of 9 x 11
measurement points, within a frequency range of 0 to 300 Hz, and a resolution of 0.25 Hz
to accurately capture vibrational characteristics. Figure [6.2] presents the results, highlighting
the first and fifth bending mode shapes as exemplary experimental findings in (a) and (b),
respectively. The preliminary SHVT results, based on various natural frequencies obtained from
the experimental modal analysis, indicated that only the fundamental natural frequency (i.e., the
first mode shown in Figure [6.2) generated a sufficient excitation (displacement) amplitude to
induce the self-heating effect. Notably, the vibrational loads applied within all nine scenarios
resulted in a maximum deformation amplitude of 12 um for the first mode, whereas higher
modes exhibited a displacement amplitude of approximately 2 um, as shown in Figure
Therefore, the first natural frequency was selected for all test campaigns. The fundamental

natural frequencies determined for all scenarios have been presented in [111].

Figure 6.1: The experimental SHVT setup [[111].
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Figure 6.2: Mode shapes of the 1 mm thick PMC with 50% FBD depth: (a) first, and (b) fifth
[TT1]].

6.2 Procedure to identify the optimal raw thermograms

To identify the optimal raw thermograms among all the acquired raw thermograms
during SHVT testing, the following two-step algorithm was developed. The first step involved
determining the optimal period aligned with the boundary of effective thermograms (BETs),
established as the maximum permissible number of recorded thermograms for further image
processing. The BET for the tested laminated plate involving FBD was quantified based on two
manners: (i) the number of thermograms required for the registered self-heating temperature to
stabilize (T, see Eq. (6.1)), (ii) the number of thermograms needed for achieving the maximum

self-heating temperature value (Tyax, see Eq. (6.2)), as follows:

ﬂ > l’ 6.1)
Ty — Thin e
Tmax =T > l (6 2)

Tmax —Tmin €
where Tpni, denotes the minimum temperature registered during testing. Applying each criterion,
which is consistent with the concept of thermal time constant [124, 125], yields a different result
for BET. The value 1/e, where e is the base of the natural logarithm, is known as one thermal time

constant, and corresponds to approximately 63.2% of the maximum or stabilized self-heating
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temperature. As an illustrative example for a 1 mm-thick laminated composite with the 50%
FBD depth shown in Figure [6.3] the BET based on maximum self-heating temperature is 55,
while employing the stabilized self-heating temperature sets BET at 116. The choice of criterion
has a significant influence on the defined boundary on the interval of observation. As can be
concluded, implementing BET based on Ty,., characterized by its conservative nature, offers
a broader spectrum of thermograms, as opposed to using the stabilized self-heating temperature.

In the second step, the optimal raw thermogram for each scenario was selected based on the

maximal value of the temperature ratio (TEZ);), within BET from the first step, using:

(6.3)

= —min
—max TFBD - TFBD
T .0 = Max . ,
— —min
Tp.rp ~ Tpppp
where Tpgp is the mean value of the temperature of the FBD for each recorded thermogram, i.e.,
one value per thermogram. T?];]]) denotes the minimal value of the mean temperature of the FBD,
which typically occurs at the starting point of the test, i.e., close to the ambient temperature.
This represents a constant value for each of the nine scenarios. Tp.rep is the mean value of the
temperature obtained by subtracting the values for the whole laminated plate from the values of
FBD for every recorded thermogram in each scenario, and TEI_?BD represents the minimal value
of the mean temperature value extracted in the same manner and remaining constant across each

of the nine scenarios. Like 7211;‘1‘), TEIEBD generally occurs at the beginning of the tests.

Figure 6.3: The boundary of effective thermograms determined using stabilized and maximum
self-heating temperature evolution over registered thermograms [111].



6.3. Enhancement of damage identification and quantification 59

6.3 Enhancement of damage identification and quantification

The enhancement procedure was based on the application of image processing algorithms to
the selected thermograms in the first step of the proposed algorithm (i.e., BET). The sequence
of thermograms was considered in image processing algorithms, where the identified optimal
thermogram in each scenario in the previous step was considered as the upper boundary of the
set of processed thermograms, and the lower boundary was always set as 1 [126]]. The selection
of such a set of thermograms is justified by the highest temperature gradient at the beginning of
excitation (see Figure [0.3), allowing for better damage inspection.

To quantify damage in the considered plates, the contours of the identified damage signatures
were manually circumscribed using polygons. The assumed boundaries between healthy and
damaged regions were perceptually determined based on a sudden change of colors on the
enhanced thermograms. The resulting images are presented in Figure [6.4] where the red line
describes the identified boundary, while the black line describes the true contour of a damage.

In every case, the determined area of damage in mm?

was provided on the images. For the
damage depth of 10%, notable inaccuracies were evident. The large inconsistencies in the
quantitative results for flat damage at the 10% depth, as depicted in Figure [6.4] (a), (d), and (g)
with damage depths of 0.05 mm, 0.075 mm, and 0.1 mm, respectively, can primarily be attributed
to the insufficient thermal contrast. This consequently leads to a lower signal-to-noise ratio and
reduced accuracy in damage quantification. Additionally, the flat morphology of the damage
likely contributes to the weaker thermal signals, complicating the accurate detection. This
limitation should be considered when applying this technique to materials with tiny damage
depths, and additional procedure(s) may be necessary to complement the detection of such
small damage depths. By contrast, for the damage at 25% and 50% depths, the quantification is
significantly more accurate, indicating a more reliable identification of the true shape of damage
and its location. This improved performance at greater depths can be attributed to the increased

thermal contrast, which enhances the ability of the method to detect and accurately quantify the

damage.
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Figure 6.4: The results of enhancement of selected thermograms with the quantified damaged
regions for the plates with a thickness of (a-c) 0.5 mm; (d-f) 0.75 mm; (g-i) 1 mm and the
damage depth of 10%, 25%, and 50%, respectively, in each row from left to right [[111].

6.4 Summary

The findings presented in this chapter illustrated that the recorded temperature rise on the
tested PMCs remained below 2 °C without affecting the structural changes (see Figure [6.3),
confirming the non-destructive nature of SHVT. The third objective was successfully achieved
by establishing a new methodology for selecting the clearest thermograms to see structural
damage from a large dataset (i.e., several hundred or even thousands of images) captured by
an IR camera during SHVT testing. Additionally, the damage detectability was enhanced by
implementing a novel image post-processing algorithm to identify the optimal raw thermogram.
These advancements open up new possibilities for inspecting polymeric composite structures

with a potential application in inspections of aircraft structures with single-sided access.
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Summary and conclusions

7.1 Conclusions

The findings presented in this PhD dissertation successfully addressed several key challenges
in understanding the thermomechanical fatigue response, and the damage assessment of PMCs.
These challenges include the phenomenology of self-heating, the transferability of LFFT and
UFFT results, the fatigue strength estimation, the fatigue life assessment, and the synergistic
effects of thermally conductive nanocarbon-based allotropes on the fatigue performance of
modified PMCs. Furthermore, a robust methodology was proposed for identifying the most
effective thermograms recorded during non-destructive SHVT testing, aiming to improve the
damage detectability in PMCs. The novel physics-based frameworks and methodologies were
introduced, significantly contributing to the field of fatigue characterization and the durability
assessment of PMCs. The key conclusions drawn from this PhD thesis, in accordance with the
five main objectives, are summarized below.

The first objective was successfully achieved through the development of a robust
physics-based framework capable of reliably modeling the self-heating effect in PMCs under
fatigue loading conditions (see Chapter [2). This framework was built upon experimental

characterizations and numerical simulations, leading to the following conclusions:

* Radiative heat flux was identified as a critical environmental factor affecting
the temperature evolution, necessitating its inclusion in the self-heating model for reliable

predictions.

* In thin PMCs (Iength-to-thickness ratio of 16 in the tested cases), the through-thickness
temperature variation was negligible (below 4 °C) compared to the 100 °C rise observed
under high-stress levels. This finding confirmed the sufficiency of surface temperature

measurements using an IR camera during fatigue testing.
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The developed numerical model provides valuable predictive capabilities for assessing

self-heating behavior under different loading conditions.

The second objective was accomplished by evaluating the feasibility of combining LFFT

and UFFT results to establish a unified framework for fatigue response prediction within both

regimes (see Chapter [3]). The key findings include:

Constructing the standard S-N curve approach was found to be ineffective for evaluating

fatigue response across the full spectrum of fatigue regimes, ranging from LCF to VHCF.

Analysis of the fatigue results showed a transition zone between LFFT (up to 10° cycles)
and UFFT (above 10® cycles), which is unfeasible to characterize using the standard

approach due to testing time constraints and technological limitations.

A unitless scalable factor was introduced to transfer the results from the UFFT to the LFFT
regime. The findings illustrated a 2100-fold increase in the heat dissipation rate within the
UFFT regime compared to the LFFT regime at the equivalent stress/displacement level,

attributed to the frequency-dependent thermal effects.

The third objective was successfully accomplished by assessing the thermomechanical

fatigue life of PMCs through the novel concepts of entropy-based damage evolution and

stiffness degradation, allowing for capturing the continuous fatigue-induced damage progression
(see Chapter ). The key findings include:

Increasing frequency led to a pronounced reduction in the fatigue strength, as shown by

findings from the S-N curves and thermography-based approaches (i.e., AT-0 and ¢-0).

As opposed to the AT-o approach, which neglects the influence of heat capacity, the §-o
resulted in more reliable fatigue strength predictions when compared with the results

derived from the standard S-N curves.

Incorporating temperature-dependent heat capacity into the ¢-o approach enabled
accurate quantification of heat dissipation rates, thereby facilitating a better evaluation
of entropy generation. This refined framework resulted in the trilinear g-o- model over

a wide range of stress.

The established trilinear model allowed for a reliable determination of mean FFE values
across different fatigue regimes (LCF, ICF, and HCF) by combining IAT and CAT results.

Although the energy dissipation per cycle was minimal in the HCF regime, the large

number of cycles to abrupt failure caused the cumulative entropy to exceed that of the LCF
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and ICF regimes. Consequently, the mean FFE value for the HCF regime was the highest,
approximately twice that of the ICF and seven times that of the LCF.

* Using the FFE values from LCF, ICF, and HCF regimes, the trilinear ¢-o- model enabled
the reliable life assessment of fatigue-loaded PMCs under different loading frequencies,
with validation through the standard S-N curves obtained from real-time AE monitoring

at the moment of abrupt failure.

* The novel EDI-based S-N curves were introduced, allowing for a continuous assessment
of damage evolution from initiation to abrupt fracture, addressing the limitation of

the standard S-N curves that capture only final failure.

* The S-N curves were additionally constructed for various SD levels (10% to 50%),
illustrating the permissible number of cycles that a PMC specimen can endure under

different stress and SD scenarios.

* AE-identified critical boundaries correlated with the SD-based S-N curves illustrated
a stiffness degradation threshold of 14-18%, which can be considered as a potential test
termination criterion to prevent catastrophic failure, especially in ultrasonic fatigue testing

setups designed for VHCF regime.

The fourth objective was successfully accomplished by investigating the synergistic effects
of GNPs and CNFs in mitigating and controlling the self-heating temperature, thereby improving
the thermomechanical fatigue performance of modified GFRP (see Chapter [5)). The main

conclusions include:

* Implementing the ¢-o method and MPD-based analysis stand out as reliable tools for

evaluating the fatigue strength of unmodified and modified PMCs.

* Analyzing the thermal responses confirmed that thermally conductive carbon-based
nanofillers effectively controlled the self-heating temperature, reducing the detrimental

effects of temperature rise on the lifetime of the fatigue-loaded PMCs.

* The analysis also highlighted that while the incorporation of GNPs (0.75 wt.%)
enhanced the low-cycle fatigue performance, incorporating HNPs (0.375+0.375 wt.%
GNPs and CNFs) remarkably improved the life of modified PMCs within both low- and

high-cycle regimes.

» For example, incorporating GNPs enhanced fatigue life from 10* cycles to 9.1 - 10* cycles
(9 times longer) under the stress level of 198.7+1.4 MPa, while adding HNPs provided

a250-fold improvement, extending fatigue life to 2.6-10° cycles under the same stress level.
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* The improved fatigue performance from hybridizing GNPs and CNFs stems from their
synergistic effects in reducing the filler agglomeration, enhancing the interconnected
thermal pathways for efficient heat transfer, thereby delaying the crack initiation and

mitigating the fatigue damage propagation.

* Controlling the self-heating temperature via the modifications of the material systems
(e.g., hybridization of GNPs and CNFs) can be particularly advantageous for applications
where the external cooling systems cannot be applied due to operational and technological

limitations.

The final objective was achieved by broadening the application of the SHVT technique for
damage inspection in 2D PMCs, utilizing the self-heating phenomenon as an alternative heat

source (see Chapter [0)). The key findings include:

* The surface temperature increase on 2D PMCs, remaining below 2 °C without inducing

structural changes, confirmed the non-destructive characteristic of the SHVT technique.

* A two-step algorithm based on the concepts of the boundary of effective thermograms,
and the maximal temperature ratio was proposed to methodically choose the optimal raw

thermogram from a large set of registered thermograms for each damage scenario.

The findings of the accomplished research studies, as summarized in the conclusions drawn
from the five defined objectives, provided a strong foundation for confirming and validating
the hypothesis formulated in Section These contributions offer valuable advancements in
predicting and modeling the thermomechanical fatigue response, the optimal material design
strategies, and the non-destructive evaluation techniques, paving the way for more reliable and

high-performance PMCs in aerospace, automotive, and structural applications.

7.2 Future work

The analysis of the results highlighted several promising directions for future research, with

the most important ones outlined below:

* Investigating the structural degradation mechanisms under complex fatigue loading
conditions (e.g., random and multiaxial loading), while incorporating the self-heating

effect.

* Anin-depth study on the implementation of 3D damage reconstruction approaches, such as
ultrasonic and X-ray CT data, is needed to bridge the gap in quantifying damage evolution

induced by the self-heating effect during fatigue testing of PMC:s.
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* Investigating the synergistic effects of different GNP-to-CNF ratios on further mitigating
the self-heating effect and improving the fatigue performance of modified PMCs under

different loading regimes.

* Minimizing the self-heating effect, in addition to optimal material selection and design,
requires an in-depth study of various cooling systems to identify the optimal cooling system

based on thermal efficiency, viscosity, corrosion resistance, safety, and cost-effectiveness.

* Further development of the non-destructive SHVT technique is necessary to inspect
more realistic damage types, such as fatigue damage, low-velocity impact damage, and

delamination in PMCs.

* Investigating the applicability of SHVT for 3D composite structures, including thick

laminate configurations and complex geometries, is essential for expanding its usage.
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Abstract

This PhD dissertation investigated the challenges associated with the thermomechanical
fatigue response and structural integrity of PMCs by incorporating the self-heating phenomenon
into the analysis through a series of in-depth studies, resulting in five main contributions.

The first key contribution of this dissertation was the development of a physics-based
framework for modeling the self-heating effects in the fatigue-loaded PMCs. This framework
enabled the simulation of temperature distribution through the thickness of PMCs, which cannot
be directly measured using an IR camera. The second key contribution of this research was the
establishment of a novel unitless and scalable factor based on the heat dissipation rate concept.
This factor served as a bridge for transferring fatigue results from UFFT (20.2 kHz) under
controlled temperature using a pulse-pause loading pattern with forced air cooling to LFFT
(50 Hz) under natural air cooling. Furthermore, the scope of the heat dissipation rate concept
was broadened and utilized for determining the critical self-heating temperature interval within
the UFFT scenario, which can serve as a failure criterion for future ultrasonic fatigue testing.
The third key contribution of this research was the determination of FFE values within different
fatigue regimes (LCF, ICF, and HCF) by combining IAT and CAT results. The FFE-based S-N
curves were then established and validated against the standard S-N curves at the final failure of
PMCs. The EDI-, and SD-based S-N curves were further established for assessing the fatigue
damage evolution. These approaches allowed for monitoring the continuous fatigue-induced
degradation process, from the early stage of damage initiation to the final failure, overcoming
the limitations of standard S-N curve-based assessments.

The fourth key contribution of this research was the assessment of the capability of thermally
conductive nanocarbon-based allotropes in mitigating the thermal responses induced by the
self-heating phenomenon. This allowed for controlling the self-heating temperature effectively,
thereby prolonging the life of modified PMCs within different fatigue regimes.

The final key contribution was extending the use of SHVT for non-destructive evaluation of
2D PMCs and developing a two-step algorithm based on the concepts of the boundary of effective
thermograms, and the maximal temperature ratio. This algorithm allowed for methodically

selecting the optimal raw thermogram from a large set for each damage scenario.



Streszczenie

Niniejsza rozprawa doktorska podejmuje problematyke odpowiedzi zmeczeniowej
termomechanicznej oraz integralnoSci strukturalnej kompozytéw z osnowg polimerowg (PMCs),
uwzgledniajac w analizie zjawisko samorozgrzania. W wyniku przeprowadzonych badan
sformutowano pie¢ kluczowych osiagni¢¢ naukowych.

Pierwszym istotnym osiggni¢eciem tej pracy bylo opracowanie fizykalnego modelu
uwzgledniajagcego wplyw samorozgrzania na kompozyty PMCs poddane obcigzeniom
zmegczeniowym. Model ten umozliwia symulacje rozktadu temperatury na catej grubosci
materiatu, co nie jest mozliwe przy bezposrednim pomiarze za pomocg kamery termowizyjnej.
Drugim kluczowym wktadem bylo wprowadzenie nowego, bezwymiarowego i skalowalnego
wspotczynnika opartego na koncepcji szybkosci rozpraszania ciepta. Wspétczynnik ten pozwala
na przenoszenie wynikow testow zmeczeniowych z UFFT (20,2 kHz), przeprowadzanych
w kontrolowanej temperaturze przy wykorzystaniu impulsowego schematu obcigzenia
z wymuszonym chlodzeniem powietrznym, do warunkéw LFFT (50 Hz) z naturalnym
chtodzeniem powietrzem. Ponadto rozszerzono zakres zastosowania koncepcji szybkosci
rozpraszania ciepla do okreslania krytycznych przedzialéw temperatury samorozgrzania
w warunkach UFFT, co moze stanowi¢ kryterium uszkodzenia w przyszlych badaniach
zmeczeniowych metoda ultradZwickowa.

Trzecim kluczowym osiggnieciem bylo wyznaczenie wartoSci FFE w réznych warunkach
zmeczeniowych (LCF, ICF i HCF) poprzez potaczenie wynikéw testow IAT i CAT. Na
tej podstawie opracowano i zweryfikowano krzywe S-N oparte na FFE w odniesieniu do
standardowych krzywych S-N odpowiadajacych finalnemu zniszczeniu PMCs. Dodatkowo
skonstruowano krzywe S-N bazujagce na wskaznikach EDI i SD, co umozliwito ocen¢
procesu degradacji zmeczeniowej. Takie podejsScie pozwolito na ciagte monitorowanie procesu
degradacji zmeczeniowe] — od poczatkowej inicjacji uszkodzen az do catkowitego zniszczenia
— przezwyci€zajac ograniczenia klasycznych ocen bazujacych na krzywych S-N.

Czwartym kluczowym wkladem bylo okreSlenie zdolnoSci nanostruktur weglowych
o wysokiej przewodnoSci cieplnej do redukcji efektow cieplnych wywotanych samorozgrzaniem.

Pozwolito to na skuteczng kontrole temperatury samorozgrzania, a tym samym na wydtuzenie



trwato$ci zmodyfikowanych PMCs w réznych rezimach zmeczeniowych.

Ostatnim istotnym osiggni¢ciem bylo rozszerzenie zastosowania SHVT do nieniszczacej
oceny 2D PMC:s oraz opracowanie dwuetapowego algorytmu bazujacego na koncepcjach granicy
efektywnego termogramu i maksymalnego stosunku temperatur. Algorytm ten umozliwia

systematyczny dobdr optymalnego termogramu sposréd duzego zbioru dla kazdego scenariusza
uszkodzenia.
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Abstract: The self-heating effect can be considered as a catastrophic phenomenon that occurs in
polymers and polymer-matrix composites (PMCs) subjected to fatigue loading or vibrations. This
phenomenon appears in the form of temperature growth in such structures due to their relatively
low thermal conductivities. The appearance of thermal stress resulting from temperature growth
and the coefficient of thermal expansion (CTE) mismatch between fibers and neighboring polymer
matrix initiates and/or accelerates structural degradation and consequently provokes sudden fatigue
failure in the structures. Therefore, it is of primary significance for a number of practical applications
to first characterize the degradation mechanism at the nano-, micro- and macroscales caused by the
self-heating phenomenon and then minimize it through the implementation of numerous approaches.
One viable solution is to cool the surfaces of considered structures using various cooling scenarios,
such as environmental and operational factors, linked with convection, contributing to enhancing
heat removal through convection. Furthermore, if materials are appropriately selected regarding
their thermomechanical properties involving thermal conductivity, structural degradation may be
prevented or at least minimized. This article presents a benchmarking survey of the conducted
research studies associated with the fatigue performance of cyclically loaded PMC structures and an
analysis of possible solutions to avoid structural degradation caused by the self-heating effect.

Keywords: self-heating effect; polymer-matrix composites (PMCs); viscoelasticity; structural
degradation of PMCs; scale-based fatigue damage mechanism; cooling techniques; materials design;
thermal conductivity

1. Introduction

The self-heating phenomenon appears in engineering structures made of polymers
and polymer-matrix composites (PMCs) and usually has a negative influence on structural
performance and residual life, especially when it dominates a fatigue process. To prevent
the intensive degradation of such structures, it is essential to investigate the degradation
mechanisms introduced by self-heating and its influence on the thermomechanical response
of a structure. Based on this knowledge, it is possible to define preventing approaches
for minimizing this degradation, which is of key importance in numerous applications,
especially during intensive cyclic loading, e.g., nominal loading or fatigue testing of PMCs.
In this section, the consideration of the self-heating effect as a catastrophic phenomenon in
civil, mechanical and aerospace engineering applications is rationally justified. Further-
more, the primary motivations for conducting the current research are discussed. Many
researchers have investigated this catastrophic phenomenon, which has been reviewed,
e.g., in [1].

1.1. The Self-Heating Effect

The self-heating effect is an unfavorable phenomenon that occurs in both polymers and
PMC structures subjected to vibrations or fatigue loading. The intensity of the self-heating
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phenomenon in such structures can be a function of material properties, geometry and
loading conditions [2,3]. When a PMC specimen is subjected to a cyclic mechanical loading,
such a composite due to its viscoelastic nature tends to dissipate a portion of mechanical
energy in the form of thermal energy. The rest of the energy is dissipated due to elastoplastic
behavior and fracture mechanisms, which occur from the very beginning of the operation.
Due to the generally low thermal conductivity (K) of polymers, this thermal energy is stored
in a structure. Since the stored thermal energy is accumulated, it provokes the heating of a
structure and consequently the decrease in its mechanical performance causing irreversible
changes in a material at the final stages of degradation [4]. The structural changes in
a material influenced by the self-heating are caused by the increase in the activity of
polymer chains with the increase in temperature, which, in consequence, results in material
softening and, in ultimate cases, in the breaking of polymer chains. This can be considered
a source of irreversible structural changes at the macroscopic level. This phenomenon is
manifested by mechanical hysteresis when a structure is under cyclic loading. Figure 1
schematically illustrates how hysteresis loops or self-heating intensity of a cyclically loaded
PMC can be influenced by changing the number of applied cycles [5]. As can be concluded,
if we assume that the temperature of such a structure remains constant at the ambient
temperature during its entire life, the total area of a loop, which represents dissipated
energy, experiences a significant reduction as the number of applied cycles increases. In
other words, it may be rational to expect that the area of a loop represents the dissipated
mechanical energy in such a material for relatively low frequency and amplitude of loading
to remain unchangeable as the number of cycles increases [6]. The primary reason behind
this expectation may be explained by how the damage mechanisms in cyclically loaded
PMC structures after some initial fatigue cycles depend on the material properties, load
conditions and component geometry [5]. On the other hand, when the amplitude of cyclic
loading or frequency is high, the area of dissipated energy will tremendously increase (see
Figure 2) [7], as a direct consequence of which the magnitude of temperature will increase.
This suggests the higher temperature that such a PMC experiences, the amount of thermal
energy dissipated increases. Figure 3 depicts how the area of hysteresis loops for DuPont™
Delrin® (Wilmington, DE, USA) acetal homopolymer resin, as an example, increases as the
temperature increases [8].

Figure 1. A schematic illustration of dissipated hysteresis thermal energy variations of a cyclically
loaded PMC structure, adapted with permission from Ref. [5]. Copyright © 2017 Elsevier Ltd.
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Figure 2. The influence of frequency and strain amplitude on the temperature of hydroxyl-terminated
polybutadiene (HTPB) propellant under cyclic fatigue test, adapted with permission from Ref. [7].
Copyright © 2020 Elsevier Ltd.

Figure 3. Hysteresis thermal energy loops for highly crystalline thermoplastic DuPont™ Delrin®
100 polymer under fatigue loading at two different temperatures, 23 °C and 60 °C, adapted with
permission from Ref. [8]. Copyright © 2017 Elsevier Ltd.



Polymers 2022, 14, 5384

4 of 88

The loading conditions have a significant influence on the development of the self-
heating effect and the structural degradation as a consequence. In this case, one can observe
the following relation: with the increase in the amplitude and/or frequency loading a
structure is subjected to, the level of degradation caused by the self-heating effect occurring
in a PMC structure will increase. It should be mentioned that the extracted thermal
energy is irreversible according to the second law of thermodynamics (Clausius-Duhem
inequality) [9], which justifies the danger behind the development of the self-heating
phenomenon. From the microstructural point of view, the prime roots of the self-heating
phenomenon in the polymer-based structures under high fatigue loading can be explained
by the high amplitude and/or frequency of fatigue loading, which accelerates mechanical
energy dissipation owing to the viscoelastic nature of polymers. This may consequently act
as a catalyst in intensifying the structural degradation, provoking the premature destruction
of such a structure [3,10].

1.2. Self-Heating Phenomenon as a Problem in Industrial Applications

In order to characterize the fatigue behavior of polymer-based structures dominated by
the self-heating effect, a variety of stress amplitudes with constant frequency (see Figure 4a)
or manifold frequencies with unchangeable stress during the fatigue test can be applied to
such a structure, regardless of whether the test is carried out in low- or high-cycle fatigue
regimes (see Figure 4b) [11]. An example of a thermal response of a structure under elevated
stress levels is presented in Figure 5. Such a response is used in the determination of a
fatigue limit in polymers and composites, which is broadly discussed further in Section 2.3.

Figure 4. The schematic demonstration of (a) applying multiple-amplitude cyclic loads and (b) multiple-
amplitude frequencies, adapted with permission from Ref. [11]. Copyright © 2020 Elsevier Ltd.

According to [12], fatigue regimes can be generally classified as follows: very-low-cycle
fatigue (1 < Nyicr < 20), low-cycle fatigue (10> < Nyrcr < 10°), high-cycle fatigue
(106 < Nycr < 107) and very-high-cycle or gigacycle fatigue (10% < Nypycr < 10'). Nu-
merous differences occur for various fatigue regimes, both in loading type and mechanical
response, which affect the development of the self-heating effect and subsequently the devel-
opment of fracture mechanisms, which are analyzed below.

Generally, low-cycle fatigue (LCF) failure is described as a condition wherein a PMC
specimen can tolerate a relatively low number of cycles until irrecoverable mechani-
cal/thermal failure. The LCF regime is associated with the loading conditions where
the applied stress in a PMC structure may be sufficient to provoke irrecoverable thermal
or/and mechanical fatigue failure. To be more precise, LCF loads vary typically between
50% and 95% of the ultimate strength of such a composite, leading to high mechanical
strains or thermal failure due to the occurrence of the self-heating effect, which may induce
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macrocracking and premature failure. In addition, LCF tests are typically conducted at
a sufficiently low frequency (i.e., 10 Hz or below [13-19]); otherwise, premature thermal
failure will occur before mechanical fatigue failure. From the other perspective, if such a
PMC specimen is subjected to a relatively lower level of stress or strain loading, it may
experience a higher number of fatigue cycles before its failure, as opposed to low-cycle
fatigue failure wherein the specimen’s lifetime may be relatively short. The LCF failures in
the presence of the self-heating effect have been reported in many engineering and military

applications [20] involving turbojet engine elements subjected to short-time overloads [21]
and solid rocket propulsion elements [22].
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Figure 5. An exemplary illustration of self-generated heating temperature response for elevated loading.

In advanced applications, such as cyclically loaded wind turbine blades (WTBs), car-
bon fiber-reinforced polymer (CFRP) and glass fiber-reinforced polymer (GFRP) composite
sections are primarily designed and manufactured to experience high-cycle fatigue (HCF)
and very-high-cycle fatigue (VHCF) regimes during their lifetime [23,24]. The primary
causative factor contributing to this preference may be explained by how different the
damage mechanisms in VHCF and LCF can be. The HCF regime is connected with the
loading conditions where the subjected stress is below 30% of the ultimate strength of a
composite material [25]; as a result of these conditions, the material remains within its
elastic limit [26]. As opposed to LCF tests, wherein the loading frequency is typically lower
than 10 Hz, HCF and VHCEF tests are mainly conducted using accelerated fatigue testing
techniques using comparatively high loading frequencies (i.e., ranging from approximately
10 Hz to 20.5 kHz [10,27-31]). Such testing modes are gaining a high level of interest, as
they allow fatigue tests to be relatively affordable, and testing speed will be accelerated
due to high loading frequency, which will result in a tremendous shortening of testing time.
Implementing VHCF for up to 10° cycles offers the opportunity to effectively characterize
the fatigue damage mechanisms during the real lifetime, which may be unable to be de-

termined by LCF testing. Nonetheless, fatigue testing of FRP composites under 10° cycles
with a conventional system at a frequency of 5 Hz will take just above 6 years [31]. In
other words, it seems impractical, meaning that testing in the VHCF regime is extensively
time-consuming and costly [32] unless the experiments are carried out at a higher level of
frequencies so as to rationally reduce the time of fatigue experiments of PMCs [31]. From
the other perspective, cyclic testing at high frequency (e.g., frequency in the ultrasonic
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range) will lead to a comparatively higher amount of dissipated energy, as a consequence
of which a higher temperature is observed in a structure during testing, which is unde-
sirable. This is especially important to be taken into consideration for many situations
where the self-heating effect significantly influences the operation lifetime of a structure or
element. The self-heating phenomenon has been reported in a variety of engineering ap-
plications including viscoelastic dampers [33,34], drive shafts [35-37], helicopter elements
(e.g., helicopter tail rotor drivelines) [38-41], composite reservoirs for storing liquid fuels
and methanol for the purpose of preventing self-ignition and explosion [42,43], composite
sandwich panel structures in aviation industry [44], thick laminate sections (e.g., roots) of
WTBs [45,46], and teeth of CFRP composite gears exposed to fatigue loading and rolling
friction [47].

Sandwich structures (e.g., CFRP-aramid honeycomb), which are often used in the
aviation industry due to their superior flexural resistance to HCF and VHCE, may also
experience accelerated degradation due to self-heating, e.g., when subjected to ultrasonic
frequency loading; see, for instance, Figure 6 [44].

Figure 6. An exemplary thermal fatigue failure induced by self-heating effect in CFRP-aramid
honeycomb sandwich structure under three-point cyclic bending in ultrasonic HCF regime, adapted
with permission from Ref. [44]. Copyright © 2022 Elsevier Ltd.

CFRP composite driveshafts are primarily implemented due to their outstanding
specific stiffness and strength against torsion/bending loading. Nonetheless, the overall
mechanical performance of such load-bearing driveshafts is highly temperature-dependent.
This means that as the amount of heat generated on the surface of CFRP driveshafts
increases, the level of strength degradation reached increases [47]. A thermogram that
illustrates the occurrence of the self-heating effect in a CFRP-epoxy gear with a carbon
volume fraction of 48% is presented in Figure 7.

Another example presented in Figure 8 reveals the top surface of a composite blade
under fatigue loading, wherein the thermal failure occurred because of the self-heating
effect (e.g., the friction between delaminated plies) [28].

In conclusion, the self-heating effect can appear in all the above-mentioned fatigue
regimes. However, depending on specific loading parameters, the evolution of the self-
heating effect may significantly vary and accelerate the structural degradation and, in
consequence, may lead to a sudden failure. Therefore, the characterization of the self-
heating phenomenon in PMCs induced by cyclic fatigue (both stress- and strain-driven)
loading is of utmost importance. In the following parts of this paper, the possibilities of
limiting or preventing the self-heating effect during fatigue loading are discussed.
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Figure 7. Model, illustration and thermogram illustrating the occurrence of the self-heating effect
during the operation of a CFRP composite gear [47].

Figure 8. Thermal failure in a composite blade due to the self-heating effect shown by the arrow,
adapted with permission from Ref. [28]. Copyright © 2016 Elsevier Ltd.

1.3. Motivation

The performed survey demonstrates that polymer and PMC structures subjected
to fatigue loading may reach a critical condition in which the self-heating effect will
dominate the fatigue process and significantly accelerate it and consequently lead to
structural failure. In such a case, the main factor influencing fatigue acceleration is the
self-heating temperature growth, which induces mechanical degradation, resulting in a
special type of failure known as thermal failure [1]. This is especially important in the
case of previously mentioned accelerated fatigue tests [29,31,48] when temperature growth
has a rapid character due to generally high loading frequency. The occurrence of such
problematic issues in the above-described engineering applications of PMC structures and,
on the other hand, testing such structures under extreme loading conditions motivated
the authors to carry out the current overview of the viable solutions for tackling the self-
heating phenomenon with accompanying fracture mechanisms as well as analyzing reliable
possibilities for reducing its influence on structures under fatigue loading. For this objective,
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the fatigue damage mechanisms with the presence of the self-heating effect at different
scales are analyzed. The solutions are then introduced and categorized into two different
aspects. Firstly, implementing different cooling scenarios may be the prime direction of
studies for the purpose of effectively addressing the self-heating effect. Having provided
an effective coolant system, such structures can even operate in extreme loading conditions;
in particular, they were tested in a VHCF regime and resulted in a significant reduction in
the time required for testing as well as expenditure. Secondly, optimal materials design
and selection can be favorably considered as the viable solution to effectively avoid micro-
and macroscopic structural degradation. This can be explained and achieved by the
implementation of high thermally conductive and stable materials. The primary cores
of the current study are focused on the comprehensive understanding of the scale-based
fatigue damage mechanism and the possible viable solutions through cooling scenarios
and optimal materials selection and design proposed by the authors to prevent or at least
minimize the self-heating effect in such structures.

2. State-of-the-Art Review on the Self-Heating Effect
2.1. Phenomenological Analysis of the Self-Heating Effect

The generated thermal energy in polymeric and/or PMC structures due to their
viscoelastic behavior caused by the self-heating phenomenon can be mathematically for-
mulated regardless of whether the polymer matrix is thermoset or thermoplastic. For
example, when a cyclic strain-driven loading is applied to a PMC specimen, the resultant
stress would be similar, but with a phase lag () (see Equation (1) and Figure 9) [49]. By J,
materials can be generally categorized into purely elastic (6 = 0), purely viscous (6 = §)
and viscoelastic (0 << %) (see Figure 9). The stress—strain relation for these classes of
materials is as follows:

e = gg sin(wt) — 0 = oy sin(wt + 9), 1)

where € and ¢j denote the instantaneous strain and the amplitude of applied strain, re-
spectively; o and oy indicate the instantaneous stress and stress amplitude of the loaded
material, respectively; w and ¢ denote frequency and time, respectively. By implementation
of the angle addition and subtraction theorem, the relation of stress can be expanded and
then rewritten as follows:

o = E*¢y = oy sin(wt + ) sin(wt) —

opcosd sin(wt) +  opsind  sin(wt+ Z),
Jc0sd (wt) 0 (wt+7) @

Elastic Responce Viscous Responce

The mechanical response of viscoelastic materials can be alternatively represented by
a complex modulus as follows:
E* = E +iE", 3)

where E* is the complex modulus; E’ is the storage modulus and E” is the loss modulus which
are proportional to elastic response and viscous response, respectively. From (2) and (3), the
following relation is extracted for such a PMC material:

"
0pcosd = Eley; opsind = E’¢g — 6 = tan™* i 4)
It should be mentioned that the storage and loss moduli, which are the real and
imaginary parts of the complex modulus, respectively, are dependent on numerous factors,
particularly temperature, frequency and strain intensity [50-54].
Over the entire applied cyclic strain loading, the elastic and inelastic energy of poly-
meric materials can be extracted after integration and implementation (4) as follows:
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Yode = 0”/2“) ol = wsoaofomzw (cos wt sin wt gos 6 + sin? wtsin &) dt
cos 7T sin
= €000 5 + €000 1 ; 0<o< %, 5)
——— ——_———

Elastic Dissipated Energy Inelastic Dissipated Thermal Energy

Figure 9. Schematic diagram of resulting stress under applied cyclic strain-driven loading for elastic, vis-
cous and viscoelastic materials, adapted with permission from Ref. [49]. Copyright © 2021 Elsevier Ltd.

The dynamic mechanical analysis (DMA) test is primarily used in order to determine
the value of phase lag, . As the temperature increases, J of a polymeric material exponen-
tially increases to reach its glass transition (Tg) or melting (Tm) temperature, and then it
exhibits a rubbery or glassy condition depending on the polymer behavior (i.e., storage
and loss moduli) (see Figure 10 for example).

From the microstructural point of view, polymers may reveal amorphous, crystalline
or semi-crystalline behavior. The glass transition region mainly appears in an amor-
phous polymer exposed to heat wherein a viscous, liquid or rubbery state may occur (see
Figure 11). This can be explained by how such polymers possess random molecular struc-
tures. As a result of an increase in temperature, such amorphous polymers soften gently
(e.g., polymethyl methacrylate (PMMM)). Crystalline polymers have a highly ordered
molecular morphology, as a result of which the softening may not occur as the temperature
increases. The melting point (T},) is mainly defined for crystalline polymers, which may
be significantly higher than the glass transition temperature, i.e., Ty, > T;. Furthermore,
for semi-crystalline polymers, both Ty, and T are defined since they also have amorphous
chains in their structures (e.g., polyetheretherketone (PEEK) and polyphenylene sulfide
(PPS)). It is worth mentioning that the ratio of Ty / T}, for semi-crystalline polymers varies
from 0.5 up to 0.75 depending on the degree of crystallinity, so a polymer with a higher
level of crystallinity reveals a lower value [55].
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Figure 10. The exemplary DMA test results for the GFRP specimen.
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Figure 11. Melting and softening behavior of semi-crystalline and amorphous polymers.

Figure 12 schematically depicts the level of energy generation versus time for a
polymer-based structure due to phase lag between stress and strain over an entire cy-
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cle [49]. This corresponds to a hysteresis resulting from the viscoelastic response of a
structure, which is schematically presented in Figure 13 with an indication of energy-based
parameters [11]. As can be vividly extracted from the diagram, the energy-based param-
eters can be categorized into storage and loss properties. The storage energy, which is
proportional to storage modulus, can be explained when the cyclically loaded polymeric
material is indeed unloaded, illustrated as the hatched area in Figure 13. From the other
perspective, the elliptical area in Figure 13 (which has been obtained as the result of both
loading and unloading over a cycle) is known as the loss energy, represented by a hysteresis
loop, which is proportional to the loss modulus. To put it differently, if we connect the two
vertices of the ellipse which form the major axis, the dynamic/complex modulus (overall
viscoelastic performance) can be then defined and computed as the differences between
the maximum and minimum response stresses divided by the differences between the
maximum and minimum applied strains over a cycle. This parameter consists of both
storage and loss moduli. Thus, the lower boundary of the hysteresis loop can locally
illustrate the storage modulus during the relaxation time over an entire cycle, while the
upper boundary of the hysteresis loop can locally demonstrate the level of loss modulus. It
should be mentioned that since a PMC may experience more than 1 million cycles during its
life, the estimation of the dissipated thermal energy over the entire life is of key importance.

Figure 12. Schematic demonstration of the generated thermal energy for a polymer-based structure
due to phase lag between stress and strain over an entire cycle, adapted with permission from
Ref. [49]. Copyright © 2021 Elsevier Ltd.

From the thermodynamics point of view, by taking into account the self-heating effect
in PMC structures, the generated energy (q¢.n) over a fatigue cycle can be calculated by the
summation of mechanical energy dissipation (qy;ssip) and the rate of internal energy change
per unit volume (Au) at loading frequency f as follows [56]:

Jgen = Gdissip + Au, (6)

The amount of heat generation (gg¢en) Over a fatigue cycle per unit volume can be
computed by multiplying the loading frequency by the total area of the hysteresis loop
corresponding to such a frequency, as follows [56,57]:

2n/w Qe
Ggen = f(/() Uatdt> = fAhystersiSI (7)

where f is the loading frequency applied to the specimen, w is the angular frequency (i.e.,
w = 27tf), 0 is the stress, ¢ is the strain, f is time and Ajystersis is the area of hysteresis loop
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(stress—strain curve) over a cycle. Furthermore, the heat generation over a cycle per unit
volume can also be determined using the loss modulus (E”) and the amplitude of applied
strain (gg) in the following form [58,59]:

Ggen = 7Tf€02E”/ 8)

Figure 13. Schematic representation of the generated hysteresis loop and energy-based parameters.

The energy dissipated over a fatigue cycle per unit volume (V) can be determined by
summing the heat transfer via conduction (Q,.;4), convection (Qcony) and radiation (Qy,4),
as follows:

1
Qdissip = V(Qcond + Qeonv + Qrad), )

where Qond, Qeonv, Qeono and Au are described in the following forms:

Qcond = _KAC \Y T! (10)

Qconv = EAI(T - Too) ’ (11)

Qraa = oed (T* =T, (12)

Au = pcp(T — Teo) — At = pcpaa—f, (13)

where K is the thermal conductivity over the cross-section area of the specimen (A.) and
I denotes the average convective heat transfer coefficient over the lateral surfaces of the
specimen (A;); T and T, indicate the maximum surface temperature of such a composite
specimen and the ambient temperature, respectively; o and e denote the Stefan-Boltzmann
constant (5.67 x 10~8 W/m?K*) and emissivity, respectively; u is internal energy, p is the
density, ¢, is the specific heat capacity of a material and ¢ is time. Therefore, the temperature
growth as the result of fatigue cycling can be determined as follows:
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al . & _ gen — qdissp fAhystersis — Qdissp
ot pcp pcp pcp ’
Noticeably, the heat flux via conduction during tension—tension fatigue loading can
be negligible [60]. This can be explained by constant stresses across the cross-section
of the composite specimen and the unchanged power of internal heat sources. In other
words, the temperature gradient through the specimen thickness during tension fatigue
loading is approximately zero. On the other hand, heat dissipation via radiation can be
eliminated. Therefore, Equation (14) can be simplified for a composite specimen under
merely tension—tension fatigue loading as follows:

(14)

al _ fAh]/Sfersis — Geonv JV
o oc, ,

(15)

In order to logically formulate the caused self-heating effect under stationary or non-
stationary conditions in a cyclically loaded polymeric structure [61], a couple of scenarios
can be taken into consideration, which are broadly discussed in Section 4.

Generally, low-cycle fatigue failure, described as the state wherein a tested structure
can tolerate a relatively low cycle until failure, occurs due to the application of high-
frequency loading and/or a high amplitude of stress/strain during experiments. When the
loading frequency is sufficiently low (e.g., below 5 Hz), low-cycle fatigue failure normally
occurs as the result of applying a high level of cyclic stress/strain, which should be lower
than the ultimate strength/strain. In such a case, the self-heating effect does not occur
and fatigue has a purely mechanical character. By contrast, if such a structure is subjected
to a relatively lower level of stress- or strain-driven loading, it may experience higher
fatigue cycles before its failure, as opposed to low-cycle fatigue failure during which a
structural lifetime may be relatively short. Since PMC structures are mostly designed and
implemented for the long term, testing in HCF and VHCF regimes may be more favorable.
The primary causative factor contributing to this preference may be explained by how
different the damage mechanisms in VHCEF and LCF can be. Characterization of failure
mechanisms in the LCF regime may possess some complexities involving insufficient
damage visibility. Testing specimens in the VHCF regime, however, may unfavorably
be quite time-consuming and costly, unless the experiments are carried out at a higher
frequency level, so as to rationally reduce the time of fatigue experiments of PMCs [31].
This loading frequency may vary from just below 1 Hz up to 20 kHz [16,29,62,63]. Lower
frequency levels (normally less than 5 Hz) are primarily implemented for obtaining stress—
life (5-N) curves to avoid the hysteresis effect [64], while the accelerated fatigue limit
techniques using comparatively high loading frequency [58] as potential candidates have
gained a high level of interest. Implementing the accelerated fatigue tests will result
in comparatively high testing speed, low testing time [65] and consequently lower cost
for testing.

2.2. Prevention of Self-Heating by Controlling Loading Parameters

The primary factors contributing to the lifetime of a polymeric component can be
sought in (a) materials (e.g., type of polymer and reinforcement, volume fraction of fiber,
stacking sequence of layers, hybridization of fibers and/or polymers, crosslinking of
polymers), (b) processing parameters (e.g., void content, manufacturing defects) and
(c) loading parameters (e.g., temperature, strain rate, frequency, stress ratio). Although
all mentioned aspects take center stage simultaneously in the life assessment of such a
composite under fatigue loading, the influence of loading parameters is deeply investigated
in this section due to the scope of the current paper.

The classical approach to the evaluation of fatigue in structures is based on the de-
termination of S-N curves, representing a decrease in residual stress as a function of a
number of loading cycles. The S-N curve approach can be regarded as a cycle-dependent
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but time-independent technique for estimating the fatigue life of materials, including PMCs,
which can be characterized according to ASTM and ISO standards. Such standards have
been developed for cyclic axial loading (tension and compression) consisting of standards
D3479 [66], D3039/D3039M-14 [13] and D3410 [67]. Similarly, the recommended ISO stan-
dards for fatigue testing include ISO 13003:2003 [68] and ISO EN 527-4:1997 [69]. Since the
5-N method is conventional, it requires comparatively less advanced equipment for evalu-
ating the fatigue performance of FRP composites. Considering that S-N data are mostly
determined for low frequency loading (mainly 5 Hz or below), characterizing the fatigue
behavior of PMC structures using this technique would be a time-consuming process.

For many decades, the following question has been asked: How are the data obtained during
fatigue testing influenced by loading frequency?

Although countless studies have been carried out in order to explore a trend to
categorize and standardize the dependency of fatigue lifetime of a component on frequency,
no reliable approach has been reported for this objective yet. Interestingly, the vast majority
of studies advocate that at a low frequency regime, the fatigue performance of polymeric
components is approximately frequency-independent. Some researchers have reported
that roughly 5 Hz is the upper limit of frequency in which fatigue tests can be carried
out without dependency on frequency [64]. For this reason, Zhou and Mallick [70,71]
investigated the influence of load frequency on the fatigue behavior of 40 wt.% talc-filled
polypropylene (PP) and 33 wt.% short glass fiber-reinforced polyamide-6.6 (SGFR-PA6.6)
with stress ratio R of 0.1. They showed that increasing frequency up to 2 Hz will directly lead
to an improvement in the fatigue performance of the talc-filled PP composite at maximum
stress levels of 80% and 85% of ultimate strength at the ambient temperature. They also
revealed an opposite trend for the fatigue life of such a composite when the frequency
is in the range of 2 < f < 5 Hz, remaining unchanged for the rest of frequency ranges (up
to 20 Hz). Tao et al., however, investigated the effect of frequency and stress ratio R on
tensile fatigue of carbon cord-reinforced hydrogenated nitrile butadiene rubber (CC-HNBR)
composites [72]. They tested the composite specimens with different frequencies ranging
up to 20 Hz. According to their results, this frequency regime had an unimportant influence
on the fatigue performance of such polymeric specimens because of the generation of an
insignificant amount of thermal heat during the entire fatigue test [72]. However, many
studies reported the upper limit of frequency at which the mechanical properties will
be unimportantly affected is 5 Hz. This means that if the loading frequency is increased
(normally more than 5 Hz), this may intensively increase the total area of hysteresis loops
generated in this high frequency regime, as a result of which the temperature on the
surface of such a structure may increase sharply [72]. This may provoke thermal failure or
even jeopardize the structural integrity of a cyclically loaded composite if a temperature
overtakes T [3,49] or Ty, of polymers. However, the results of previous research studies by
the authors [1] clearly showed that a critical self-heating temperature was understood as a
temperature at which a significant intensification of degradation mechanisms occurs and
also leads to a thermal failure. As reported previously, this temperature is usually much
lower than T. The concept of critical self-heating temperature is discussed in detail in
Section 3.2.

It can be concluded that the hysteretic effects can be negligible when such a composite
is implemented at a very low frequency regime. In other words, during testing, the total
area of hysteresis loops of such a composite caused by a very low loading frequency would
be comparatively insignificant. In order to obtain the S-N curve for such a PMC specimen,
the frequency of fatigue loading is assumed to be roughly 5 Hz or even less because of
preventing the unfavorable influence caused by the self-heating phenomenon. The intensity
of loading using the concept of strain rate (&), regardless of the types of polymers and fibers,
as one of the fatigue loading parameters can be classified into different types. As can
be seen in Figure 14 based on recommendations [13,66—-69] (ASTM and ISO standards
mentioned earlier), static tests of such composites can be carried out in a quasi-static
regime, while cyclic tests, involving fatigue tests, are mainly performed in an intermediate
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regime [73]. However, as the strain rate (or strain intensity) applied to a structure during
cyclic testing increases, the amount of mechanical energy dissipated in the form of thermal
energy increases, resulting in an increase in surface specimen temperature. This elevated
temperature primarily acts as a catalyst in the degradation of mechanical properties (i.e.,
strength, storage modulus and residual life) of such a structure. This leads to the following
conclusion: as the temperature that a PMC experiences increases, the level of structural
degradation or stiffness degradation that takes place increases regardless of whether that
temperature has been applied externally [74] or internally caused by the self-heating effect.

Figure 14. Classifying the strain rate regimes, adapted with permission from Ref. [73]. Copyright ©
2021 Elsevier Ltd.

From the point of view of the fatigue loading ratio, Figure 15a schematically il-
lustrates the cyclic loading ratios [75], wherein R denotes the fatigue stress/strain ra-
tio ( R = 0min/ Omax ), and o, and 0, indicate the ultimate tensile and compression
strengths of the specimen, respectively. It should be mentioned that oax indicates either
oyt or 0y,c, depending on the type of loading. The stress ratio ( R = Omin/ Omax ) takes a
center stage in obtaining the S-N curve during fatigue testing. The fatigue loads can be
classified by the stress ratio parameter. Noticeably, (+) and (—) are algebraic representations
for tension and compression loading, respectively. R = 1 demonstrates the static loading,
while R = —1 is an indication for symmetric (known also as alternating fully reversed)
strain/stress loading, which may be taken into consideration as the most catastrophic type
of fatigue loading. In other words, when R = —1, the fatigue life of the PMC specimen
would be at the minimum level compared with other forms of loading. R = 0 depicts the
repeated (zero-tension) cyclic loading, while R = —oc reveals repeated (zero-compression)
stress/strain loading, which may be described as the same as R = 0. In addition,0 < R <1
demonstrates tension-tension cyclic loading (the most common type of fatigue testing),
while 1 < R < oo shows compression—-compression cyclic loading. However, —co < R < 0
indicates compression—tension loading, which has not yet been standardized due to its
complexity. Figure 15b demonstrates the fatigue life for hybrid carbon/Kevlar-49/epoxy
laminate with various mean stress (0y,) effects with constant life (Goodman) diagrams
shifting from left to right [64,76]. The main causative factor contributing to this left-to-right
shifting in Goodman diagrams can be rooted in how PMC structures normally reveal a
greater magnitude of strength during cyclic tension loading, as opposed to compression
fatigue loading [64].
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Figure 15. (a) A schematical illustration of cyclic loading ratios (adapted with permission from
Ref. [75]. Copyright © 2019 Elsevier Ltd.) and (b) an exemplary illustration of fatigue life based
on the Goodman diagram for carbon/Kevlar-49/epoxy laminate (adapted with permission from
Ref. [64]. Copyright © 2020 Elsevier Ltd.).

Figure 16 vividly depicts how the stiffness of a specific FRP laminated composite
is undesirably degraded as the cyclic load ratio increases [74]. Movahedi-Rad et al. [77]
investigated how the energy dissipation of angle-ply glass/epoxy composite laminates with
stacking sequence of (£45),, was influenced by different stress levels with an unchanged
ratio of 0.1 so as to cover many fatigue lives, ranging from 500 cycles up to 10° cycles.
They showed that as the number of cycles and/or stress ratio increased, a relatively
larger amount of mechanical energy was dissipated, and consequently a greater amount
of thermal energy was stored, which was explained by much more friction in the area
of unbounded zones as a consequence of damage growth. As shown in Figure 17, the
specimens experienced the maximum temperature values of 30 °C and 45 °C when they
were subjected to low/intermediate stress levels and higher stress levels, respectively.
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Figure 16. An exemplary demonstration of normalized stiffness reduction under stress ratios of one-half
or above (0.5 < R < 0.8), adapted with permission from Ref. [74]. Copyright © 2013 Elsevier Ltd.

Figure 17. An experimental demonstration recorded using an infrared thermal camera for the self-
heating effect at various percentages of fatigue life of (6 = =+ 45),, GFR/epoxy composite, adapted
with permission from Ref. [77]. Copyright © 2018 Elsevier Ltd.
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2.3. Fatigue Limit and Role of Self-Heating

The FRP laminated specimens at different stress regimes should be tested before being
implemented in potential engineering applications to obtain an acceptable safety factor.
Since the FRP composites due to their extraordinary mechanical properties are normally
subjected to HCF and VHCF regimes, implementing the conventional S-N curve method
technique at very low frequency may be extensively time-consuming and consequently
expensive. The number of cycles is the key factor when it comes to fatigue life assessment
so that the residual life of such a polymeric structure can be computed. Figure 18 reveals
how the hysteresis effect is influenced by variation of the applied stress and the number
of fatigue cycles, which can be indicated by the slope of the major axis of elliptical-like
hysteresis loops [77]. As can be concluded, an increase in the number of cycles resulted in
a decrease in the slope of the major axis of the elliptical hysteresis loop, which is directly
connected with the stiffness of the specimen. This means that the residual stiffness of a PMC
specimen decreased as the number of cycles increased, which is a result of the viscoelastic
nature of a polymeric matrix of a PMC. More importantly, it had been demonstrated that
as the stress and number of cycles experienced by the typical PMC structure increased,
the amount of thermal energy that could be generated increased (see Figure 19a). The
same trend was reported for the self-heating temperature. As can be seen, the effect of
self-heating had been accelerated as the number of fatigue cycles and the stress levels
increased (see Figure 19b).

Figure 18. Hysteresis area alteration (a) applied to omax = 68 MPa and (b) 0imax = 47 MPa and
(c) slope variation as the result of an increase in the number of cycles, adapted with permission from
Ref. [77]. Copyright © 2018 Elsevier Ltd.
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Figure 19. (a) Alteration of hysteresis area and (b) variation of maximum self-heating temperature as
the function of applied stress level and cycle ratio (N/Ny), adapted with permission from Ref. [77].
Copyright © 2018 Elsevier Ltd.

To effectively address this problematic issue and accelerate the speed of cyclic load-
ing tests, researchers have considered the development of rapid fatigue limit techniques
for the characterization of the fatigue damage evolution, which is considered an irre-
versible process through which energy is dissipated. For this objective, many intrin-
sic thermodynamic-based techniques (e.g., purely experimental or combined theoreti-
cal/numerical/experimental methodologies) have been developed and implemented in-
volving acoustic emission (AE), digital image correlation (DIC), X-ray industrial computed
tomography (ICT), infrared thermography (IR), self-heating-based thermography (SHT)
and surface crack density, which have been reviewed in [1,78-80]. Among them, the SHT
methods have been recently gaining great attention due to their comparative simplicity
and acceptable accuracy. The SHT methods were first proposed for metals; however, they
were then developed for PMCs.

Unlike conventional S-N curves for FRP composites which are both time-demanding
and costly due to requiring numerous specimens for testing at various levels of R [81,82],
the developed fatigue limit methods require much less time for testing compared to the
conventional S-N curve method [29,31]. This can be explained by how the fatigue limit
of such a composite can be determined using merely a single specimen, as opposed to
constructing an S-N curve for which numerous specimens should be tested, and the
approximation technique should then be implemented.

The fatigue limit in a PMC structure can be described as the highest level of stress at
which the temperature gradient on the specimen surface is approximately zero. As a direct
consequence of implementing energy-based fatigue limit techniques, temperature—cycle
(T-N) and temperature-strength (T — ¢) curves can be normally achieved.

Risitano’s model [83,84] and Luong’s approach [85,86] have been well known as
thermodynamic-based techniques for characterizing the fatigue limit during cyclic load-
ing based on a temperature-strength (T — ¢) curve. Figure 20 schematically shows how
the fatigue limit can be characterized by implementing the energy-based Risitano’s and
Luong’s models, which are known as the one curve model (OCM) and two curve model
(TCM), respectively [81]. According to Risitano’s model, the fatigue limit can be calculated
with the aim of a crossover between the horizontal axis and the second or enhanced tem-
perature line induced by dominated thermoplastic (friction and microstructural evolution)
under comparatively high stress loading amplitudes [83,84]. This approach may be quite
conservative. On the other hand, two lines are implemented in Luong’s model, which is
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comparatively less conservative [85,86]. In addition to OCM and TCM, the temperature
integral technique has received great interest from researchers. Unlike OCM and TCM
which are completely intrinsic, the temperature integral technique implements the inter-
nal FRP composite thermal conduction properties and the external heat transfer (mainly
in the form of convection) with the surrounding environment [87,88]. For this purpose,
Huang et al. [89] determined the fatigue limit of angle-ply CFRP laminates with the stack-
ing sequence of [£45°]g subjected to cyclic shear loading with the presence of a self-heating
phenomenon. The exemplary results for the determination of the fatigue limit are presented
in Figure 21. This figure reveals the relationship between maximum loading amplitude and
stabilized temperature rising. As can be seen from the provided graph, the heat generation
rate increased gradually at comparatively lower stress values and increased significantly at
greater stress levels. The maximum changing point between those two different stabilized
temperature increases was assumed as the fatigue limit, which was just above 100 MPa.

A
Ttstab P8

Oq

Figure 20. A schematic illustration of fatigue limit prediction using energy-based Risitano’s and
Luong’s models, adapted with permission from Ref. [81]. Copyright © 2017 Elsevier Ltd.

In addition to the T — ¢ curve, the temperature—cycle (T — N) curves can be used for the
sake of characterizing the fatigue behavior of composites. Figure 22 illustrates a schematic
representation of temperature—cycle (T — N) curves for different applied stress levels [90].
In order to extract T — N curves, the assumption of three different phases existing is
implemented (see Figure 22). Firstly, a rapid temperature change on the specimen surface
occurs, whose rate is dependent on the applied stress level. After the initial increment,
the temperature value will approximately remain unchanged for a comparatively high
number of fatigue cycles, called temperature stabilization (ATs;) or stationary condition. In
the final phase, the temperature significantly increases until mechanical/thermal fatigue
failure occurs, which is called a nonstationary situation. Additionally, as the level of stress
amplitude applied to a tested structure increases, there will be an increase in the value
stable temperature appearing on the specimen surface, which can be described by the
energy parameter (). It is assumed to be independent of applied stress, the stress ratio (R)
and the loading frequency (f). By knowing @ and the stabilized temperature associated
with a subjected stress level, it is possible to determine the number of cycles at which the
specimen fails (i.e., N = ®/AT).
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Figure 21. An exemplary fatigue limit determination of CFRP composite.
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Figure 22. A schematic representation of temperature—cycle (T — N) curves under different applied
stress levels, adapted with permission from Ref. [90]. Copyright © 2020 Elsevier Ltd.

For this purpose, Mandegarian et al. [91] investigated the in-plane shear fatigue
behavior of [+45],, angle-ply CFRP composite under fully reversed loading (R = —1). A
number of staircase-like stress amplitudes were applied to such a composite specimen so as
to obtain the same number of cycles wherein the fatigue failure occurs in such a laminated
CFRP composite. Figure 23 illustrates how the number of cycles until failure can vary as a

function of applied stress levels (e.g., ranging from R of 0.4 to 0.8) [91].
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Figure 23. An exemplary plot of temperature evolution vs. stress alteration for the angle-ply [£45]2s
CFRP composite, adapted with permission from Ref. [91]. Copyright © 2022 Elsevier Ltd.

From the other perspective, a PMC structure, depending on the type of applied
mechanical fatigue loading (i.e., bending, tension, shear tension-compression or multiaxial
loading) and the magnitude of applied loading (i.e., frequency and stress/strain amplitude),
may indeed experience both mechanical and thermal loading, as the result of which various
fracture mechanisms may occur [92-94], which are deeply discussed in Section 3. Due to the
entropy generation in the irreversible thermodynamic process caused by the self-heating
effect [19,54,95], a structure may face mechanical failure or thermal failure. According
to this, a mechanical fracture may occur when the influence of mechanical loading is
comparatively more dominant than thermal loading, while thermal failure will occur if
the self-heating effect is more dominant [64,89]. Thus, mechanical and thermal failures are
associated with stationary and nonstationary scenarios, respectively.

As can be extracted from both stationary and nonstationary self-heating conditions
illustrated in Figure 24 [87], the incremental temperature gradients begin steeply and
decline slightly as the number of cycles increases in the first phase for both scenarios, which
can be characterized and quantified by the implementation of equilibrium thermodynamics.
During this stage, crosslinking degradation of polymer chains occurs and fiber—-matrix
debonding begins. During the next stage of the stationary self-heating scenario, a steady-
state evolution called the stabilized self-heating temperature takes place over a prolonged
period of time or a multitude of fatigue cycles. This trend can be explained by a thermal
equilibrium point between the generated thermal energy on the polymer-based specimen
surface and the heat removal through convective and conductive heat transfers as well as
radiation into the surrounding environment [87]. Notably, the magnitude of heat transfer
via radiation is comparatively lower than other forms, which can be negligible [87].
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Figure 24. A schematic process of fatigue damage propagation in both stationary and nonstationary
self-heating regimes.

On the other hand, during the second phase of the nonstationary self-heating regime,
the temperature profile experiences an upward trend linearly as the number of fatigue
cycles increases (see Figure 24). The primary causative factors contributing to this trend can
be sought in the synergy between mechanical fatigue and entropy generation (irreversible
morphological and chemical variations [3]) because of the viscoelastic nature of polymers.
Therefore, due to the high level of entropy generation caused by accumulated microcracking
and delamination [3], structural performance may begin to remarkably degrade, which
will be more catastrophic as the applied frequency and stress/strain amplitude of fatigue
increase. The third phase of the nonstationary self-heating scenario begins when the
macrocracks and macrodelaminations appear initially and their numbers increase with the
increase in cycle number. The main causative parameters contributing to the continuous
macrocrack formation process in FRP composites can be rooted in the high frequency
and stress/strain ratio during testing, which indeed act as catalysts for propagating and
interacting among the transverse and interlaminar microcracks and delamination in the
vicinity of macrocracks, leading to releasing a large amount of energy in the structure. The
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released heat energy will undesirably provoke mechanical softening among polymer chains
and consequently result in a sharp exponential temperature growth on the PMC surface,
leading to structural degradation and sudden thermal failure.

Unlike the stationary condition induced by mechanical fatigue loading wherein a
gradual linear temperature growth occurs [61], the nonstationary scenario is a complex
phenomenon wherein a large amount of heat generation appears in the form of internal
energy (see Equations (6) and (13), extracted from the first principle of conservation of
energy thermodynamics [96]), which is highly dependent on environmental factors (e.g.,
ambient temperature, convective heat transfer coefficient), material properties (e.g., thermal
conductivity), geometry (particularly thickness) and loading parameters (e.g., the magni-
tude of applied frequency and stress/strain ratio). This can be additionally explained by
entropy inequality (i.e., second law of thermodynamics) [5]. In a stationary self-heating
scenario, two different phases may occur, while three separate stages will take place during
a nonstationary scenario in a cyclically loaded polymeric structure [3]. These two or three
different phases can be extracted from the beginning of cyclic fatigue testing until the final
breakage/failure in a loaded structure by using some devices, such as an infrared (IR)
thermographic camera [97] (see Figure 24). Figure 25 illustrates the exemplary measured
temperature responses during stationary and nonstationary self-heating regimes [97]; in ad-
dition, an exemplary IR image of the polymeric specimen surface temperature in different
phases in the presence of the self-heating effect is shown in Figure 26.

Figure 25. Exemplary self-heating temperature history curves for stationary and nonstationary
self-heating scenarios, adapted with permission from Ref. [97]. Copyright © 2017 Elsevier Ltd.

A scheme of failure modes resulting from frequency alteration is presented in Fig-
ure 27 [64]. For example, regardless of the effect of the load ratio, the critical condition
occurs at the frequency transition. This means that if the applied frequency is greater than
the frequency transition, the thermal fatigue failure mode would be dominant in such a
structure. Otherwise, at a constant level of stress when the frequency is sufficiently low, the
decrease in fatigue life is due to the creep influences.
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(a) (b) (c) (d)

Figure 26. Infrared images of the cyclically loaded GFRP specimen with self-heating effect at (a) the
beginning of loading (phase I), (b) near the end of phase II, (c) in the middle of phase Il and (d) at failure.

Figure 27. The schematic representation of the frequency transition effect on of critical self-heating
temperature induced by failure modes, adapted with permission from Ref. [64]. Copyright © 2020
Elsevier Ltd.
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3. Fatigue Behavior of Polymers and PMCs Dominated by Self-Heating Effect

The fatigue damage mechanisms of the PMC structures may be thoroughly different
compared with metallic ones (see Figure 28). Unlike metals wherein crack propagation
appears in a predictable way until final failure, damage propagation in the cyclically loaded
PMC structures may be unpredictable due to the heterogeneity and anisotropic properties
of such materials, as well as the viscoelastic nature of polymers. Noticeably, the critical size
of damage in a typical PMC structure (e.g., fiber breakage, delamination, debonding, matrix
cracking and voids) is comparatively greater, as opposed to the sizes of metal damage
(mainly cracks) [64].

Figure 28. The schematic illustration of the difference between fatigue damage mechanisms between
PMCs and metals, adapted with permission from Ref. [64]. Copyright © 2020 Elsevier Ltd.

One of the primary open questions associated with evaluating the fatigue performance
of FRP composites experiencing the self-heating effect has been as follows for many years:

What exactly occurs in a cyclically loaded PMC structure with the presence of the self-heating
phenomenon at different scales?

To answer this question, it may be more rational to define the level of structural
degradation induced by the self-heating effect in PMC structures at different scales.

3.1. Definition of Degradation in Nano-, Micro- and Macroscales

In general, a fabricated FRP composite structure before experiencing fatigue loading
may possess various types of damage (see Figure 29a,b) which can be classified based on
the effects of air entrapment and fiber volume fraction as follows:

e  Porosity, blisters and voids caused by air entrapment;

e  Resin-rich and -poor zones caused by inhomogeneous distribution of a reinforcement
in composites.
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wrinkle — too much resin

foreign object —_ void

too much resin

braken fibar
matrix cracks ~ delamination

Figure 29. Typical damage in PMCs induced during the manufacturing process due to (a) improper
curing processing, (b) incorrect fiber volume distribution and foreign bodies, and (c) insufficient
wetting of fibers and lack of adhering between fibers and polymer matrix [98].

Although it is assumed that the PMC specimens are devoid of any pre-existing damage
before conducting the fatigue tests, such PMC structures may even face a mixed damage
types (combination of interface/fiber/matrix damage) during manufacturing process (see
Figure 29¢):

e  Reinforcement and polymer-matrix damage: fiber breakage and matrix microcracks;
e Interface damage: fiber bridging/pull-out, delamination/interlaminar cracking, debonding;

The above-mentioned damage types (see Figure 29¢) can appear in a cyclically loaded
PMC structure. Regardless of the effect of loading frequency, a typical PMC structure may
experience different modes of failure depending on the type of applied loading, stress ratio
(R), fiber volume fraction (V) and stacking sequence (known also as the test angle). For this
reason, Zaghloul et al. [99] investigated the influence of fiber volume fraction on the fatigue
performance of glass fiber-reinforced polyester at five different stress levels (i.e., 75%,
65%, 50%, 40% and 25%) during tension—tension fatigue testing. They reported that the
fatigue strength increased by 100.4% as the result of an increase in the fiber volume fraction
from 20% up to 50% subjected to a high stress level. Nevertheless, the fatigue strength
increased by only 38.2% when subjected to low stress level as the fiber volume fraction
increased from 20% to 50%. In another study, Zaghloul et al. [100] experimentally showed
that adding 4% cellulose nanocrystals to a polyester polymer matrix resulted in optimum
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fatigue performance. They reported that the low fiber volume fraction caused interfacial
debonding and matrix cracking, while the high fiber volume fraction resulted in fiber pull-
out [99]. Brunbauer and Pinter [101] conducted a comparative study on laminated CFRP
composite in order to investigate the effect of the above-mentioned parameters. Samples
with fiber volume fractions of 30 and 55% were prepared to be tested at two different
levels of R (i.e.,, R = 0.1 and R = —1) under three separate test angles (i.e., 0°, 45°, and
90°). They reported that both R and V¢ play a key role in the type of damage mechanisms
(see Figure 30). For example, for a test angle of 0° (i.e., loading is parallel with the fiber
direction), the main damage mechanism is fiber breakage for fully reversed fatigue loading
(R = —1), while both fiber pull-out and fiber breakage were observed under tensile loading
(R =0.1). Moreover, fiber crushing was observed under tensile-compressive load (R = —1).

Figure 30. Schematic fatigue damage mechanisms for laminated CFRP composites depending on
stress ratio, fiber volume fraction and test angle, adapted with permission from Ref. [101]. Copyright
© 2015 Elsevier Ltd.
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The induced damage types during fatigue loading of PMC structures can be classified
from nano-, micro- and/or macroscopic points of view as follows.

3.1.1. Nanoscale

The concept of degradation in cyclically loaded FRP composites at the nanoscale
can be mainly associated with the dynamic behavior of polymer chains and the inter-
face/interphase between fibers and polymer chains [102] during both stationary (phases I
and II) and nonstationary (phase III) self-heating regimes. According to this, the overall
performance of a polymer matrix is highly dependent on the macromolecular crosslinking
chains, intermolecular forces and dynamic behavior of polymer chains (e.g., chemical
degradation of polymer—-matrix performance at elevated temperatures) [103].

Most engineering polymeric materials have randomly crosslinked networks or imper-
fection structures (e.g., epoxy [104], polyacrylamide hydrogels [105] and elastomers [106]).
Structural imperfections involve non-uniform chain length (i.e., the total number of monomers
of a chain connected through neighboring crosslinks), non-uniform functionality (i.e., the num-
ber of chains connected to a crosslink), chain entanglements and/or uncontrolled topological
defects (e.g., dangling chains, cyclic loops) [107]. In this context, Lin et al. [107] investigated
the fracture and fatigue threshold, defined as the intrinsic energy needed for fracture of a layer
of polymer chains, behavior of ideal polymer networks (i.e., possessing uniform chain length
and uniform functionality, without chain entanglement) with controlled dangling chain defect
densities (see Figure 31a). Figure 31b demonstrates a schematic representation of the key
concept for the defect-network fracture model: a crack propagates by fracturing unaffected
polymer chains as well as affected chains due to defects that they used [108]. According to
their experimental measurements (Figure 31c), no significant difference was observed between
the fracture toughness (I'tracture) and fatigue threshold (I'tatigye) of an ideal polymer network
with low-density dangling-chain defects (i.e., I'tracture = 'fatigue)- In addition, both fracture
toughness and fatigue threshold were independent of the cyclic loading ratio for the ideal
polymer networks without chain entanglements.

Figure 31. Cont.
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Figure 31. (a) Schematic representation of ideal polymer networks involving the imperfection
of dangling chains (adapted with permission from Ref. [107]. Copyright © 2021 Elsevier Ltd.).
(b) llustration of defect-network fracture model (adapted with permission from Ref. [108]. Copyright
© 2020 American Physical Society). (c) Schematic illustration of the equality of fracture toughness and
fatigue threshold of the ideal polymer networks (adapted with permission from Ref. [107]. Copyright
© 2021 Elsevier Ltd.).

In another study, Zhang et al. [109] implemented polyacrylamide (PAAm) hydrogels to
investigate the influence of chain entanglement on fracture and fatigue of polymer networks
under fatigue loading. Although the nearly unentangled polymer networks involve struc-
tural heterogeneity (i.e., non-uniform chain lengths and non-uniform functionalities) and
topological defects (i.e., dangling chains and cyclic loops), they showed that the equality of
fracture toughness and fatigue threshold is valid even in the presence of such structural
imperfections (see Figure 32a [110]). Additionally, although the maximum stress—stretch
hysteresis ratio of the entangled polymer network (i.e., the ratio of the dissipated mechan-
ical energy to the total mechanical work done to the material) due to bulk dissipation
of polymer networks was below 10%, the measured fracture toughness of an entangled
polymer network was 16 times greater than its fatigue threshold (Figure 32b [110]). This
discrepancy was because of the near-crack energy dissipation.
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Figure 32. Fracture and fatigue of (a) entangled and (b) unentangled polymer networks under cyclic
loading, adapted with permission from Ref. [110]. Copyright © 2022 Elsevier Ltd.

The fracture mechanism in an entangled polymer network under cyclic loading-
unloading tests can be characterized using the bulk dissipation model [111] and near-crack
dissipation. The former model refers to the toughening mechanism by the implementation
of the large stress—stretch hysteresis of a bulk material, consisting of two physical processes
(see Figure 33a). Firstly, the scission of a layer of polymer chains in the crack path causes the
intrinsic fracture energy of the material I'g equal to the fatigue threshold (i.e., I'p = I'tatigue)-
In the second step, material elements in a process zone around the crack experience
cyclic loading as the crack propagates, as a consequence of which a significant portion of
mechanical energy is dissipated in the form of a hysteresis effect. Thus, the total fracture
toughness of a soft material can be described as the sum of bulk hysteretic mechanical
dissipation (FbDUIk) and intrinsic fracture energy (I'tatigue), i-€., I'fracture = T'fatigue + F}’D‘ﬂk.
According to the latter model (i.e., near-crack dissipation), two physical mechanisms occur
during the fatigue loading of soft materials (see Figure 33b). The first process is similar
to the former one. During the second physical process, highly entangled polymer chains
across the crack plane are pulled out during crack propagation, dissipating substantial
mechanical energy because of numerous intermolecular interactions among neighboring
chains. Moreover, scissions of chains can be delocalized to multiple adjacent layers around
the crack plane as the result of remarkably stretched entangled polymer chains, leading
to the dissipation of more energy than fracturing a single layer of chains. However, the
pull-out and/or delocalized damage of chains in the bulk entangled polymer network
under stretches might be negligible due to the comparatively lower stretch applied on
the bulk entangled polymer network before failure rather than the stretch of the crack
tip, resulting in relatively small stress—stretch hysteresis of the polymer chains. In the
near-crack dissipation model, the overall fracture energy can be defined as the sum of the
fatigue threshold and the dissipative fracture energy due to pull-out and/or delocalized

damage of chains near the crack tip (ng), i.e., Tiracture = Lo + l"gp.
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Figure 33. Schematic demonstrations of (a) bulk dissipation model and (b) the near-crack energy
dissipation mechanism for entangled polymer networks, adapted with permission from Ref. [110].
Copyright © 2022 Elsevier Ltd.

Since the induced self-heating effect during fatigue loading may accelerate the dynamic
behavior of polymer chains, it is worth discussing the effect of self-heating temperature. In
soft materials, particularly amorphous and semi-crystalline PMCs, the rate of temperature
growth caused by the self-heating effect during fatigue loading is relatively low when the
ratio of maximum measured temperature through the thickness (T) to the glass transition
temperature (Tg) is approximately lower than 0.8 (i.e., T < 0.8T,) [112]. Tt should be
mentioned that the maximum temperature during cyclic loading normally occurs in the
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midplane of such a composite specimen, and thus determining it experimentally is very
difficult due to the need to insert sensors in the midplane during the specimen manufactur-
ing process. This may even have negative influence on the fracture mechanisms of such
structures. To address this issue, it may be rational to link Tg with the specimen surface
temperature (Ts), which can be experimentally measured with less complexity using IR
thermography, and its value is relatively lower than the maximum temperature in midplane
due to exposure to a coolant agent (e.g., air). It can be assumed that when T; < 0.5T;
(i.e., stationary self-heating mode and lower than critical self-heating temperature [1]),
the dynamic modulus of polymer is primarily controlled by bond stretching and bending.
This directly reflects the stiffness of van der Waals bonds binding one molecular chain to
another [112]. On the other hand, when the temperature induced by the self-heating effect
sees a sudden rise (phase III), thermal expansion increases the molecular separation and
lowers the van der Waals forces, and consequently bonds begin to be weaker. The polymer
chains slide relative to each other, and the crosslinking degree of chains changes, so van
der Waals bonds may be melted thoroughly. This can lead to chemical degradation, which
is directly connected with structural degradation. For this purpose, Katunin et al. [113]
conducted studies for the purpose of analyzing the chemical degradation of glass—epoxy
composite specimens under fatigue loading in the presence of the self-heating effect. They
measured the residual cross-linking of epoxy using Raman spectra with band of 1256 cm !
at the location of highest mechanical stress concentration for a set of specimens with vari-
able degradation degrees. As can be concluded from the extracted results illustrated in
Figure 34, a sudden drop appeared at the maximal self-heating temperature of 45 °C,
associated with the residual cross-linking of epoxy in GFRP composite. In another study,
Turczyn et al. [114] investigated how the structural and chemical degradation of PMCs are
affected by self-heating phenomenon using Raman and FTIR spectroscopy. They reported
that no significant structural integrity degradation was observed below the self-heating
temperature of 80 °C because of residual cross-linking reactions. By contrast, intensity
ratios of peaks degraded by 30% when the temperature rose to 95 °C, which was due to
the reduction in the degree of cross-linking chains [115]. This confirms that the domina-
tion of thermal effects rather than mechanical effects beyond the temperature of 80 °C
influences the structural integrity at lower temperatures; the self-heating temperatures
below 80 °C have a negligible effect on the intensities assigned to epoxy groups. Starting
from 80 °C, the relative intensity decreases, reaching its minimum at 95 °C. At this tem-
perature, the peak intensity dropped by 30%, probably due to the occurrence of a residual
cross-linking reaction.
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Figure 34. Intensity of Raman band versus self-heating temperature induced during fatigue loading
for epoxy [1,113].
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Furthermore, since the coefficient of thermal expansion (CTE) of polymers is greater
than that of fibers, the residual thermal stresses may exist at the interface/interphase re-
gion between the fiber and polymer [102]. This may provoke intermittent debonding and
cracking in the interphase zone at the submicron scale, and the order of the interphase
zone in nanocomposites is mainly in the nanoscale [116,117]. One of the most viable solu-
tions for the interfacial bond between the fiber and polymer matrix is to utilize chemical
functionalization [118]. Therefore, measuring the level of remaining crosslinking of the
polymer matrix as well as the fiber/matrix interface behavior during fatigue loading with
the presence of the self-heating effect will provide comprehensive information for under-
standing the degree of structural degradation. Since there is no specific study quantifying
the influence of the interface/interphase zone on the overall fatigue performance of FRP
composites, this can be considered in further studies.

3.1.2. Microscale

The failure mechanism of PMC structures under fatigue loading at the microscale
consists of crack nucleation, microcracks and open cracks. A good illustration of the
different fatigue damage types in the microscale appearing in a CFRP composite, as an
example, subjected to cyclic bending loading is presented in Figure 35 [78].

Figure 35. (a) Fractured/damaged composite specimen; (b—d) an illustration of different failure
modes induced by three-point cyclic bending loading, adapted with permission from Ref. [119].
Copyright © 2019 Elsevier Ltd.

Regardless of the effect of voids and defects during the fabrication process, the level of
crack nucleation is highly dependent on the stress intensity factor (K;), which is a function
of the topography of surfaces or interfaces [26]. For this reason, Kishi et al. [120] studied
the fatigue threshold and fatigue crack propagation (FCP) of toughened epoxy blends with
polyamide 12 (PA12) and core—shell rubber (CSR) polymer particles. They reported that
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unlike fatigue thresholds of toughened epoxies with PA12 particles which were induced by
the greater stress intensity factor (AK) values, fatigue thresholds of epoxies modified with
CSR polymer particles were influenced by molecular weight between crosslinks (Mc) (see
Figure 36). The gently (Mc of 2360 g/mol) and highly (Mc of 1110 g/mol) crosslinked CSR-
toughened epoxy blends were extracted from comparatively lower and higher AK ranges,
respectively, as opposed to pure epoxy blends. Crack bridging appeared in toughened
epoxy blends with PA12 due to particle dominance, while crack propagation took place in
toughened epoxy blends with CSR particles because of matrix dominance.

Figure 36. An exemplary illustration of the fatigue crack propagation (FCP) and fatigue threshold of
moderately and highly toughened epoxy blends with PA12 and CSR polymer particles, adapted with
permission from Ref. [120]. Copyright © 2021 Elsevier Ltd.

Furthermore, Rose et al. [121] studied the damage mechanisms of the milled CFRP
and the laser-cut specimens under fatigue loading. In their investigation, they revealed that
although the milled CFRP specimens showed some common failure modes with laser-cut
samples, such specimens experienced some different failure modes as well. Figure 37a—c
demonstrate the 2D virtual cross-sections in which single-fiber breakage (red circles),
delamination (yellow arrows) and 0° ply cracks (green arrows) are visible. Although the 0°
ply cracks were closely similar to those demonstrated in the remote laser-cut specimens,
such cracks showed relatively smaller crack opening displacement and comparatively
lower fiber breakage and reorientation within the ply. This specimen was also investigated
in the transverse direction (90° ply cracks). Figure 37d-f illustrate these cracks on the three
orthogonal planes. It was matrix cracking that took place in areas of the ply consisting of
a higher density of fibers in the ZY plane, and Figure 37g-i reveal volume renderings in
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different planes. The ZX plane demonstrates a zone with minimal fiber damage on the cut
surface (top) and all the mechanisms at play.

Figure 37. The 3D imaging and segmentation of the milled CFRP sample after fatigue loading process
(a) fiber breakage in ZY plane, (b) combination of 0° ply cracks and delamination in ZX plane,
(c) delamination at the interface between two orthogonal adjacent plies in XY plane, (d) ZY plane
showing another location on 90° ply with interfiber cracking magnified in (e), (f) 90° ply cracking
running horizontally in XY plane, (g-i) segmented volume renderings showing the ZX plane region
of interest with minimal fiber damage on cut surface (top) and all the mechanisms in play, adapted
with permission from Ref. [121]. Copyright © 2021 Elsevier Ltd.
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The formation of microcracks and microdelaminations, and consequently macroc-
racks, in PMC structures can be taken into account as a continuous process, which can
be intensified by loading conditions. To put it differently, according to the Clausius in-
equality statement (second law of thermodynamics), the gradient of generated entropy
and intrinsic dissipation in an irreversible thermodynamic process would be constantly
positive. As the result of produced entropy induced by the self-heating effect, a cyclically
loaded PMC structure may experience an irreversible microstructure evolution or degra-
dation regardless of whether a high magnitude of frequency or stress is applied. These
irreversible alternations in the microscale will collectively result in entropy generation, so
the entropy generation rate can remarkably change based on the amplitude of frequency or
stress. In other words, as such a PMC structure is subjected to a higher frequency regime or
stress/strain ratio, a greater level of entropy and consequently greater temperature value
will be generated. High structural degradation in the microscale or stiffness reduction
can be directly explained by an increase in the entropy generation rate [122]. For the pur-
pose of characterizing the structural degradation of PMC structures, Balle and Backe [123]
investigated the fatigue fracture mechanisms of carbon fiber-reinforced polyphenylene sul-
fide (CF-PPS) laminated composites by computing stiffness degradation under the VHCF
regime wherein the loading frequency, maximum shear stress and load ratio were consid-
ered to be 20 kHz, 8 MPa and 0.51, respectively. During the fatigue fracture process of such
a PMC specimen, they reported five separate phases, which are schematically illustrated in
Figure 38. The first stage of the process was explained by the initialization and consequent
accumulation of fiber—polymer interface debonding induced by the comparatively high
shear stress value in the transverse direction of carbon fibers, followed by second phase,
wherein the rate of fiber-matrix debonding increased, as the result of which the first cracks
in transverse direction of carbon fibers appeared. CF-PPS specimen life was reduced by just
below one-third (30%) due to being occupied with such damage. During the third phase,
the appearance of microdelaminations between the longitudinal and transverse directions
of reinforcement was reported, approximately after 35% of the entire CF-PPS specimen’s
lifetime, meaning less than 5% of degradation occurred in this stage involving crack lengths
of 9 um or below. This comparatively slow damage propagation and consequent stiffness
degradation trend can be explained by the appearance of crack density saturation and
delaminations in the interface of fiber and polymer chains [124]. The fourth stage took place
when the metadelaminations propagated, occurring after approximately the two-thirds
(70%) of the entire specimen fatigue life, containing maximum crack lengths of about 25 um
or less. It should be mentioned that the crack length which provokes the failure is highly
dependent on the dimension of the specimen. For example, when the dimension of the
structure is high, the crack length of 25 um may not cause failure.

As a guideline, it should be mentioned that when the size of the crack is microscale,
using nanoparticles such as CNTs can extend the fatigue life of the PMC structure. Figure 39
schematically reveals how the fatigue life of a CFRP composite can be extended as the result
of adding CNT to a polymer [125]. The black line depicts the degradation process of an un-
modified polymer matrix, while the dotted red lines illustrate the degradation mechanisms
of a matrix modified with CNTs. It is noteworthy to conduct comprehensive studies in this
area due to its practical importance. For example, depending on the loading conditions
and geometry, the influence of adding different nanoparticles can be investigated.
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Figure 38. Characterizing fatigue damage propagation of CF-PPS within different stages, adapted
with permission from Ref. [58]. Copyright © 2021 Elsevier Ltd. [123].

Figure 39. A schematic representation of extending fatigue life of CFRP composite led by adding
through an extension of phase I and II (shift a) and a less pronounced degradation increase (shift b),
adapted with permission from Ref. [125]. Copyright © 2014 Elsevier Ltd.



Polymers 2022, 14, 5384

39 of 88

3.1.3. Macroscale

The accumulation of the above-mentioned micro damage types (stages I to IV in
Figure 38) in the PMC structure can continually develop macrocracks and delamina-
tions [126], resulting in the ultimate failure of the material (stage V in Figure 38). Within the
final stage, a high level of stiffness degradation is observed, which can be justified by the
formation of macrodelaminations. Since the growth rate of fatigue damage accumulation
was very high in this stage, structural failure occurred, which is also named sudden death.
In general, the occurrence of ultimate failure is the direct consequence of the contributions
of mechanical fatigue loading, thermal gradients, chemical ingress and environmental
conditions [26]. Nevertheless, in such a problem, stages IV and V (i.e., the main stages
contributing to the failure) may be justified by the generated high self-heating temper-
ature values induced during fatigue loading on the surface of the composite specimen
(AT >20°C).

Using a 3D microscope for the purpose of monitoring failure propagation and mor-
phologies, Fan et al. [127] investigated the fatigue behavior of a 3D orthogonal carbon/glass
fiber hybrid composite under three-point bending fatigue. Figure 40 depicts the front and
back cross-sections of the used 3D hybrid composite from the weft yarn direction views.

Figure 40. The front (a) and back (b) cross-sections of the 3D hybrid composite from the weft yarn
direction views, adapted with permission from Ref. [127]. Copyright © 2019 Elsevier Ltd.

The exemplary ultimate fatigue failure morphologies of the laminated hybrid com-
posite along with warp yarn directions on a macroscopic scale at three different stress
levels, namely (a) and (a") 60%, (b) and (b") 55%, (c) and (c’) 50%, are presented in Figure 41.
According to the results extracted for the laminated hybrid composite, a shear damage
band was observed in the specimen subjected to the stress level of 60%, while both shear
damage and local delamination were captured in such a specimen when subjected to 55% of
the maximum stress. When the stress levels decreased to 50%, the damage of the composite
slowly propagated to the entire region area of such a specimen in the form of delamination.
This means that the relatively lower stress was unable to cut the fibers at one time, leading
to propagation of the crack parallel to the longitudinal direction of the fibers.

Similarly, lateral fracture morphologies of the 3D hybrid composite in the macroscopic
scale at three different stress levels, namely (a) and (a”) 60%, (b) and (b") 55%, (c) and (c’)
50%, are presented in Figure 42. Figure 42a—c illustrate the failure of the surface without the
Z-direction yarns, while Figure 42a’—c” denote the surface damage involving the Z-binder
yarns. The results showed that the stress level of 50% was reported to be comparatively the
most critical condition for both laminated and 3D hybrid composites. This can be explained
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by how the greater stress level provoked the failure without damage evolution. Due to the
Z-direction yarn-controlled propagation of the crack in the longitudinal direction of fibers,
no delamination damage was monitored.

Figure 41. Exemplary fatigue failure mechanism of a laminated hybrid PMC structure under different
stress levels: (a,a”) 60%; (b,b") 55%; (c,c”) 50%, adapted with permission from Ref. [127]. Copyright ©
2019 Elsevier Ltd.

Figure 42. Exemplary fatigue failure process of a 3D hybrid PMC structure under different stress
levels: (a,a”) 60%; (b,b”) 55%; (c¢,c’) 50%, adapted with permission from Ref. [127]. Copyright © 2019
Elsevier Ltd.

On the other hand, drilled holes are macrodefects, leading to reduction in the ultimate
strength of a PMC structure by 50, depending on the stacking sequence [128]. Due to the
stress concentration near the areas of holes, the self-heating effect may be comparatively
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more critical in such regions. An exemplary thermographic image for a cyclically loaded
CFRP specimen involving open holes with stress concentrations dominated by self-heating
temperature is presented in Figure 43 [121]. Since PMC structures may consist of holes in
their real lifetimes, it is noteworthy to conduct further studies in this field.

Figure 43. Self-heating temperature profile induced by the cyclic fatigue test extracted from thermog-
raphy, adapted with permission from Ref. [121]. Copyright © 2021 Elsevier Ltd.

3.2. Criticality of the Self-Heating Effect in Polymers and PMCs

The concept of the critical self-heating effect was initially introduced by Ratner et al. [129],
who described it as a critical stress at thermal fracture or a critical temperature value appear-
ing under this critical stress. Moreover, Gumenyuk et al. [130] explained the criticality of
the self-heating effect by a remarkable temperature growth beyond which the self-heating
temperature history profile becomes unstable, provoking softening in viscoelastic materials.
Katunin [131] described the self-heating effect as a measure of degradation degree of a PMC
structure subjected to cyclic loading (e.g., bending fatigue). Later, Kahirdeh and Khonsari [132]
developed a similar criterion based on thermal and AE responses for characterizing the struc-
tural degradation criticality of PMCs under fully reversed bending fatigue loading. In general,
the critical self-heating in PMCs can be defined as the temperature at which damage initiates,
and accordingly below which such PMC specimens can be safely maintained [1]. The critical
self-heating temperature value can be determined using a variety of techniques, reviewed
in [1]. As tested for GFRP composites by the authors, the most effective of these techniques are
X-ray ICT, morphological analysis (SEM), approximation of self-heating temperature history
curves and variability of self-heating temperature distributions. Katunin and Wronkowicz [3]
performed fatigue tests for GFRP specimens until obtaining the critical self-heating tempera-
ture value on the tested specimens’ surfaces using X-ray CT scans. They proposed a general
phenomenology for characterizing the structural degradation of PMC structures dominated
by the self-heating effect. They reported that a higher temperature obtained on the specimen’s
surfaces induced by the self-heating effect resulted in higher crack density, volume of cracks
and volume of delaminations (see Figure 44). Thus, critical self-heating temperature can act as
a catalyst in terms of accelerating the volume of cracks and delaminations in a PMC specimen
under fatigue. This increase in crack and delamination densities will provoke the formation of
macrocracks or structural degradation at the macroscale. This can also be presented in the
form of residual stiffness, which can be implemented as input for FEM software packages
for further mechanical analysis [133]. To the best of the authors” knowledge, cracks and
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delaminations exist below this temperature, but they do not have influence on the mechanical
properties of a considered structure and can be negligible.

Figure 44. (a) Crack density [1], (b) total volume of cracks and (c) total volume of debonds induced
by fatigue loading dominated by self-heating temperature, adapted with permission from Ref. [3].
Copyright © 2017 Elsevier Ltd.

Furthermore, Magi et al. [28] proposed a model for monitoring the structural degra-
dation of a laminated composite blade under fatigue loading, working based on critical
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self-heating temperature. In other words, the rate of structural degradation at a given
excitation level suddenly changed as the critical self-heating temperature appeared on the
specimen surface (see Figure 45). As the recommendation, the specimen surface tempera-
ture should be monitored and controlled to experience a safe range of temperature (below
the critical self-heating temperature). Otherwise, thermal fatigue failure may occur before
mechanical failure, which is undesirable. For this objective, the viable solutions are deeply
reviewed and elaborated in Section 4.

Figure 45. An exemplary illustration of dominating self-heating process in a composite blade:
(left) before and (right) after the occurrence of the critical self-heating temperature, adapted with
permission from Ref. [28]. Copyright © 2016 Elsevier Ltd.

3.3. Application of the Self-Heating Effect in Nondestructive Testing (NDT)

Although the self-heating effect may negatively provoke structural degradation, this
concept has been interestingly employed for a variety of engineering applications involving
NDT damage characterization in CFRP composites [28,134]. This concept was coupled with
classical vibrothermography as an NDT technique for detecting debonding-like defects
in a hybrid plate (aluminum alloy glued with a cork plate) [135] and damage detection in
polymer-based structures [136,137]. Additionally, Katunin and Wachla [138] developed
in-house self-heating-based vibrothermography (SHVT) as an accelerated NDT technique
based on the excitation of a structure at multiple resonant frequencies [139] for monitoring
fatigue cracks and damage in such structures. As a result of the cyclic mechanical excitation
of such a structure, a noticeable amount of mechanical energy is dissipated, which highly
depends on the magnitude of resonant frequencies. In this way, the higher magnitudes of
resonant frequencies of such a structure are excited, the higher amount of thermal energy
will be stored due to the viscoelastic behavior of the polymer. The extracted thermal
energy is the primary source of the self-heating phenomenon (as was elaborated earlier).
Vaddi et al. [140] also implemented SHVT for detecting fatigue damages in viscoelastic
polymer coatings. It should be mentioned that SHVT can be implemented in a wide
range of frequencies. For example, Katunin and Wachla [138] implemented SHVT in a
comparatively low frequency regime (varying from 0 to 1.25 kHz), while Vaddi et al. [140]
employed it for high frequency loading (ranging from 19 kHz to 38 kHz). Figure 46 depicts
the exemplary results of damage detectability enhancement using the SHVT technique for
notch-type damage with different depths (D), ranging from 0.25 mm to 1.5 mm. As can be
seen, the thermal signatures of the introduced defects were completely detectable when the
depth of defects was 1 mm or more, which can reveal the effectiveness of the developed
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approach [138]. It should be mentioned the temperature appearing on the specimen surface
during the application of the SHVT technique is significantly lower than the critical self-
heating temperature, avoiding premature thermal failure. Furthermore, Maio et al. [141]
implemented the SHVT technique for the purpose of monitoring the dynamic properties of
laminated CFRP composites during the crack propagation caused by fatigue.

Figure 46. The exemplary results of defect detectability for notch-type damage with different depths
using the SHVT method, adapted with permission from Ref. [138]. Copyright © 2018 Elsevier Ltd.

4. Concepts of Preventing Structural Degradation in Cyclically Loaded PMCs

As shown in previous sections, the appearance of the self-heating effect can signifi-
cantly shorten the structural lifetime, which is especially important during fatigue testing
of polymers and PMCs. Therefore, a limitation of the influence of the self-heating effect
on a structure subjected to fatigue loading is of primary interest in numerous applica-
tions. In this section, two different concepts consisting of cooling scenarios and optimal
materials selection and design are analyzed for the purpose of preventing or limiting the
intensive structural degradation induced by the self-heating effect in both polymers and
FRP composite structures under high-magnitude vibrations or fatigue loading.

4.1. Cooling Scenarios and Techniques Considering Thermodynamics

Investigating the effect of different cooling scenarios in cyclically loaded polymer—
matrix structures is of key interest and practical importance since this topic has not been
studied deeply yet. When the value of the surrounding temperature during the fatigue
testing of a polymeric or composite specimen is greater than room temperature (RT), it
plays the role of a heating system, which intensifies the self-heating effect due to thermal
energy generation caused by such a high temperature. This will consequently provoke
a noticeable level of structural degradation in PMCs. Therefore, the initial assumption
when implementing a cooling scenario is to conduct such high-magnitude vibration exci-
tations or fatigue tests at RT or below. In addition, to control surrounding temperature,
it is also of paramount importance to monitor and limit the polymeric specimen surface
temperature during such cyclic tests in order to prevent the structural degradation induced
by the self-heating effect. For this objective, the influence of cooling scenarios in terms of
environmental and operational aspects in cyclically loaded PMC structures is discussed,
allowing us to define efficient coolant systems for such tests.
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4.1.1. Environmental Factors

Regarding the conditions in which such structures are planned to be implemented,
the structures may experience different humidity levels and operating temperatures even
before being subjected to any mechanical fatigue loading. The moisture content [142]
and ambient temperature can be assumed to be the environmental factors that may have
an influence on the degradation of polymeric structures under such cyclic tests. A good
illustration of this can be found in marine applications involving static off-shore structures
and sea-going vessels [143,144]. This may call into question whether moisture content has
a negative influence on the mechanical performance of such structures. For this purpose,
Chen et al. [145] experimentally investigated how the cyclic softening/hardening and
mechanical energy dissipation of polyamide-6 (PA6) under different applied strain ampli-
tudes at room temperature (RT) are affected by the relative humidity (RH) levels. They
showed that the lower RH level relatively resulted in a noticeable temperature increase
on the specimen surface. In addition, as the level of RH increased, the level of recover-
able viscoelastic deformation increased. Moreover, they illustrated that the average stress
relaxation of PA6, regardless of the level of RH, took place in a symmetric cyclic loading
with mean tensile strain so that its magnitude saw a reduction as RH increased, while it
increased as the result of increasing mean strain. By contrast, the mean temperature and
cyclic softening /hardening of PA6 were affected insignificantly by the applied mean strain.
In another study, Gholami et al. [146] developed a micromechanical finite element method
(FEM)-based degradation model in order to investigate how the elastic properties of FRP
composites are influenced by the hygrothermal conditions. They revealed that increasing
both temperature and humidity simultaneously provoked a significant reduction in the
transverse Young’s modulus and shear modulus of such polymeric specimens. In other
words, when an FRP composite was tested under the RH of 95% and the operating temper-
ature ranging from 23 °C to 150 °C, for merely a period of one hour, the transverse Young’s
modulus and shear modulus of such a composite were degraded by 90% and 80%, respec-
tively. By contrast, during the desorption stage, although such mechanical properties were
also initially degraded because of the extreme temperature value, the stiffness (Young’s
moduli) of such a composite increased as the direct consequence of the acceleration of
the moisture desorption mechanism. Nonetheless, when such structures are subjected to
the high cyclic fatigue regimes or extremely high-magnitude vibration excitations, they
may experience relatively high temperature values on their surfaces due to presence of
the catastrophic self-heating phenomenon (e.g., rocket propellant composites [22] or a
driver shaft [35,36]). In such applications unlike marine ones, moisture may even have an
advantageously positive influence, playing the role of a coolant agent for such structures
(with the assumption of limiting the presence of moisture content merely on the polymeric
specimen surface, but not inside a structure); as a result, the level of structural degradation
of such structures may favorably illustrate a downward trend. This leads to the following
observation: as the area of a cyclically loaded PMC structure exposed to the humidity of
surrounding directly (the area between two grips) and indirectly (the regions located in
holding grips) increases, the temperature growth occurring on the specimen surface may
decrease [145]. As the direct consequence of this, a relatively lower structural degradation
may occur. Further research is required to effectively quantify how the structural degrada-
tion of cyclically loaded PMC structures dominated by the self-heating effect are influenced
by the moisture content.

In [87], Katunin and Wachla discussed how the ambient temperature can take a center
stage as a causative factor contributing to the structural degradation of PMC structures
under cyclic loading, which may have a significant influence on the overall mechanical and
fatigue performance of operating structures. In general, variation in ambient temperature
can play the role of a coolant system or a heater. For this purpose, Charalambous et al. [147]
employed the four-point bending test in order to investigate the fatigue performance
of CFRP composites under various ambient temperatures (—50 °C, 20 °C, 50 °C and
80 °C). The authors demonstrated that the ambient temperature may act as a catalyst in
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accelerating or postponing the influence of delamination growth in PMCs, which may be
highly dependent on whether the loading belongs to a quasi-static or fatigue loading regime.
They reported that the delamination rate of such a composite under fatigue test saw an
upward trend as the direct consequence of an increase in ambient temperature. Additionally,
the rate of crack propagation at 80 °C was twice greater than the same figure at RT for
an unchanged normalized energy release rate value. Voudouris et al. [27] experimentally
studied how the failure time of cyclically loaded CFRP composites dominated by the
self-heating effect is influenced by different elevated ambient temperatures (25 °C, 50 °C,
65 °C and 75 °C). As they reported, the propagation of delamination was comparatively
faster as the result of greater ambient temperature under the fixed excitation frequency and
strain values.

If the ambient temperature is lower than RT, this can function as a cooling phenomenon
to prevent intensive structural degradation in cyclically loaded PMC structures. Thus, in-
dustries and researchers can come forward with viable solutions by providing a cooler
ambient temperature in order to address the catastrophic self-heating phenomenon re-
sulting from either fatigue loading or high-magnitude vibration excitations. Regarding
providing the system with a relatively low temperature for such experiments, one of the
viable solutions is to carry out fatigue tests on samples exposed to different gases, e.g.,
CO,. For this purpose, Charalambous et al. [147] implemented a carbon dioxide (CO,) skid
comprising 15 cylinders of liquid CO; gas attached to the environmental chamber through
a decanting hose to provide the temperature of —50 °C for fatigue testing up to 10° cycles
with a frequency of 5 Hz, that is, approximately 57 h for a fatigue test. To effectively address
the tendency of formation of an ice layer on the grooved roller surface, anti-icing liquid was
used on the rollers and the end-tab area. An unimportant difference regarding the mean
bending moment was needed for propagating delamination to observe the results induced
at room temperature and at —50 °C. During the fatigue experiments, the gas injection took
place in regular intervals in order to keep the temperature at the constant value of —50 °C,
they exploited the large bending moment drops following delamination onset. The main
causative factor contributing to this can be explained by more a brittle polymer matrix
induced by low temperature, leading to increased stick-slip behavior [148]. In another
study, Bartkowiak et al. [17] investigated how the three-point bending fatigue properties of
hybrid sheet molding compound (SMC) composite-reinforced with discontinuous glass
fibers (DGF) in the core and unidirectional continuous carbon fibers (UCCFs) in the face
layers up to 2.6 x 10° cycles are influenced by different ambient temperatures (—20 °C,
21 °C and 80 °C). They implemented liquid nitrogen (Ny) as the coolant agent for the
purpose of providing a temperature of —20 °C for experiments. They exploited that in-
creasing the ambient temperature from 21 °C to 80 °C for DGF-reinforced SMC and hybrid
[UCCEF/DGEF/UCCEF] SMC samples provoked a remarkable reduction in flexural strength
by 24% and 7% at a quasi-static strain rate (2 mm/min) and 14% and 12% at a fatigue
strain rate (90 mm/min), respectively. Nevertheless, decreasing the ambient temperature
to —20 °C resulted in increases in flexural strength by 2% and 3% for quasi-static strain
and fatigue strain rates, respectively. They also revealed that when the temperature of the
specimen was reduced from 21 °C to —20 °C using liquid nitrogen, the flexural strength
of the hybrid SMC composite experienced a downward trend, which was increased by
25% and 14% in quasi-static and fatigue strain regimes. The S-N results obtained for DGF-
reinforced SMC composite specimens and hybrid [UCCF/DGF/UCCF] SMC specimens
under three-point bending fatigue load (R = 0.1 and f = 5 Hz) exposed to three separate
temperatures with failure probabilities of PS = 10% and PS = 90% are illustrated in Fig-
ure 47 [17]. As can be seen from Figure 47a, the fatigue life expectancy of DGF-reinforced
SMC specimens exposed to a lower temperature (—20 °C) was comparatively longer than
that of specimens subjected to higher temperature values. When such composites were
subjected to temperature values of 21 °C and 80 °C, they revealed roughly similar fatigue
behavior. According to Figure 47b, the residual fatigue life of hybrid [UCCF/DGF/UCCEF]
composites was highly dependent on ambient temperature; i.e., with the decrease in the
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temperature such a hybrid composite was exposed to, there was an increase in the fatigue
life obtained. For example, the fatigue limit of such composites subjected to the liquid
nitrogen at —20 °C was roughly 100 MPa higher than such data obtained at RT. Therefore,
implementation of liquid nitrogen as a coolant agent has the capability to extend the fatigue
life of cyclically loaded discontinuous and/or continuous FRP composites.

Figure 47. S-N data for (a) DGF-reinforced SMC composite specimens and (b) hybrid
[UCCF/DGEF/UCCF] SMC specimens under 3-point bending fatigue load at different temperatures
for failure probabilities of PS = 10% and PS = 90% [17].

4.1.2. Operational Factors

There are a number of operational parameters associated with the coolant systems
which might actively function as a catalyst for avoiding or at least minimizing the struc-
tural degradation in polymers and PMC structures, which are associated with the average
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convective heat transfer coefficient (/) of the fluid around a composite structure. In 1883,
Osborne Reynolds illustrated two different fluid flow regimes, namely laminar and turbu-
lent [149]. However, the laminar flow mainly experiences a transition state to be converted
into a turbulent stream (see Figure 48). In laminar flow, the fluid layers slide smoothly
over each other, taking place normally in low-velocity regimes, while turbulent flow is
defined as a complex process in which erratic motion and eddies in different sizes are
superimposed onto the streamlines [150]. Additionally, the behavior of a transient stream
may be quite similar to that of a turbulent stream.

Figure 48. Different types of flows, adapted with permission from Ref. [150]. Copyright © 2017
Elsevier Ltd.

The Reynolds number, associated with this behavior, can be defined as the ratio of
inertial to viscous forces of the fluid [151], depending on four parameters, namely viscosity
(), speed (Up), density (p) and characteristic dimension (D) (see Equation (16)).

Re — I;lfzertia Forces _ pUpD (16)
Viscous Forces U

Increasing viscosity will lead to a reduction in the Reynolds number, while increasing
the value of each three other parameters will lead to an increase in this number. It should
be mentioned that for pipes, D is the diameter of a cylinder, while for plates, D is the length
or width of a plate which is parallel to the direction of the fluid. In the case of a pipe or
cylinder, if the Reynolds number is below 2300, the fluid particles tend to behave as a
laminar flow extracted from smooth and constant fluid motion due to adequate viscous
force. Otherwise, the propagating rate of eddies, vortices and other flow instabilities may
be intensified, leading to a turbulent flow. However, the critical Reynolds number for a
flat plate geometry, which is implemented primarily for cyclic fatigue tests, is 5 x 10° [152].
Otherwise, a transient and/or turbulent flow may take place.

The following is still an open question: how can the generated thermal energy level
induced by the self-heating effect in cyclically loaded FRP composite structures be reliably
quantified and then be thoroughly removed by the implementation of coolant systems?

Every type of flow may come with its complexities. Among all three types of flows,
it is merely the laminar flow that allows us not only to reliably analyze the fluid flow
using computational fluid dynamics (CFD) software, but also to mathematically model
and predict the location of the fluid particles with the passage of time. As the promising
potential of this, the fatigue performance of a cyclically loaded PMC structure dominated
by the self-heating phenomenon exposed to a laminar flow cooling system may be more
reliably characterized, as opposed to transient or turbulent fluid [153].

Katunin and Wachla [87] reported that the lifetime of a cyclically loaded epoxy-based
GFRP composite can be significantly extended by implementing airflow as forced air
cooling. According to the authors” experience, it should be noticed that although it might
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theoretically seem easy to have a laminar flow, providing such a flow and controlling such
conditions for a prolonged period experimentally may not be as easy as expected. On the
other hand, it may be difficult and complex to rationally predict the influence of both other
cooling scenarios (transient and turbulent flows) on the value of transferred heat from
the cyclically loaded FRP composite structures caused by the self-heating phenomenon.
The most compelling reason justifying this can be explained by the vortices and eddies
in flow, which are normally formed during both transient and turbulent fluid regimes,
making the reliable predictability of fluid flow influence as a coolant system on fatigue
performance of such a composite almost impossible. In order to logically formulate the
caused self-heating effect under stationary or nonstationary condition in a cyclically loaded
polymeric structure [61], a couple of scenarios can be taken into consideration.

The first scenario is to assume the generated heat (4¢en) induced by the self-heating
effect in a cyclically loaded polymeric structure is equal to the dissipated energy through
convection, conduction and radiation in a loaded structure. One can obtain the ideal
scenario due to the appearance of the thermodynamic equilibrium, wherein the effect
of internal energy (A1) can be negligible (see Equation (6)). Therefore, the heat transfer
equilibrium in Equation (6) for such a condition can be written in the following form [154]:

1
Ggen = qdissip —> Ygen = V(Qcond + Qconv + Qrad), 17)

It should be mentioned that since the heat transfer via radiation has an insignificant
influence in such a condition, its effect can be eliminated due to the simplicity of equation
systems [87]. Thus, Equation (17) can be rewritten as follows:

1
qgfm ~ V (Qcond + Qconv)/ (18)

This scenario may ideally provide us with the opportunity to completely remove the
generated heat caused by the self-heating effect. Therefore, the structural degradation will
be desirably prevented and merely limited to the influence of mechanical fatigue loading.
To understand whether the overall generated heat has been removed via convection and
conduction during fatigue testing, the surface temperature variations of a typical composite
should be frequently monitored using the available techniques, including the use of IR
thermographic cameras [74,87,89,155]. If there is no significant difference between the
surface temperature before testing and the history temperature measurements extracted
from IR thermographic data during fatigue testing, the stationary self-heating regime will
appear for a long period until mechanical fatigue failure. Otherwise, the catastrophic
nonstationary regime will appear.

In the second scenario, nonequilibrium conditions will occur between the amount
of heat generation and the amount of heat dissipated via convection and conduction if
there is a noticeable deviation between the specimen surface temperature during fatigue
testing and the initial specimen surface temperature before testing. This is the appearance
of a nonstationary regime due to the storage of a relatively high level of internal energy
in the specimen. It would be, however, of utmost significance to estimate the difference
between the resultant generated heat caused by the self-heating phenomenon and the
heat removal via convection and conduction. In the case of heat transfer via conduction,
the most influential parameter is thermal conductivity, which is discussed in the optimal
materials design and selection section (see Section 4.2). Regarding the total heat removal
via convection, what would be more significant is to compute the average convective
heat transfer coefficient (1) in the cyclically loaded PMC structure, which seems to be
a time-demanding task. Although proposing empirical or semiempirical formulas for
computing 1 on the entire surfaces of PMC structures seems to be a time-consuming task
due to a number of uncertainties associated with the surface behavior (which can be rooted
in the manufacturing techniques and the types of fibers, woven fibers and polymers used
during the manufacturing process), a general technique may be implemented in order to
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acceptably estimate /i on the entire surfaces of FRP composite structures regardless of the
types of flow and fluid as follows [156]:

(1) The geometry of the fluid stream should be specified in advance (e.g., whether the
fluid flows over a thin-walled FRP composite cylinder or a plate with a different
thickness (i.e., ranging from FRP laminates to sandwich panel structures)).

(2) Since the Reynolds number is highly dependent on the boundary layer conditions,
it should be correctly computed as a function of the characteristic length of the FRP
composite structure and the kinematic viscosity and velocity of the flow.

(3) An appropriate reference temperature should be specified for the purpose of calculat-
ing the properties of the flow.

(4) Insome cases, if a typical FRP composite structure has a complex geometry, it may
be of utmost importance to understand whether a local convection coefficient or an
average convection coefficient over the surface is needed for simulation.

In general, the average convection coefficient of such a PMC structure exposed to any

external fluid flow can be predicted using the Nusselt number [156], expressed as follows:
hL
Nu = = CRe"Pr", (19)

where C, m and n are constants, varying based on how the fluid behaves, acting as lam-
inar, transient or turbulent flow. Re and Pr are respectively called the Reynolds and
Prandtl numbers.

The average Nusselt number based on the type of fluid flow over the entire isothermal
FRP composite specimen can be denoted as follows:

For laminar flow:

=

L

Nu=—7= 0.664Re!/?Pr!/3; Pr > 0.6, (20)
For turbulent flow: B
hL
Nu= - = 0.680Re!/2pPr!/3 (21)

and the average convection coefficient for both laminar and turbulent regimes can then be

determined as follows:
NuK

h= (22)

where K is the thermal conductivity of the fluid around the specimen and L indicates the
characteristic length of cyclically loaded flat FRP composite structure.

On the other hand, the Nusselt number for the thin-walled PMC structures, regardless
of the type of cross-section and the type of flow around the thin-walled FRP composite
structures, may be described as follows:

Nu =

D 0.62Re!/2prl/3 [ ( Re

5/874/5
=034+ ) 1 ; RePr>02, (23)
1/4
K [1+ (0.4/Pr)?”] 282,000

The average convective heat transfer coefficient for a thin-walled composite structure

may then be computed as follows:
NuK

D
where D is the characteristic diameter of a typical cyclically loaded FRP composite structure.
Thus, interestingly, having computed the average convection heat transfer coefficient, one
could acceptably evaluate the value of heat removal by the forced flow on the entire surface
of a cyclically loaded FRP composite structure (see Equation (11)).

h=

(24)
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As can be concluded from Equation (11), associated with the criticality of &, as the
average convection coefficient increases, the amount of generated heat caused by the self-
heating phenomenon in such a structure that can be desirably removed increases. To put it
differently, computing the average convective heat transfer coefficient allows us to search
for some viable solutions in order to tremendously remove the generated heat caused by
such a cyclic loading. Knowing this could be also important to estimate the difference
between the generated heat induced by the self-heating phenomenon and the heat removed
via convection and conduction.

In general, numerous cooling methods based on enhancing 1 have been developed,
namely airflow, passive, liquid and phase change cooling (see Figures 49 and 50). Figure 50
generally categorizes numerous cooling methods of the heat-flux-removal capabilities per
surface area via convection for the specific type of fluids with their heat transfer coefficients.
It should be mentioned that although no report has been published to quantitively depict
how such cooling techniques may positively increase /1, a number of reports have shown
the noticeable overall heat flux removed via convection as the result of implementing the
coolant systems [44], which is linearly proportional to  (see Equation (11)).

Figure 49. Different cooling techniques, adapted with permission from Ref. [157]. Copyright © 2019
Elsevier Ltd.
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Figure 50. Classifying various cooling techniques according to the heat flux and heat transfer
coefficient (adapted with permission from Ref. [158]. Copyright © 2022 Elsevier Ltd.) [159].

Airflow cooling, for which either a fan or blower is mainly implemented, is the simplest
cooling approach. Although this may be the most affordable cooling technique, due to the
comparatively lower specific heat of air than water, this technique can be used when the
rate of generated thermal heat on the surface of a PMC specimen is roughly small (normally
less than 5 kW). For this purpose, Miiller et al. [160] implemented air cooling (vortex tube)
so0 as to avoid excessive warming of both angle-ply and cross-ply CFRP specimens in a
damaged condition during the HCF regime. Additionally, Apinis [161] implemented forced
air cooling when the specimen temperature was greater than 50 °C so as to prevent the self-
heating effect resulting from the accelerated fatigue testing of carbon—carbon composites
using high loading frequency. Katunin and Wachla [87] reported that the lifetime of a GFRP
composite could be extended twice using airflow. Furthermore, Movahedi-Rad et al. [77]
employed a couple of fans as the coolant system to circulate the air inside the chamber
to remain at the constant temperature of 20 °C and cool down the angle-ply glass/epoxy
composite laminates (see Figure 51). According to the obtained data, the values of 30 °C
and 45 °C appeared as the maximum specimen surface temperatures at low /intermediate
stress levels and higher stress levels before failure, respectively.
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Figure 51. The experimental setup including coolant system for fatigue testing of angle-ply
glass/epoxy structures, adapted with permission from Ref. [77]. Copyright © 2018 Elsevier Ltd.

In addition, the pulse—pause air cooling technique has been mainly implemented
for ultrasonic fatigue experiments [29,65,123,162]. Premanand and Balle [29] developed
an ultrasonic fatigue test setup using the reverse piezoelectric effect to obtain a cyclic
mechanical oscillation of 20 kHz. A schematic representation of the developed facility
and online-monitoring devices along with their model names is shown in Figure 52. This
system involves an ultrasonic generator, a piezoelectric convertor and two boosters. The
control unit had been implemented to handle the ultrasonic oscillation parameters from the
generator inside the LABVIEW environment. For the purpose of preventing the appearance
of the self-heating effect, the entire fatigue experiments were conducted in an unchanged
pulse—pause ratio with 200 ms of ultrasonic pulse and 2000 ms of pause. While this constant
pulse—pause ratio was applied, dry compressed air was employed as the coolant agent
to limit the surface temperature of the specimen to 30 °C. Additionally, Flore et al. [30]
used an unchanged pulse—-pause ratio including 100 ms of pulse and 2000 ms of pause
during fully reversed ultrasonic cyclic tension testing of a GFRP composite for the purpose
of limiting temperature to 25 °C on the specimen surface. In another study, Premanand
and Balle [65], as opposed to their previous study in which pause time was assumed to be
constant with the value of 2000 ms [29], investigated CFRP specimens at three different
cyclic amplitudes (40 pm, 45 pm and 50 um) and three pause time durations (1000 ms,
2000 ms and 4000 ms) using the similar ultrasonic testing setup for three-point fatigue
bending of CFRPs developed by Backe et al. [48] (see Figure 52c) to prevent premature
thermal failure of specimens induced by the self-heating effect (see Figure 53). As can be
seen in Figure 53, the surface temperature of the CFRP specimen was significantly affected
by the value of pause time and cyclic amplitude loading. The longer pause duration
advantageously resulted in lower temperature growth. For example, the temperature
growth of almost 5 °C at the end of the shown time period was measured as the result of
applying a cyclic oscillation of 50 um and a pause time of 4 s, which was approximately one-
fifth of the value obtained when 1 s pause was used. In addition, with the increase in the
loading amplitude applied to the specimen, the temperature growth measured increased.
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Lee et al. [163] implemented a Peltier ring-type cooler, also known as a thermoelectric-based
air cooler [164], in order to positively generate a high cooling effect for polyamide 66/glass
fiber composite structures (see Figure 54). They used a constant pulse-pause ratio with a
pulse time of 300 ms and a pause time of 3000 ms to avoid specimen heating.

Figure 52. (a) Schematic experimental setup of the developed ultrasonic testing facility for axial
cyclic loading of PMCs at a frequency of 20 kHz; (b) connecting the specimen to the system using the
high-speed camera [29]; (c) ultrasonic testing setup for 3-point fatigue bending of CFRP (adapted
with permission from Ref. [31]. Copyright © 2016 Elsevier Ltd.) [48].



Polymers 2022, 14, 5384

55 of 88

Figure 53. The influence of various load amplitudes and pause times on the surface temperature of a
CFRP specimen during cyclic loading at the frequency of 20 kHz during the first minute [65].

Figure 54. The experimental setup for ultrasonic fatigue testing of GFRP specimens and schematic
illustration of resonance test, adapted with permission from Ref. [163]. Copyright © 2019 Elsevier Ltd.

The generated heat caused by the self-heating effect can be also removed via liquid
cooling technique. As can be seen in Figures 49 and 50, the level of heat removal resulting
from the use of this cooling method can be comparatively higher than that resulting from
the use of air cooling. The main causative root justifying this is the relatively greater
convective heat transfer coefficient of liquids (1) as opposed to air. Implementing liquids
as the coolant systems may relatively result in more uniform temperature distribution
on the specimen surface as compared to air due to their higher & [165]. According to the
recommendations, the implementation of liquid-based coolant systems may be taken into
consideration when the rate of generated thermal energy is higher than 5 kW since the de-
veloped air cooling systems may probably be unable to remove such a large amount of heat
flux via convention [166]. As a general rule, high thermal capacity, low viscosity, chemical
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inertness, anticorrosion properties, nontoxicity and affordable price are the main factors in
the selection of an appropriate coolant system [167]. Water has been the primary candidate
among all liquids due to its high thermal capacity and low price. For this purpose, Just
et al. [168] used a water-cooled base plate attached underneath the VHCF-tested cross-ply
CFRP specimen so as to limit the generated heat flux induced by shaker. Additionally,
Trauth et al. [169] implemented a water cooling system (see Figure 55) to study the effect
of temperature on cyclically loaded continuous—discontinuous sheet molding composites
(SMCs) by providing an integrated temperature chamber ranging from —100 °C to 350 °C
for dynamic mechanical thermal analysis (DMTA). In another study, Cui et al. [170] devel-
oped a liquid nitrogen coolant system (see Figure 56) to limit the surface temperature of
a CFRP specimen to lower than 40 °C during three-point bending fatigue testing in the
VHCEF regime. As shown in Figure 56, during the test, they inserted a metal tube into a
liquid nitrogen tank; the liquid nitrogen absorbed heat, and the value of fluid temperature
dropped remarkably with the passage of time, cooling the fluid to —39 °C. They justified
the implementation of liquid nitrogen due to observing a remarkable temperature rise up
to 106 °C in only 7 s on the surface of a CFRP specimen subjected to high loading frequency.
This means that implementing compressed air cooling during ultrasonic loading of CFRP
could not guarantee the normal conditions of a test (i.e., preventing the self-heating effect).
As mentioned above (see the Section 4.1.1), Bartkowiak et al. [82] implemented liquid
nitrogen (N;) as the coolant system for the purpose of providing a temperature of —20 °C
for fatigue testing. In another study, Charalambous et al. [79] used liquid carbon dioxide
as a coolant agent in order to limit the negative influence of the self-heating effect during
cyclic fatigue testing of CFRP specimens by obtaining temperatures up to —50 °C.

Figure 55. The experimental setup for characterizing DMTA using a water-based coolant system [169].
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Figure 56. An exemplary illustration of a liquid nitrogen cooling system [170].

The use of liquids with relatively high thermal conductivity (K) which may, similar to
h, act as a catalyst in removing heat generation on the surface of a PMC structure under
cyclic loading experiments has been suggested. Nowadays, nanofluids, which are defined
as the colloidal suspensions of nanoscale particles in a base fluid such as silicon dioxide
(5103), carbon nanotube (CNT), graphene (GN) and alumina (Al,O3) nanoparticles in water,
have been gaining great attention due to possessing a capability for enhancing the K of
such a fluid [171-173]. This has advantageously resulted in the need for a relatively smaller
coolant system, compared to traditional liquid cooling systems due to lower K. Although
such techniques have been developed, they have not been implemented during fatigue
testing of PMC structures. Therefore, implementing such nanoparticles in water or other
liquid fluids can be taken into consideration as a coolant system during accelerated fatigue
tests with high loading frequency in future trials.

In another study, Wang et al. [44] investigated the HCF and VHCF properties of a
CFRP-aramid honeycomb sandwich structure under three-point bending ultrasonic loading
with the applied loading frequency ranging from 18.5 to 20.5 kHz. They implemented
cryogenic nitrogen and intermittent loading (i.e., pulse-pause technique) simultaneously
to cool down the specimen for the purpose of limiting the self-heating temperature to
below 40 °C (see Figure 57). The schematic diagram of the supporting device and cryogenic
nitrogen as a coolant agent is shown in Figure 58. It should be mentioned that none of
the authors of the previous studies reported the exact information about the rate of heat
removal by the applied coolant systems during fatigue testing of PMC specimens, which is
of key interest in conducting comprehensive studies in order to characterize the pros and
cons of the available cooling techniques in terms of their simplicity, cost, etc.

Another cooling technique is passive cooling or edge cooling, which mainly imple-
ments heat spreaders with microchannel-based heat sinks [174,175]. High heat spreaders
involving copper, aluminum, silver and silica, due to their high thermal conductivities, can
be the prime candidates for implementation as thermal management for PMC specimens
subjected to fatigue testing, which are also analyzed in the section on materials design
and selection. For this purpose, Bahiraei et al. [174] implemented hybrid graphene-silver
nanoparticles in a nanofluid base via a microchannel heat sink in a laminar flow with a
Reynolds number of 100. They reported that adding 0.1% graphene nanoplatelets to the
base fluid increased the average heat coefficient by 17%, which is proportional to heat
removal by convection.
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Figure 57. Schematic illustration of ultrasonic fatigue testing system, adapted with permission from
Ref. [44]. Copyright © 2022 Elsevier Ltd.

Figure 58. Schematic illustration of supporting device and cryogenic nitrogen as a coolant agent,
adapted with permission from Ref. [44]. Copyright © 2022 Elsevier Ltd.

Another viable cooling technique is phase change cooling, for which coolant pumps
are advantageously not required [176]. It may be interesting to know that the phase change
technique implements significantly greater latent heat during the two-phase heat removal
mechanism, as opposed to air and water cooling. For instance, the latent heat of water
is 2250 kJ /kg, which is more than 500 times greater in comparison to the sensible heat
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absorbed by liquid water with a temperature increase of 1 °C, meaning a comparatively
lower coolant flow rate is required [166]. Among phase change cooling techniques, includ-
ing microchannel flow boiling, heat pipe cooling and spray cooling, it is spray cooling
that has been receiving great attention due to its excellent cooling capacity, uniformity,
fluid utilization efficiency and system flexibility [159]. As can be seen from Figure 59, a
spray of droplets generated by pressure/gas atomized nozzles is forced to impinge onto
the targeted heating surface (i.e., the surface of the composite specimen), cooling it effi-
ciently with a phase change of the coolant. Spray cooling can be implemented for both
steady-state and transient cooling conditions. Steady-state cooling is employed when the
specimen surface temperature is kept below the critical heat flux limit, while transient
spray cooling is associated with the quenching of a target with a high initial temperature
where the target is gradually cooled down. Since the initial specimen temperature during
the fatigue test is often equal to RT, steady-state spray cooling can be efficiently imple-
mented. For example, Putnam et al. [177] implemented steady-state spray cooling based on
water microdroplet evaporation. They reported that when the heat flux reaches the critical
heat flux in the heating-up direction, the continuous liquid film may degrade to isolated
microdroplets, resulting in a high heat flux (1000 W/cm?) and convective heat transfer
coefficient (60 W/cm?K).

Figure 59. A schematic demonstration of spray cooling process, adapted with permission from
Ref. [158]. Copyright © 2022 Elsevier Ltd.

As a recommendation, it may be more practical if the researchers quantify and report
the heat flux during fatigue testing to rationally justify the reason behind selecting a specific
cooling technique in future studies. As a result of having information about the generated
heat flux rate induced by the self-heating effect under cyclic tests, reliable classification
and standardization according to the material selection, the type of fatigue loading and the
specimen geometry can be desirably carried out. This will provide us with the opportunity
to select the most appropriate (optimal) coolant system for a specific cyclically loaded PMC
structure. For this purpose, Huang et al. [89] numerically quantified the heat generation
per unit volume during fatigue testing for CFRP laminates. They illustrated how the
rate of generated heat in a PMC may significantly vary as the direct consequence of the
viscoelastic behavior of the polymer, and damage propagation simultaneously, during
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fatigue testing [89] (see Figure 60). As they reported, the heat generation rates under
different stress levels can be explained by internal friction and damage mechanisms (e.g.,
delamination and crack propagation). The heat generation rate resulting from internal
friction and delamination/crack propagation is separately shown in Figure 60, wherein
the blue region depicts the heat generated caused by internal friction (i.e., the self-heating
effect) and the red area reveals the generated heat caused by damage. Those two factors
are proportional to the applied stress magnitude. As the stress level applied to such a PMC
specimen increased, the measured heat generation increased. As they reported, the heat
generation rate caused by damage noticeably increased when the stress levels exceeded
the fatigue limit. The primary reason behind the heat generation associated with internal
friction can be sought in recoverable microstructure motion (e.g., the interface between
fiber and polymer matrix and the interlaminar interfaces between two adjacent layers).

Figure 60. The exemplary illustration of heat generation rates depending on loading amplitude,
adapted with permission from Ref. [89]. Copyright © 2020 Elsevier Ltd.

Figure 61 reveals the total heat generation per unit volume for a CFRP laminated
composite caused by damage during fatigue life under different stress levels based on
numerical data. As can be concluded, the average value of heat generation after the fatigue
limit is exceeded is dominated by other heat sources and seems to be less dependent on
applied stress levels. This means that for quantifying the total heat generation by damage,
a fatigue test at one specific stress level would be sufficient.

In order to appropriately implement a cooling method, the entire mechanical energy
dissipation associated with both internal friction and damage should be reported and
quantified, not merely the heat generation caused by damage, which can be taken into
consideration for the future studies.

4.2. Limiting Structural Degradation Caused by Self-Heating via Optimal Materials Design
and Selection

The effects of loading conditions on the level of heat generation induced by fatigue
loading were discussed for LCF, HCF and VHCEF regimes. As discussed, depending on the
loading conditions, a high level of temperature may appear on the surface of a composite
structure during fatigue testing in all mentioned fatigue regimes, which may accelerate
structural degradation in such a structure. Materials design and selection, as well as
implementing cooling scenarios, can effectively limit the structural degradation of PMC
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structures resulting from the self-heating effect. Thus, if materials are appropriately imple-
mented (e.g., using materials with high thermal conductivity (K)) during the manufacturing
process of PMC structures, structural degradation might be avoided or at least minimized.
Otherwise, when the manufacturing processes of PMC structures have been thoroughly
completed, it may be indeed unjustifiable due to being a time-consuming and costly process
or even impossible to change and replace the used materials with other ones in order to
enhance the K of such PMC structures. Thus, in such conditions when the composite
structures have been produced, using different cooling scenarios (which were broadly dis-
cussed in the previous section) may be the only option for preventing intensive structural
degradation with the presence of the self-heating phenomenon under fatigue loading.

Figure 61. The exemplary heat generation plot for CFRP composite induced by damage over the
entire fatigue life, adapted with permission from Ref. [89]. Copyright © 2020 Elsevier Ltd.

K can favorably play a key role in limiting the intensive structural degradation of PMC
structures. Enhancing K of PMCs will lead to increasing heat dissipation via conduction.
This can minimize the stored internal energy, resulting in a relatively low temperature on a
composite surface. This prevents the occurrence of premature thermal fatigue failure in such
a structure, extending residual fatigue lifetime or reducing the structural degradation of the
PMC structures. The most rational justification behind this can be rooted in how increasing
the value of K functions, transferring the heat caused by the self-heating phenomenon with
a higher rate from the surface of the PMC structure into the surrounding environment
via convection and consequently cooling down a PMC specimen surface temperature.
Therefore, implementation of PMC materials with higher K values is of key interest to
tackle the issue of the self-heating effect resulting from high-amplitude vibrations or
fatigue loading. In general, to characterize how the self-heating phenomenon of a PMC
can be advantageously minimized through utilization of thermally conductive materials,
the influence of numerous parameters which are analyzed in detail in the subsequent
subsections, should be taken into consideration.

4.2.1. Role of PMC Specimen Thickness

In the case of optimal materials design and selection, there may be a number of
causative factors contributing to improving the K values of PMC structures to avoid the
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intensive structural degradation of such PMCs, one of which may be the specimen thickness.
For this purpose, Ueki [178] provided analytical relations for the determination of the
temperature growth during a fatigue test and the temperature distribution through the
laminated specimen thicknesses with values of 3 mm and 6 mm. As a result of increasing
the specimen thickness, the temperature rose significantly by almost 100%, ranging from
20 °C to 40 °C in bending mode, and varying from just below 60 °C to 120 °C in uniaxial
tension/compression mode with loading conditions of f = 200 Hz, o = 100 MPa and R = —1
(see Figure 62). In the case of axial loading, when the thickness was 6 mm, the temperature
value dropped by about 15 °C, and the midplane of the specimen experienced the highest
value of temperature. To put it differently, in the case of one-dimensional heat transfer
under unchanged loading conditions, the thinner a PMC specimen is, the more uniform
the temperature distribution in the cross-sectional direction and the lower the temperature
value can be. For this reason, Mandell et al. [179] used a thin laminated composite with a
thickness of 1.5 mm for fatigue testing. Furthermore, Hosoi et al. [180-182] implemented
thin laminated specimens with a thickness of about 1 mm for fatigue testing in order to
limit the self-heating effect through the thickness direction. According to the ASTM D3039
standard [13], unidirectional laminated composites with a thickness of 1 mm can be tested
under axial fatigue loading.

Figure 62. The cross-sectional temperature distribution in laminated GFRP composite specimens with
thicknesses of 3 and 6 mm estimated under the assumption of one-dimensional heat transfer [178,183].

4.2.2. Role of Polymer Matrix

It has been suggested that the self-heating effect can be controlled using appropriate
polymers. Table 1 summarizes the K values for the most common thermoset and ther-
moplastic polymers. Although polymers may have manifold merits, their K values are
relatively low, ranging from just below 0.15 up to roughly 0.5 for commonly used poly-
mers [184-191]. This means that polymers may not be considered the prime candidates
for improving the K values of PMC structures. It is worth mentioning that the primary
causative factor contributing to the difference between the K values of such polymers
can be explained by the polymer structures (i.e., level of crystallinity). A higher degree
of crystallinity may lead to a greater K value. According to Table 1, a good illustration
of this can be high-density polyethylene (HDPE), which offers a greater K value due to
possessing a higher degree of crystallinity, as opposed to low-density polyethylene (LDPE).
Figures 31 and 63 depict both amorphous and crystalline polymer structures, wherein



Polymers 2022, 14, 5384 63 of 88

amorphous polymers consist of chain entanglements, chain ends, crystal-amorphous in-
terfaces and voids [192], as the direct consequence of which the heat transfer mechanism
along chains may be frequently interrupted. As an example, Figure 64 schematically reveals
the influence of the self-heating phenomenon on the structural variation of a PA 66 gear
during fatigue operation [193]. Additionally, the heat transfer mechanism in polymers with
crystalline and amorphous zones is schematically shown in Figure 65a [189].

Table 1. Thermal conductivity (K) of commonly used polymers.

Polymer Matrix K (W/m K) Refs.
Elium 0.18 [184]
Epoxy resin (EP) 0.148, 0.22 [185,186]
Polyimide (PI) 0.2,0.27 [187,189]
Polycarbonate (PC) 0.19 [188]
Polyetheretherketone (PEEK) 0.25 [190]
Polyphenylene sulfide (PPS) 0.22-0.25 [190,194]
Polysulfone (PSU) 0.28 [190]
Polytetrafluoroethylene (PTFE) 0.25 [190]
Nylon-6 (PA6) 0.29 [190]
Nylon-6.6 (PA66) 0.23 [190]
Poly (ethylene terephthalate) (PET) 0.24 [190]
Polymethylmethacrylate (PMMA) 0.18 [190]
Polypropylene (PP) 0.17-0.22 [190]
Low-density polyethylene (LDPE) 0.32-0.40 [190]
High-density polyethylene (HDPE) 0.38-0.51 [190]
Polyester 0.091 [191]
Polystyrene (PS) 0.14 [192]

Figure 63. Demonstration of amorphous and crystalline polymer—matrix structures, adapted with
permission from Ref. [192]. Copyright © 2021 Elsevier Ltd.



Polymers 2022, 14, 5384

64 of 88

Figure 64. Schematic representation of the structural change of a PA 66 gear induced by self-heating
effect during fatigue loading [193].

4.2.3. Type of Fillers

As opposed to polymers which possess relatively low range of K, fillers offer a com-
paratively wider range of K values. Such materials can be categorized by their family
groups (e.g., carbon allotropes, ceramics, metals and polymeric fibers). Table 2 reveals
the K values of fillers which are commonly implemented in a variety of engineering ap-
plications. According to provided data in Table 2, among all thermally conductive filler
candidates, leading the pack would be the carbon-based allotropes consisting of carbon
nanotubes (CNTs), graphene, graphite and carbon fibers, offering ultrahigh K values of up
to 6000 W/m K. The potential carbon-based fillers offer K values approximately 14 times
greater than those of common metals and roughly 6000 times higher than that of glass fiber.
These are followed by commonly used ceramics and metals, which also offer relatively
high K values, ranging from 50 W/m K for steel to greater than 1000 W/m K for diamond.
Polymer-based fibers such as Kevlar (aramid) as well as basalt fiber trail the pack, possess-
ing comparatively unimportant K values of 0.04 W/m K or below, which are even lower
than the K values of common engineering polymers. This means that such fibers do not
have the capability to be implemented for improving the overall K of a PMC structure.
Figure 65b—d schematically classify different materials in terms of their K values [189].
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Therefore, carbon-based fillers can be selected as the prime candidates for enhancing the K
of PMC structures, as discussed in the next section.

Figure 65. Schematic demonstration of (a) heat transfer mechanism in crystalline and amorphous
polymers, (b) K levels in different phases of materials, (c) classifying common thermally conductive
solid materials for various filler materials and (d) categorizing various filler-reinforced PMCs regarding
their thermal conductivities, adapted with permission from Ref. [189]. Copyright © 2022 Elsevier Ltd.

Table 2. Thermal conductivity of commonly used fibers.

Filler K (W/m K) Ref.

Graphene (GNP) 2000-6000 [194,195]
Carbon nanotube (CNT) 2000-6000 [194,196,197]

Diamond 2000 [196,198]
Pitch-based carbon fiber 400-1100 (along the axis) [194,196]

PAN-based carbon fiber 8-70 (along the axis) [196]

Carbon black 6-174 [196]
Graphite 100-800 [196,199]
Boron nitride (BN) 250-1300 [196,200]

Silver (Ag) 427 [198]

Copper (Cu) 398 [198]

Gold (Au) 315 [198]

Aluminum (Al) 247 [198]

Tungsten (W) 155 [198]

Nickel 158 [196]

Zink (Zn) 115 [189]

Steel 50 [189]

Silicon carbide (SiC) 270 [198]
Glass 1-1.03 [191,201]

Kevlar (aramid) 0.04 [191]

Basalt 0.031-0.038 [202]

4.2.4. Role of Fillers in Overall K of PMC Structures

One of the viable strategies for the purpose of enhancing the K values of PMCs is
to implement ultrahigh-thermal-conductivity micro- or nanocarbon allotropes involving
carbon nanotubes (CNTs) [203], graphene [204,205] and carbon fibers [206,207], as well as
boron nitride (BN) platelets/nanosheets [188,208-213], silicon carbide (SiC) [214-216], silicon
nitride (SisNy) [217], gold (Au) [218], copper (Cu) [219-222], silver (Ag) [223-225], aluminum
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nitride (AIN) [226], aluminum oxide (Al;O3) [227] and hybrid fillers [188,228-230] during
the fabrication of PMC structures. To predict how the overall K value of a typical PMC
is influenced by adding fillers into the polymer matrix, the implementation of the rule of
mixture equations is indeed impractical due to providing a huge mismatch, as opposed to
experimental results [189,192]. The primary causative factors contributing to this mismatch
between extracting K values using the rule of mixture and experiments can be sought in the
(i) geometry of the filler, (ii) thickness of the surface coating and film, (iii) orientation of the
filler, (iv) interface between the polymer matrix and filler and (v) loading fraction of the filler.

In the case of filler geometry, the size and shape of fillers play a key role in the K of
PMCs. This can be explained by the aspect ratio of a filler, which is defined as the ratio of
length to diameter for cylindrical fillers (e.g., CNTs) and the ratio of length to thickness
for platelet fillers (e.g., graphene nanoplatelets (GNPs)). A greater aspect ratio may result
in a relatively lower mismatch [231-234]. Additionally, the diameter plays a key role in
determining the K of composites reinforced with spherical particles. PMCs filled with
spherical fillers normally offer comparatively lower K due to a lack of perfect connection
with each other, limiting the movement of phonons. In the case of fiber orientation,
fillers mainly possess anisotropy of properties and heterogeneity, influencing the heat
flow efficiency. Therefore, implementing fillers with controlled orientation using hot
pressing [235], magnetic alignment [236] or electrospinning [237] can offer relatively high
K values. For example, Pan et al. [235] reported a 350% increase in the K of epoxy/Al,O3
composite using the hot pressing orientation technique.

The loading fraction of fillers is another key factor in increasing or decreasing the K
value of PMCs. From the experimental point of view for low and moderate filler fractions,
Chudek et al. [238] mixed graphene nanoplatelets (GNPs) with polylactic acid (PLA)
randomly using the hot pressing technique. They reported the K value of 1.72 W/m K
for a GNP/PLA composite as the result of adding 15 wt.% GNPs, increasing the K of
the host PLA polymer matrix by 406%. In addition, Raza et al. [239,240] reported the
K values of 1.909 W/m K and 2.2 W/m K for GNP/silicone composites with a filler
fraction of 20 wt.% fabricated by mechanical mixing and three-roll milling, respectively.
Moreover, Wang et al. [241] illustrated the in-plane K value of 15.8 W/m K for GNP-
nylon composites fabricated using vacuum-assisted filtration (VAF) and compression
molding (CM) by adding 11.8 wt.% graphene, which was 62.2 times greater than that
of the pure polymer. In another study, Wang et al. [203] fabricated polyoxymethylene
(POM)/multiwalled carbon nanotube (MWCNT) and POM /GNP composites (PMCNT
and PMGNP, respectively). They exhibited the through-plane K values of 1.95 W/m K
and 4.24 W/m K for the PMCNT40 (with 40 wt.% MWCNT) and PMGNP48 (with 48 wt.%
GNP), respectively, which were approximately 4.6 and 11.1 times greater than those of neat
POM in the through-plane direction, respectively. Nevertheless, the in-plane K values of
the PMCNT40 and PMGNP48 composites were 4.17 W/m K and 36.35 W/m K, respectively.
The in-plane K of PMGNP48 composite was ca. 13 times greater than that of pure POM.
In addition, Wang et al. [242] implemented single crystalline copper nanowires with large
aspect ratios as fillers in an acrylate polymer matrix. They measured the K of 2.46 W/m
K at an ultralow loading fraction, roughly 0.9 vol.%, increasing it by 13.5 times compared
with the host polymer matrix. In another study, Balachander et al. [218] developed a highly
conductive polydimethylsiloxane nanocomposite filled with a low volume fraction of gold
nanowires. They reported the K value of 5 W/m K using just below 3 vol.% gold nanowire
fillers, leading to a 30-fold increase in the K of polydimethylsiloxane (PDMS).

It should be mentioned that the upper limit of graphene loading fraction in PMCs is
normally 20 vol.% to avoid electrical percolation [243], obtaining a moderate K value of
20 W/m K or below. However, there may be some exceptions. On the other hand, BNNS
and fluorinated graphene (F-graphene) fillers as the prime candidates can be even imple-
mented for manufacturing composites with high loading filler fractions. For this purpose,
Wang and Wu [244] used F-graphene filler, exfoliated from commercial fluorinated graphite,
with loading fraction of 93 wt.%. They reported the in-plane K value of 61.3 W/m K. In
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another study, Wu et al. [245] implemented BNNS with loading fraction 90 wt.% in a poly
diallyl dimethyl ammonium chloride (PDDA) matrix. They showed a high in-plane K with
the value just above 200 W/m K and a relatively low out-of-plane K of 1.0 W/m K.

According to the obtained data for K ranges of isotropic and anisotropic (in-plane
direction) PMCs and K enhancement (K. /K;;) reviewed in [243], the vast majority of PMCs
possess K values higher than 1 W/m K. Nonetheless, a minority of them have values
greater than 20 W/m K (see Figure 6 in [243]), which mainly happen at moderate and
high filler loading fractions (more than 40 vol%). Additionally, K was reported to be
increased compared to pure polymer matrix (K./Kj;) by 10 times for most composites,
100 times for a minority of composites and by roughly 4200 times for nanofibrillated
cellulose (NFC)/BNNS.

Furthermore, the mathematical models developed for quantifying the K of PMCs
filled with particles have been reviewed in [192,246]. The proposed models are briefly
presented in Table 3, wherein K, £ Ky and K, denote the effective thermal conductivity of
the filler-embedded polymer matrix, the thermal conductivity of the filler and the thermal
conductivity of the host polymer matrix, respectively; ¢, d and Ry indicate the filler volume
fraction, the filler diameter and the thermal interface resistance between the particle and the
host polymer matrix, respectively; and Kcyr, L and t represent the K of a carbon nanotube,
the length of a CNT and the thickness of the laminated composite, respectively. As can
be concluded, the K of PMC is considerably lower than that of fillers (see Table 2). This
significant difference can be explained by the high thermal resistance (Ry) at the filler-host
interfaces and other factors, which are discussed later. As a recommendation, the results
obtained from experiments can be compared with such data extracted from the proposed
mathematical models in Table 3 in further studies by researchers. For this purpose, Wang
et al. [247] illustrated that both the Maxwell and Nielsen models can accurately predict the
K of PMCs when the filler volume fraction is lower than 10 vol.%, while the Nielsen model
is in good agreement with experiments when the filler volume fraction is above 10%.

Table 3. Typical models for determining K of filler-embedded PMCs.

Filler

Authors Shape Model Remarks
Kepp Ky (1420)+2K+2¢[Kp (1—a) =Ky Appropriate for moderate volume
Hasselman et al. [248] Sphere K = K (T120) 32K 1K (T=0) K] fraction, ¢ < 0.4
where « = 2R Ky, /d
Assuming perfect thermal contacts
Maxwell [249] Sphere Kefr _ Kp+2Km+2f[Ky— K] in polymerfiller interface (i.e., Ry = a =
P K K;+2K—f[K—K poy
m ft m—f1 f— m) 0), and¢<044
K, 1— Assuming nanoparticles act like
Eucken [250] Sphere ITf,,f = 1+¢4;2 nanopores (i.e., x—00), and ¢ < 0.4
Hasselman et al. [248] Sphere ’jgnf _ %m Suitable "é};‘;?s[;; Z> éﬁ\"ﬁ)‘;"gv using
Ma and Na [251] Sphere Kin—Keff Ky —Kypp (1+aKp /Kn) Appropriate for high volume fraction,
P (1—9) Kni2Ky; T 9 K 2K (TraKy [Kon) and ¢ > 0.4
Every et al. [252] Sphere (1- 4))3 _ ( K )(1+2a)/(lfzx) Kopp—Kp(1—a) 3/(1-a) Assuming & = 0 or K; > Ky, and ¢ > 0.4
Keff Kin—Kp(1-a)
Appropriate for CNT-embedded
composites, e.g., for
Kegp _ (3+e(BL+B))) N-N-Dimethylformamide
Bryning et al. [253] Cylinder uI;ﬁle e [CRZIN (DMF)-processed composites

B = 2(d(KeNT —Kim) —2RKen Kin)
L 7 TdKent +Kn) F2RKenyKin
B = L(Kent —Kim) —2Rg Kent K
= LKy +2RKenTKin

Ry = (24£1.3) x 107 m?K/W, and
for surfactant-processed composites
Ry = (2.6 £0.9) x 1078 m?K/W
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Table 3. Cont.

Filler

Authors Shape Model Remarks
Developed for a continuous matrix
Hasselman et al. [248] Cylinder Kep _ [#(Kr/Km—1-2K;/(dRy) )+ (1+Ky /K +2Ks / (dRy) )| phase with dilute concentrations of
K o (1=K /Kin+2Ky/ (dR) )+ (1+Ky /K + 2Ky / (dRy)) | dispersions with cylindrical geometry
Used for flat plate dispersions oriented
Hasselman et al. [248] Flat plate j Ky perpendicular to the heat flow with
S (1=K /K 2Ky /() ) 4Ky /Ko thickness of t
Appropriate for moderate volume
Various K.,;p — 1+ABg fraction, ¢ < 0.4.
Nielsen [254] particle eff = 1-Byy A is the shape coefficient for the filler
shapes where Ky Tt . particles; @y, is the maximum filler
— m— . _ —Pm .
B= (Kf/K,,,+A)' Pp=1+ <Tmz )(p volume fraction

According to the previous studies reviewed in [243], as the amount of filler utilized
increases, up to a specific limit depending on the type and geometry of fillers and poly-
mers, the K value that can be achieved increases. This limitation for adding filler up to a
certain level can be explained by agglomeration and/or saturation of fillers in the polymer
matrix [255], the formation of voids and poor dispersion [256,257], etc.

4.2.5. Influence of Hybrid Fillers in Overall K of PMC Structures

One of the viable solutions in order to achieve higher K values is to fabricate and
implement hybrid fillers in polymeric materials; for targeting highly conductive hybrid
composites, such hybrid fillers must possess adequate functionalities so as to make an
interconnected structure with each other using chemical vapor deposition (CVD) (see for
example [258]). For this objective, Bozlar et al. [259] illustrated a 1.3 times increase in
K value of a host Al,O3-epoxy composite as the result of adding a low MWCNT mass
fraction of 0.15 wt.%, obtaining the K value of 0.39 W/m K. In addition, Yu et al. [229]
implemented hybrid fillers of single-walled carbon nanotubes (SWNTs) and graphite
nanoplatelets (GNPs), with the hybrid loading mass fraction of 10%, consisting of 2.5 wt.%
SWNTs and 7.5 wt.% GNPs. They reported a K value of 1.75W/m K, which was roughly
5 times greater than that of pure epoxy. Teng et al. [260] studied the synergistic influence of
combining MWCNTs and boron nitride (BN) flakes on the K of epoxy-based composites.
In order to form the covalent bonds between the epoxy and fillers, the surfaces of such
fillers were functionalized, leading to a reduction in the thermal interfacial resistance (Ry,).
They illustrated a K value of 1.913 W/m K as the result of adding 30 vol.% modified BN
and 1 vol.% functionalized MWCNTs, obtaining a 7.43-fold increase in such a figure for
pure epoxy (0.2267 W/m K). Im et al. [261] investigated the K behavior of a graphene oxide
(GO)-MWCNT hybrid/epoxy composite. As they showed, adding merely 0.36 wt.% of
MWCNT into 50 GO-epoxy composites resulted in the highest enhancement ratio (about
140%) relative to the GO/epoxy composite, which was explained by the formation of 3D
heat conduction paths due to the addition of MWCNTs. Yu et al. [262] investigated how the
K of an Al,Os-silicon composite is positively influenced by graphene. They demonstrated
that adding 1 wt.% of graphene increased the K of Al,O3-silicon from 2.70 W/m K to
3.45 W/m K for a graphene-Al,Os-silicon composite. Sharma et al. [263] investigated
how the K of SWCNT-metallic glass (MG) composites is influenced by the variation in
the SWCNT volume fraction. They reported the values of 1.52 W/m K, 4.07 W/m K and
4.60 W/m K for the addition of 0%, 5% and 12% SWCNT. Additionally, Wu et al. [264]
investigated the K of a continuous network of graphene foam (GF) filled with aligned
graphene nanosheets (GNs). A relatively high in-plane K of 10.64 W/m K at the filler
loading of 6.2 vol% was measured, which can be explained by the synergistic influence
between 3D GF and graphene nanosheets.
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4.2.6. Improving Out-of-Plane Thermal Conductivity Value Using 3D Fillers

The self-heating phenomenon appearing in a PMC specimen during fatigue testing
is often quantified by measuring the specimen’s surface temperature. If we assume the
PMC specimen as a rectangular plate for simplicity, the total area of four lateral faces of a
rectangular laminated PMC specimen 2W x t + 2L x t, where L is length, W is width and
t is thickness) is, in general, lower than the area of the two bases (2L x W) during standard
fatigue testing. This means that using thermally conductive fillers through the thickness
(out-of-plane) direction can act as a catalyst for transferring heat generation induced by
the self-heating effect. According to the provided data for out-of-plane K values of PMCs
(see Figure 7 in [243]), the out-of-plane K values of PMCs are relatively low. Numerous
composites possess a K value of 4 W/m K or below, whereas a minority of them have a value
higher than 10 W/m K when using a noncovalently functionalized boron nitride nanosheet
(BNNS). Additionally, when a PMC has anisotropic and heterogeneous properties (e.g.,
transversely isotropic and orthotropic), the range of K values in the out-of-plane direction
is significantly lower than that of other directions in general. Therefore, it is of primary
significance to enhance the out-of-plane K of such composites.

For the purpose of enhancing the K value in out-of-plane direction by constructing
a 3D thermally conductive pathway, Yu et al. [265] prepared z-filler CFRP laminated
composites filled with spherical copper particles and coated with aluminum foil in order to
investigate the influence of z-filler volume fraction on the out-of-plane K value. Figure 66
reveals a schematic representation of the developed z-filler CFRP laminated composites
shown by them. With the decrease in the distance between z-copper fillers (i.e., higher
volume fraction), the measured K value increased. They reported a maximum increase of
roughly 12 times in the out-of-plane K of z-filler laminated composites (7.6 W/m K) for a
2 mm distance between every two z-fillers, compared with unmodified CFRP composites
(0.6 W/m K).

Figure 66. Schematic demonstration of z-filler CFRP laminated composites, adapted with permission
from Ref. [265]. Copyright © 2016 Elsevier Ltd.

The implementation of 3D fillers and the construction of interconnected three-dimensional
(3D) graphene networks can be also a solution. As opposed to PMCs reinforced with dispersed
graphene nanoplates (GNPs), implementing 3D GNPs in PMC structures can result in com-
paratively higher K values. This can be explained by adequate phonon transmission channels
and a reduction in the thermal resistance in the continuously interconnected 3D GNPs [266].
Nevertheless, the high cost and unfavorable mechanical properties limit the application of 3D
graphene-based polymer composites in many engineering fields involving thermoregulation
applications [266]. Compared to the traditional polymer composites filled with randomly
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dispersed graphene nanosheets, constructing 3D GNs in polymer composites emerges as
a more effective strategy to achieve high K values at relatively low filler loadings due to
sufficient phonon transmission channels and reduced thermal resistance in the continuous
interconnected 3D GNs. In another study, Hu et al. [230] constructed 3D hybrid networks
in poly(vinylidene fluoride) composites via positively charged hexagonal boron nitride- and
silica-coated carbon nanotubes (m-hBN/MWCNT-5iO, /PVDF). Three-dimensional networks
could decrease the interfacial thermal resistance (Ry), leading to a higher level of phonon
transmission (or decreasing phonon scattering at the filler-matrix interface) (see Figure 67).
They measured a K value of 1.51 WmK for a 3D network of m-hBN/MWCNT-5i02/PVDF
with filler loading of 25 wt.%, and this K value was just below 6 times higher than that of
pure PVDE.

Figure 67. The schematic representation of thermally conductive pathways of (a) hBN/PVDEF,
(b) m-hBN/PVDF and (c) m-hBN/MWCNT-5iO2/PVDF composites, adapted with permission from
Ref. [230]. Copyright © 2020 Elsevier Ltd.

4.2.7. The Role of Interface Treatment, Coating and Core in Enhancing Out-of-Plane
Thermal Conductivity

One of the other possible solutions to enhance the out-of-plane K value of the MC
structures is to implement surface treatment (e.g., coating and films). Although films and
coated layers are thermally conductive, their thicknesses may act as a driving factor in
obtaining high K values; the thickness should be sufficient, neither very thick nor very thin,
depending on the type of materials. A greater thickness may disadvantageously provoke a
low in-plane K value. For this reason, Chen et al. [237] studied the influence of thickness
on the in-plane K value of boron nitride nanosheet (BNNS)-poly vinylidene difluoride
(PVDF) nanocomposite films. They reported a significant K reduction in BNNS- PVDF
nanocomposite film, varying from 16.3 W/m K to 5 W/m K as the result of increasing
thickness from 18 um to 170 um. Therefore, the thickness of a thermally conductive coating
layer or film takes center stage in prompting phonon transmission for achieving high K
values. This parameter is highly dependent on the material types, which should be taken
into consideration before the manufacturing process of composite structures. On the other
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hand, controlling the fiber-matrix interface is of primary significance and is not an easy task
due to the scattering of phonons at the interface. A sizable portion of phonon scattering is
due to poor nonbonded van der Waals interactions in the interface of the polymer matrix
and filler. The insufficient vibrations among atoms at the interface resulting from weak
nonbonded interactions lead to a significant thermal resistance at the interphase region, and
consequently a low K value [189,267]. To address this issue, a non-covalent filler surface
modification (coating) can be implemented, which decreases the thermal resistance between
fibers and the bulk polymer matrix [268]. The main approaches for preparing coating
structures include silica deposition [269] and the self-polymerization of dopamine [270]
and tannic acid [271] via bio-inspired polyphenols. The K value of such coated polymeric
materials may vary and drop compared to that of uncoated composite, unless the coating
layer thickness is below 10 nm [229]; i.e., the coated layer acts as a thermal resistance barrier
if its thickness exceeds the mentioned value. In general, the interface between the filler
and polymer and the interface between composite layers subjected to thermal fatigue play
a key role in the service life of the composite structures, so a weak interface can provoke
thermal fatigue delamination and structural degradation [272]. Nevertheless, there is still a
lack of knowledge about how such surface treatments and the use of thermally conductive
films can extend the fatigue life of PMC structures. As a recommendation, a comprehensive
investigation of the effects of surface treatment on the overall fatigue performance of the
PMC structures by taking into account the loading parameters (e.g., loading frequency,
stress level and strain rate) is meaningful and necessary in future studies.

From another perspective, in addition to FRPs, composite sandwich panel structures
have gained great interest, particularly in WTB, aerospace and marine industries, due to
their superior specific flexural properties and cost-effectiveness [273,274]. Such structures
may be subjected to cyclic loading and experience self-heating effects (e.g., WTB). There-
fore, for such applications, the idea is to select an appropriate core with relatively high
thermomechanical performance (i.e., high K value). Such structures involve laminated
facesheets and cores. It has been suggested that the core can be appropriately selected to
obtain thermally conductive sandwich structures. Typical cores with engineering applica-
tions can be primarily categorized into corrugated, truss, foam and honeycomb cores [275].
Among them, foam cores offer more uniform heat transfer distribution due to forming
comparatively lower empty volumes in the core region (e.g., carbon foam) [276]. When it
comes to finding or proposing an alternative solution for minimizing the catastrophic effect
of the self-heating phenomenon, polymeric foams involving low-density polyethylene
(LDPE) and polypropylene may not be good options due to exhibiting very low thermal
conductivities and poor thermal instability under high temperature regimes; additionally,
metallic foams including aluminum might be an ineffective solution despite possessing
good thermal stability and K. The applications of metallic foams in polymeric sandwich
structures have been limited due to the inherently weak bonding between the metallic core
and the FRP facesheets and significant mismatch in their thermal expansion properties
leading to facesheet/core delamination. Carbon foam, however, can be a prime candidate
in terms of enhancing heat transfer through the thickness of lightweight sandwich panel
structures [276-278]. Among available carbon foams, graphitic foam provides an outstand-
ing K value with a low thermal expansion coefficient and density. For this reason, Sihn and
Rice [279] conducted four-point bending fatigue tests for FRP facesheet/carbon foam core
sandwich beams. In another study, Sihn et al. [276] measured the K of a sandwich structure
composed of unidirectional graphite/epoxy facesheets and a carbon foam core. They re-
ported the out-of-plane K values of 19.21 W/m K for the co-cured foam—facesheet sandwich
with 5.99 mm thickness and 6.44 W/m K for the adhesively bonded sandwich specimens
with 5.69 mm thickness. The main root of this comparatively high difference can be ex-
plained by interface thermal resistance (Ry), which was reported to be 0.0251 mm?K /W for
co-cured and 0.312 mm?K /W for the co-cured and adhesively bonded sandwich specimens.
Furthermore, Quintana and Mower [280] determined the K of sandwich panels. They
reported K values of 60 W/m K and 10 W/m K, respectively, for an adhesively bonded Al
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facesheet-graphitic foam core, which was approximately 10 times greater than that of a
CFRP facesheet-graphitic foam core sandwich panel.

On the other hand, honeycomb cores have received significant attention in advanced
industries because they offer superior specific stiffness and strength [281], not because of
their thermomechanical properties. Nonetheless, there are insufficient data to characterize
whether honeycombs can effectively tackle the problematic issue of structural degradation
induced by self-heating during fatigue loading. To correctly answer this, the K value
of a typical honeycomb should be quantified first. For this reason, Bezazi et al. [282]
developed an analytical in-plane model for determining the K of honeycombs, allowing
us to understand whether the honeycomb acts as a heat sink or an insulator. It should be
mentioned that, regarding minimizing the self-heating effect in sandwich panel structures,
the through-thickness K may be more important and should be taken into consideration in
further studies.

On the one hand, the amount of energy dissipation via conduction in honeycomb
sandwich structures may be relatively lower compared to that in laminated FRP composites
due to honeycomb sandwich structures possessing higher empty volume in the core region,
which consequently leads to a low-density material/structure. A good illustration of this is
a Nomex honeycomb with a density of 48 kg/m?3 [283], which is more than 20 times lighter
than engineering polymers such as epoxy at a constant volume. It should be mentioned
that what primarily provokes thermal fatigue failure in a composite structure is a high level
of stored internal energy. Assuming that the temperature is time-independent, one can
conclude that the rate of stored internal energy (Au) in a sandwich panel with such a core
remains constant and may be more than 20 times lower than the same figure for a composite
without a core according to Au = pcy, %—f (see Equation (13)). However, this assumption
can be rational if and only if the steady-state heat transfer (i.e., stationary regime) occurs.
Otherwise, the appearance of greater temperature accelerates the rate of internal energy
storage and consequently maximizes the effect of self-heating. In general, it is difficult to
exactly characterize the relation between the density of the core and the amount of internal
energy because the density of the core may influence the heat capacity (cp).

For this reason, Rajaneesh et al. [284] investigated the performance of CFRP/Nomex-
honeycomb sandwich beams under four-point bending fatigue using the time-temperature
superposition (TTS) principle by ignoring the influence of temperature on the honeycomb
core behavior. However, it has not been proved yet whether the classical TTS principle can
be used for high loading frequency (e.g., in the ultrasonic range).

One of the most challenging issues related to the honeycomb core sandwich panels
may be developing accurate and nonlinear models for the purpose of predicting the residual
life or structural degradation of such structures reliably. The primary reason behind this can
be sought in the complexity of modeling the interfaces between facesheets. For this reason,
Hu and Wang [285] developed a theoretical model in order to study the thermal fatigue
delamination damage of auxetic and non-auxetic honeycomb layer/substrate structures
under thermal cycling.

5. Conclusions

This paper systematically reviewed and discussed the appearance of the self-heating
effect in polymers and PMCs under fatigue loading, including the theoretical and physical
aspects. For this purpose, the fatigue fracture mechanisms in a PMC structure induced
by the self-heating phenomenon were analyzed at three different scales (i.e., nano, micro,
and macro). The practical solutions implemented by various teams for addressing the
issue of a nonstationary self-heating regime induced during fatigue loading were then
broadly reviewed. The viable solutions were classified based on optimal materials design
and selection and cooling scenarios, considered the main core of the current paper. In the
case of the former, selecting thermally conductive materials was proposed. Improving the
K values of PMC structures was proposed. To increase the in-plane and out-of-plane K
values of PMC structures, the influences of filler type (e.g., BN and carbon allotropes), the
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size (i.e., nano-, micro- or macroscale) and shape (e.g., 2D or 3D) of thermally conductive
fillers, the filler volume fraction, the type of polymer in terms of the level of polymer
crystallinity, the implementation of thermally conductive foams (e.g., carbon and graphite
foams) and the use of coatings and interfacial films were analyzed, and these factors are
taken into account during the manufacturing process of PMCs. From the other perspective,
to limit the effect of internal energy, the influence of environmental factors (i.e., relative
humidity and coolant agent temperature) and operational factors (i.e., mainly average
convective heat transfer coefficient (1)) was analyzed. In the case of operational factors, the
influence of different cooling techniques, including air cooling, liquid cooling (e.g., water,
liquid N; and CO; as the coolant agents), multiphase cooling (e.g., spray cooling) and the
newly developed pulse—pause techniques, was investigated. In addition, the vital role
of measuring heat flux via convection as well as quantifying & and improving the value
of this parameter was broadly discussed as a guideline for future studies. Using cooling
scenarios will decrease the amount of internal energy and consequently cool down the
PMC specimen temperature. The diagram below represents the summary of the paper and
provides a practical guideline for limiting the self-heating effect in PMC structures (see
Figure 68). The diagram involves the characterization of (i) fatigue damage accumulations
as well as searching for viable solutions to (ii) limit the self-heating effect and consequently
limit the structural degradation in PMCs. The maximum temperature on the specimen
surface is determined from the former using numerical simulations or experiments. If
the maximum temperature is below the critical self-heating temperature, the specimen
remains safe and without any requirement for implementing a cooling system or changing
the ambient temperature. Otherwise, an appropriate cooling system and/or coolant agent
should be selected according to the level of internal heat generation. The fatigue damage
mechanisms and aspects connected with preventing structural degradation are briefly
summarized in Sections 5.1-5.3.

5.1. Scale-Based Fatigue Damage Mechanisms

Due to the self-heating effect, the larger shrinkage of the polymer matrix compared
to thermally conductive fibers may provoke chemical stress. However, to the best of the
authors’ knowledge, the level of chemical shrinkage is sufficiently low below the critical self-
heating temperature (i.e., before the beginning of phase III in the nonstationary regime—see
Figure 24), which can be negligible. Furthermore, the self-heating phenomenon can cause
thermal stress concentration in addition to the applied mechanical stress during fatigue.
This can be explained by the CTE mismatch between fibers and the neighboring polymer
matrix. The covalent bonds among polymer chains and the nonbonded electrostatic and
van der Waals interactions begin to be weaker as the result of thermal stress. On the other
hand, laminated PMC structures show different CTE values in different directions (e.g.,
for CTE, values are different in longitudinal and transverse directions of a transversely
isotropic PMC structure such as CFRP). This difference can be explained by using layers
with different staking sequences and the anisotropy behavior of layers. These factors can
initiate and/or accelerate the degradation process of cyclically loaded PMC structures,
which leads to quite complex fracture mechanisms and consequently the sudden fatigue
failure in the structure. The main conclusions associated with the scale-based fatigue
damage mechanisms with the presence of the self-heating effect are summarized as follows:

1. Polymer degradation due to the self-heating effect, which is associated with residual
crosslinking, can initiate the crack nucleation process and propagate the damage.

2. To avoid structural degradation in PMCs, it is necessary to measure and quantify the
size of cracks and delaminations in both the micro- and macroscale.

3. Delamination and interfacial debonding damage can be the critical forms of fatigue
damage mechanisms. To characterize this in continuum mechanics, it is assumed
that both fibers and polymer matrix are perfectly bonded. This means that there is
a continuity in the displacement field, and consequently a continuity in the strain
field, as opposed to the stress field wherein there may be discontinuity due to the
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dependency of stress on viscoelastic moduli. Therefore, measuring the strain field can
be an indicator of damage caused by the self-heating effect in a PMC structure.

Figure 68. Schematic model for estimating structural degradation and preventing the appearance of
self-heating phenomenon using cooling scenarios.

5.2. Cooling Scenarios and Techniques

As a practical guideline, before implementation of any cooling scenario, it is of primary
significance to monitor whether the cyclically loaded PMC structure operates in a stationary
or nonstationary regime. This can be understood by measuring the critical self-heating
temperature. If. the specimen’s surface temperature is below the critical temperature, there
is no need to implement any cooling technique. Otherwise, implementing an appropriate
cooling technique is vital to provide uniform temperature distribution as well as limit
the PMC specimen surface temperature growth induced by the self-heating effect. For
this reason, two possible scenarios were discussed, involving environmental factors (i.e.,
relative humidity and ambient temperature of coolant agent) and operational parameters
(i.e., Nusselt number, thermal conductivity of fluid around the specimen and characteristic
length of the specimen). The operational parameters were explained by the average
convective heat transfer coefficient (1). The main points related to cooling techniques and
scenarios are as follows:

1.  Conducting fatigue testing exposed to an environment with high moisture content
can degrade the mechanical properties of a PMC specimen unless the moisture does
not penetrate through the specimen’s thickness. This means that the time of fatigue
testing should be sufficiently low, which may be achieved in ultrasonic frequency.
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Reduction in ambient temperature using liquid coolant agents such as water, liquid
nitrogen and liquid carbon dioxide is a viable solution. An appropriate coolant
system can be selected by making an optimization based on high thermal capacity,
low viscosity, anticorrosion properties, nontoxicity and affordable price.

The operational factors, which have a direct influence on the fatigue life of PMCs,
are directly connected with i. A greater I offers a larger amount of heat removal
through convection. Therefore, fatigue life extension can be obtained by enhancing
this parameter.

The discussed cooling techniques, including air cooling, liquid cooling, passive cool-
ing, pulse—pause air cooling, ring-type Peltier cooling and spray cooling, can be
implemented for removing the heat induced by the self-heating effect. This will
consequently extend the fatigue life of a typical PMC structure.

Air cooling, as the simplest cooling method, is applicable for removing relatively
low heat flux (i.e., 5 kW or below according to recommendations, see Figures 49
and 50 for more details). However, for removing higher amounts of heat up to 80 kW,
liquid-based cooling techniques are the prime candidates. For amounts higher than 80
kW, phase change techniques (e.g., spray cooling using the latent heat of vaporization
of water) can be implemented.

The pulse—pause air cooling technique and the use of cryogenic nitrogen and pulse—
pause simultaneously as a cooling technique have only been implemented for the
VHCEF regime in an ultrasonic frequency range.

Quantifying the heat flux during fatigue testing leads to a reliable classification and
standardization according to the type of fatigue loading, the type of materials used in
the PMC structure and the specimen geometry.

The temperature distributions might not be uniform in in-plane directions and through
the thickness, which, in connection with the heterogeneity of PMCs, results in quite
complex fracture mechanisms.

5.3. Optimal Material Design and Selection

In the real life, a typical PMC structure may undergo a low number and/or very

high number of cycles by experiencing different mechanical loading conditions, as well
as various hygrothermal effects (i.e., moisture content and ambient temperature). Such a
PMC structure should be designed and fabricated by considering all the below-mentioned
material aspects, which are directly connected with improving thermal conductivity. It
is then crucial to carry out comprehensive studies for a wide range of fatigue tests (i.e.,
LCFE, HCF and VHCF regimes) to quantify the effect of material aspects on the K value and
limit the structural degradation. The primary conclusions relevant to material aspects are
as follows:

1.

Implementing a thermally conductive filler with a sufficient volume fraction increases
the K value of PMCs. Otherwise, it may be difficult to obtain relatively high K values
because of phonon scattering accelerated by defects and imperfections involving chain
dangling ends, entanglement and irregular orientation. Moreover, the addition of
such a filler should be appropriately balanced from the mechanical point of view.
Using polymers with a high level of chain crystallinity is recommended since it can
enhance the K values of polymers.

Thermally conductive carbon allotropes (e.g., carbon fiber, CNT, GN), ceramics (e.g.,
BN) and metals (Cu, Ag, Au) can be the prime candidates for improving the thermal
conductivity of a typical pure polymer matrix.

Although implementing 3D fillers offers greater K values, using 2D fillers with greater
aspect ratios (i.e., length to diameter for cylindrical fillers and the ratio of length to
thickness for platelet fillers) may also offer quite good K values. In addition, 2D fillers
can be easily implemented during the fabrication process of composites. Therefore,
using 2D fillers with a high aspect ratio is preferable.
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Implementing thermally conductive nanoparticles (e.g., BN, CNT and GN) is prefer-
able to implementing micro- or macrofillers because thermally conductive nanoparti-
cles have a significantly larger surface area to volume ratio.

Since the CTE of a typical polymer is generally higher than that of thermally con-
ductive fillers, the residual thermal stresses during fatigue loading may appear at
the interface/interphase region between the reinforcement and polymer, accelerating
the molecular separation and lowering nonbonded van der Waals forces at the inter-
phase zone between the filler surface and polymer chains. This will cause interfacial
debonding and consequently high interfacial thermal resistance (Ry) between fillers
and polymer chains, leading to relatively low K values. Therefore, it is promising to
use fillers with low CTE values (e.g., carbon allotropes that have almost zero or even
negative CTE values).

Using carbon/graphite foam can increase the K value, consequently limiting the
self-heating effect.

Using films and surface coating has been proposed as a technique to achieve strong
phonon transmission, consequently improving the K value.

Since thermal conductivity is temperature-dependent, it is noteworthy to measure
and quantify the influence of self-heating temperature induced during fatigue loading
on this parameter for an investigated PMC. This will help to evaluate the amount of
heat flux via conduction in a more precise way.

6. Gap Analysis and Future Directions

As discussed in the previous sections, various studies have been conducted for charac-

terizing the fatigue damage accumulation induced by self-heating at different scales during
fatigue loading. To limit the self-heating effect, some cooling scenarios and thermally
conductive materials were implemented by researchers, which were broadly discussed.
Nevertheless, the challenging issues connected with understanding fatigue damage mecha-
nisms, cooling techniques and material selections, which should be taken into consideration
in future studies, are as follows:

1.

It is worth conducting further studies to quantify the residual crosslinking in different
engineering PMCs at various fatigue loading levels with the presence of the self-
heating effect.

There are no studies in the open literature about how the self-heating phenomenon can
be quantitively influenced by changing the level of chain crystallinity of the polymer
matrix. Therefore, the effect of polymer chain crystallinity alongside the self-heating
phenomenon on the overall fatigue performance of PMC structures should be studied
under different loading conditions in the future.

Although using image-based techniques such as X-ray CT scanning offers the oppor-
tunity to measure the volume of microcracks and delaminations, there is still a lack
of knowledge and understanding to quantify the size of delaminations and cracks
caused by the self-heating effect in PMC structures.

It is of key interest to experimentally and numerically characterize the strain distribu-
tion at the fiber—matrix interface and measure the strain between every two layers as
an indicator of fatigue damage accumulation.

Although a PMC structure is subjected to a complex type of loading during its real
lifetime, the vast majority of studies have focused on merely one-directional loading
to characterize the structural degradation mechanism of PMC coupons. Therefore,
it is noteworthy to investigate the structural degradation mechanisms under more
complex fatigue loading (e.g., random and multiaxial loading) considering numerous
practical problems, where self-heating may appear in such loading conditions.

To limit the fatigue damage propagation in PMC structures, it is useful to conduct
further studies to investigate the effect of different stacking sequences, as well as
various types of nanoparticles in polymers as modified FRP composites.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

To limit the self-heating effect, it is of primary significance to conduct a comprehensive
investigation of different liquids for the purpose of selecting an appropriate coolant
system by making an optimization based on high thermal capacity, low viscosity,
anticorrosion properties, nontoxicity and affordable price.

Although the mentioned techniques indeed operate based on increasing h, there are
no data about this parameter from the previous studies wherein cooling techniques
had been implemented to minimize the influence of the self-heating effect. Thus, it
would be a practical guideline if this parameter is also reported when using a cooling
method for cyclically loaded PMC structures in further studies.

There are insufficient data to understand how liquid-based cooling techniques can
effectively address the heat generation caused by the self-heating effect in PMCs.

In the pulse—pause cooling technique, the investigation of the optimal pulse—pause
ratio at a specific applied stress/displacement loading is still ongoing. In addition,
no results have been reported about the capability of pulse-pause technique in terms
of removing the amount of heat energy. Another challenging issue associated with
this technique is the characterization of whether it is possible to use this technique
for a relatively low range of frequency (e.g., 1000 Hz or below). Moreover, since the
common fatigue tests are mainly conducted at a continuous strain rate, using the pulse—
pause technique leads to discontinuity of applied loading. It should be investigated
whether this discontinuity has an influence on fatigue performance. Therefore, it
is noteworthy to conduct research in this area to comprehensively quantify and
generalize the effect of pulse—pause ratio and find the optimal pulse—pause ratio
as a function of material configuration, loading conditions and geometry of the
PMC specimens.

It is recommended to quantify and report the heat flux during fatigue testing to justify
the reason behind selecting a specific cooling technique in future studies.

It is of high importance to compare the fatigue fracture mechanisms of PMCs using
cooling techniques versus natural air convection as this will allow the effectiveness of
such cooling techniques to be understood.

Although implementing thermally conductive fillers is preferable, the thermomechan-
ical performance of such materials should be characterized in further studies.
Quantification of the influence of thermally conductive fillers on limiting the self-
heating effect and consequently extending the fatigue life of PMC structures in the
presence of the self-heating effect is of key interest.

It is useful to conduct various comparative studies to characterize the influence of 2D
and 3D fillers under different levels of fatigue loading on limiting/accelerating the
self-heating effect in PMCs.

The effect of scale-based fillers on the fatigue performance of PMC structures with the
presence of the self-heating effect can be taken into consideration for the future studies.
Quantifying the admissible thermally conductive film thickness is of key importance,
resulting in limiting the self-heating effect

Since PMCs have anisotropic properties, it is useful to study how the self-heating can
be limited in the in-plane and the out-of-plane directions by measuring K values.
Whether the use of cores accelerates the rate of thermal fatigue failure is still an
open question. Additionally, it is unknown how the maximum temperature values
on the specimen surfaces under fatigue loading are influenced by variations in core
thickness. As a recommendation, it would be useful to conduct comprehensive studies
to quantify the fatigue behavior of sandwich structures with a wide range of core
types with different thicknesses in the presence of the self-heating effect by controlling
loading conditions (e.g., mainly loading frequency, stress levels, stress ratios for both
LCF and VHCF regimes) and compare the obtained data with such data for composites
without cores.
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ABSTRACT

The self-heating effect occurring during fatigue loading of polymer-matrix composites remains to be a significant problem due to
its role in accelerating structural lifespan degradation. This is especially challenging when accelerated tests are applied at very

high-frequency regimes since without cooling the tested structure is dominated by this phenomenon and rapidly reaching criti-
cal temperature value, and finally fails prematurely. This study reviews the approaches to reduce self-heating effect through the
modification of materials systems to increase heat transfer and by applying specific load sequences or external cooling systems.
The authors describe the possibility of hybridizing the reinforcement to obtain multifunctionality and an overall improvement
in mechanical and thermal performance of the composites, as well as applying surface cooling techniques with the physical lim-

itations of their applications. The results of this review demonstrate the practical possibilities of applying cooling approaches to

reduce the negative impact of self-heating on structural residual life.

1 | Introduction

Fiber-reinforced composite (FRC) materials are the ideal choices
for many industrial applications due to their high specific
strength and stiffness properties, good fatigue strength, and, de-
pending on the fiber used, low friction coefficient and wear rate,
as well as good thermal and electrical properties [1, 2]. Examples
of these applications are related to the automotive sector, high-
speed rail systems, shipbuilding, aerospace/aircraft (helicopter
rotor blades, aircraft propellers, etc.), and wind turbine blades,
among others, whose structures/components have to withstand
vibratory, cyclical, highly dynamic or, at least, quasi-static loads,
with fatigue standing out in this context as a very relevant phe-
nomenon to take into consideration [2, 3]. Furthermore, in many

of these applications, the operating time is more than 20years,
causing loadings to be repeated in more than 108 cycles [4, 5].

The first studies related to the fatigue behavior of composite
materials began in the 1960s and it is possible to verify that
there is a vast knowledge about the low cycle fatigue (LCF) re-
gime, ranging between 102 and 10*cycles, and the high cycle
fatigue (HCF) regime, ranging from 10* up to 10°cycles [6].
However, for longer lives, these data become too conservative
to adopt reliable design criteria, and the literature is also very
scarce for the very high-cycle fatigue (VHCF) regime, ranging
from 10° up to 103cycles, and for the giga-cycle (GC) regime,
longer than 108cycles [7, 8]. This lack of studies is because the
test periods are very long. For example, using conventional
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Summary

« Without adequate cooling, VHCF tests lead to a signif-
icant increase in temperature.

» Modifying the materials’ architecture improves their
thermal conductivity and self-heating.

« Cooling techniques benefit the fatigue response of
PMCs in the VHCF regime.

« A critical analysis of these methodologies is necessary
for the VHCF regime.

servo-hydraulic machines, fatigue lives of up to 10%cycles at
frequencies of around 5Hz would take at least 6years, and for
108 cycles at 10 Hz, it would take approximately 4 months, in ad-
dition to testing becoming very expensive [5, 8]. Therefore, the
solution to overcome this problem is to perform fatigue testing
under higher frequencies, but, in this context, the self-heating
phenomenon responsible for thermal fatigue proves to be a huge
challenge due to the viscoelastic properties of the polymer ma-
trix at high temperatures [9, 10].

Given these considerations, it is necessary to minimize the self-
heating effect, especially for values below the T, (glass transition
temperature) of the composite material, to prevent thermally
induced fatigue [11-13]. Based on the literature, the appropri-
ate selection of the polymer is one of several recommended
strategies [14], because the self-heating effect can be controlled
based on the thermal conductivity (K) of the matrices. Amraei
and Katunin [14] and Leung [15], for example, present a sum-
mary of the thermal conductivity (K) values for different poly-
mers, which depend not only on the specificity of the polymer
but also on their degree of crystallinity (a higher crystallinity
degree promotes higher K values). From this analysis, it is pos-
sible to conclude that, in fact, the thermal conductivity values
of the polymers most commonly used in composite materials,
whether thermoplastic or thermosetting, are characterized by
very low values ranging from 0.091 W/(m X K) for polyester to
0.88 W/(m x K) for the epoxy resin [14, 15]. In terms of the most
popular reinforcements, the values are 0.04 W/(m xK) for ara-
mid fibers, 1.03W/(m x K) for glass fibers, and 15W/(m x K) for
carbon fibers [16].

However, due to very specific design requirements, it is not pos-
sible to select materials based on singular specificities. In this
case, it is suggested to add fillers/nanofillers to the matrix in
order to increase its thermal conductivity. Furthermore, poly-
mers are generally brittle and with poor fatigue strength, which
is why the literature also suggests the use of nanofillers to im-
prove their mechanical properties [3]. Inherently, this goal aims
to combine the interest of two distinct areas of research available
in the literature: electrical, whose goal is to maximize thermal
conductivity (beyond electrical conductivity), and mechanical
from the perspective of structural integrity. However, due to the
reinforcement/nano-reinforcement content used, they can be-
come incompatible, because maximizing one can drastically af-
fect the other. It is in this context that this document is inserted
and makes a critical analysis based on the adoption of this meth-
odology to improve the fatigue performance of polymer-based
composites in terms of VHCF. Finally, this scenario will be

confronted with another one related to the external cooling sys-
tems used to reduce the surface temperature of the specimens.

2 | Fillers' Effect on the Self-Heating Process

A very efficient way to avoid excessive self-heating in struc-
tures/components, and the consequent faster degradation due
to thermal fatigue, is to implement materials with higher ther-
mal conductivity. However, some constraints imposed right at
the design stage immediately limit the freedom to select mate-
rials. In the particular case of composite materials, the possi-
bility arises of using reinforcements at different scales, ranging
from nano to macro, that can allow considerable improvements
in their mechanical properties and, at the same time, increase
their thermal conductivity. Therefore, it is advisable to use par-
ticles/nanoparticles with high thermal conductivity (TC) to pro-
mote greater heat dissipation by conduction and, consequently,
minimize the stored internal energy. The elements that are most
frequently used in the field of engineering applications are sum-
marized in Figure 1, along with their corresponding TC values,
which are grouped into three classes (metallic, ceramic, and
carbon-based).

Considering ceramics, for example, heat transfer occurs ex-
clusively through vibration waves in the lattice, which ex-
plains the wide range of thermal conductivity. For example,
silicon dioxide (SiO,) and Zirconia (ZrO,) have the lowest
values with 1.3 W/(m x K) and 2 W/(m X K), respectively, while
the highest one is obtained for cubic boron nitride (cBN) with
1000 W/(m X K). Cubic boron nitride has the same structure
as diamond and its properties mirror those of diamond. The
thermal conductivities of aluminum nitride (AIN), boron
nitride (BN), and silicon carbide (SiC) are between 100 and
300 W/(m x K), while that of beryllium oxide (BeO) is between
230 and 330W/(mXxK) and that of hexagonal boron nitride
(hBN) is around 300W/(m xK). On the other hand, metal
and carbon-based fillers are both electrically and thermally
conductive, in contrast to ceramics. Furthermore, it should
be noted that the dispersion of metallic fillers in polymeric
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FIGURE1 | Thermal conductivity values for fillers that are most fre-
quently used in engineering. [Colour figure can be viewed at wileyon-
linelibrary.com]
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matrices significantly compromises their electrical insulation
properties and dielectric breakdown threshold. In this case,
the highest thermal conductivities are obtained for silver (Ag),
copper (Cu), and gold (Au) with 427 W/(m X K), 398 W/(m x K),
and 315 W/(m x K), respectively, and the lowest for steel with
50W/(m x K). For zinc (Zn), tungsten (W), nickel (Ni), and
aluminum (Al), the thermal conductivity values vary be-
tween 115W/(m XxK) and 247 W/(m xK). Finally, regarding
carbon-based fillers, the thermal conductivity of carbon fibers
depends on their organic precursors, which explains the dif-
ferent values obtained for pitch-based carbon fibers (Pitch),
between 400 and 1000 W/(m X K), and for PAN-based carbon
fibers (PAN), between 8 and 70 W/(m X K). Graphite (Gr), with
its sp? configuration, is characterized by values between 100
and 800 W/(m x K), the latter being very high in-plane. The
highest values are between 2000 and 6000 W/(m X K) and can
be found for Carbon nanotube (CNT) and Graphene nano-
platelets (GNPs), but GNPs are preferable because their 2-D
geometry forms thermally conductive paths along the in-plane
directions to the detriment of CNT (with 1-D geometry), which
is highly efficient along the tube direction. For the other ones,
carbon black (CB) has values between 6 and 174 W/(m x K),
while diamond is around 2000 W/(m x K) [14, 15].

In addition to the intrinsic properties of the fillers, the thermal
conductivity of a polymer matrix composite material also de-
pends on other factors, such as the geometry and orientation
of the filler, the alteration of the interface promoted by the sur-
face treatments of the fillers, and the filler content in the ma-
trix. In terms of fillers' geometry, both shape and size are very
important parameters because they significantly affect their
aspect ratio [15]. However, the literature is not unanimous re-
garding the size of the fillers. While some studies report that
using smaller fillers reduces thermal conductivity, because
interfacial thermal barriers prevent phonon transport, other
authors concluded that the use of nano-fillers leads to values
comparable to or even higher than those of micro-scale coun-
terparts [17-20]. According to Leung [15], nanoparticles are
preferable to micro-particles for forming thermally conductive
pathways, but to achieve maximum effectiveness of thermally
conductive networks, thermal contact resistance at polymer-
filler and filler-filler interfaces must be minimized. On the
other hand, the literature is unanimous regarding the aspect
ratio of the fillers and how their increase leads to higher ther-
mal conductivity values. In terms of 1-D fillers, for example,
the benefits are achieved when they are highly dispersed in
the mat and lead to a thermally conductive network [21-23].
Concerning 2-D fillers, when processed correctly, they tend
to align, essentially in directions parallel to the material flow
direction, and promote a network along in-plane directions
[21, 24, 25]. Finally, 3-D fillers will be ideal when thermal
conductivity is desired in the various planes of the polymer
composite [25, 26]. These advantages obtained with high as-
pect ratio fillers also highlight that they must have a preferred
orientation to maximize thermal conductivity, where electro-
spinning technique stands out for this purpose [15].

It is also common practice to use surface treatments on fillers
(silane-based coupling agents or surface functionalization) to
reduce their thermal contact resistance, which simultaneously
helps to improve their dispersion in the matrix. However, Leung

[15] suggests that there is an ideal amount of coupling agent and
any deviation from it can be detrimental.

Another very important parameter that influences thermal
conductivity is the filler fraction. It may even be the most
dominant of all those considered. In this case, increasing
the filler content increases the thermal conductivity of the
composite until it reaches a limit value resulting from the ag-
glomeration of the fillers [27] or their saturation in the matrix
[28, 29]. According to some authors, this increase is linear up
to load fractions close to 95wt.% [30-34], although an abrupt
drop in thermal conductivity is also reported after its maxi-
mum value due to the presence of voids and/or poor disper-
sion [35-38]. Lokanathan et al. [39], for example, developed
a very interesting review study on nanocomposites with high
thermal conductivity in which they summarize all the studies
carried out for this purpose. This analysis evaluated both in-
plane and out-of-plane thermal conductivity, and the results
are summarized in Figure 2. In their representations, the au-
thors adopted TC, and TC,, as the thermal conductivity of the
composite and polymer matrix, respectively, and the results
were analyzed according to intervals that group together the
papers published for different fillers contents (vol.%).

Intermsofin-plane thermal conductivity, Figure 2a evidence that
values of thermal conductivity (TC) higher than 20 W/(m X K)
are obtained essentially for a filler fraction of 80vol.%, while
for fractions equal to or less than 20vol.% the reinforced com-
posites that have reached these values (20 W/(m xK)) are very
scarce. According to the authors, reinforced composites with a
TC of more than 10W/(m x K) and filler fractions of less than
10vol.% can only be obtained with graphene and/or BN (boron
nitride) fillers [39]. However, some studies provide different re-
sults. For example, in the study carried out by Wang et al. [40],
a TC about 13.5 times higher was obtained when the matrix was
reinforced with 0.9vol.% single-crystalline copper nano-wires
with a high aspect ratio. Balachander et al. [41] reinforced a
polydimethylsiloxane (PDMS) matrix with around 3vol.% of
gold nanowires and obtained a 30-fold increase compared to the
neat polymer. Figure 2a also shows that, compared to the neat
matrix, the fillers mostly lead to an increase in TC of around
10 times more, and not many provide increases of around 100
times more (the highest value observed was 4200 times more).
On the other hand, regarding out-of-plane thermal conductivity,
Figure 2b shows that, compared to in-plane thermal conduc-
tivity, there are much fewer studies available in the literature.
In this case, the values are an order of magnitude lower than
those obtained for in-plane thermal conductivity and, although
most of them are less than 4 W/(m X K), the highest TC values
found in the literature are around 11.1 W/(m xK). In terms of
composite laminates, Yu et al. [42] produced CFRP composites
with spherical copper particles coated by aluminum foil to cre-
ate a 3D thermally conductive patch and, consequently, increase
the TC value in the out-of-plane direction. They achieved an in-
crease of almost 12 times over the unmodified CFRP composites
(0.6 W/(m x K)). Moreover, Hu et al. [43] developed 3D hybrid
networks involving carbon nanotubes coated with silica and
hexagonal boron nitride, obtaining improvements of around six
times with this strategy. In fact, three-dimensional networks re-
duce interfacial thermal resistance and promote a higher degree
of phonon transmission [43, 44].
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FIGURE2 | Thermal conductivity and thermal conductivity improvement for: (a) In-plane of the composite; (b) Out out-of-plane of the composite

[39]. [Colour figure can be viewed at wileyonlinelibrary.com|

Alternatively, filler hybridization is also proving to be a very ef-
fective strategy for increasing thermal conductivity, especially
when low filler fractions are imposed. In this case, it is possible
to create a thermally conductive network in polymer matrices
involving fillers of various types, sizes, and/or shapes.

According to the literature [45-48], 1-D fillers are flexible and
can act as bridges between dispersed 2-D or 3-D fillers to form
thermally conductive networks. For example, Bozlar et al. [49],
by adding 0.15wt.% of MWCNTSs (multi-walled carbon nano-
tubes) to an Al,O,-epoxy nanocomposite, obtained thermal con-
ductivity values around 1.3 times higher. Yu et al. [50] reinforced
an epoxy resin with 2.5% SWCNTs (single-walled carbon nano-
tubes) and 7.5% GNPs and the increase was five times higher
than that of the neat resin. Using epoxy resins, Teng et al. [51]
obtained a 7.43-fold increase when they added 30vol.% of modi-
fied BN flakes and 1vol.% of functionalized MWCNTSs, while Im
et al. [52] obtained an increase of around 140% when they added
0.36 wt.% of MWCNTs to a GO-epoxy nanocomposite. TabkhPaz
et al. [53] using 3.1vol% CNT and hBN together obtained an in-
crease of 290%, a much higher value than that obtained with a
single filler. On the other hand, when Yu et al. [54] added GNPs
and MWCNTs together, they obtained better thermal conductiv-
ity results than if they used only GNPs.

3 | Cooling Methodologies Used in the VHCF

To overcome the problems related to long fatigue tests and the
costs associated with conventional methodologies, test systems
have emerged that operate in the ultrasonic frequency range and
with time reductions of a factor of 20 to 100 [55]. Nonetheless,
self-heating can lead to thermal fatigue, which, beyond affect-
ing the viscoelastic properties of the polymer matrix, acceler-
ates the damage mechanisms and promotes the collapse faster
[9, 10]. Therefore, in addition to material selection, literature
also proposes the use of various methods to cool the specimens
and delay or even prevent the problems related to self-heating.

According to the literature, the first consideration is the envi-
ronmental temperature, because it can act as both a cooling and
heating system. For example, Charalambous et al. [56] studied
the fatigue delamination growth rate of a carbon-fiber/epoxy ma-
terial subject to different environmental temperatures (-50°C,
20°C, 50°C, and 80°C), and concluded that the delamination
crack propagated two orders of magnitude faster at 80°C than at
room temperature. Furthermore, the effect of temperature was
most noticeable close to the threshold regime, which was a very
important finding for the design criteria based on “no growth”.
Voudouris et al. [57] obtained similar results and observed that, in
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the high-cycle fatigue regime, mechanical and thermal behaviors
compete with each other. Figure 3 summarizes the authors' main
conclusions, which confirm the influence of the environmental
temperature on the fatigue response. Therefore, the lower envi-
ronmental temperatures are favorable because they act as cooling
systems and prevent structural degradation when the structures/

Temperature increase

Temperature
increase

b)

FIGURE 3 | (a) Bi-logarithmic plot of fatigue delamination growth
rate (da/dN) vs. normalized energy release rate for different tempera-
tures (adapted from [56]); (b) Fatigue life curves for different tempera-
tures [57]. [Colour figure can be viewed at wileyonlinelibrary.com]

Max. self-heating temperature (°C)

components are subjected to cyclic loads. In this context, the self-
heating phenomenon is retarded by the environmental tempera-
ture. For these purposes, the literature provides several studies in
which the authors carried out their tests with specimens exposed
continuously to different gases (such as CO, and N,) or which are
injected at regular time intervals [14, 56, 58].

From the cooling systems mentioned in the literature, the use of
airflow from fans/blowers has proven to be a simple, economical,
and efficient technique for situations in which the thermal heat
rate generated is generally less than 5kW [14]. For example, fatigue
studies performed by Katunin and Wachla [12] at 30 Hz, without
cooling and cooled by airflow (at room temperature) at rates of
5.5m/s and 1.5m/s, revealed that the presence of airflow at 5.5m/s
almost doubled the fatigue life compared to that obtained without
cooling (see Figure 4). In this case, the mechanical fatigue process
controls the final failure and degradation of the specimens as a re-
sult of the heat being removed from their surfaces by air cooling.
Furthermore, the authors concluded that it is a strategy that can
be implemented for very high cycle fatigue tests with suitable air
flow rates. In another study, Bartelt et al. [59] used two fans to cool
the specimens that were tested at frequencies between 20Hz and
80Hz. For the same frequency range, Adams and Horst [60, 61]
carried out studies in which the test rig was housed in an air-
conditioned chamber with a constant temperature of 20+1.5°C.

Apinis [62] carried out fatigue tests at 400 Hz to obtain fatigue
lives of up to 108 cycles and, due to the temperature observed on
the surface of the specimens (over 50 °C), a water jet cooling sys-
tem was implemented. To preserve the structural integrity of the
specimen against humidity, it was covered with a thin layer of
wax. In this case, because the rate of thermal heat generated on
the surface of the specimen was higher, the authors had to use
a cooling element with a higher specific heat than air. However,
the most recent ultrasonic fatigue testing systems that operate at
frequencies of 20kHz, theoretically reaching 103 cycles in <2h,
lead to much higher thermal heat rates in the specimens, and
the literature, in this case, suggests adopting the pulse-pause air
cooling technique (see Figure 5) [63].

In addition to the cooling fluid, the process also includes se-
quences of pulses and pauses to maintain the specimen'’s tem-
perature between room temperature and a value below the
glass transition temperature (Tg) to avoid harmful thermal ef-
fects. For example, some studies in the literature suggest this

Time (s)

FIGURE 4 | Historical self-heating temperature curves for scenarios with and without air cooling (adapted from [12]). [Colour figure can be

viewed at wileyonlinelibrary.com]
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FIGURES5 | Schematic principle of the pulse-pause air cooling technique for VHCF tests on composites (adapted from [4]).

technique combined with dry compressed air [2-4, 8, 63-65], or
with a Peltier ring-type cooler (also known as a thermoelectric-
based air cooler) [66].

Regardless of the success obtained with the pulse-pause tech-
nique used alone or together with air cooling, it is inevitable that
the tests will take longer because the pause reduces the effective
frequency of the test. Therefore, it is not surprising that the lit-
erature presents various studies in which the authors focus on
minimizing pause time or on more efficient systems than those
that use only air cooling. In terms of the pulse-pause technique,
the lengths are typically between 25 and 250 ms (500-5000cy-
cles) for the pulses and 25 to 2000ms for the pauses, depend-
ing on the damping of the material being tested [55, 67]. Based
on the literature, for example, Flore et al. [2] and Premanand
et al. [68] reported typical pulse—pause ratios of 1:20 for glass-
fiber reinforced composites (GFRP) and 1:10 for carbon-
reinforced composites (CFRP), respectively. In the first case,
Flore et al. [2] using pulse lengths of 100ms (corresponding to
around 2000cycles) and pause lengths of 2000ms, which pro-
mote effective frequencies of 1kHz, combined with pressurized
air-cooling obtained maximum temperatures below 25°C for
quasi-unidirectional GFRP composites. On the other hand, for
carbon fiber-reinforced Polyether-ketone-ketone (CF-PEKK)
composites, Premanand and Balle [68] used sequences of 200 ms
of ultrasonic pulses and 2000 ms of pause, obtaining tempera-
ture increases of up to 10°C. For sequences of a similar magni-
tude, Miyakoshi et al. [65] found AT below 25 °C for a composite
produced with T800S carbon fiber prepreg and a thermosetting
epoxy resin.

However, these ratios are not unanimous in the literature be-
cause, for example, values of 1:20 were also used by Weibel et al.
[69, 70] in CF-PEKK, CF-epoxy composites, and carbon fiber
fabric-reinforced polyphenylene sulfide (CF-PPS), and by Balle
et al. [71] in CF-epoxy composites. Furthermore, although they
do not mention the temperature values obtained throughout
the test, Lee et al. [66] studied the very high cycle fatigue of a
PA66-GF30 GFRP composite using 300ms pulses and 3000ms
pauses. In this context, the literature reports a comprehensive
study carried out by Premanand and Balle [13] on the effect of
the pulse-pause sequence on the self-heating response of a CF/
PEKK composite and, for this purpose, different cyclic ampli-
tudes (40pm, 45um, and 50pum) and pause periods (1000 ms,
2000ms, and 4000 ms) were considered. From this study, authors

observed that when cyclic amplitudes are combined with pause
times that provide temperature increases of less than 20°C, no
significant thermal effects occur and, consequently, these con-
ditions become ideal for carrying out tests in very high cycle fa-
tigue (VHCF) regimes. However, they also emphasized that this
conclusion cannot be generalized, because it depends on: Heat
dissipation from the composite due to the type of fibers and their
combination; Glass transition temperature of the polymer; and
Fatigue damage mechanisms. On the other hand, when cyclic
amplitudes lead to the appearance of damage capable of inter-
acting with the self-heating phenomenon, such as delamination
which activates frictional heating, authors suggest that the con-
trol of pause times based on the self-heating temperature should
only be valid until damage appears [13]. The results found by
the authors are summarized in Figure 6 in terms of time ver-
sus temperature curves for all the conditions analyzed during a
window of 1 min.

The curves have the shape of a sawtooth, where the peaks are
related to the ultrasonic pulses and the valleys to the ultrasonic
pauses. Based on a detailed analysis of the curves furthest apart,
itis noticed that the temperature increase is less than 5 °C for the
specimen tested with a cyclic amplitude of 40um and a pause
time of 4s. This is because the heat generated during the test
is dissipated during the pause time, i.e. before the next pulse
begins. On the other hand, for the specimen tested with cyclic
amplitudes of 50um and pause times of 1s, the ultrasonic se-
quences lead to temperature increases close to 25°C because the
pause time is too short to dissipate the thermal energy gener-
ated during an impulse. Furthermore, it should also be noted
that both the specimens tested with a cyclic amplitude of 45um
and a pause time of 1s and the specimens tested with a cyclic
amplitude of 50um and a pause time of 2s have a stabilization
temperature very close to 18 °C. Based on these findings, the au-
thors concluded that the self-heating temperature depends on
the cyclic amplitude and interval length between pulses.

Regarding more efficient systems than those using conventional
air cooling, Premanand et al. [10] used two nozzles to blow
compressed air onto the surface of the specimen. Before pro-
posing a new cooling system, Cui et al. [1] addressed the need
to use cooling systems and reported that, when CF-PEEK com-
posites are tested without any cooling system, the temperature
easily reaches values above 90°C, but using compressed cold
air, the temperature is limited to 40°C. For carbon fiber/epoxy
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composites, the temperature increases 106 °C in 7s and reaches
a maximum of 190°C, even with the use of compressed air, ev-
idencing that this system is not efficient for carrying out tests
under acceptable conditions. However, when compressed cold
air is combined with the intermittent ultrasonic loading method,
these authors also found no significant benefits because the tem-
perature rises to 42 °C after the first loading cycle, 60.5°C after
the second loading cycle, 78 °C after 7.85x 10°cycles and exceeds
100°C for 107 cycles. Therefore, to absorb more heat and cool the
compressed air, they proposed a new cooling system based on
vaporizing liquid nitrogen. According to Figure 7, the sample is
cooled by air circulating through a system inside a liquid nitro-
gen tank, which absorbs the heat and lowers the temperature
of the airflow. Using this method, maximum temperatures can
be reached in the specimen below 40°C for a load frequency of
around 19.73kHz. Finally, the benefits obtained can be summa-
rized in Figure 8, comparing the compressed cooling system
with intermittent loading and liquid nitrogen cooling.

Wang et al. [72] analyzed the fatigue response to high and very
high cycles of a honeycomb sandwich structure with faces made
of carbon fiber composites (0/90/45/—45) and observed, that

using frequencies between 18.5 and 20.5kHz and the traditional
compressed air cooling system, the specimens were severely
damaged (see Figure 9), but using cryogenic nitrogen blown
over the surface of the specimen and the pulse-pause method, no
more than 40 °C was observed (a value within the requirements).

4 | Discussion and Critical Analysis

As evidenced in Table 1, the thermal conductivity of a neat
polymer or a fiber-reinforced polymer composite can be signifi-
cantly improved by incorporating fillers, especially if they are
thermally conductive, such as carbon allotropes (e.g., carbon
fiber, CNT, GNP, CNF), ceramics (e.g., BN), and metals (e.g., Cu,
Ag, Au).

Moreover, literature recognizes that increasing the filler content
increases the thermal conductivity (TC) and, in general, only
for fractions higher than 80vol.% is it possible to obtain a TC
higher than 20 W/(m xK). However, from the point of view of
the mechanical performance of composite materials, these val-
ues are very high and compromise their structural integrity. In

FIGURE 6 | Time versus temperature curves for different conditions analyzed [13]. [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 7 | Liquid nitrogen cooling system proposed by Cui et al. [1]. [Colour figure can be viewed at wileyonlinelibrary.com]
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a)

b)

©)

FIGURE 8 | Evolution of the temperature (blue) and the frequency
(red) using: (a) compressed cold air; (b) intermittent loading; (c) liquid
nitrogen cooling (adapted from [1]). In panels b and c, k indicates 103.
[Colour figure can be viewed at wileyonlinelibrary.com]

fact, in addition to the filler content that affects the material's
properties, the size, shape, aspect ratio, particle distribution, and
degree of orientation of the non-spherical particles in relation to
the applied stress are also parameters to be taken into consider-
ation [73].

According to studies carried out by Ferreira et al. [73] involving
silica particles with sizes of 10 and 350 um, the tensile strength
of the composite is affected by the size and volume fraction of
the particles. In the first case, for example, the tensile strength
increases with decreasing particle size, because the interfacial
area increases and promotes a more effective bond between the
reinforcement and matrix. On the other hand, a higher volume

fraction promotes agglomerations/aggregations that affect the
interfacial area and, consequently, the mechanical engage-
ment of the polymer chains with the nanoparticles decreases.
Furthermore, the literature also reports theoretical models for
predicting the mechanical strength of composites and, for a vol-
ume fraction greater than 0.2, most of them lead to similar pre-
dictions and highlight a decrease in strength compared to the
matrix material [74-76]. Ferreira et al. [73] also observed that
the particle's shape also affects the mechanical strength, because
particles with sharp edges lead to much higher stress concen-
tration factors than rounder particles. Moreover, they observed
that the composites filled with the smallest particles (10um)
had lower toughness (K, than the composite with the largest
particles (350 um), but both with an improved fracture tough-
ness compared to the unfilled matrix. Finally, in other studies,
the authors observed that increasing the particle size promotes
shorter fatigue lives due to a reduction in initiation life, and the
fatigue crack propagation rate increases with increasing particle
size [77, 78]. Boonyapookana et al. [79] analyzed the response
to fatigue crack growth of an epoxy composite reinforced with
silica particles and observed a predominantly time-dependent
behavior evidenced by the almost overlapping of the K, -da/
dN curves into a single one. In terms of damage mechanisms,
micro-cracks formed in front of the main crack, which joined
together to grow. This process was repeated throughout the fa-
tigue tests.

Azimi et al. [80] observed that, especially near the threshold re-
gime, the fatigue crack propagation resistance of a rubber-epoxy
composite is improved by approximately one order of magnitude
when smaller rubber particles (0.2 um) are used instead of higher
rubber particles (1.5 um). This was explained by the authors due
to the fact that when the plastic zone's size increases in relation
to the rubber particles’ sizes, the mechanisms of cavitation/
shear of the rubber and expansion of the plastic voids become
active. Furthermore, the behavior close to the threshold is influ-
enced by the morphology of the mixture and the particles' size,
but not by the volume fraction, although the opposite occurs for
the slope of the Paris-Erdogan power law.

Regarding the effect of particle shape on fatigue response, Verma
and Sharma [81] observed that the fatigue life of epoxy nano-
composites filled with spherical alumina nanoparticles was 14
to 28 times higher than that of unfilled composites and those
reinforced with rod-shaped alumina nanoparticles, concluding
that spherical geometry is more effective as a filler material for
improving fatigue behavior. Moreover, compared to spherical
alumina nanoparticles, the rod-shaped geometry has a greater
propensity to produce agglomerates for higher filler contents.
Epoxy composites filled with spherical nanoparticles also evi-
denced higher resistance to fatigue crack growth due to reduced
stress levels at the particle-matrix interface as a consequence
of the larger surface area. Finally, regardless of reinforcement
geometry, microcracking, crack bifurcation, and crack bowing
were the most frequently observed damage mechanisms. In an-
other study, Kane et al. [82] found that for hydroxyapatite (HA)
reinforced high-density polyethylene (HDPE), the fatigue life
increased when the micro-whiskers were used instead of micro-
particles with a mean diameter of 1.3+0.4um (comparable to
the width of the micro-whiskers). The fatigue life of composites
with micro-whiskers is shown to be four to five times longer,
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FIGURE 9 | (a) Conventional compressed air cooling; (b) Cryogenic nitrogen and intermittent loading [72]. [Colour figure can be viewed at

wileyonlinelibrary.com]

and authors justify this improvement by the fact that compos-
ites reinforced with micro-whiskers are more tolerant to damage
due to a lower stiffness loss, creep, and energy dissipation com-
pared to reinforcement with micro-particles.

Another finding of the study carried out by Kane et al. [82] is re-
lated to the reinforcement content, and, in this case, the authors
observed that composites containing 40vol.% HA presented
lower fatigue lives compared to the composites with 20vol.%
HA, but this decrease was more significant for composites con-
taining micro-particles. Chisholm et al. [83] found that nano-
composites with 1.5wt.% SiC nanoparticulate had better fatigue
performance than those with 3.0wt.%. For a stress ratio of 0.1
and compared to the unreinforced composite, Boonyapookana
et al. [79] observed a 26% increase in AK,, when silica micro-
particles (average size 20-30um) were added. This benefit was
due to the increase in micro-cracking ahead of the main crack
and deflection of the crack.

Verma et al. [84] conducted a literature review on the fatigue be-
havior of particle-reinforced polymer composites and concluded
that the mechanical properties of composites are significantly
influenced by the type of reinforcing material and the manufac-
turing process. For example, the size and shape of the reinforced
materials have a detrimental effect on the various mechanical
properties. However, composite materials containing nanofill-
ers cannot be produced using standard techniques for produc-
ing microparticle-based composites, because nanoparticles tend
to form agglomerates if not processed appropriately. According
to the authors, smaller particles are preferable to larger ones, as
long as they are properly dispersed, because by being present
in greater numbers in the composite they block and/or delay
the propagation of the fatigue crack and improve the material's
fatigue performance. In this case, these two factors are very
important for the composite's fatigue properties. Based on this
evidence, while micro-fillers generally only improve fracture
toughness, nano-fillers are preferable in terms of fatigue be-
cause they increase fatigue life and AK,,. In this case, increasing
the volume fraction is favorable, as long as the nanofillers are
well dispersed and the absence of agglomerations/aggregations
is guaranteed, because, in this case, the interfacial area between

the polymer matrix and the nanoparticles decreases and, con-
sequently, only a few polymer molecules penetrate between the
nanoparticles [85, 86]. Furthermore, according to the literature,
agglomerations/aggregations are considered defects responsi-
ble for significant stress concentrations in nanocomposites that
dramatically affect mechanical properties [85, 87-89]. In this
context, when the nanofillers are functionalized, they disperse
more uniformly in the composite and the coupling agents or
silanes used also modify the contact surface, providing a strong
chemical bond between the fillers and matrix [84, 90]. For ex-
ample, Zhao et al. [91] observed slight improvements in terms of
fracture toughness or fracture energy, but very significant bene-
fits in terms of the fatigue crack growth rate when the alumina
nanoparticles were surface treated with silane and well dis-
persed in an epoxy matrix. In this case, the Paris law constants
(C and m) decreased from 42.1 x 10~3 and 10 for the neat resin to
0.39x10 3 and 7 for the untreated Al,O,/epoxy nanocomposites,
and to 0.07x107* and 5 for the treated Al,O,/epoxy nanocom-
posites [91].

Based on this discussion, it is possible to conclude that thermal
conductivities higher than 20 W/(m x K), obtained for filler con-
tents higher than 80%, are incompatible with long fatigue lives
and with the mechanical performance in general of polymer-
based composites. From the point of view of structural integrity,
fatigue strength is only maximized with the use of nano-scale
fillers properly dispersed in the matrix. However, for these ra-
tios, it is very difficult, if not impossible, to avoid agglomerates
that act as defects and stress concentration points that affect the
properties of the composites.

Therefore, Lokanathan et al [39] state that it is possible to ob-
tain a thermal conductivity of more than 10W/(m X K) using
filler fractions of less than 10vol.%, provided that they are based
on carbon (particularly graphene) and/or boron nitride. In this
case, these values are perfectly suited to the mechanical require-
ments where Bortz et al. [92] found benefits in terms of fracture
toughness with the addition of 0.5 and 1.0wt.% of carbon nano-
fibers (CNFs) of around 66% and 78%, respectively, compared
to neat resin, while, in terms of fatigue life, these values were
around 180% and 365%, respectively, for a stress level of 20 MPa.
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| (Continued)

TABLE 1

Highlights

Filler Percentages

Composites

Authors

The improvements in thermal conductivity of the hybrid
composites with 18 wt.% GNPs and 2wt.% MWCNTs were 23%

GNP and MWCNT From 0 to 20.0wt.%

Polycarbonate (PC)

Yu et al. [54]

and 479% compared to those of the composites with 20wt.%
GNPs and the neat polymer, respectively. The synergistic effect

was produced by the formation of an efficient 3D thermally
conductive network among the incorporated nanocarbon fillers.

Zhou et al. [93] observed that increasing the CNFs content up to
2wt.% in an epoxy matrix nanocomposite increases its fatigue
life, reaching one order of magnitude for the tensile stress of
35.75MPa and two orders of magnitude for 42.5 MPa. The fatigue
crack propagation response of fullerene—epoxy nanocomposites
analyzed by Rafiee et al. [94] showed that the Paris law con-
stants (C and m) decreased from 0.8308 and 8.262 for the neat
resin to 0.0266 and 6.8497 for the nanocomposites reinforced
with 1wt.% of fullerene. Zhang et al. [95] studied the effects of
MWCNTs dimensions (length and diameter) on the fatigue be-
havior of epoxy matrix nanocomposites and observed a signifi-
cant improvement when the length is kept constant (10-20 um)
and the diameter decreases from 50-70 to 5-8 nm, or when the
diameter is kept constant (10-20nm) and the length increases
from 1-2 to 10-20um. In this context, according to Figure 10,
the results were optimized for a diameter of 5-8 nm and a length
of 10-20um with a fatigue crack growth rate around 10 times
lower than that observed for the neat epoxy. Therefore, higher
aspect ratios are favorable to more efficient load transfer and
higher toughness [96].

In this study, authors also evaluated the benefits of the surface
treatment and, for this purpose, subjected the MWCNTs (as they
were received) to a plasma polymerization in order to coat them
with an ultra-thin layer of poly (methyl methacrylate) (PMMA).
An average thickness of around 2-3nm was obtained by ad-
justing the power of the plasma generator and deposition time.
Therefore, for a content of 0.25wt.% of MWCNTs and for the
lowest values of AK (see Figure 11), the crack growth rate of the
nanocomposites coated with PMMA was around 4 times lower
than that observed for untreated nanocomposites and 20 times
lower than that of neat epoxy [95]. The authors observed that the
decrease in growth rate is related to the bridges created by the
MWCNTs between the two faces of the crack, which dissipates
energy through the frictional pull-out of the nanotubes from the
epoxy matrix during propagation. However, when MWCNTs
were coated with PMMA, their adhesion to the matrix increased,
as did their dispersion in the polymer, which explains the lower
crack growth rate observed compared to the other nanocompos-
ites. However, it should be noted that the literature refers to the

1073
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= 5-8nm
= 10 - 20 nm; 10 - 20 pm
~ 20-30 nm
107 50 —70 nm
10-20nm; 1 -2 um
0.25 0.35 0.45 0.55 0.65

AK (MPavm)

FIGURE 10 | Effects of the MWCNTs dimensions on the fatigue
crack growth rate versus AK curves (adapted from [95]). [Colour figure
can be viewed at wileyonlinelibrary.com]
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FIGURE11l | Effectof MWCNTSs coatingon the fatigue crack growth

rate versus AK curves (adapted from [95]). [Colour figure can be viewed
at wileyonlinelibrary.com]

existence of an ideal amount of coupling agent so as not to affect
thermal conductivity [15].

Bortzet al. [97] studied the matrix-dominated fatigue response of
a composite reinforced with carbon fibers ([+45],) and observed
that only for 1wt.% of CNFs did the average fatigue life increase
by between 150% and 670% for fully compressive, tensile and
tensile-dominated loads. Fenner and Daniel [98] investigated a
carbon fabric/epoxy composite with 0.5wt.% of MWCNTs and,
compared to the neat matrix, authors found improvements of
around 20% in the interlaminar shear strength, 180% in terms of
fracture toughness, one order of magnitude in the shear fatigue
life and a factor of 2 for the fatigue crack growth rate. According
to the authors, these improvements resulted from a combination
of energy-absorbing mechanisms of the nano-reinforcements
(i.e. frictional pull-out of the nanotubes from the epoxy matrix
as reported in [95]) and changes in the morphology of the crack
surface. On the other hand, Boger et al. [99] analyzed the fatigue
response of glass fiber-reinforced epoxy laminates and observed
that just 0.3wt.% of MWCNTs led to benefits of one order of
magnitude in the fatigue life compared to the unmodified com-
posite (R=0.1), but these benefits were even higher for R=-1,
especially for the high cycle fatigue regime. In the study carried
out by Grimmer and Dharan [100], they observed that adding
just 1wt.% of CNTs to a glass fiber-epoxy composite improved
its high-cycle fatigue strength by around 60% to 250%, depend-
ing on the loading condition. Moreover, the hysteresis loops evi-
denced a decrease in their area compared to the composite with
neat resin. Also in this study, the increase in fatigue life was
explained by energy-absorbing mechanisms (CNTs pulled out of
the matrix or simply fractured).

Therefore, this discussion demonstrates clearly that adding
small fractions of carbon-based nanofillers to neat resins or
fiber-reinforced resins can result in a significant increase in
their fatigue life and, consequently, make these materials more
suitable for applications involving very high cycle fatigue re-
gimes. These values are usually between 0.25wt.% and 1.0wt.%,
although the literature also mentions benefits for higher con-
tents, between 3wt.% and 20wt.%, but involving resins with

certain specificities (such as viscosity, and different interfacial
adhesion and physical interactions [101]) [102]. In addition to
improvements in mechanical properties, the literature also
mentions benefits in terms of thermal conductivity with these
nano-reinforcements, which facilitates heat dissipation within
the composite [103-105]. According to Berber et al. [106], for
example, the thermal conductivity of carbon nanotubes is
around 6600W/(m xK) at room temperature, a value compa-
rable to that of a hypothetical isolated graphene monolayer or
graphite, but which depends on the temperature. However, this
value can vary significantly because it depends on its structure,
form, and method of synthesis [107]. In terms of graphene, its
thermal conductivity at room temperature can vary between
2000 and 6000 W/(m x K), but with a perfect structure it is over
5000 W/(m xK), among the highest thermal conductivity of all
known materials [108, 109]. In this case, these values are in line
with those reported by Lokanathan et al [39], for filler fractions
of less than 10vol.%, and are ideal for obtaining composites
with extremely high thermal conductivities and significantly
improved mechanical properties (especially for obtaining long
fatigue lives).

However, these benefits can be improved by taking advantage
of the synergistic effect, which consists of using different fill-
ers, and with different sizes and/or dimensions, to establish long
thermal conductive paths with relatively low filler content [109].
For example, according to Yu et al [50], the synergistic effects
obtained by replacing the point contacts between SWCNTs/
SWCNTs or GNPs/GNPs with linear contacts obtained between
CNT and GNPsimproved the TC from 0.85 W/(m X K) of compos-
ites reinforced with SWCNTs and 1.49 W/(m x K) with GNPs to
1.75W/(m x K) with hybridized fillers in a 3:1 ratio (GNPs:CNT).
Therefore, these synergistic effects of combining graphene with
other highly heat-conducting filler materials prove to be a very
efficient strategy for dissipating heat and, at the same time, im-
proving the dispersion of graphene into polymeric matrices.
In this context, the large surface area of the graphene platelets
helps the dispersion of the CNT, and the CNT decreases the for-
mation of large-size stacked GNPs sheets and the n-m stacking
in GNPs [110-112]. Furthermore, these benefits extend to the
mechanical performance of the composites and, in particular,
to fatigue strength. Shokrieh et al. [113], for example, found that
composites reinforced with GNPs and CNFs present, compared
to those with neat resin, improvements in fatigue life by 24 and
27.4 times, respectively, but when the fillers were hybridized
in a 1:1 ratio the benefits reached values of around 37.2 times.
Li et al. [114] also observed that hybridization is preferable to
composites reinforced with only single nanoparticles, because it
promotes longer fatigue lives. A similar conclusion was found by
Papageorgiou et al. [115] when they hybridized GNPs with short
carbon fibers to reinforce a PEEK matrix composite.

In this context, adding fillers not only enhances the thermal
conductivity but also improves the mechanical properties of
the composite. The synergistic benefits are more pronounced in
composites reinforced with high thermally conductive hybrid
fillers, where combining different types, such as CNFs with
GNPs, improves the dispersion and contact networks among
the polymer chains and reinforcement. This hybridization re-
duces filler agglomeration, and forms interconnected thermal
conduction pathways, allowing for efficient heat transfer, and
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thereby reducing the localized heating by less mismatches in
the coefficient of thermal expansion (CTE) between the fibers
and the adjacent polymer matrix [14]. This desirably mini-
mizes the heat storage rate inside the fatigue-loaded composite
specimen, maintaining a mechanically driven fatigue process.
Additionally, the nanofillers contribute to improving the stiff-
ness and toughness of the composite, delaying crack initiation
and propagation, which are fundamental to the fatigue life of
composites within the VHCF regime. Therefore, the combined
effects of improved thermal management and mechanical prop-
erties lead to superior fatigue performance by mitigating both
thermal and mechanical degradation, thereby prolonging the
fatigue life of the tested composite.

Based on this discussion, which has been duly consolidated by
the literature, it can be concluded that, when the design require-
ments do not allow the selection of the most suitable composite
material for a very specific purpose, the use of nanofillers is a
very favorable option. In this case, they not only allow the dis-
sipation of the self-heating in the composite, but also maximize
the mechanical properties and, in particular, the fatigue strength
(where polymers generally have a weak response). This can be
done inclusively with very low filler contents, as long as they are
carbon-based and well dispersed in the matrix. However, due to
the demands for increasingly efficient decisions right from the
design stage, traditional fatigue testing is proving to be a problem
due to the long testing times and associated costs. To overcome
this problem, more and more ultrasonic fatigue systems are ap-
pearing, reducing test times by around 100 times [55], but, for
which, the methodology described above is insufficient to mini-
mize the negative consequences of the self-heating phenomenon
on the lifetime of tested composite specimens. Therefore, it is
necessary to use external cooling systems to prevent thermal fa-
tigue from being associated with the mechanical fatigue of the
composite and, consequently, accelerating the emerging damage
mechanisms [9, 10]. Table 2, for example, summarizes the cool-
ing methodologies used in the VHCF.

A suitable cooling system should be selected based on the en-
ergy associated with self-heating and the energy generated
by damage, information that is not widely available in the lit-
erature. For this purpose, Amraei et al. [117] developed a val-
idated numerical model for simulating the self-heating effect
in polymer-matrix composites (PMCs) by incorporating the os-
cillatory shear rheometry data. They highlighted the necessity
of considering radiative heat flux as an environmental factor,
particularly in scenarios involving high stress/strain loading,
to determine the self-heating temperature response accurately
using the proposed numerical model. They demonstrated that
the temperature variation across the thickness in thin PMCs re-
mains below 4 °C, which is negligible. This confirms that surface
temperature measurements are sufficient for assessing the heat
generation induced by friction and damage in the thin PMCs.
Additionally, the numerical results facilitated the assessment of
heat generation rate evolution across the fatigue cycles. In an-
other study, Huang et al. [118] determined the heat generation
rate per unit volume in a composite laminate both experimen-
tally and numerically. Authors assumed that the heat generated
during a fatigue test comes from internal friction, which does
not cause any damage, and from irreversible changes such as
delaminations, crack propagation, etc. In the first case, it comes

from the viscoelastic behavior of the polymer and both the in-
terfaces between adjacent layers of the laminate and the fiber/
matrix, while the heat generated rate from damage only arises
for stress levels above the fatigue limit (see Figure 12a).

Therefore, the heat generated rate depends on the stress level
and increases with increasing stress applied (see Figure 12a).
The other exception is the study carried out by Premanand et al.
[67], but in this case in terms of the heat dissipation rate, with
evolution in distinct phases as shown in Figure 12b. It is notori-
ous that the heat dissipation rate increases linearly up to a tem-
perature of around 50°C and a very significant increase after
65°C due to non-stationary self-heating. In this regime, in addi-
tion to heat dissipation caused by viscoelastic hysteresis, macro
cracks and the appearance of new damage also occur. On the
other hand, in the interval between 50 °C and 65 °C the heat dis-
sipation rate varied around 1.5MJ/(m3Xs) due to the accumu-
lation of damage around the critical self-heating temperature.

These results prove clearly that it is necessary to cool specimens
when they are tested using ultrasonic fatigue systems. According
to the studies available in the literature, the most common
methodology is the pulse-pause technique and although there
is a suggestion to adopt ratios of 1:20 for glass fiber-reinforced
composites and 1:10 for carbon-reinforced composites, it is not
unanimous among the various published studies. In this con-
text, Premanand and Balle [13] studied the effect of different
cyclic amplitudes (40 um, 45 um, and 50 um) combined with dif-
ferent pause periods (1000 ms, 2000 ms, and 4000 ms) and con-
cluded, based on Figure 13, that for a pause time of 4s between
pulses, the temperature increase was around 7°C regardless of
the cyclic amplitude. In this case, the tests met the failure crite-
rion (10%) because the pause time was sufficient to dissipate the
energy generated during the ultrasonic pulse in the form of heat.

For the pause time of 2s, the temperatures increased by 42.9%,
71.4%, and 185.7% for the cyclic amplitudes of 40, 45, and 50 pm,
respectively, due to the greater amount of energy supplied to
the specimen. In this case, only the 40um/2s condition met
the failure criterion (10%), because in the others the failure oc-
curred in 8x107cycles (for 45um/2s) and 7.1x107cycles (for
50 um/2s) due to the resonance frequency of the ultrasonic sys-
tem dropped below 19.5kHz. This shows that, in the latter two
cases, not all the energy generated was dissipated in the form
of heat, but some of it contributed to triggering/accelerating the
fatigue mechanisms. Finally, for a pause time of 1s, three dif-
ferent behaviors are observed. For 40um, the temperature was
around 17°C until a fatigue life of 108 cycles was reached, while
for 45um, the failure criterion was reached at around 8.4 x 107
for a temperature between 18-19 °C. Finally, for 50 um, the non-
stationary regime occurred, with the temperature gradually in-
creasing to 26 °C and suddenly to 35°C at the moment of final
collapse (6.67 x 107 cycles). For all cyclic amplitudes (40, 45, and
50 um) the energy stored in the form of heat is higher than for
the other pause times (2s and 4s), denoting that most of the en-
ergy generated is dissipated through damage and not heat.

This comprehensive study carried out by the authors makes it
clear that the pulse-pause technique can be used effectively to
prevent excessive self-heating and, consequently, the thermal
fatigue associated with mechanics. However, although the
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FIGURE 12 | a) Heat generation rates for different loading amplitudes [118]: b) Heat dissipation rates for different surface temperatures [67].

[Colour figure can be viewed at wileyonlinelibrary.com]

heating of the specimen depends on the cyclic amplitude and
interval length between pulses, there are no values that can
be generalized for materials of the same family, because the
pause time depends on the heat dissipation of the composite,
glass transition temperature of the composite, and the damage
mechanisms involved in the fatigue process [13]. In this case,
given the specific nature of each composite, it is suggested
that preliminary tests be carried out to determine the interval
length between pulses.

Nevertheless, despite the effectiveness of this technique, it can-
not be ignored that the long pauses between pulses result in

longer tests due to the lower effective frequencies that are used.
Therefore, a balance must be established between the pause
time adopted and an adequate and effective cooling system. The
cheapest system reported in the literature is dry compressed air,
where some authors even suggest that it can be directed through
nozzles to the regions of the specimen where damage is most
likely to occur. In the case of more demanding situations, for ex-
ample, when the thermal energy generated rate is greater than
5kW [14], as reported in the study carried out by Cui [1], there
are also recommendations to use cooling systems that involve
water instead of air, due to its high thermal capacity and low
cost. Although it has not yet been used, Amraei and Katunin
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FIGURE 13 | Specimen surface temperature versus fatigue life [13]. [Colour figure can be viewed at wileyonlinelibrary.com]

[14] even suggested using water-based nanofluids because the
nanoparticles used significantly increase the fluid's thermal
conductivity. In this context, Apinis [62] used a water jet cool-
ing system but emphasized the need to preserve the structural
integrity of the specimen against humidity. For this purpose, the
specimen was covered with a thin layer of wax, but there is no
evidence that this can affect the heat dissipation of the specimen.
A vaporization system is also indicated by Amraei and Katunin
[14], but there is no evidence that this methodology cannot affect
the structural integrity of the specimen. Finally, the literature
also suggests implementing nitrogen-based cooling systems but
injecting the gas at regular intervals to prevent the matrix from
becoming brittle [14]. However, there are no studies on how long
these cooling intervals should be so that the polymer does not
become brittle.

In this context, it is suggested that further studies be carried out
in the future on these methodologies to eliminate these gaps, be-
cause, given the current knowledge, the use of dry compressed
air systems remains the safest.

5 | Conclusions

In this study, a critical analysis of cooling approaches of com-
posite structures being tested in the fatigue regime has been
provided. The problem originates from the appearance of the
self-heating effect, which reveals a significant influence on
tested composite structures, accelerating the fatigue process.
This causes structural and mechanochemical changes in a
tested material and leads to a premature failure of a tested struc-
ture. The problem of the appearance of the self-heating effect is
starting to become critical when carrying out accelerated VHCF
tests. This is due to the very high loading frequencies that gov-
ern the generation of heat during loading.

Two general approaches for limiting the self-heating effect were
considered: modification of a material system to obtain better
thermal conductivity, and thus, better heat transfer during the

appearance of the self-heating effect; and surface cooling of a
tested structure for minimizing the overall self-heating effect.
In the first case, the analysis of the possibility of adding vari-
ous fillers to composites was performed taking into account not
only the thermal conductivity performance but also the benefits
of incorporating additional fillers in terms of mechanical and
thermal performance of a resulting composite. This approach
underlines the benefits of hybridizing reinforcing composite
materials to achieve this goal. Furthermore, the limitations
defined, and the suggestions related to the fillers' content in
composites make it possible to evaluate the benefits and mul-
tifunctionality of such solutions in the framework of practical
applications, especially modifications of systems involving
traditional materials for composite components. Nevertheless,
reducing the self-heating effect through the modifications of
the material systems has limited performance in light of the
amount of thermal energy generated during fatigue loading at
higher frequency levels. Therefore, this approach is targeting
the applications where the external cooling cannot be applied
due to operational reasons.

The second approach discussed in this paper is based on the
forced cooling of a composite structure surface using various
media and technologies. In this case, the specific limitations ad-
dressing the physical performance of external cooling systems
and interval loading demonstrate the possibility of increasing
fatigue life by limiting the influence of the self-heating effect,
which has been confirmed by numerous experimental studies
performed previously.

The provided critical analysis on the possibilities of reducing
the influence of the self-heating effect on the fatigue life of
composite structures working under fatigue loading, including
accelerated fatigue regimes, clarifies the practical possibilities
of implementing various cooling techniques with their physical
limitations. This makes it possible to implement them both in
laboratory conditions as well as in numerous applications where
the appearance of the self-heating belongs to the typical working
conditions of composite components.
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This study addressed gaps in understanding the physics underlying the self-heating phenomenon — a potential
factor contributing to acceleration of fatigue life degradation in polymer-matrix composites (PMCs). Through
developing a validated numerical model and implementation of oscillatory shear rheometry data, this research
sought to enhance predictive capabilities. It aimed to implement an energy-based approach to predict the
thermomechanical fatigue performance of PMCs, emphasizing self-heating temperature prediction. This includes
addressing the absence of a physical framework to quantify the heat generation rate in response to prolonged
fatigue loading. The findings highlighted the necessity of considering the radiative heat flux as an environmental
factor in accurately determining self-heating temperature via the numerical model, and demonstrating negligible
temperature variations through the PMC thickness. Furthermore, a temperature-stress approach was introduced
to demonstrate the relation between the applied stress amplitude and the thermal response, alongside extracting

residual flexural stiffness of tested PMCs under various stress amplitudes.

1. Introduction

Self-heating phenomenon, described as a temperature growth pro-
cess, occurs in fatigue-loaded PMC structures such as wind turbine blade
sections [1,2], and carbon fiber-reinforced (CFRP) composite gear [3,4].
The severity of self-heating temperature depends on (i) operational and
environmental factors (e.g., ambient temperature) [5-8], (ii) material
types [9-12], and (iii) loading parameters (e.g., loading frequency,
applied stress/strain ratio) [4,13-18]. If the self-heating temperature
increase is maintained within the safe range (usually below 5 °C with
respect to the room temperature [19]), it is feasible to implement this
phenomenon for damage inspection using nondestructive testing (NDT)
techniques such as self-heating based vibrothermography (SHVT),
without jeopardizing the structural integrity [18-20]. In SHVT, the
process is driven by the self-heating phenomenon caused by resonant
excitation within the tested PMCs, allowing for the observation of local
temperature distribution on the tested specimen’s surface and aiding in
damage inspection [19,20].

On the other hand, subjecting PMCs with low thermal conductivity to
high stress and/or frequency loading leads to the accumulation of
alarge amount of volumetric internal heat [4]. This accelerates the

* Corresponding author.
E-mail address: jafar.amraei@polsl.pl (J. Amraei).
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stiffness degradation of PMCs through damage accumulation at different
scales, ranging from micro- to macro-scale. At the microscale, for
example, the higher coefficient of thermal expansion of polymers
compared to fibers leads to residual thermal stresses at the interface/
interphase region between the reinforcement and bulk polymer. The
residual stress acts as a catalyst in increasing the self-heating tempera-
ture [21]. This results in chemical degradation and softening of cross-
linked networks [22], reduction in intermolecular forces, and
consequently, debonding and crack in the interphase zone [23,24].
These effects can be assessed using the bulk dissipation model and near-
crack dissipation analysis [25-27]. In micro- and macro-scales, PMC
specimens applied to fatigue loading may experience crack nucleation,
matrix cracking, single fiber breakage, open cracks, macro cracks, and
delaminations [28-30]. The irretrievable formation of microcracks and
microdelaminations occurs continuously as entropy is released, aligning
with the second law of thermodynamics (Clausius inequality statement)
[31]. The evolution of macroscopic damage, triggered by the accumu-
lation of microcracks and microdelaminations, ultimately leads to sud-
den fatigue failure. Therefore, a comprehensive understanding of these
damage mechanisms is vital to reliably simulate the self-heating
phenomenon.

The self-heating phenomenon is generally explained by the following
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Nomenclature

T, Glass transition temperature
Tres Reference temperature

ar Temperature-dependent shift factor
E, Activation energy

R, Universal gas constant

f Loading frequency

n Number of Prony parameters
g Relaxation modulus

Ti Relaxation time

Gs Long-term shear modulus
Go Initial shear modulus

tané Dissipation factor

04 Standard deviation

b Width

H Thickness

L Length

A Cross-section

I Moment inertia

p Force

w Displacement

&y Bending strain

Yy Shear strain

A Helmbholtz free energy

p Density

c Cauchy stress tensor

q Heat generation rate

T, Ambient temperature

e Emissivity

p Stephan-Boltzman constant
(o Heat capacity

K Thermal conductivity

Vy Velocity

Young’s modulus
% Poisson’s ratio

M Torque

14 Angular displacement

G* Complex shear modulus

G Storage shear modulus

G’ Loss shear modulus

R Determination coefficient

fr Reduced frequency

N Total number of nodes

¢ Unitless residual temperature

T Stabilized self-heating temperature

three phases. Phase I involves a rapid temperature growth in a relatively
short period of time. Phase II is characterized by a stabilized self-heating
temperature over prolonged fatigue loading, while phase III marks a
sudden increase in self-heating temperature, corresponding to fatigue
damage accumulation, formation of new friction surfaces in the
appeared crack front, while finally leading to thermal fatigue failure [4].
One of the parameters characterizing the self-heating phenomenon used
in our previous studies is the critical self-heating temperature [32]. This
parameter signifies a temperature value at which rapid damage propa-
gation begins, accelerating fatigue damage accumulation and eventually
resulting in premature thermal fatigue degradation (i.e., non-stationary
self-heating regime) [4]. For this purpose, Katunin [32] reported the
critical self-heating temperature of glass fiber-reinforced polymer
(GFRP) composite using numerous physical quantities in the range of
60-83 °C, with the glass transition temperature (Ty) of 120 °C. In
another study, Turczyn et al. [33] illustrated physical-chemical changes
in a tested PMC leading to an insignificant structural degradation below
the self-heating temperature of 80 °C, while 30 % degradation occurred
at the temperature of 95 °C because of the cross-linking chain degra-
dation [34]. Performing fatigue tests poses several challenges. On the
one hand, experimental investigation on the self-heating effect by
altering loading parameters and ambient temperature is both time-
consuming and costly, and controlling the parameter of self-heating
temperature evolution captured by infrared camera and post-
processing of the data is also quite challenging, particularly during
prolonged fatigue testing durations. On the other hand, results obtained
from experiments in the presence of the self-heating effect may exhibit
significant deviations under different testing conditions. Therefore,
developing a reliable model to address these challenges is of paramount
importance.

Understanding the physics and modeling of the self-heating phe-
nomenon within fatigue experiments is crucial. For this purpose, Di
Maio et al. [35] focused on numerical modeling and experimental
validation of the observed temperature evolution on the CFRP specimen
surface induced by delamination growth using the virtual crack closure
technique (VCCT). In another study, Demleitner et al. [36] utilized
passive thermography alongside Bayesian optimization to define key
parameters for self-heating in impacted glass/epoxy composites. Ly et al.

[37] developed a numerical viscoelastic constitutive model using the
thermodynamic laws to study the self-heating effect that appeared in
high-density polyethylene (HDPE)-carbon composite under -cyclic
loading with the low-frequency, i.e., 0.1 and 1 Hz. Nonetheless, the
model was not validated experimentally. Sevenois et al. [38] numeri-
cally investigated the influence of self-heating on the thermoviscoplastic
behavior of representative volume element of a unidirectional carbon-
polyamide 6 composite under monotonic loading. The influence of fre-
quency was not taken into consideration in their study. De Lima et al.
[39] implemented a numerical-experimental concept based on a curve-
fitting procedure for investigating the self-heating effect in viscoelastic
dampers under cyclic loading. Furthermore, Sapozhnikov et al. [40]
developed an analytical self-heating model under three-point bending.
In another study [41], researchers examined how loading frequency
affected self-heating temperature. Despite their success in evaluating
temperature distribution, the developed model has a limitation. The
approach of substituting convection heat flux for all boundaries may not
always be suitable, especially in scenarios where at least one boundary
remains unaffected by fluid interaction. Moreover, Huang et al. [42]
conducted an experimental-numerical study to quantify the relation
between heat generation rate and applied shear stress of angle-ply CFRP
composite. The fatigue experiments were conducted at a low frequency
(5 Hz), with a focus on the phase II of the fatigue damage accumulation.
Likewise, Lahuerta et al. [43] carried out an experimental-numerical
investigation to predict the self-heating temperature of thick GFRP
laminates (i.e. 10 mm, 20 mm, and 30 mm) under low frequencies,
ranging from 0.25 Hz to 2.5 Hz. However, the assumption of uniform
heat generation in their analysis may diminish the accuracy of the re-
sults, particularly in scenarios with high-stress amplitude. In response to
these challenges, we formulated and developed the numerical model,
considering all the limitations outlined above, thereby improving the
predictability of the self-heating phenomenon.

In the current study, the thermomechanical fatigue behavior of PMCs
is investigated with a focus on the self-heating phenomenon. Incorpo-
rating thermoviscoelastic properties from rheometric experiments into a
validated numerical model aims to bridge existing knowledge gaps and
offers a deeper understanding of the phenomenology of self-heating in
glass/epoxy composites subjected to fatigue loading. Furthermore,
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constructing S-N curves, determining the residual flexural stiffness, and
analyzing the relationship between stress amplitude and self-heating
temperature response are pivotal steps toward comprehensively un-
derstanding the thermomechanical fatigue characteristics of PMCs.

2. Theoretical background
2.1. Modeling of linear thermoviscoelastic behavior of PMCs

2.1.1. Time-temperature superposition

Time-temperature superposition (TTS) principle [44] is often used to
extend the mechanical performance evaluation across different time and
frequency scales in PMCs. This principle assumes that temperature and
time affect the mechanical properties similarly in PMCs with simple
thermal rheological behavior. In other words, TTS aligns isothermal
curves at different frequencies into a continuous curve using the
temperature-dependent horizontal shift factor (ar) [45]. The determi-
nation of ar, governed by the Arrhenius equation linked to the side chain
motion, is applicable to the temperature below Ty, where the fatigue
tests are performed. Integrating from the reference temperature (T) to
the considered temperature (T) establishes the final form of the Arrhe-
nius equation (see Eq. (1)).

in(ar) =2 (1 - i>, &)

where E, is activation energy of the tested PMC and R, is the universal
gas constant with the value of 8.314 J/mol K.

2.1.2. Estimating thermoviscoelastic response of PMCs using Prony series

The generalized Maxwell model, represented by Prony series, esti-
mates the linear viscoelastic behavior of PMCs. The frequency-
dependent Prony series used in [46] can mathematically be rewritten
as frequency-temperature-dependent Prony series [47]:

griarw
oo =6 163 (400 @

P &iTiarw
(T,w) Gozl 1<1 o a2w2> 3)

where @ denotes the angular frequency, defined as 2zf, with f repre-
senting the loading frequency applied in rheometric test, n denotes the
number of required Prony parameters, i.e., g and 7;. The parameter g;
represents the relaxation modulus at each relaxation time 7;, indicating
how much the material relaxes under an applied load over time. G, is
the long-term shear modulus obtained from static test, while Gy is the
initial shear modulus at time t =0 of a relaxation test. Such shear
moduli can be converted to each other using Prony parameter of g as

follows:
Ge = Go <1 - ;‘1&), @
G
Gyp= . %)
- Y&

Estimated Prony parameter of g; should be positive and in sum less
than one, i.e., Y1 & < 1,8 > 0. For optimizing Prony parameters, n is
an arbitrarily selected number, and g, 7; and G, are initially assumed.
Storage and loss moduli (G’ and G") are then estimated using Egs. (2) and
(3) and compared with the extracted data from a torsional rheometer.
The errors will finally be minimized using the given objective function
(OF) programmed in MATLAB software.

(G = G)” | (G —Gi)”  (tandy
04(Gpry) 0a(Gr,y)

- tanées)2
04(tandy;)

= min(OF), (6)
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where tané,s denotes the dissipation factor estimated by Eq. (7), ms and
es indices show the measured data from experiments and estimated data
using minimization algorithm, respectively, and o4 indicates the stan-
dard deviations for each of these three measured values.

Zn giTiarw
i=1 1+ri2u%w2
. @)
no_ n gitiar®
13708+ <1ﬁ1§a§(02>

tand,s =

2.2. Heat generation induced by fatigue loading for thermal analysis

In case of a supported cantilever beam with the width b, thickness H,
and a span L subjected to a point load P at its free end, the displacement
at an imaginary cross-section y from the fixed end or holder is a com-
bination of bending (W}) and shear (W;) displacements (i.e., W = W}, +
Wy) [48]:

P 3PL
WO T1) = g, ) " 2AGT.f) ®
where
2
Ey = —zaay—mz/, 9
3P Z\ 2
e =gaorrn 4(E) | (10

where ey, and y,, denote the bending and shear strains, respectively, z is
the distance from the neutral axis, A; denote the cross-section, I is the
moment inertia. The equivalent strain can be obtained via:

e= /el +3r. an

By implementing the second law of thermodynamics and Helmholtz free
energy A, the heat generation rate g can be calculated by [49]:

. 0A\ . 0A . KVTNVT
q:{(a—g> e—pa—y: —— | (12)

where ¢ is the Cauchy stress tensor, p is density, ¢ is the equivalent
strain, and y is a vector of internal variables. The first term on the right-
hand side indicates the mechanical energy dissipation resulting from the
inelastic deformation, the second term represents the irreversible stored
energy, and the third term stands for convective heat flux via PMC
boundary. Nevertheless, it is quite challenging to quantify the heat
generation using Eq. (12). The main root of this difficulty can be sought
in measuring Helmholtz free energy as a function of strain, temperature,
and internal variables, i.e., ¢ = o(¢, T,y). Alternatively, the heat gen-
eration rate induced within fatigue experiments can be correlated with
the viscoelastic behavior of any arbitrary PMC as follows [50]:

{ = 3afeG, (13)

where ¢ is the thermomechanical strain amplitude, determined by Eq.
1.

2.3. Modeling of self-heating phenomenon

According to the thermodynamic principle and assuming that the
mass density and heat capacity of a PMC specimen are independent of
the thermodynamic state, the energy equation for a fatigue-loaded PMC
specimen applied to a control volume (V) can be expressed in the
following form [51]:

/ (pCpg>dV+[ / (- KV>T)dV] = / qdv, a4
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where C,, is the heat capacity and K is the thermal conductivity of PMC
specimen. The right-hand side term represents the heat generation rate
across the specimen volume, while the left-hand side term within the
bracket illustrates the heat release/dissipation through volumetric
conduction. The last term of left-hand side is the internal storage energy
rate over the specimen volume, which manifests as an increase in tem-
perature through the thickness of a specimen, termed as the self-heating
effect.

The thermal initial condition (IC) is stated as zero temperature rise at
the beginning of the test, thus:

T(x!y7z7t:O) :Ta. (15)

The boundary conditions (BCs) assumed thermal insulation at the
lower end of the specimen due to the real test condition. Therefore, the
thermal BCs are given by:

oT JaT

g 9 _ g9 _ _ T4
Kxax |X:+g Kxax ‘x:—% h(T Ta)+eﬂ(T4 Ta )7 (16)
JaT JaT
—Kyg l,—o = 0; —Kyg - = H(T—To) +ep(T* - T."), a7n
or, T .
r™ |z:+5 = "o ‘z:,%l =h(T-T,) +3/}(T4 —Ta ) 18)

where h is the heat transfer coefficient on the surface of the PMC spec-
imen, e is the emissivity, and g is the Stephan-Boltzman constant. The
value of h for natural air cooling at room temperature (RT) in the lab-
oratory is assumed to be 8.1 W/mzK [52], while h is dependent on the
specimen’s movement velocity (V4) under pure bending. Therefore,
velocity-dependent h factor exposed to natural air cooling can be
determined via [53]:

h(y) = 8.1+40.7V,, 19

where V; for a cantilever beam is node-based and varies along the
specimen’s length. It can be computed by V; = 2zfW, with W obtained
from Eq. (8). Assuming temperature independence for K in glass/epoxy
composites, as specified in the manufacturer’s datasheet, with uniform
values across all directions (i.e., Ky = K, = K, = K), C, exhibits tem-
perature dependency with units of J/kg.K, and can be derived from [54]:

C, =828.7+271T (20)

where T is given in °C. Incorporating IC and BCs into the energy law (see
Eq. (14)) and applying a suitable solution strategy as described in Sec-
tion 4, the model simulates the self-heating phenomenon.

3. Material and preliminary experiments
3.1. Tested material and its properties

The tested GFRP specimens were manufactured from a 14-layered
epoxy-based unidirectional laminate reinforced with a plain weave E-
glass fabric weighing 200 g/m?, sourced from Izo-Erg S.A. (Gliwice,
Poland), identified as EP GC 201. The material properties of the speci-
mens and the surrounding environment are outlined in Table 1.

3.2. Measuring shear moduli

Dynamic rheological measurements of GFRP specimens were con-
ducted using ARES-G2 rheometer by TA Instruments (New Castle, DE,
USA). ARES-G2 experimental setup including the torsional clamp fixture
is depicted in Fig. 1. The rheometer, equipped with the separate motor
and transducer designs, allows the motor to apply deformation inde-
pendently from the torque measurement on the transducer. This sepa-
ration ensures that the test results remain unaffected by the motor’s

International Journal of Fatigue 188 (2024) 108510

Table 1
Material properties of the tested specimens.
Properties GFRP Ref.
Young’s modulus [MPa] Ey 27170 o
E, 24203.61 [55,56]
Poisson’s ratio [-] Vyx 0.166
Density [kg/m®] p 1978.3 I
Initial shear modulus [MPa] Go 6079.56 Current study
Long-term shear modulus [MPa] Go 3172.18
Thermal conductivity [W/m-K] K 0.442 [57]
Heat capacity at RT [J/kg-K] G 891 (541

inertia, decoupling the required moment of inertia to move the motor
from the torque measurements. The experiments were conducted using
torsional oscillation mode, utilizing a rectangular geometry with di-
mensions of 50 mm in length, 10 mm in width, and 2.4 mm in thick-
ness, with a span length of 34 mm. Measurements of storage and loss
shear moduli were taken at temperatures ranging from 25 °C to 175 °C,
covering 18 frequencies between 0.01 Hz and 99 Hz. The tests were
conducted with a consistent oscillation strain of 0.001 % to ensure
adherence to the linear viscoelastic region. Such tests are necessary to
determine the heat generation rate, resulting from Eq. (13), which is
essential for solving the energy equation (Eq. (14)).

3.3. Processing of experimental data

The rheometer independently measured the torque M and the
angular displacement 6 [58]. The data acquired were implemented as
inputs for Eq. (21), and a MATLAB (MathWorks, USA) code was devel-
oped to determine the complex shear modulus.

. M 3L

) bH3g,, @D
The parameter g, is given by [57]:
192 H © H
g =1- AN {tanh (5 F) + 0.004524} . (22)

The storage and loss shear moduli, denoted as G' and G, respectively,
can be derived from Eq. (21). Fig. 2 illustrates the exemplary storage and
loss moduli, along with tané, derived from rheometric measurements
after postprocessing for the loading frequency of 30 Hz.

Rheometric experiments were each subjected to a consistent heating
rate of 2 °C/min. The Arrhenius plot (Fig. 3) presented the experiment-
derived values 1000/T, versus logarithmized excitation frequency
values. Linear regression analysis was applied to determine the slope
from the Arrhenius plot using the measured data. Activation energy
value was obtained by multiplying the slope with the universal gas
constant (see Eq. (1)). The activation energy was estimated to be
661.46 kJ/mol, with a determination coefficient R? of 0.928, indicating
the accuracy of the fitting for the regression curves of T,. Activation
energy value was then implemented to determine shift factor values, ar,
based on the Arrhenius law (Eq. (1)) as a function of temperature, pre-
sented in Fig. 4.

3.4. Constructing master curves

To construct the master curves for thermoviscoelastic GFRP com-
posite using rheometric experiments, several steps were followed. The
raw data from all frequencies were first processed to obtain frequency-
domain curves at various temperatures. Using the kinetic Arrhenius
model, the reference temperature was then set at 140 °C, the lowest
among the 18 values for T, acquired from experiments. This conserva-
tive selection ensures the model covers the most extreme temperature
conditions encountered in the experiments, resulting in a robust estab-
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(a)
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(b)

Fig. 1. Rheometer test-rig: (a) ARES-G2 facility, (b) torsional clamp fixture.

Fig. 2. Exemplary results of the determination of storage and loss moduli
alongside tan § at 30 Hz.

lishment of the final frequency domain across an arbitrary temperature
range. The curves were then horizontally shifted with the temperature
step of 5 °C relative to reference using Eq. (1). Finally, the master curves
for storage and loss shear moduli, along with the damping factor tang,
across a broad frequency spectrum, considered as the reduced frequency
(fr), were constructed based on the criterion of curve smoothness among
all 18 datasets. These curves are depicted in Figs. 5, and 6. Eq. (23) il-
lustrates f, corresponding to the measured frequency at an arbitrary
temperature as follows:

fr=ar(T)f or fo, = ar(Tw. (23)

To represent thermoviscoelastic behavior of the investigated PMCs with
required accuracy, up to 75 Prony series with corresponding coefficients
were taken into account. Employing the minimization objective function
(see Eq. (6), the optimal number of the Prony series was identified as 44,
with the initial and long-term shear moduli values provided in Table 1,

Fig. 3. Arrhenius plot illustrating In(f) versus 1000/T at a heating rate of
2 °C/min.

and coefficients given in Table A.1 in Appendix A. The loss shear
modulus, pivotal in determining the heat generation rate (see Eq. (13)),
was then mathematically formulated and quantified using the 44 Prony
series. Fig. 7 demonstrates a good agreement between the loss modulus
obtained from the Prony series and the master curve.

4. Solution method for numerical self-heating model and
simulation results

4.1. Assumptions and strategy for solving

This section aims to simulate the self-heating phenomenon in a
fatigue-loaded PMC specimen, employing a thermomechanical coupling
analysis grounded in the thermodynamic principles. The numerical
methodology utilized for this purpose is outlined using the finite dif-
ference (FD) approach, with a schematic representation provided in
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Fig. 4. Temperature-dependent shift factor.

Fig. 5. Master curve shear modulus versus

reduced frequency.

representing  storage

Fig. 6. Master curve illustrating shear loss modulus versus reduced frequency.
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Fig. 7. Evaluating the loss shear modulus via Prony series versus the mas-
ter curve.

Fig. 8. Schematic representation of nodal spacing in x-, y-, and z-directions via
central finite difference approximation, including central node at (x, y, z)
corresponding to (i,j,k).

Fig. 8, see Ref. [59] for further details.

AFD code was developed to facilitate the numerical simulation of the
self-heating phenomenon within a three-dimensional (3D) geometric
model of a pure bending PMC specimen. The simulated specimen mimics
the geometric dimensions of the experiments, featuring a width of 10
mm, length of 40 mm, and thickness of 2.4 mm. Preliminary simulations
highlighted the significant influence of mesh size on the results,
particularly when Az > 0.4 mm and Ax = Ay > 1 mm. To address this
dependency, the model was discretized into 19,200 elements using a
hexahedral mesh, ensuring the lack of dependency on mesh size with
Ax = Ay = 0.5 mm, and Az = 0.2 mm.

Temporal discretization was crucial for accommodating the har-
monic loading signal. Therefore, a time step At of 1/(4f) was chosen at a
loading frequency of 30 Hz, resulting in At = 8.3 ms. Despite increasing
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the computational time, which ensured a more realistic simulation.
Mechanical and thermal BCs were then set to replicate the real fatigue
testing conditions. The bottom of the specimen was clamped and ther-
mally insulated at y = 0, while the top at y = L was subjected to fully
reversed fatigue loading applied in the z direction. Additionally, the
contribution of radiative heat transfer (i.e., T*) was estimated using a
Taylor series expansion around the ambient temperature (T,) by:
4T.3T —3T,*. The nodal-based heat transfer coefficient on the speci-
men’s surface using Eq. (19), under various stress amplitudes, was then
determined and depicted in Fig. 9.

As presented in the flowchart in Fig. 10, the thermal analysis began
by estimating the displacement and strain (i.e., deformation) distribu-
tions at RT, followed by considering a 44-term Prony series as input. The
heat generation rate was then computed based on these distributions. To
ensure the stability of the temperature field across successive time steps,
a convergence criterion, termed as the unitless residual temperature,
was implemented:

0.5
<Ziv11|VT'T+1 - ?|2> <¢ 24)
Zn:l ‘T:anrl }

where N is the total number of nodes, m+1 and m are current and
previous time steps, respectively. This criterion, expressed by Eq. (24),
ensured that the residual temperature or the discrepancy between suc-
cessive temperature fields remained below an acceptable threshold (¢ =
107%), as recommended for energy residual in [60]. Iterative conver-
gence of the thermal field was continued until convergence was ach-
ieved, ensuring the accurate determination of the self-heating
temperature for each node at each time step. Subsequently, thermo-
viscoelastic properties, including storage and loss moduli, were updated
based on the new self-heating temperature field. Consequently, the
updated thermomechanical displacement and strain fields served as
input for calculating the heat generation rate at the subsequent time
step, and finally extracting the nodal-based temperature.

4.2. Simulation results

This section analyzes the self-heating temperature distribution across
the specimen thickness and examines the effect of radiation heat flux on
this temperature profile. Measurement techniques, such as infrared (IR)
cameras, solely capture surface temperatures, leaving the internal self-
heating temperature variations unexplored. To bridge this gap, six

Fig. 9. Convective heat transfer coefficient with stress levels across the length
of the specimen.
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regions of interest (ROIs) were considered to numerically investigate the
temperature profiles across both cross-sectional and longitudinal di-
mensions of the specimen. Three ROIs were defined near the lower
clamp in the cross-section (XZ-plane) and three along the length of the
specimen in the YZ-plane, as depicted in Fig. 11a and b, respectively.
Assuming the symmetry of temperature distribution under fully reversed
bending, ROIs were defined across half of the specimen’s thickness. The
temporal evolution of self-heating temperature across fatigue load cy-
cles was determined in ROIs 1 to 3, while ROIs 4 to 6 aimed at presenting
the temperature distribution at the end of fatigue loading along the
specimen’s length.

In alignment with the experimental results, simulations prioritized
the critical scenario, focusing on premature fatigue failure at a bending
stress amplitude of 285.04 MPa according to the experimental in-
vestigations. The unitless residual temperature () resulting from such a
stress level was determined and depicted in Fig. 12. It remains below the
defined threshold (¢ < 1079), signifying the thermal field convergence
throughout the fatigue load cycle. The heat generation rates illustrated
in Fig. 13, during fatigue load cycles in ROIs 1 to 3 were determined
under such a stress level. ROI1 exhibited significantly higher heat gen-
eration attributed to the elevated thermomechanical strain/stress.
Conversely, ROI3 demonstrated negligible heat generation, linked to no
bending stress and only shear stress at the neutral axis (z = 0), peaking
at 4.28 MPa, approximately 66 times lower than the bending stress
magnitude. However, this trend of shear stress magnitude is anticipated
to intensify in thicker specimens, implying that heat generation from
shear strain in thick specimens could be remarkable under specific
loading conditions, which falls outside the scope of the current study.
Fig. 14 illustrates the relationship between the heat generation rate per
unit volume per cycle and the temperature increase across ROIs 1 to 3.
This trend closely mirrors the pattern observed in the heat generation
rate versus load cycles in Fig. 13.

Fig. 15a and b depict numerical simulation results on the specimen
surface alongside experimental results shown in Fig. 15c. Fig. 16a and b
compare the cross-sectional temperature profiles with and without
considering the radiative heat flux near the clamp. Similarly, Fig. 17a
and b show temperature profiles in the middle of the specimen’s length.
Fig. 18 compares the relative temperatures of ROIs 1 to 3 in scenarios
including and excluding radiation’s effect, while Fig. 19 provides a
similar comparison for ROIs 4-6.

Although ROI3 exhibits negligible heat generation (see Fig. 13), it
lacks direct interaction with the environment through radiation and
convection heat transfer. As a result, the influence of radiation and
convection on ROI3 is omittable. By contrast, a portion of heat from
ROI1 dissipates through radiation and convection, with some trans-
ferred to ROI3 via conduction, while the rest is stored and appeared in
the form of a self-heating temperature. Despite its negligible heat gen-
eration, the transferred conductive heat flux to ROI3 contributes to
temperature elevation in this region. This temperature rise is similar to
that of ROIs 1 and 2 due to the balanced thermodynamic heat transfer
(see Fig. 18). On the other side, the elevated self-heating temperatures
correlate with the increased radiative heat flux, driven by radiation’s
temperature dependency, leading to reduced heat storage within ROI1.
Consequently, this results in a relatively lower amount of conductive
heat flux from ROI1 to ROI3, leading to less heat being stored in ROI3
and ultimately lower temperature enhancement in ROIs compared to
scenarios excluding the influence of radiation. In detail, with radiation
taken into account in simulations, ROI1 registers temperatures 3.93 °C
and 6.69 °C higher than ROI2 and ROI3 (i.e., 109.96 °C vs. 106.03 °C
and 103.27 °C), respectively. Excluding radiation’s effect, ROI1 main-
tains temperatures 2.10 °C and 3.60 °C higher than ROI2 and ROI3
(117 °Cvs. 114.90 °C and 113.41 °C), see Figs. 15, 16, and 17. In other
words, the temperature difference between ROI1 and ROIs 2 and 3 with
radiation is roughly double that without radiation, attributed to reduced
heat dissipation into the environment and increased conductive heat
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Fig. 10. Flowchart for modeling of self-heating in a fatigue-loaded PMC specimen.

(a)

(b)

Fig. 11. ROIs defined (a) close to lower clamp in XZ plane (y = 0), (b) in YZ plane along specimen’s length (x = 0).

flux through the specimen’s thickness, resulting in a more uniform
temperature distribution. Additionally, the relative temperature profiles
obtained from the numerical simulations in the absence of radiation
reached the critical temperature (Tg) of 140 °C at the ambient temper-
ature of 23 °C after 17,900 cycles. Nevertheless, simulation results
considering radiation remained 7 °C below T, even after undergoing an
additional 1000 cycles (i.e., 18,900 cycles), as illustrated in Fig. 18.
Fig. 19 depicts the influence of radiation across the specimen’s length for
ROIs 4-6. The effect of radiation is more pronounced near the clamp,
decreasing along the specimen’s length.

5. Experimental validation
5.1. Experimental setup and experiment conduction

The fatigue tests were conducted using a custom-designed testing rig
shown in Fig. 20a, b and ¢, wherein each specimen was clamped within a
thermally insulated bakelite holder under a consistent torque of 20 Nm
to maintain consistent testing conditions. Each specimen had a rectan-
gular geometry with dimensions of 100 mm in length, 10 mm in width,
and 2.4 mm in thickness. The specimens were tested using a span length
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Fig. 12. The unitless residual temperature versus load cycle.

Fig. 13. Heat generation rate across fatigue load cycles for ROIs 1-3.

Fig. 14. Heat generation rate versus temperature increase for ROIs 1-3.
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of 40 mm. Detailed information about the tested GFRP specimens,
including their properties and manufacturing process, is provided in
Section 3.1. Excitation of the specimens was achieved using a TIRA® TV-
51120 electrodynamic shaker, connected to the force sensor (PCB Pie-
zotronics® 208C03) via a stringer. The shaker generated controlled
vibrational displacement, transmitted through the stringer to the tested
specimen. The force sensor measured the force corresponding to the
applied displacement. Additionally, vibration velocity was measured
using the single-point laser Doppler vibrometer Polytec® PDV-100,
while force and vibration signals were captured at a 2 kHz sample rate
through the multi-channel data acquisition card (NI® DAQ Card 6062E)
linked to a PC. The shaker parameters were regulated using a dedicated
in-house application. Temperature monitoring during tests was facili-
tated by the InfraTec® VarioCAM® hr IR camera, having a micro-
bolometric detector with a pixel resolution of 640 x 480 pixels. To
ensure precise temperature measurements, specimens were coated with
black matt heat-resisting silicone enamel with an emissivity of 0.98.
These measures ensured controlled conditions and accurate data
collection throughout the experimental procedure. Specimens were
subjected to cyclic loading in a fully reversed bending mode at a con-
stant frequency of 30 Hz. The average of force amplitudes (Ppqy), with
values ranging from 47 N to 70 N in 23 steps, were varied to observe
changes in the maximum self-heating temperature on the specimen
surface, corresponding to the defined ROI1 in numerical simulations,
which occurred near the bakelite holder. The force was converted to
stress using the cantilever beam stress formulas recommended for thin
composite laminates:

6PpaxL
bH?

. (25)

5.2. Comparison of numerical and experimental results

The comparison between numerical simulations and experimental
results aimed to assess the effectiveness of the developed numerical
model under three stress levels, as depicted in Fig. 21. Considering the
computational constraints linked to the small time increment (i.e., 8.3
ms) and its consequential effect on simulation duration, the analyses
were limited to a maximum of 30,000 load cycles. It is evident that
relative self-heating temperatures exponentially increase from the
beginning up to 10,000 cycles in both experiments and simulations.
However, the discrepancies in values are notable within this loading
range. Numerical results consistently indicated lower temperature
values compared to experimental data. This inconsistency between nu-
merical simulations and experimental measurements is attributed to the
assumption of a constant force amplitude throughout the simulations (i.
e., similar to the low-frequency fatigue testing facilities), contrasting
with decreasing the force amplitude applied by the shaker within load
cycles (as illustrated in Fig. 22). Notably, as the number of cycles
increased, the discrepancy between both sets of results diminished. This
convergence became evident between both numerical and experimental
results as the temperature stabilization was achieved after several
thousand cycles, wherein the tested specimen typically tolerates pro-
longed load cycles.

6. Thermomechanical fatigue of the PMC under fully reversed
bending

6.1. Constructing S—-N curve

To construct the semi-logarithmic S—-N curve, the force data captured
by the force sensor (e.g., shown in Fig. 22) was postprocessed. The
highest peak force within each cycle was identified, and the average of
these peaks was calculated as the force amplitude (Pmgx OF Ppin, With
equal magnitudes). The stress amplitude was then derived from the force
amplitude using Eq. (25).
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(a)

(b)
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(c)

Fig. 15. Relative temperature profiles on the specimen surface from (a) simulations including radiation, (b) simulations excluding radiation, and (c) experiment.

(a)

(b)

Fig. 16. Relative temperature profiles near the clamp from numerical simulations: (a) with radiation, and (b) without radiation.

Constructing a semilog-linear S—-N model across a broad spectrum of
fatigue cycles requires numerous experiments, which is a time-
consuming task. Therefore, the conducted constant amplitude tests
(CATs) were limited to half a million fatigue cycles in this study. The
semi-logarithmic S-N curve in Fig. 23 shows the CAT results extracted
until sudden failure, subjected to fully reversed bending. The equation
derived from the regression curve fitting procedure on the experimental
S-N data yielded a determination coefficient (R?) of 0.934.

6.2. Thermomechanical fatigue response

In addition to establishing S-N curve as a measure of mechanical
fatigue response in the tested PMC, it is crucial to comprehend its
thermomechanical fatigue response. Prior investigations have primarily
concentrated on the stabilized self-heating temperature increase of the

10

PMCs. For this purpose, the thermographic approach (i.e.,T —o curve)
has been widely implemented to estimate the fatigue strength of PMCs
[17,61]. In S—N domain, the term of fatigue strength denotes the stress
threshold causing sudden failure within specified cycles, while in the
stabilized temperature-based thermographic approach, it indicates the
stress level correlated with changes in thermal response resulting from
accumulating fatigue damage [4,61]. Nonetheless, in the present study,
analyzing the registered self-heating temperature curves under the
specific fatigue loading conditions illustrated three key terms: (i) the rise
in the stabilized self-heating temperature compared to the ambient
temperature (i.e., ATy,), (ii) the variation between the maximum tem-
perature recorded by the IR camera at the abrupt failure and the stabi-
lization temperature (i.e., ATg), and (iii) the difference between the
maximum temperature at the sudden failure and the ambient tempera-
ture, which are outlined by Egs. (26)-(28) and illustrated in Fig. 24.
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(a)

(b)
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Fig. 17. Relative temperature profiles at the midsection from numerical simulations: (a) with radiation, and (b) without radiation.

Fig. 18. Temperature evolution for ROIs 4 to 6 versus load cycles, including
and excluding the influence of radiation.

ATy =T — Tq, (26)
ATy =T;— T, 27)
ATy =T;— Ty, (28)

where T, is the ambient temperature, T; is the the stabilized self-heating
temperature, and is the maximum registered temperature on the spec-
imen surface during fatigue testing.

The temperature profiles corresponding to different stress ampli-
tudes until sudden failure are presented in Fig. 25. It was observed that
enhancing the relative self-heating temperature (ATs,) significantly re-
duces the residual life of tested PMCs. For example, raising AT, from
8 °C to 11.3 °C limited the lifespan from 444 ¢ 10 to 247 ¢ 10° load
cycles, while an increase to 13.5 °C reduced it by approximately five
times to 85 ¢ 10° load cycles. With a temperature increase of 20 °C, the
specimen could endure only 50 ¢ 103 load cycles, whereas with a 30 °C

11

Fig. 19. Temperature rise for ROIs 4 to 6 with and without radiation’s effect
over load cycles.

increase, it could endure merely 19 e 10° load cycles. Therefore, the
greater stabilized self-heating temperature resulting from higher stress
amplitude shortened the duration of the second phase, making a larger
portion of the process occur in the third phase.

Linear regression was employed to model the three aforementioned
parameters represented by Egs. (26)-(28) in relation to the stress
amplitude (see Fig. 26). The slopes of the regression lines, along with the
determination coefficient R?, are detailed in Table 2. The analysis
illustrated that the slope of the fitted line for ATy is marginally greater
than that of AT,,, maintaining a constant vertical offset of 11.3 °C for
ATy, above ATy,. Furthermore, the slope of the regression line for ATy, is
roughly double that of both AT, and ATy, individually, and is equivalent
to the sum of both.
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(a)

(b)
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(c)

Fig. 20. Experimental test-rig: (a) and (b) Clamped specimen with measurement devices and control setup, and (c) PC and IR software.

6.3. Residual flexural stiffness under thermomechanical conditions

Determining the flexural stiffness D is prioritized due to its direct
influence on measuring the bending behavior and structural integrity.
Analyzing the residual flexural stiffness of typical PMCs in a cantilever
beam configuration subjected to fully reversed fatigue bending in the
presence of the self-heating effect highlights the complex and mixed
interplay between mechanical integrity and thermal response. To
mathematically estimate this parameter, the displacement amplitude
Whaxe can be first computed using Eq. (8). Given the negligible heat
generation resulting from pure shear strain in ROI3 shown in Figs. 13
and 14, the shear term in Eq. (8) can then be disregarded for simplicity.
Rewriting Eq. (8) allows for the determination of the residual modulus
E, as a function of force P and displacement amplitudes for a thin
laminated composite per load cycle:

L3 [ Prax
E/(T,f) == .
}'( ’f) 31 (Wmaf ) cycle

The residual stiffness of a tested PMC can ultimately be determined

(29)

12

by:

D(T.f) = M, (30)
12(1 — vyytyx)

where v, is the longitudinal Poisson’s ratio given in Table 1, and vy, can
be achieved through:
Vy = =V 31)

Ey

The study investigated the interaction between residual flexural
stiffness and fatigue cycles across eight stress amplitudes, ranging from
201.75 MPa to 285.04 MPa, in the presence of self-heating, as depicted
in Fig. 27. The results showed a correlation among the stress amplitude,
fatigue cycle, and residual flexural stiffness of the PMC. A consistent
pattern emerged, revealing a decline in residual flexural stiffness with
increasing fatigue cycles across all stress amplitudes. Lower stress am-
plitudes exhibited a more gradual decrease in flexural stiffness, indi-
cating relatively higher resistance to thermomechanical fatigue-induced
degradation. However, higher stress amplitudes exhibited a more
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Fig. 21. Comparison of extracted results from the numerical model and ex-
periments at three load levels.

Fig. 22. Exemplary illustration of force data recorded by the force sensor
(depicted in green) alongside the calculated mean force amplitude derived from
the identified maximum peak force within each cycle.

pronounced reduction in residual flexural stiffness, resulting from
accelerated fatigue damage. Furthermore, higher stress amplitudes
intensified the self-heating temperature, see. Fig. 26, thereby acceler-
ating molecular mobility and consequently leading to crosslinking
degradation of polymer chains, fiber-matrix debonding, delamination,
and ultimately fiber breakage according to the literature.

7. Discussion

Results obtained from the implemented numerical simulation pro-
vided a deeper understanding of the self-heating temperature distribu-
tion across the thickness of a tested PMC and highlighted the impact of
radiation heat flux. In thin PMCs, like the one tested with a thickness of
2.4 mm under high-stress amplitude, the temperature variation between
the surface near the clamp (ROI1) and the neutral axis (ROI2) remained
under 4 °C when the radiation effect was considered, and below 7 °C
when radiation effect was excluded. This indicates that the surface
temperature measurement suffices for thin-tested PMCs, as confirmed
across ROIs 1 to 6. However, for thicker specimens, this temperature
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Fig. 23. S-N curve estimated at loading frequency of 30 Hz under fully reversed
fatigue bending.

Fig. 24. Schematic illustration of three key characteristics in analyzing the
thermomechanical fatigue response of the PMC.

difference may be more pronounced and necessitates consideration in
future investigations. The absence of radiative heat flux in the simula-
tions led to increased temperature values across all ROIs due to reduced
heat dissipation into the environment. However, the incorporation of
radiation effects into numerical models significantly enhanced the ac-
curacy of temperature predictions, highlighting its importance in
capturing real-world thermomechanical fatigue behavior.

Furthermore, S-N curve was constructed for the fully reversed
bending conditions in our study, offering comprehension of the PMC’s
mechanical fatigue response. Our experimental setup also allowed us to
observe the thermomechanical fatigue response of the tested PMCs.
Moreover, three different key features were introduced for a better un-
derstanding of the relation between the applied stress amplitude and the
thermal response, see Fig. 24 and Egs. (26)-(28). The increase in relative
stabilized self-heating temperature (ATy,) as found to significantly
reduce the residual life of the tested PMCs. In other words, a higher
stabilized self-heating temperature resulting from the increased stress
amplitude drastically shortened the duration of the second phase, which
is pivotal in fatigue characterization as it typically involves a longer load
duration for the tested PMC. Linear regression analysis revealed useful
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Fig. 25. Temperature profile evolution until the abrupt failure, measured
under different stress amplitudes.

Fig. 26. Temperature rise versus applied stress amplitude.

Table 2
Relationship between temperature variation and stress
amplitude.
Regression line equation R?
ATs, = 0.290 — 50.03 0.922
ATy = 0.350 — 38.71 0.846
ATy, = 0.640 — 88.74 0.933

relationships between the mentioned three thermal parameters (see Egs.
(26)—(28)) and the applied stress amplitude. The slopes of the regression
lines for ATy, ATy and ATy, were determined. The slope of the regres-
sion line for AT, was roughly double that of ATy, and ATy individually,
highlighting a synergistic effect of stress amplitude on thermal response.
Such linear regression models are feasible for stress levels above the
fatigue limit or fatigue strength. However, if the applied stress levels
cover a wide spectrum, including below the fatigue limit as well,
implementing a bilinear model similar to the thermographic approach
(i.e.,T —o) is recommended. Additionally, a correlation among stress
amplitude, fatigue cycle, and residual flexural stiffness was identified,
highlighting the relationship between mechanical integrity and thermal
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Fig. 27. Residual flexural stiffness resulted from applied stress amplitudes.

effects. The decrease in residual flexural stiffness as fatigue cycles in-
crease, especially under higher stress amplitudes, emphasized the key
role of self-heating in accelerating stiffness degradation.

8. Conclusions

This study shed light on better understanding the complex thermo-
mechanical fatigue behavior of PMCs, with particular attention given to
the issue of self-heating. The synergy between experimental character-
ization and numerical modeling has led to valuable achievements in
deeper comprehension of the phenomenology of self-heating in fatigue-
loaded PMCs.

The results highlighted the necessity of considering radiative heat
flux as an environmental factor for accurately determining self-heating
temperatures in numerical models. The study revealed that the tem-
perature variation across the thickness remained minimal in thin PMCs,
thus confirming the sufficiency of surface temperature measurements
for the thin-tested PMCs.

Moreover, the experimental results demonstrated a correlation be-
tween the stress amplitude, and three key relative self-heating temper-
atures (i.e. ATy, ATg, and ATy,) of the tested PMCs. Additionally, a
correlation between fatigue lifetime and residual flexural stiffness under
different stress amplitudes was identified, emphasizing the role of self-
heating in accelerating stiffness degradation.

These findings offer useful guidance for a better understanding of the
self-heating phenomenon, enhancing predictability, improving the ac-
curacy of numerical modeling, and ultimately mitigating thermal fa-
tigue in structural PMCs in the future. The findings are also crucial for
designing durable PMCs in structural applications. Accurate simulation
of temperature distributions aids in the excitation of the tested specimen
using a multi-harmonic vibrational signal to uniformly distribute the
self-heating temperature on the tested specimen surface for its damage
inspection using the developed self-heating based vibrothermography
(SHVT) technique.
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Appendix
Table A.1. Prony parameters extracted for the ther-
moviscoelastic modeling of glass/epoxy composite
i 7 [ms] & (-]
1 5.815E-03 0.0218
2 9.679E-09 0.0002
3 1.154E+03 0.0075
4 6.138E+02 0.0081
5 2.941E-06 0.0121
6 3.409E-08 0.0138
7 1.154E+03 0.0075
8 6.137E+02 0.0081
9 6.795E-01 0.0367
10 4.751E-07 0.0122
11 1.154E+03 0.0075
12 6.137E+02 0.0081
13 3.530E-04 0.0190
14 1.399E-09 0.0149
15 5.946E+01 0.0076
16 6.139E+02 0.0081
17 3.544E-02 0.0201
18 2.226E-11 0.0233
19 5.946E+01 0.0076
20 6.138E+02 0.0081
21 3.486E-05 0.0169
22 6.106E-06 0.0030
23 1.154E+03 0.0075
24 6.133E+02 0.0081
25 1.167E+03 0.0075
26 1.149E+03 0.0075
27 1.154E+03 0.0075
28 6.138E+02 0.0081
29 9.111E+01 0.0074
30 1.580E+02 0.0074
31 6.365E+01 0.0074
32 1.118E+403 0.0073
33 1.582E+02 0.0074
34 1.030E+02 0.0074
35 6.365E+01 0.0074
36 1.423E4-03 0.0089
37 1.581E+402 0.0074
38 1.580E+02 0.0074
39 8.722E+03 0.0211
40 1.424E+4-03 0.0089
41 1.884E+03 0.0123
42 1.884E+03 0.0123
43 8.722E+03 0.0211
44 3.774E+02 0.0089
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ABSTRACT

This study aimed to extract the thermomechanical fatigue behavior of a CF/PEKK composite under low and
ultrasonic frequency fatigue tests (LFFTs and UFFTs) in the presence of the self-heating effect. Preliminary
increasing amplitude tests (IATs) were performed to obtain the minimum load level at which the self-heating is
observable. Extracting the fatigue strength from T-¢ curves for three mean stress levels resulted in constructing
S-N curves for the LFFT regime at different load levels using a shift procedure. However, combining LFFT and
UFFT results via S-N curve was impractical, while joining such results through the heat dissipation rate (§)
was feasible for various constant amplitude tests and IATs. The derived o-G curves from combining LFFT and
UFFT results and comparing the fracture mechanisms of CF/PEKK composite using fractography would make
a step for bridging the transition zone between LFFTs and UFFTs and making the results transferable. The
microscopy images obtained from fractography also confirmed the similarities of fatigue fracture mechanisms

between LFFTs and UFFTs.

1. Introduction

Polymer-matrix composites (PMCs), such as carbon and glass fiber
reinforced polymers (CFRPs and GFRPs) are increasingly gaining at-
tention in the fields of energy and transportation (e.g., e-vehicles,
aviation and wind power plants) due to their superior strength- and
stiffness-to-weight ratios, excellent durability, good environmental re-
sistance and design flexibility [1,2]. Nevertheless, such structures are
still over-designed because of the absence of knowledge to guarantee
the nonoccurrence of remarkable fatigue damage accumulation over
prolonged fatigue loading [3]. This is due to a lack of knowledge on the
structural behavior of PMCs after billions of fatigue loading cycles and
how this relates to their well-established low-cycle fatigue behavior. To
evaluate such behavior, prolonged testing is necessary.

Fatigue life assessment of PMCs in the very-high-cycle-fatigue
(VHCF) (i.e. 107 or above) at conventional loading frequency, i.e., 5 Hz
or below is impractical. For example, performing a single fatigue
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experiment up to 10° cycles will take more than 6 years at cyclic
frequency of 5 Hz., which is approximately one-fifth of the typical
service lifetime of an aircraft [4].

To address this issue and perform the fatigue experiments at a
feasible time, an accelerated ultrasonic fatigue technique can be im-
plemented [5-7]. However, the question of the compatibility of VHCF
at ultrasonic frequency with high-cycle fatigue (HCF) at conventional
frequencies (up to 50 Hz) still remains open. A particular problem in
the evaluation of such compatibility is the presence of the self-heating
effect.

1.1. Self-heating effect in PMCs

When cyclic stress is applied to a PMC, the strain response comes
with a phase lag due to the viscoelastic nature of polymers or vice versa.
The heat generated due to hysteresis leads to temperature increase
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on the specimen surface under fatigue loading, termed as self-heating
effect. This phenomenon consists of three phases [2,8]. In phase I, a
rapid temperature growth occurs on the specimen surface after some fa-
tigue cycles, the rate of which is dependent on the applied stress/strain
level. This is followed by a stabilized self-heating temperature with
an almost constant value for most of the test duration (phase II). This
stabilized temperature is proportional to the applied stress loading [9].
Within the final phase (phase III), the self-heating temperature sud-
denly increases, corresponding to the fatigue damage accumulation
and thermal fatigue failure [10]. This degradation process, in the pres-
ence of the self-heating effect, is driven by numerous parameters such
as material properties (e.g., mechanical stiffness, thermomechanical
properties) and fatigue loading parameters (e.g., loading frequency,
stress ratio, mean stress) [10]. In the case of ultrasonic frequency
fatigue test (UFFT), the influence of the self-heating effect is even more
evident [8,11], and therefore, the steps to avoid overheating of the
tested specimen need to be considered. For this purpose, the authors
of [5,12] implemented a pulse-pause sequence and forced air cooling
to minimize the influence of self-heating temperature, which allows
performing a fatigue test up to 10° cycles in 12 days.

The structural performance of the PMC subjected to fatigue load-
ing was described by the critical self-heating temperature in previous
studies [13,14] as a material property. For a typical fatigue test, the
critical self-heating temperature is defined as the temperature inter-
val at which rapid damage propagation begins. Above this threshold,
i.e., in the non-stationary self-heating regime occurring within the third
phase [10], the failure of the specimen is dominated by thermal effects.
The phenomenon of self-heating and the determination of its criticality
interval were studied by several research groups using various physical
quantities (see, e.g., [15]). The sensitivity of various approaches regard-
ing structural changes that appeared after exceeding the self-heating
temperature were presented in [16].

1.2. Dependency of fatigue behavior of PMCs on loading parameters

Regardless of the type of PMCs, their fatigue behavior can be
influenced by the environmental conditions (e.g. ambient temperature,
humidity) [17-19] and loading parameters (e.g. direction of applied
loading, stress ratio, mean stress, and frequency) [12,20,21]. For this
purpose, several studies have investigated the fatigue behavior of GFRP
specimens under axial loading at different stress ratios (R) and low
frequencies (<15 Hz) [22-25]. The authors of the mentioned stud-
ies reported that increasing R at the same stress level led to longer
fatigue life, while the slope of S-N curve dropped with more scat-
tered responses. Additionally, different R resulted in different damage
distributions. Damage was uniformly distributed along the specimens
under R = 0.5, while damage zones were severe and localized at
R = 0.1 and caused continuous stiffness degradation. Numerous re-
searchers studied the effect of frequency on the fatigue behavior of
the PMCs. They reported a decrease in the fatigue lifespan with in-
creasing testing frequencies (up to 100 Hz) due to the self-heating
effect [21,26-31]. However, Adam and Horst [32] conducted fatigue
tests on glass/epoxy specimens at a low-frequency range (25-50 Hz).
They observed that similar fatigue lives at those two frequencies by
maintaining the increase of self-heating temperature (up to 15 °C).

1.3. Thermodynamic-based method for estimating the fatigue strength

Constructing a conventional S-N curve for a PMC requires many
experiments at different load levels, which is time-consuming and
costly [33]. To address this issue, Rosa and Risitano [34] developed
an accelerated thermodynamic-based method for estimating the fatigue
strength of materials, known as the temperature-stress (7-¢) curve
based on stabilized self-heating temperature (phase II). This approach
requires more advanced facilities (e.g., the IR camera) to capture the
thermal response of the fatigue-loaded specimen.
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The fatigue limit, typically derived from S-N curve, represents the
maximum stress threshold below which structural integrity remains
unaffected and endure an infinite number of cycles. However, S-N
curves obtained for composite materials usually do not exhibit a fatigue
limit [35]. The conventional fatigue limit term can be replaced by the
fatigue strength for PMCs to address this issue. This term within S-N
domain is defined as a stress level above which sudden failure occurs
under specific cycles. For the thermographic approach, it is the stress
level above which a change in the thermal response is observed arising
due to fatigue damage accumulation. Therefore, capturing the benefits
of both approaches is of primary importance. Numerous researchers im-
plemented the thermographic approach (i.e., T-c curve) for estimating
the fatigue strength of PMCs [33,36-41].

The authors in [8] recently used this approach to evaluate the
fatigue strength of a CF/PEKK composite under three-point (3P) bend-
ing at the ultrasonic frequency. In another study, Katunin et al. [38]
developed a hybrid approach by taking advantage of rapid Risitano’s
model as well as the non-destructive testing technique based on self-
heating developed previously within the group in order to estimate the
fatigue strength values and identify damage of CFRP and GFRP com-
posites at different applied impact energies. They later determined the
fatigue strength of hybrid bio-composites (i.e., glass/flax, Kevlar/flax,
and carbon/flax) with the aim of critical self-heating temperature and
acoustic emission methods and justified the obtained results through
fracture mechanisms analysis using microscopy [14]. These studies
prove this approach’s effectiveness for determining fatigue strength.

1.4. Comparability of fatigue results at different loading frequencies

The loading frequency during fatigue testing can greatly influ-
ence the fatigue behavior of the material under test. Fatigue tests
below a loading frequency of 100 Hz, termed low-frequency fatigue
tests (LFFTs), which are usually force-controlled, can show contrasting
results compared to ultrasonic frequency fatigue tests (UFFTs). The
latter is usually carried out in a displacement-controlled manner at
loading frequencies of 20 kHz in a pulse-pause pattern, leading to
effective loading frequencies of up to 3 kHz. A few studies imple-
mented both techniques for the same PMCs with similar stacking
sequences to understand how the results extracted from these test
systems are comparable. Ueki [42] compared the fatigue performance
of the plain-woven glass/epoxy specimens using the developed accel-
erated cantilever bending fatigue test (ACBFT) at a loading frequency
of 230 Hz and 1 Hz. All the tests were performed at R = —1. They
extracted S-N curves from three testing conditions for conventional
frequency fatigue tests (CFFTs): (i) at room temperature (20-25 °C),
(ii) ACBFT at low temperature (specimen: 8-15 °C; ambient: 0 °C),
and (iii) ACBFT at high temperature (specimen: 40-60 °C; ambient:
30 °C). They demonstrated that the fatigue strength obtained from
ACBFT declined by approximately 10% to 20% at a higher temperature
than room temperature. They also reported that the fatigue behavior
of the specimens under CFFTs and ACBFTs was quite similar under the
appropriate temperature control on the specimen surface.

Lee et al. [7] conducted a large number of fully reversed axial
fatigue experiments on glass/polyamide (GF30/PA66) specimens at
room temperature (RT) at both conventional (3 Hz) and ultrasonic
(20 kHz) frequencies. CFFTs were conducted at stress levels of 35%
up to 55% of the maximum yield strength, and UFFTs were carried out
at 30% up to 40%. They used similar specimen geometry for CFFTs
and UFFTs. The self-heating of the specimen for the UFFT experiments
was limited by employing 300 ms pulse and 3000 ms pause times and
an active thermoelectric cooler. Their findings show a comparatively
lower slope for the UFFT results for the same stress levels. In another
study, Flore et al. [43] performed experiments on the unidirectional
glass/epoxy specimens using both conventional (10 Hz) and ultrasonic
axial fatigue tests, with R = 0.1. They also reported a lower slope in
S-N curve and a lower fatigue strength for UFFTs. Such a discrepancy
may result from various types of damage (e.g., microcracks and fiber—
matrix debonding) as well as the frequency-dependent cyclic softening
of the matrix during UFFTs.
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Table 1
Material properties of CF/PEKK laminate [8].

5H satin woven fabric
0.31 + 0.01 mm

Fabric type
Ply thickness

Layup [0/90/0/90/0/90/0]
Areal density 280 g/m?

Fiber volume fraction 50%

Glass transition temperature 160 °C

Melting temperature 337 °C

Ultimate tensile strength 0° 776 MPa

Ultimate compressive strength 0° 585 MPa

Specific heat 1425 J kg™t K

1.5. Motivation

Presently, limited studies have compared LFFT and UFFT results.
These chiefly pertain to GFRP composites under axial fatigue loading.
The comparability and transferability of fatigue results for composites
between the LFFTs and UFFTs is challenging and still remains open
for investigation. Nevertheless, the current state of knowledge pre-
sented in the background provides the motivation for this study, which
aims to highlight the problem of transferability between the results
obtained from LFFT and UFFT and offer a potential solution. This
study aims to investigate an aerospace-relevant CF/PEKK composite
material, compare its behavior under 3P bending LFFT and UFFT con-
ditions, and report on the transferability of the results from CATs and
IATs performed at vastly different loading frequencies. Additionally,
the frequency and self-heating-related differences in thermomechanical
behavior and fatigue fracture mechanisms are analyzed as the po-
tential factors, allowing to elaborate a reliable frequency-independent
fatigue strength estimation method in the further studies for CF/PEKK
composite. This investigation would promote the interpretation of the
thermomechanical fatigue behavior of a CF/PEKK composite under low
and ultrasonic frequencies.

2. Specimens and testing methodologies
2.1. Specimens preparation

Laminates of carbon fibers in 5-harness satin fabric architecture
with poly-ether-ketone-ketone (PEKK) as a polymer matrix were man-
ufactured by Toray Advanced Composites (Nijverdal, The Netherlands)
and used in this investigation. PEKK is a semi-crystalline polymer with a
glass transition (7, g) and melting point (7},) of about 160 °C and 340 °C,
respectively. The manufacturer ultrasonically C-scanned the laminates
to show a defect-free consolidation process. The composite laminate
consists of 13 layers of fabrics symmetrically stacked in alternating 0°
and 90° warp fiber orientations with a single 0° layer in the center.
A laminate thickness of 4.1 mm was achieved after the consolidation
process. More information on the composite material can be found in
the previous studies by the authors [5,8]. Table 1 shows the material
properties of the CF/PEKK laminate provided by the manufacturer.

The CF/PEKK specimens must be designed to be excited during reso-
nance vibrations under transverse-bending eigenmode at an oscillation
frequency of 20 kHz. Modal and harmonic analyses were conducted
using Ansys Workbench software to determine the suitable specimen
geometry for realizing ultrasonic cyclic bending with a 3P bending
loading condition. A specimen volume of 34.0 x 15.0 x 4.1 mm? with
a span length of 18.6 mm was thus adapted for fatigue testing at
ultrasonic [5,8,44] as well as for low-frequency fatigue testing.

2.2. Low-frequency fatigue testing setup

CF/PEKK specimens were examined using constant and increasing
amplitude tests using the electromechanical Instron ElectroPuls E10000
(High Wycombe, UK) test system with +0.5% of the indicated load
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accuracy. All of the LFFTs were carried out in force control mode.
The loading waveforms, according to Table 2, were established and
controlled by the electromechanical testing system. An ambient tem-
perature of 23 °C was maintained for the laboratory where the test
system is located. The ambient temperature around the testing system
was also monitored using the precision thermometer TM-917 (Lutron,
Coopersburg, USA) with resistive probe PT-100. Observations of the
surface temperature evolution of the specimens during testing were car-
ried out using a VarioCAM hr infrared (IR) camera (Infratec, Dresden,
Germany) with the Carl-Zeiss F1.0/focal length 50 mm lens. The IR
images captured using the IR camera with a resolution of 640 x 480
pixels were initially pre-processed using Irbis 3 plus software (Infratec,
Dresden, Germany) and finally exported to MATLAB (MathWorks, USA)
environment for further data processing. The entire fatigue testing
setup is presented in Fig. 1. The same specimen size was adapted for
LFFTs and UFFTs under 3P bending loading conditions [8]. The fixture
shown in Fig. 2 has the same span length (18.6 mm) and radius (5 mm)
for the loading nose (5 mm), and the support shoulders used in UFFT
system [8].

2.3. Testing procedure

According to the recommendations [10], fatigue experiments on
GFRPs exposed to natural air cooling should be performed at the
loading frequency below 10 Hz to make the influence of frequency on
the self-heating temperature negligible, which decelerates the fatigue
testing. Nevertheless, applying such a loading frequency on CF/PEKK
composite seems conservative. The main causative factor contributing
to this may be the higher thermal conductivity value of CF/PEKK
composite compared to GFRPs. This plays a key role in dissipating
greater heat into the surroundings, leading to a lower rate of internal
heat storage and, consequently, a lower self-heating temperature on
the specimen surface. For this purpose, IATs, as the initial trials, were
conducted at the loading frequency ranging from 5 Hz up to 50 Hz in
order to find the maximum loading frequency at which the self-heating
temperature is primarily dominated by mechanical loading and not by
loading frequency. It was observed that even at the upper limit of the
interval (i.e., 50 Hz), the induced self-heating temperature by frequency
was negligible. This allowed to accelerate the fatigue experiments and
perform the entire LFFT experiments at 50 Hz.

The experimental procedure was proceeded by measuring the emis-
sivity of the CF/PEKK specimens. An indirect technique using a refer-
ence material with known emissivity was implemented. The emissivity
of the CF/PEKK, was than measured with the value of 0.91 + 0.01 and
then considered for all experiments.

The captured thermograms using an IR camera contain regions of
interest (ROIs). The ROIs defined in LFFTs are presented in Fig. 3 and
comprise five regions on its lateral face: the entire lateral face of the
specimen (R4), the central region located at the bottom of lateral face
(R1), the lateral regions close to the right and left side of the fixture (R2,
R3) respectively, and the lateral region near the loading nose (R5). Due
to the characteristics of the 3P bending test, the most interesting lateral
region is (R1), while other ROIs were used to observe any potentially
undesirable side effects (e.g., friction or movement of the specimen
at low loads). For every ROI, the maximum temperature change was
registered. Since no side effects have been observed in other ROIs
during tests, only the maximum temperature from R1 was analyzed for
further data processing within LFFT results. Similarly, the ROIs were
defined in UFFTs. An example of the determined ROIs was discussed
and presented in the paper [8].

The experimental testing procedure included two steps: conducting
CATs and IATs. In the first step, CATs were performed at the mean
load of 2.5 kN (283 MPa) for five different amplitudes (i.e., 2.25 kN
(255 MPa), 2 kN (226 MPa), 1.8 kN (204 MPa), 1.5 kN (170 MPa) and
1 kN (113 MPa) up to one million loading cycles for constructing .S-
N curve, and consequently estimating the fatigue strength of CF/PEKK
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Fig. 1. Test rig for LFFT.

composite in LFFT regime. Additionally, the CATs were used for build-
ing S-N curve consisting of LFFT and UFFT results. In the second
step, IATs were first performed at the same mean load (i.e., 283 MPa)
for combining the results from both LFFTs and UFFTs with the same
mean force, as well as for validating the extracted fatigue strength from
the thermographic approach (i.e., temperature-stress curve) with S-N
curve.

For conducting IAT at the mean load of 283 MPa, 14 loading levels
shown in Table 2 were considered to estimate the fatigue strength from
the stress-temperature curve reliably. The applied forces within per-
forming LFFTs have been converted to the maximal bending stress using
the relation, referring to the recommendation by
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Fig. 2. In-house designed fixture for 3P bending loading condition with broken
CF/PEKK specimen.

Fig. 3. ROIs defined on the exemplary thermogram registered during IAT-1B test.

ASTM D7264/D7264M-15:

a=3/2<%> €3]

where L, b, and h are the tested specimen’s span length, width, and
thickness. According to the preliminary test results from CATSs, one
specimen could not tolerate such load levels without fatigue failure.
To address this issue, such load levels were divided into two groups
and were equally applied to the two different specimens with the same
mean force of 283 MPa (see the testing conditions in Table 2 for IAT-
1A and IAT-1B). Additionally, to understand the influence of mean
loading on the fatigue strength, IATs were performed for two more
mean force values, i.e., 3 kKN (340 MPa) and 3.5 kN (396 MPa). Based
on the preliminary CATs and monotonic tests for compression failure
mode [8], the level of maximum applied load should not exceed the
ultimate compressive strength of the specimen. For this reason, 11 load
levels were considered for the mean loads of 340 MPa and 396 MPa
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Table 2
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Settings for performing increasing amplitude tests (IATs) under loading frequency of 50 Hz.

Index Initial load Amp. load step No. of steps AN Unloading duration between each
N [MPa] N [MPa] -1 [cycles] Two Amp. levels [min]

IAT-1A 3300 [374.2] 200 [22.7] 7 3.5.10* 10

IAT-1B 3400 [385.6] 200 [22.7] 7 3.5-10* 10

IAT-2 3900 [442.2] 100 [11.3] 10 3.5.10* 10

IAT-3 4400 [498.9] 100 [11.3] 10 3.5.10* 10

with the same level of force step of 100 N or 11 MPa (IAT-2 and IAT-
3, respectively). It should be mentioned that the number of cycles per
loading block was set to 35000, corresponding to a loading duration
of 700 s. Derived from preliminary investigations, such a number of
cycles was enough to achieve self-heating temperature stabilization.
Furthermore, the unloading duration between the two loading blocks
was set to 600 s to allow the tested specimen to return to the am-
bient temperature. Next, the IR camera was applied to register the
thermal response in ROIs with the framerate of 1 Hz by acquiring the
thermograms with a resolution of 480 x 640 pixels. The acquisition
parameters of thermograms were as follows: distance from IR camera
to the CF/PEKK specimen 0.47 m, emissivity 0.91, environmental and
path temperatures 23 °C.

2.4. Ultrasonic frequency testing setup

The fatigue experiments at ultrasonic cyclic frequencies were car-
ried out at the INATECH facility at the University of Freiburg. The
ultrasonic fatigue test system consists of loading nose and support units
with the same radius (R = 5 mm) as the LFFT system. An in-house
test system constructed using the ultrasonic resonance components
supplied by Herrmann Ultraschalltechnik GmbH, (Karlsbad, Germany)
was used for testing the CF/PEKK specimens at frequencies of about
20.2 + 0.02 kHz. The description of the UFT system for the 3P bending
loading conditions can be found in the previous works performed
by the authors [5,8,44]. The experiments are displacement-controlled
since the cyclic loading is applied using the inverse piezoelectric effect
with maximum cyclic displacement amplitude up to 57 pm [5]. Thus,
only the mean displacements can be increased in order to increase
the maximum displacements or stresses on the CF/PEKK material. In
the previous investigation [8], a monotonic displacement of 150 pm
was realized for all the fatigue experiments. In the current study,
increasing amplitude experiments were performed at monotonic dis-
placements of 250 pm, and 300 pm with a pulse and pause durations
of 250 ms and 1500 ms, respectively. Furthermore, three constant
amplitude experiments were performed at a monotonic displacement
of 300 pm with pulse and pause durations of 50 ms and 300 ms. Thus,
the effective frequency remains unchanged compared to the previous
investigation [8].

2.5. Fractography

The fractographic analysis of the specimens after LFFT was per-
formed on Leica DVM6 digital microscope (Weltzar, Germany) with the
ring lighting and the magnification varying in the range of x22 to X500,
depending on the observed defects. Additionally, the side lighting was
applied to improve the visibility of the surface topography.

Initially, the images were collected as a Z stack, which was then
converted into two-dimensional images using Leica Application Suite
dedicated software to improve the depth of focus, which was especially
important to visualize defects in specimens after LFFT. The specimens
were initially tested with a microscope to check for any initial damage
before starting LFFT. The only damage observed in undamaged speci-
mens was the cracks on the boundaries resulting from cutting, which
do not influence the development of damage mechanisms during LFFT.

The CF/PEKK specimens tested under ultrasonic loading conditions
do not break into two halves, unlike the monotonic or LFFT experi-
ments. This is because UFFT experiments are displacement-controlled

Fig. 4. S-N curve estimated for the mean stress of 283.5 MPa (2.5 kN) with the
predicted zone of fatigue strength estimated based on LFFTs.

and terminated after a global stiffness drop of ~15% occurs in the
presence of macroscopic damage, such as delamination. The failed spec-
imens were embedded in epoxy. These epoxy samples were ground and
polished using the Streurs LaboPol-30 system (Willich, Germany). A SiC
#320 (fineness number) sheet was used to grind the specimen surface.
MD-Largo and MD-DAC sheets were used to polish the surface of the
CF/PEKK specimens for the standard polishing time recommended by
Streurs. This procedure was already presented in the previous investi-
gation of the authors and can be found in [5]. The prepared samples
were then observed under a light optical digital microscope of type
Zeiss Smartzoom 5 from Carl Zeiss AG (Oberkochen, Germany).

3. Results of fatigue tests

This section presents and discusses the acquired results and their
analysis. In Section 3.1, the fatigue strength of a tested composite is
first evaluated and validated in the LFFT regime based on analysis
of S-N curves and IR-thermography approaches. In Section 3.2, the
influence of mean load on the fatigue strength of the tested composite
is assessed using a novel approach based on the IR-thermography.
The derived shifting factors from the bilinear IR thermography curves
are then implemented to construct S-N curve for further mean loads.
Furthermore, in Section 3.3, the LFFT and UFFT results are compared
regarding the critical self-heating temperature concept. In Section 3.4,
the thermomechanical fatigue behavior of the CF/PEKK composite is
characterized by combining the LFFT and UFFT results.

3.1. Fatigue strength estimation using S-N and IR-thermography

The logarithmic S-N curve in Fig. 4 shows the results of CATs for
LFFT. The tests were conducted at 50 Hz under mean stress of 283 MPa
until final failure or run-out when the number of cycles reaches 10°
cycles, which is commonly recognized as a boundary between Low
Cycle Fatigue (LCF) and High Cycle Fatigue (HCF) regimes.

Estimation of the full logarithmic S-N model in HCF or VHCF is a
time-consuming process, which requires numerous sets of experiments



J. Amraei et al.

Fig. 5. Fatigue strength estimated for mean stress of 283.5 MPa (2.5 kN) in LFFTs.

to obtain a model with appropriate statistical significance [35,45]. An
alternative accelerated approach is a thermographic method, proved
by many research studies [34,37,46-511, which, by the observation of
the relative temperature changes for different stresses, allows acquiring
information on fatigue-related behavior of composite materials [48].

The thermographic approach procedure requires performing IATs,
for which stabilization of the self-heating temperature should be ob-
served for different loads for an adequate period of time. Based on Lu-
ong’s method [52] with some further modifications presented in [50],
the temperature-stress (T-¢) diagram in this study has been constructed
for two increasing amplitude tests, IAT-1A and IAT-1B, with the use
of two tested specimens. Some points for lower loads with the limited
ability to observe the thermal response in relation to noise level were
omitted. The combined results of both tests can be observed in Fig. 5.
The presented bilinear model was built using the minimum average
Root Mean Square Error (RMSE) criteria [50] obtained for both lines of
this model. The estimated fatigue strength at the intersection of both
lines is 461 MPa, which refers to the applied load of 4.07 kN.

The comparison of the fatigue strength obtained from S-N curve for
50 Hz with the fatigue strength of 461 MPa and derived by the ther-
mographic approach allows finding the corresponding fatigue cycles
of 8.25 - 10° for the fatigue strength obtained using the thermographic
approach.

3.2. The influence of mean stress effect on fatigue behavior

To extend the fatigue strength results to other conditions of fa-
tigue experiments, e.g., the influence of different mean stress, it is
essential to apply different shifting procedures or correction factors
using various approaches. In the classical approach, to model the mean
stress effect based on S-N curves and fatigue failure criteria [35], the
effect can be modeled using different models defined in the domain
of the Constant Life Diagrams (CLD). In CLDs the relation between
the stress amplitude and the mean stress is not always linear [53].
In a further modification of this approach, S-N curves are collected
for different constant stress ratios and finally, the mean stress effect
is approximated using piecewise linear models [45,54] or any other
nonlinear models [53,55-57]. These methods usually require more
input data [35,45,55], which, in turn, requires performing numerous
CATs. This section shows the concept of the implemented method for
estimating the mean stress effect on estimating HCF strength based on
the thermographic approach.

Fig. 6 presents T-¢ diagram for different mean stresses: 283.5 MPa,
which correspond to 2.5 kN, related to IAT-1A and IAT-1B data pre-
viously shown in Fig. 5, and also for 340 MPa (3.0 kN) based on the
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Fig. 6. Fatigue strengths estimated for mean stresses of 283.5 MPa (represented by
(crosses), 340.2 MPa (circles), and 396.9 MPa (diamonds) in LFFT tests.

Fig. 7. Fatigue strength zone (i.e., the region between LCF and HCF) extracted from
S-N curve under LFFTs for mean stress of 283.5 MPa, and shifting S-N curves for the
mean stresses of 340.2 MPa (squares) and 396.9 MPa (circles) according to the values
estimated from T-¢ curves.

data from IAT-2, and 397 MPa (3.5 kN) using IAT-3 experimental data.
Applying the same procedure as in the results presented in Fig. 5,
bilinear models were constructed and fatigue strengths were estimated
for the mean loads. The results are presented in Fig. 7 and correspond
to 461 MPa, 510 MPa, and 548 MPa for subsequent mean stresses
of 283 MPa, 340 MPa, and 397 MPa. The difference between the
fatigue strengths derived for mean stress of 283 MPa (2.5 kN) and
340 MPa (3.0 kN) equals 49 MPa, while the difference between the
fatigue strengths obtained for 340 MPa (3.0 kN) and 397 MPa (3.5 kN)
equals 38 MPa. The differences between subsequent tests performed
for different mean stress values were used as vertical shifting factors in
the S-N model presented in Fig. 7. The presented shifting procedure
is limited by ultimate strengths in the range of LCF of the analyzed
composite.

3.3. Estimating the critical self-heating temperature interval for LFFT and
UFFT

The concept of critical self-heating temperature was implemented
in the previous studies by this research group [13,14,16] for damage
evaluation in fatigue-loaded PMC specimens under the low-frequency
regime. This indicates the temperature interval above which a notice-
able thermomechanical change begins. This section aims to estimate
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Fig. 8. Critical temperature analysis for LFFT with o, = 255.1 MPa and ¢ = 538.6 MPa.
(For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

Fig. 9. Critical temperature analysis for UFFT with ¢, = 47.2 MPa and ¢ = 330.7 MPa.
(For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

the critical self-heating temperature intervals for both LFFT and UFFT
regimes. This allowed to evaluate how the obtained temperature in-
tervals are comparable for both regimes. For this reason, the critical
temperature intervals were estimated for CF/PEKK composite at the
mean load of 283 MPa and three different stress amplitudes (o,)
provided in Table 3 for both, LFFT and UFFT regimes.

The interval of critical self-heating temperature was identified based
on a time series of temperature, which was extracted from thermograms
registered during constant amplitude experiments of LFFT (Section 2.3)
and UFFT (Section 2.4). In particular, the mentioned time series were
formed using maximum temperatures from the ROI at the bottom
center of the tested specimen (see Fig. 3) in both cases. Finally, a
six series of self-heating temperatures (three series for each LFFT and
UFFT) were obtained. Due to the sequenced structure, the UFFT time
temperature series were preprocessed before estimating the critical
self-heating temperature intervals. In particular, data samples with
a maximum temperature value for each pulse-pause sequence were
selected in order to form a new UFFT time temperature series, and the
LFFT time-temperature series were used directly.

Identification of the interval for the critical self-heating temper-
ature for each temperature time series was performed by means of
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Table 3
Results of estimating critical self-heating temperature interval ranges for performed
LFFT and UFFT constant amplitude experiments.

Oa o Ler Ucr Ner
[MPa] [MPa] [°C] [°C] [-]
255.1 538.6 32.1 33.2 1.29 - 10°
LFFT 226.8 510.3 28.0 29.2 1.37-10°
204.1 487.6 27.1 27.5 1.30-10°
47.2 330.7 65.8 69.3 2.57-107
UFFT 45.9 329.4 55.3 57.7 4.82-107
44.6 328.1 48.9 55.2 2.37-107

double-exponential approximation (dashed red line in Figs. 8 and 9,
respectively) [50]. This approach distinguishes three distinct phases
of the self-heating temperature evolution. Two points were defined in
the double-exponential approximation model. The first one indicates
the end of the first phase, which can be determined directly using
estimated parameters of the double-exponential model [50]. The sec-
ond one indicates the end of the second phase and is recognized as
a location, where the self-heating temperature profile begins deviating
from the double-exponential approximation model (see Figs. 8 and 9).
In [13,14,16], this temperature is defined as critical temperature, which
is a function of different factors (e.g., number of cycles, stress levels)
for the beginning of noticeable damage accumulation.

According to disturbances observed in self-heating temperature pro-
files (especially in temperature series from UFFTs), it is more rational
to use an interval of the critical self-heating temperature instead of
a single value reported in [13,14,16]. In this approach, the interval
is indicated by two boundary values, which are the upper (U) and
lower (L) symmetrical offsets (two dashed black lines in Figs. 8 and
9) from the double-exponential approximation. These are estimated in
the following way:

L(N) = T(N) =3 5D,y (2)
U(N) = T(N)+3SD,,, (3
where:

SDy,q = L\/Z (F(Ngpa) = F(Nppg)) @

Nowa
F(Naypg) = T(Nayg) = T(Noyg) (5)
1

F(N n = i N Ny (6)
F( 2d) Nzndzr( Zd)

and N is the number of fatigue cycles, N,,, is the number of fatigue
cycles in the second phase of self-heating evolution, T(N) indicates
the self-heating temperature profile, T(N) is the double-exponential
approximation of self-heating temperature evolution. Based on above,
the upper bound (U(N)) and T(N) is used to find an intersection (green
asterisk point in Figs. 8 and 9), which indicates the lower and upper
offset of the critical self-heating temperature (i.e., the Loy and Ucr),
respectively, and corresponding number of fatigue cycles (N¢r).

This approach was applied to estimated intervals of the critical self-
heating temperature for conducted LFFT and UFFT constant amplitude
experiments. All the obtained results for CATs within LFFTs and UFFTs
are presented in Table 3, and the exemplary results have been shown
in Figs. 8 and 9. Results presented in Table 3 show that the range
of the interval of the critical self-heating temperature is growing in
accordance with the level of load amplitude ¢,. Looking at the obtained
results, one can conclude the greater range of critical self-heating
temperature interval for UFFTs compared to LFFTs (i.e., interval of
48.9-69.3 °C compared to 27.1-33.2 °C, respectively), despite apply-
ing the lower amplitude of stress within UFFTs. Such a discrepancy
between the extracted intervals can be rooted in different loading
frequencies, cooling conditions, etc. Therefore, the critical self-heating
temperature concept for LFFT and UFFT regimes in 3P bending testing
cannot be implemented directly and requires modification and further
investigation. We refer to this issue in the next subsection by combining
LFFT and UFFT with the concept of heat dissipation rate.
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Fig. 10. Combining the fatigue behavior of CF/PEKK composite under LFFT and UFFT
regimes through S-N curve.

3.4. Combining LFFT and UFFT results for thermomechanical fatigue anal-
ysis

Due to the time-consuming nature of VHCF testing at low frequen-
cies, a straightforward strategy consists of simultaneously utilizing UF
and LF techniques to combine both test results and construct S-N
curve. For this purpose, CATs were conducted on CF/PEKK composite
specimens, subjecting them to various load amplitudes while maintain-
ing a constant mean load of 283 MPa (2.5 kN or a static deflection
of 300 pm), for up to 10° and 108 cycles within LF and UF techniques,
respectively. The stress ratio range for CATs within LFFTs falls between
0.05 and 0.43, while this ratio for UFFTs spans from 0.71 to 0.72
(i.e., 0.05 < Ry pprs <043, and 0.71 < Rypprs < 0.72, respectively).
The results are presented in Fig. 10. A vivid and primary outcome
from the figure is a transition zone between LFFT and UFFT results. On
one hand, constructing the transition zone through LF testing requires
extensive testing time. On the other hand, technological limitations also
restrict the application of higher loads in the UFFT technique.

A viable path can be found in the representation of the thermo-
mechanical fatigue behavior of the CF/PEKK composite under both LF
and UF experiments by utilizing the concept of heat dissipation rate.
This approach quantitatively assesses the specimen’s response subjected
to fatigue loading. In prior investigation [8], the parameter § was
assessed within the context of a non-stationary self-heating scenario at
the pulse-pause boundaries for CATs, using the following equation:

. oT

q=-prcos )
where p is the mass density, c is the specific heat, T is the temperature,
and ¢ is time. In the current study, ¢ is evaluated for the stationary
self-heating regime, but at the end of each loading block, allowing for
sufficient cooling of the tested specimen using the applied technology
until the specimen’s temperature approaches the ambient temperature
(e.g., 23 °C for LFFTs). This mitigates the potential negative influ-
ence of additional surface-temperature rise led by frictional heat on
the experimental setup, particularly in the case of UFFTs, and conse-
quently enhances the accuracy of the obtained results. Figs. 11 and
12, respectively, illustrate the exemplary temperature history curves
of LFFT and UFFT alongside their corresponding linear regressions,
allowing us to determine the heat dissipation rate. According to the
post-processing of the LFFT results, a constant window of 20 thermo-
grams registered at a framerate of 1 Hz was considered for constructing
the regression line. Performing similar post-processing for UFFT results,
the constant window length of 48 thermograms acquired at the IR
camera’s 32 Hz framerate was adopted to align with the pause duration
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Fig. 11. The exemplary Temperature - Time response of L3000 (see Table 4) under
stress amplitude 170.1 MPa, 181.4 MPa and 192.8 MPa for evaluating of heat
dissipation rate in LFFT regime.

Fig. 12. The exemplary thermal response of U300 (see Table 4) under stress amplitude
44.6 MPa for determining heat dissipation rate in UFFT regime.

within each pulse-pause sequence similarly. Considering such constant
window lengths for LFFTs and UFFTs provided high-accuracy results
with reduced data scattering.

Heat dissipation rate (¢§) is intrinsically dependent on several key
variables, including loading frequency (), oscillation displacement/
force amplitude (6,/F,), and the implemented cooling technique (CT).
Distinguishing the effects of such parameters on the results obtained
from LF and UF technologies is challenging. Among the mentioned
factors, however, the mechanical loading from LF (forced control) and
UF (displacement control) can be adopted using the oscillation displace-
ment amplitude presented in [8] for the monotonic and dynamic test
results. This adaptation assumes a negligible influence on the accuracy
of the converted results. The influence of frequency and applied cooling
technique (FCT) can be assumed and then determined as a combined
and scalable factor, which makes results obtained for both LFFTs
and UFFTs transferable and equivalent. This approach simplifies the
interplay of such factors in the comparative analysis of LF and UF
technologies.

To quantify the dependency of ¢ on oscillation amplitude, a cam-
paign of IATs was first performed with the same mean load of 283 MPa.
The stress ratio range for IATs within LFFTs spans from 0.11 to 0.59,
while this ratio for UFFTs varies between 0.67 and 0.88 (i.e., 0.11 <
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Fig. 13. The dependency of heat dissipation rate on loading amplitude within LFFT
and UFFT regimes.

Ripprs < 0.59, and 0.67 < Rypprs < 0.88, respectively). Applying
such a wide range of loading provided a comprehensive coverage
of the potentialities in performing 3P bending tests. This is crucial
in characterizing the thermomechanical fatigue behavior of CF/PEKK
composite under different stress conditions, aiding in understanding
the durability, potential failure modes, and fracture mechanisms. The
heat dissipation rate over the determined spectrum of transferred dis-
placement amplitudes (utilizing the relationship between displacement
and force) is presented in Fig. 13. Furthermore, it is assumed that the
heat dissipation rate is negligible when the displacement amplitude is
zero, denoted as 6, = 0, implying ¢ = 0 under such a condition. This
zero-displacement scenario is considered the lower boundary condi-
tion (LBC), while data extracted from LFFTs performed at the higher
displacement amplitudes are considered the upper boundary condition
(UBC). Using LBC and UBC results, a quadratic fit (4th-order polyno-
mial) was implemented to model § with satisfactory accuracy, yielding
a RMSE of 4.4 kJ/s m? with the data obtained from LFFT experiments
and LBC, as well as with the standard deviation (SD) of 3.57 kJ/s m?.

Given that the available UF technique can apply the displacement
amplitude in the range of 51.4 pm at 90 percent of power generation as
the upper limit, located within the spectrum bounded by LBC and UBC,
it is reasonable to infer that when conducting LFFTs within this specific
amplitude range, the heat dissipation rate can predictably be estimated
through the quadratic formula. The raw results for ¢ obtained from
UFFTs were divided by their counterparts derived from LFFTs, consid-
ering the same displacement amplitudes. This energy ratio, denoted by
Grario as follows,
qmtio = q[]ﬂ (8)

dLFFT

This serves as an indicator of the cumulative effects of frequency and
applied cooling technique. Noticeably, the average value of this ratio
(i.e., ,u;,) was calculated to be 2107. To put it another way, the
FCT ratio signifies that the interplay of frequency and cooling system
in UFFT accelerates the heat dissipation rate by a factor of 2107
compared to conducting the same test with LFFT system. Following
this adjustment, the combination of frequency and cooling technique
can be regarded as a unified and scalable factor in the analysis of heat
dissipation rate.

To analyze the thermomechanical fatigue behavior of the CF/PEKK
composite, the tested specimens were subjected to various mean and
amplitude loads (see Tables 2 and 4). Considering the above-mentioned
assumptions and applying ¢,,,,, the heat dissipation rate for an equiv-
alent mean load of 283 MPa was first evaluated based on results from
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Fig. 14. Combining the thermomechanical fatigue behavior of CF/PEKK composite
under LFFT and UFFT regimes through stress-heat dissipation rate curves. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

IATs for both LFFT (2.5 kN) and UFFT (300 pm), demonstrated by the
blue and red squares in Fig. 14, respectively. The test conditions are
presented in Table 4. It should be mentioned that the applied mean load
of 283 MPa, represents slightly over one-third of the CF/PEKK ultimate
strength (811 MPa [5]), which is insufficient for the comprehensive
thermomechanical fatigue characterization of such a composite. To
address this, the capabilities/boundaries of performing 3P bending
testing using both low and ultrasonic frequency techniques have been
illustrated in Fig. 14. As can be extracted from Fig. 14, the UFFT
technique offers the opportunity to apply a lower level of mean load,
while the LFFT method provides the opportunity to apply a higher
level of mean load. By implementing such benefits, both higher and
lower mean loads were applied to the tested specimens. UFFTs were
performed under the highest possible mean load of 283 MPa (300 pm)
and the lower mean load of 236 MPa (250 pm). Both applied mean loads
enabled the thermal response registration using an IR camera. On the
other side, according to the preliminary LFFT results, the lowest ampli-
tude load that registered a thermal response was 102 MPa (900 N),
while the amplitude load level leading to failure below 10° cycles
was 240 MPa (1.8 kN). As the limitation of conducting 3P bending
testing, the applied amplitude loading must not exceed the mean load
value. Considering such limitations regarding the testing technique and
the necessity for thermal response registration, the tested specimens
were additionally applied to higher mean loads (i.e., 340 MPa and
397 MPa) using the LFFT technique. Taking the advantages of UFFTs,
the thermomechanical fatigue behavior of ¢-¢ curve was predicted for
LFFTs for the lower mean load of 236 MPa (i.e., 2.08 kN or 250 pm).
Using LFFTs, by contrast, o-§ curves were predicted for higher mean
loads of 340 MPa and 397 MPa (368 pm and 429 pm), which surpass
the capabilities of existing UFFT technology.

3.5. Fractographic analysis

The results of the fractographic analysis demonstrated fracture
mechanisms typical for the applied loading and investigated compos-
ites. The propagation of a crack in the normal direction to the surface
where the loading was applied was accompanied by extended delam-
inations at different depths, which were mostly propagated through
the matrix-reinforcement interface. The selected images of the failed
specimens are presented in Fig. 15. In one of the tested cases (see
Fig. 15(c)), the transverse matrix crack was observed for the unbroken
specimen after LFFT (the runout), which demonstrates the influence of
shear loading during LFFT.
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Table 4
Defining the annotations for LFFTs and UFFTs.

Composites Part B 281 (2024) 111539

Anno LFFTs (50 Hz) Anno UFFTs (20 kHz)

L3500 F,, = 3.5 [kN], 6,, = 429 [pm], 6, = 396.9 [MPa] U250 8,, = 250 [pm], F, = 2.08 [kN], ¢, = 236.3 [MPa]
Predicted by: ¢ = 126.5-log(¢4) + 322.7 [MPa] Predicted by: ¢ = 29.3-log(¢4) + 244.3 [MPa]

L3000 F, = 3 [kN], §,, = 368 [ym], o,, = 340.2 [MPa] U300 5,, = 300 [pm], F, = 2.5 [kN], ¢, = 283.5 [MPa]
Predicted by: ¢ = 125-log(4) + 3265.7 [MPa] Predicted by: ¢ = 34.5-log(4) + 290.2 [MPa]

12500 F, = 2.5 [kN], §,, = 300 [pm], o, = 283.5 [MPa] U368 8,, = 368 [pml, F, = 3 [kN], ¢,, = 340.2 [MPa]
Predicted by: ¢ = 133-log(§) + 192.4 [MPa] Predicted by: ¢ = 34.5-log(¢4) + 346.9 [MPa]

1.2084 F, = 2.08 [kN], 6, = 250 [pm], o, = 236.3 U429 5, = 429 [pm], F, = 3.5 [kNI, ,, = 396.9 [MPa]

Predicted by: ¢ = 133-log(¢§) + 145.2 [MPa]

Predicted by: ¢ = 34.5-log(¢) + 403.6 [MPa]

Fig. 15. The selected results of fractographic analysis of specimens after LFT.

The microscopy of the CF/PEKK specimen tested at a cyclic normal
stress amplitude of 44.6 MPa revealed damage due to compressive,
tensile, and shear stresses in the central region at the top and bottom
layers. Warp fiber bundle kinking (Fig. 16a) is typical for local com-
pressive stresses directly under the loading nose. Further, interlaminar
delamination was observed between the loading nose and right-side
support pin (see Fig. 16¢). A single transverse crack along the weft
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bundle in the central region at the bottom layer observed during
microscopy is shown in Fig. 16b.

The microscopic results from the specimen tested at a cyclic normal
stress amplitude of 45.9 MPa shown in Fig. 17 showed damage features
in the same regions as the specimen tested cyclic stress amplitude of
44.6 MPa. Fig. 17a shows a stitched image with nine windows showing
the damage locations. Here, a transverse crack grew from the warp
fiber bundle fracture at the top center of the CF/PEKK specimen (see
Fig. 17b). The delamination due to cyclic shear stresses was much
longer between the loading nose and right-side support unit, as shown
in Fig. 17¢,d, and e.

The similarities in fracture mechanisms can be noticed for both
types of loading, i.e., LFFT and UFFT. In both cases, the inter-laminar
delamination and transverse cracking through the entire composite
layup is clearly observable, manifesting the domination of shear and
tension/compression stresses during loading. This, in particular,
demonstrates the mechanical nature of fatigue fracture. Thus, the
self-heating effect did not dominate the fatigue process. This corre-
sponds with the T' — ¢ curves presented in Section 3.1, representing
mechanically-dominated fatigue of tested specimens. In both cases, the
observed temperatures during loading were less than 50% of T,, which
can be considered as a transition point between mechanically- and
thermally-driven fatigue according to the previous observations (see,
e.g., [10,13]). Therefore, it can be concluded that the damage mech-
anisms in both LFFT and UFFT are driven by mechanical fatigue. The
resulting fracture mechanisms demonstrate similarities for UFFT and
LFFT, which confirms the possibility of interchangeable transferability
between both types of loading. The LFFTs are force-controlled, resulting
in the specimens’ failure into two halves. As mentioned earlier, the
UFFTs are displacement-controlled, with stiffness loss between 15-20%
due to damage. This is the only difference marked on the macroscopic
failure of the specimens under two different loading conditions. Oth-
erwise, the microscopic and macroscopic damage features and their
locations on the specimens agree.

4, Discussion and conclusions

A novel T-¢ approach is proposed to capture the mean stress effect
and then construct S-N curves without performing the CATs. To the
knowledge of the authors, this method was not previously used and
reported for altering or shifting S-N curves. The method is based on
the assumption that a change in the thermomechanical behavior of
composite materials, represented by the change of relative temperature,
occurs due to a self-heating effect or the presence of damage and
that estimated fatigue strength. Therefore, any change in the loading
conditions should be reflected in the change in the fatigue strength
during observation of the thermomechanical behavior of the tested
specimen using the thermographic method. This assumption refers to
LFFTs, where results are primarily affected by mechanical loading, and
consequently, the influence of loading frequency is negligible.

In comparison to classical approaches [35,56,57], the method pre-
sented in Section 3.2 allowed to estimate the shifting factor for con-
structing S-N curves subjected to different mean stresses in an acceler-
ated way. The applied thermographic method led to determining the
fatigue strength, which corresponds to the initiation of a change in
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Fig. 16. (a) Wrap fiber bundle kinking at top due to compression, (b) transverse and longitudinal cracks due to tension, and (c) delamination due to shear.

Fig. 17. (a) Wrap fiber bundle kinking at the top due to compression, delamination due to cyclic shear stresses (c) close to the specimen center, (d) a little away from the

specimen center, and (e) and further away from specimen center.

the thermomechanical response of the specimen. Having constructed
at least one S-N curve, the proposed method allowed to estimate the
shift of this curve into a region corresponding to another mean stress
condition. Estimating the shifting factor requires performing IATs for
the mean stress corresponding to the already constructed S-N curve
and another one corresponding to the new mean stress conditions.
After obtaining two separate fatigue strengths for both mean stress
conditions, the shifting factor can be estimated as a difference between
the fatigue strengths. These values allow the vertical shifting of S-N
curve to the region corresponding to the new mean stress conditions.
The shift process depends on the accuracy of both estimated fatigue
strengths using a thermographic approach estimated for two different
mean stresses.

The feasibility of using S-N curve as a conventional approach
for predicting the fatigue strength of CF/PEKK composite across low-
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to very-high-cycle fatigue regimes was evaluated. Given the inherent
challenges of conducting VHCF testing at low frequencies, a practical
approach was introduced involving the simultaneous implementation
of LFFT and UFFT techniques (up to 10° and 10% cycles, respectively)
to combine the test results and consequently construct S-N curve.
Analyzing the extracted results from CATs using both techniques illus-
trated a significant finding: a transition zone between LFFT and UFFT
for CF/PEKK composite. Therefore, implementing the traditional S-N
curve for addressing and characterizing this transition zone was im-
practical, owing to the time required for LFFT testing and technological
limitations in applying higher loads in UFFT. Therefore, one of the key
objectives of the research was to introduce and adapt the concept of
heat dissipation rate to quantitatively evaluate the thermomechanical
response of the CF/PEKK composite under various IATs subjected to
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different mean loads using LFFT and UFFT techniques. The study con-
sidered the influence of key parameters, including loading frequency,
oscillation, and cooling techniques, via introducing a scalable factor
(drasio) for transferring the obtained results from UFFTs to LFFTs at
similar amplitude displacement. To quantify the heat dissipation rate
for LFFTs and UFFTs at the same amplitude displacement, the 4th-
order polynomial function was implemented as a trial to interpret the
relationship between the heat dissipation rate to the amplitude dis-
placement. Notably, the study highlighted a substantial acceleration in
the heat dissipation rate in UFFT due to the interplay of frequency and
cooling systems, approximately 2100 times greater than the extracted
average results from LFFTs.

The fracture mechanisms observed from examining specimens after
both LFFTs and UFFTs demonstrated numerous similarities, primarily
in the domination of mechanical fatigue and the typical character of
damage initiation and propagation in CFRP structures. This initially
confirms the transferability of the results between LFFTs and UFFTs.

The study, therefore, provides a foundation for a comprehensive
understanding of thermomechanical fatigue behavior in CF/PEKK com-
posites and paves the way for future research in this field. More-
over, the research demonstrates the capabilities and limitations of 3P
bending testing using low and ultrasonic frequency test systems for
various mean and amplitude loads. These findings have strong impli-
cations for the characterization of thermomechanical fatigue behavior
in composite materials and offer valuable insights for guiding future
investigations in this domain.

CRediT authorship contribution statement

Jafar Amraei: Writing - review & editing, Writing — original draft,
Software, Methodology, Investigation, Formal analysis, Data curation,
Conceptualization. Tomasz Rogala: Conceptualization, Methodology,
Experiments, Data curation, Formal analysis, Software, Writing — origi-
nal draft preparation, Writing — review and editing. Andrzej Katunin:
Writing — review & editing, Writing — original draft, Project admin-
istration, Methodology, Funding acquisition, Formal analysis, Con-
ceptualization. Aravind Premanand: Writing — original draft, Re-
sources, Investigation, Formal analysis, Data curation, Conceptual-
ization. Grzegorz Kokot: Writing — review & editing, Investigation.
Dominik Wachla: Writing — review & editing, Writing — original draft,
Software, Formal analysis, Data curation, Conceptualization. Wactaw
Ku$: Writing — review & editing, Investigation. Marcin Bilewicz:
Writing — review & editing, Investigation. Bilal Khatri: Writing -
review & editing, Conceptualization. Frank Balle: Writing — review
& editing, Project administration, Methodology, Funding acquisition,
Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Data availability
Data will be made available on request.
Acknowledgments

The authors acknowledge the support of all the ultrasonic-related
activities by the Walter-and-Ingeborg-Herrmann Foundation and Ger-
man Research Foundation (DFG) for supporting the initiation of col-
laboration between the authors.

Composites Part B 281 (2024) 111539

References

[1] Bakis CE, Bank LC, Brown VL, Cosenza E, Davalos JF, Lesko JJ, Machida A,
Rizkalla SH, Triantafillou TC. Fiber-reinforced polymer composites for
construction—State-of-the-art review. J Compos Constr 2002;6(2):73-87.

[2] Ferdous W, Ngo TC, Nguyen KTQ, Ghazlan A, Mendis P, Manalo A. Effect of fire-
retardant ceram powder on the properties of phenolic-based GFRP composites.
Composites B 2018;155:414-24.

[3] Harris B. Fatigue in composites: science and technology of the fatigue response
of fibre-reinforced plastics. Woodhead Publishing; 2003.

[4] Dursun T, Soutis C. Recent developments in advanced aircraft aluminium alloys.
Mater Des (1980-2015) 2014;56:862-71.

[5] Premanand A, Balle F. Influence of pulse-pause sequences on the self-heating
behavior in continuous carbon fiber-reinforced composites under ultrasonic cyclic
three-point bending loads. Materials 2022;15(10):3527.

[6] Wang C, Chen X, Cheng L, Ding J. High-cycle and very-high-cycle fatigue
properties of CFRP-aramid honeycomb sandwich structure in three-point bending.
Int J Fatigue 2022;155:106576.

[7]1 Lee CS, Kim HJ, Amanov A, Choo JH, Kim YK, Cho IS. Investigation on very
high cycle fatigue of PA66-GF30 GFRP based on fiber orientation. Compos Sci
Technol 2019;180:94-100.

[8] Premanand A, Rogala T, Wachla D, Amraei J, Katunin A, Khatri B, Rienks M,
Balle F. Fatigue strength estimation of a CF/PEKK composite through self-heating
temperature analysis using cyclic bending tests at 20 kHz. Compos Sci Technol
2023;243:110218.

[9] Santonocito D, Foti P, Risitano G, Berto F. Fatigue damage assessment in AM
polymers evaluating their energy release. Procedia Struct Integr 2021;34:211-20.

[10] Amraei J, Katunin A. Recent advances in limiting fatigue damage accu-
mulation induced by self-heating in polymer-matrix composites. Polymers
2022;14(24):5384.

[11] Balle F, Backe D. Very high cycle fatigue of carbon fiber reinforced polypheny-
lene sulfide at ultrasonic frequencies. In: Fatigue of materials at very high
numbers of loading cycles: Experimental techniques, mechanisms, modeling and
fatigue life assessment. Springer; 2018, p. 441-61.

[12] Backe D, Balle F, Eifler D. Fatigue testing of CFRP in the Very High Cycle Fatigue
(VHCF) regime at ultrasonic frequencies. Compos Sci Technol 2015;106:93-9.

[13] Katunin A, Wronkowicz A, Bilewicz M, Wachla D. Criticality of self-heating in
degradation processes of polymeric composites subjected to cyclic loading: A
multiphysical approach. Arch Civ Mech Eng 2017;17(4):806-15.

[14] Katunin A, Wachla D, Santos P, Reis PN. Fatigue life assessment of
hybrid bio-composites based on self-heating temperature. Compos Struct
2023;304:116456.

[15] Kahirdeh A, Khonsari MM. Energy dissipation in the course of the fatigue
degradation: Mathematical derivation and experimental quantification. Int J
Solids Struct 2015;77:74-85.

[16] Katunin A. Criticality of the self-heating effect in polymers and polymer matrix
composites during fatigue, and their application in non-destructive testing.
Polymers 2018;11(1):19.

[17] Voudouris G, Di Maio D, Sever IA. Experimental fatigue behaviour of CFRP
composites under vibration and thermal loading. Int J Fatigue 2020;140:105791.

[18] Bartkowiak M, Kizak M, Liebig WV, Weidenmann KA. Fatigue behavior of hybrid
continuous-discontinuous fiber-reinforced sheet molding compound composites
under application-related loading conditions. Composites C 2022;8:100265.

[19] Chen K, Kang G, Lu F, Chen J, Jiang H. Effect of relative humidity on uniaxial
cyclic softening/hardening and intrinsic heat generation of polyamide-6 polymer.
Polym Test 2016;56:19-28.

[20] Vassilopoulos AP. The history of fiber-reinforced polymer composite laminate
fatigue. Int J Fatigue 2020;134:105512.

[21] Shabani P, Taheri-Behrooz F, Samareh-Mousavi SS, Shokrieh MM. Very high
cycle and gigacycle fatigue of fiber-reinforced composites: A review on
experimental approaches and fatigue damage mechanisms. Prog Mater Sci
2021;118:100762.

[22] Movahedi-Rad AV, Keller T, Vassilopoulos AP. Stress ratio effect on
tension-tension fatigue behavior of angle-ply GFRP laminates. Int J Fatigue
2019;126:103-11.

[23] Deniz ME, Aydin F. Determination of fatigue life of the unidirectional GFRP/Al
hybrid composite laminates. Composites B 2019;166:580-7.

[24] Manjunatha CM, Taylor AC, Kinloch AJ, Sprenger S. The tensile fatigue behavior
of a GFRP composite with rubber particle modified epoxy matrix. J Reinf Plast
Compos 2010;29(14):2170-83.

[25] Radhakrishnan PM, Ramajeyathilagam K. Effect of stress ratio on tension-
tension fatigue behaviour of woven angle ply GFRP laminates. Int J Fatigue
2023;172:107633.

[26] Al-Hmouz IA. The effect of loading frequency and loading level on the fatigue
behavior of angle-ply carbon/PEEK thermoplastic composites (Ph.D. thesis),
Concordia University; 1997.

[27] Mallick PK, Zhou Y. Effect of mean stress on the stress-controlled fatigue of a
short E-glass fiber reinforced polyamide-6, 6. Int J Fatigue 2004;26(9):941-6.

[28] Crowther MF, Wyatt RC, Phillips MG. Creep-fatigue interactions in glass
fibre/polyester composites. Compos Sci Technol 1989;36(3):191-210.



J. Amraei et al.

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

Tong X, Chen X, Xu J-S, Zheng Y, Zhi S-J. The heat build-up of a polymer
matrix composite under cyclic loading: Experimental assessment and numerical
simulation. Int J Fatigue 2018;116:323-33.

Justo J, Marin JC, Paris F, Canas J. The effect of frequency on fatigue behavior
of graphite epoxy composites. In: Proceedings of the ECCM16-16th European
conference on composite materials, Seville, Spain. 2014, p. 22-6.

Mini KM, Lakshmanan M, Mathew L, Mukundan M. Effect of fibre volume
fraction on fatigue behaviour of glass fibre reinforced composite. Fatigue Fract
Eng Mater Struct 2012;35(12):1160-6.

Adam TJ, Horst P. Fatigue damage and fatigue limits of a GFRP angle-
ply laminate tested under very high cycle fatigue loading. Int J Fatigue
2017;99:202-14.

Huang J, Pastor ML, Garnier C, Gong XJ. A new model for fatigue life prediction
based on infrared thermography and degradation process for CFRP composite
laminates. Int J Fatigue 2019;120:87-95.

La Rosa G, Risitano A. Thermographic methodology for rapid determination
of the fatigue limit of materials and mechanical components. Int J Fatigue
2000;22(1):65-73.

Flore D, Wegener K. Modelling the mean stress effect on fatigue life of fibre
reinforced plastics. Int J Fatigue 2016;82(3):689-99.

Peyrac C, Jollivet T, Leray N, Lefebvre F, Westphal O, Gornet L. Self-heating
method for fatigue limit determination on thermoplastic composites. Procedia
Eng 2015;133:129-35.

Colombo C, Libonati F, Pezzani F, Salerno A, Vergani L. Fatigue behaviour of a
GFRP laminate by thermographic measurements. Procedia Eng 2011;10:3518-27.
Katunin A, Pivdiablyk I, Gornet L, Rozycki P. A hybrid method for determination
of fatigue limit and non-destructive evaluation of composite structures after
low-velocity impact loading. Composites B 2022;238:109898.

Huang J, Pastor ML, Garnier C, Gong X. Rapid evaluation of fatigue limit on
thermographic data analysis. Int J Fatigue 2017;104:293-301.

Montesano J, Fawaz Z, Bougherara H. Use of infrared thermography to investi-
gate the fatigue behavior of a carbon fiber reinforced polymer composite. Compos
Struct 2013;97:76-83.

Huang J, Garnier C, Pastor ML, Gong X. Investigation of self-heating and life
prediction in CFRP laminates under cyclic shear loading condition based on the
infrared thermographic data. Eng Fract Mech 2020;229:106971.

Ueki Y. High-speed bending-fatigue testing of composite materials. In: IOP
conference series: materials science and engineering, vol. 388, IOP Publishing;
2018, 012008, (1).

13

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

Composites Part B 281 (2024) 111539

Flore D, Wegener K, Mayer H, Karr U, Oetting CC. Investigation of the high
and very high cycle fatigue behaviour of continuous fibre reinforced plastics by
conventional and ultrasonic fatigue testing. Compos Sci Technol 2017;141:130-6.
Premanand A, Balle F. Stress and strain calculation method for orthotropic
polymer composites under axial and bending ultrasonic fatigue loads. Ultrasonics
2023.

Vassilopoulos AP, Manshadi AP, Keller T. Influence of the constant life diagram
formulation on the fatigue life prediction of composite materials. Int J Fatigue
2010;32(4):659-96.

Mandegarian S, Samareh-Mousavi SS, Taheri-Behrooz F. Experimental investiga-
tion on in-plane shear fatigue failure criteria of + 45° angle-ply carbon epoxy
composite. Int J Fatigue 2022;160:106873.

Mirzaei AH, Shokrieh MM. Evolution of the temperature rise and damage in lam-
inated composites with stress concentration under fatigue loading. Composites B
2023;254:110607.

Quaresimin M. Fatigue of woven composite laminates under tensile and com-
pressive loading. In: ECCM-10; composites for the future. 2002, 10th European
Conference on Composite Materials ; Conference date: June 3-7, 2002, Brugge,
Belgium.

Yu F, Zhou B, Xin W, Zhang X. Fatigue life prediction for the main spar
with wrinkle defects of a wind turbine blade. Fatigue Fract Eng Mater Struct
2021;44:2764-80.

Katunin A, Wachla D. Determination of fatigue limit of polymeric composites in
fully reversed bending loading mode using self-heating effect. J Compos Mater
2019;53(1):83-91.

Li A, Huang J, Zhang C. Enabling rapid fatigue life prediction of short carbon
fiber reinforced polyether-ether-ketone using a novel energy dissipation-based
model. Compos Struct 2021;272:114227.

Luong MP. Fatigue limit evaluation of metals using an infrared thermographic
technique. Mech Mater 1998;28(1):155-63.

Kassapoglou C. Fatigue life prediction of composite structures under constant
amplitude loading. J Compos Mater 2007;41(22):2737-54.

Philippidis TP, Vassilopoulos AP. Life prediction methodology for GFRP laminates
under spectrum loading. Composites A 2004;35(6):657-66.

Vassilopoulos AP, Manshadi AP, Keller T. Piecewise non-linear constant
life diagram formulation for FRP composite materials. Int J Fatigue
2010;32(10):1731-8.

Kawai M, Koizumi M. Nonlinear constant fatigue life diagrams for carbon epoxy
laminates at room temperature. Composites A 2007;38(11):2345-53.

Boerstra GK. The multislope model: a new description for the fatigue strength
of glass reinforced plastic. Int J Fatigue 2007;29(8):1571-6.



Paper V

Fatigue strength estimation of a CF/PEKK composite
through self-heating temperature analysis using cyclic

bending tests at 20 kHz



Composites Science and Technology 243 (2023) 110218

Contents lists available at ScienceDirect

Composites Science and Technology

journal homepage: www.elsevier.com/locate/compscitech

Check for

Fatigue strength estimation of a CF/PEKK composite through self-heating [ oncis” |
temperature analysis using cyclic bending tests at 20 kHz

Aravind Premanand **, Tomasz Rogala ®, Dominik Wachla ", Jafar Amraei®, Andrzej Katunin ",
Bilal Khatri?, Michael Rienks ?, Frank Balle %4

2 Department for Sustainable Systems Engineering (INATECH), Faculty of Engineering, Albert-Ludwigs-Universitdt Freiburg, Freiburg, 79110, Germany
b Department of Fundamentals of Machinery Design, Silesian University of Technology, Konarskiego 18A, Gliwice, 44-100, Poland

¢ Freiburg Materials Research Center (FMF), Freiburg, 79110, Germany

d Fraunhofer Institute for High Speed Dynamics, Ernst Mach Institute (EMI), Freiburg, 79110, Germany

ARTICLE INFO ABSTRACT

Keywords: Very high cycle fatigue (VHCF) testing at conventional frequencies is highly time-consuming and unrealistic for
Very high cycle fatigue large sample sizes. Though testing at ultrasonic frequencies can accelerate the testing, any undesirable thermal
Self-heating effect

effect arising from testing at 20 kHz can cause significant heat generation in the specimens, increasing the
likelihood of thermally induced failure. When mitigated, the temperature behavior during ultrasonic fatigue
testing may conversely provide knowledge of the fatigue behavior of the composite. We study this hypothesis in
this work by estimating the fatigue strength of a CF/PEKK composite through its temperature evolution during
3-point bending tests at 20 kHz with different cyclic load amplitudes. The fatigue strength of the composite was
estimated using the temperature characteristics from an increasing cyclic amplitude test. This estimation was
validated with four constant cyclic amplitude tests. Further, the estimation model was extended to different
pulse—pause sequences by two constant cyclic amplitude tests. The results indicate a reliable and rapid method
for fatigue life estimation as a material property. Finally, the criticality of the self-heating phenomenon during
the non-stationary self-heating condition was evaluated.

Fatigue strength estimation
Ultrasonic fatigue testing

Carbon fiber reinforced polymers
Material characterization

1. Introduction of the fatigue life of such materials is difficult based on the available
theoretical and empirical models.

Carbon-fiber reinforced polymers (CFRPs) used in the aircraft indus- One potential approach to study the effect of fatigue loading on
try today are over-designed for safety to ensure low working strains, so defects in the material is to perform experiments in the very high
that no significant local damage appears during the material’s service cycle fatigue (VHCF) regime (greater than 107 cycles per test). At
life [1]. Several material and loading factors affect the fatigue lives conventional testing frequencies (up to 50 Hz), this can lead to un-
of such laminated composites with continuous fiber reinforcements. realistic testing times. By increasing the loading frequency into the

These include the matrix and fiber materials, the laminate composition
and layup architecture, service conditions (environment temperature,
humidity, etc.) as well as loading conditions (such as loading direction,
loading ratio, mean load, and frequency). To efficiently design compos-
ite structures for the desired service-life time, the damage mechanisms
as a result of the actual loading conditions need to be studied. A
comprehensive understanding of the fatigue failure mechanisms in
these composites can lead to the development of reliable methods to
predict their service life in the presence of defects and damage. This is
critical to ensure the long-term operation of such composite structures
in sectors such as aerospace, where knowledge about the condition of
structural elements after the prolonged operation are highly desired
to prepare maintenance plans [2,3]. Currently, the accurate prediction on the level of the applied stress and the cyclic loading frequency

ultrasonic regime (up to 20 kHz), the testing period can be significantly
reduced. In such a fatigue testing system, tests up to 10° cycles can be
performed within two weeks [4]. However, these tests can lead to rapid
temperature increases due to the high loading frequency, termed self-
heating, which can adversely affect the results due to thermally induced
fatigue damage and significantly reduced fatigue performance.

The self-heating phenomenon appears due to the viscoelastic re-
sponse of a polymer matrix in composites during cyclic loading, which
results in hysteresis and energy dissipation. A major part of this energy
is dissipated in the form of heat, and the temperature inside the
material increases. This increase in temperature is mostly dependent
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and may lead to accelerated structural degradation and fatigue failure.
Previous studies (Katunin et al. [5-7]) demonstrated that the self-
heating temperature might reach or even exceed the glass-transition
temperature, which leads to the premature failure of composites.

Thermal fatigue damage accumulation induced by the self-heating
of polymer—matrix composites (PMCs) under cyclic loading is an active
topic of research. A recent review by Amraei and Katunin [8] addresses
the self-heating effect and summarizes the investigations into various
cooling techniques. One such technique applicable to ultrasonic fatigue
testing systems is the so-called pulse-pause method, where the cyclic
loading is paused for a defined amount of time to allow the sample
to cool down, and stay below a certain threshold, and avoid ther-
mal damage. Recent investigations into ultrasonic fatigue tests report
pulse—pause ratios of 1:20 for glass-fiber reinforced composite (GFRP)
specimens (Flore et al. [9]) and 1:10 for CFRP specimens (Premanand
and Balle [10]). In the latter publication, the pulse-pause ratio was
kept constant throughout the test duration, and the specimens were
cooled using dry compressed air to limit the surface temperature below
30 °C. In a separate study, Premanand and Balle [11] looked at the
influence of different pause-times (1000 ms, 2000 ms, and 4000 ms)
on CFRP specimens under 3-point fatigue bending conditions using
a tailor-made testing setup originally reported by Backe et al. [4].
Longer pause-times, though suitable for keeping the temperature-rise
below a certain threshold, increase the test duration by several times.
A thorough investigation into the self-heating behavior as well as a
versatile testing setup incorporating variable pulse-pause ratios can
lead to reliable experimental results while keeping the test duration
within a realizable time frame.

1.1. Self-heating phenomenon and its influence on the fatigue performance
of composites

The self-heating effect can manifest in one of two scenarios de-
pending on the magnitude and frequency of the cyclic loading. In the
first of these, the increased specimen surface temperature during the
first fatigue phase can stabilize at an elevated level until the onset of
damage or final failure [12]. This stabilization, termed stationary self-
heating, is a result of the thermal equilibrium reached between the heat
generated due to viscoelastic damping and the rate of heat dissipation
through convection [6]. Beyond a certain loading magnitude and/or
frequency, the rate of heat generation surpasses that of the dissipation,
resulting in non-stationary self-heating and significantly accelerated
damage accumulation. The two self-heating behaviors result in differ-
ent fracture and failure mechanisms [13]: Mechanical degradation is
the chief contributor to failure in the case of stationary self-heating,
whereas thermal degradation dominates for non-stationary self-heating.

1.2. Estimation of fatigue limit for low cycle fatigue

Depending on the maximum number of cycles being tested, a low-
cycle fatigue-testing campaign can take several months, even without
taking replication tests into account. In contrast, a single uninterrupted
ultrasonic fatigue experiment up to 10° cycles at a pulse-pause ratio
of 100-2000 ms would take close to 12 days. Additionally, the results
from such a set of experiments are only applicable to the specific com-
posite type with its constituent materials, fiber-matrix-ratio, and lay-up
sequence [14]. Conventionally, the so-called Woehler or S-N curves
are used to characterize and compare the fatigue life performance of
different materials. This curve plots failure cycles against the applied
loading amplitudes to predict the fatigue limit. Here, the fatigue limit
is defined as the stress level below which no significant damage can
occur for an unlimited number of cycles. Above this fatigue limit value,
structural integrity is reduced, or failure propagation appears. In case
the material does not exhibit a distinct fatigue limit, the term fatigue
strength is often used. The fatigue strength is defined as the stress level
at which damage occurs for a specified number of cycles.
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An alternative method to S-N curves to more rapidly determine the
fatigue limit of materials or mechanical components was reported by
Rosa and Risitano [15], known as the temperature-stress curve. This
method estimates the fatigue limit for high cyclic stress-amplitudes by
measuring the increased temperature during fatigue loading, arising
due to the release of plastic energy. The resulting fatigue limit estimates
were found to be in good agreement with those determined through
S-N curves while requiring a much smaller number of specimens.
This method has since been used to determine the fatigue limit for
a variety of material systems and shapes. Quaresimin [16] evaluated
the high cycle fatigue strength of a woven CF/epoxy composite under
tension—compression axial loading and found that the thermographic
method was in good agreement with the data from Woehler curves.
Colombo et al. [17] used this method to study the fatigue behavior
of GFRPs under axial loading at a stress ratio (R) of 0.1. Montesano
et al. [18] estimated the fatigue limit of tri-axially braided carbon fiber
reinforced polymers under axial loading at R = 0.1. Yu et al. [19]
successfully applied the Risitano method to estimate the fatigue limit
of the main spar of a wind turbine blade with wrinkle defects. Katunin
and Wachla [20] used this method to determine the fatigue limit in
a GFRP under fully reversed bending loading while also recording the
acoustic emission events that reflect the progressive damage evolution.
The results indicated a rapid increase in acoustic emissions above
the fatigue limit determined using the Risitano method. They later
combined the Risitano method with the non-destructive evaluation of
impact damage in CFRP and GFRP structures, validated using X-ray
CT inspections [21]. These studies validate the use of this method for
the evaluation of fatigue limit or fatigue strength in parallel to the
conventional S-N curve method. This thermographic method, originally
applied to metals, is thus applicable to composites as long as an evident
change in the stabilized temperature occurs for different stress levels.
Here, the increase in temperature is caused by the non-linear elastic
and plastic behavior of the composite material or by other internal
dissipation mechanisms [16] and is dependent on the testing frequency
and stress levels but not on the fatigue damage evolution. Damage
evolution results in a temperature rise before failure, even for low-stress
amplitudes. However, during the initial part of the fatigue experiments,
a plateau in the temperature trend can always be identified for the
stationary self-heating condition, which corresponds to the fatigue
loading of the composite material.

In addition to the Risitano method, the fatigue behavior can also
be estimated using a temperature/failure-cycle curve over a series of
tests [22]. To extract this curve, three different temperature-related
fatigue phases have to be assumed. Shortly after the start of the test,
phase I exhibits a rapid temperature increase on the specimen surface,
the rate of which is dependent on the loading level. In phase II, the
temperature stabilizes and remains at an almost constant value for
most of the test duration. This constant surface temperature is directly
proportional to the applied stress amplitude [23]. As the specimen
enters phase III, the temperature increases rapidly, leading to the final
fatigue failure. The temperature-cycle curve was used by Mandegar-
ian et al. [24] to determine the in-plane shear fatigue behavior of a
[+ 45], angle-ply CFRP composite under step-wise increasing load-
amplitude conditions at R = —1. They reported the cycles-to-failure
as a function of the applied stress amplitude for different stress-ratios
between 0.4 and 0.8. Another recent study by Li et al. [25] used
the temperature-stress curve to predict the fatigue limit of a carbon-
fiber-reinforced polyetheretherketone (CF/PEEK) composite through a
combination of its thermodynamic response and the fatigue damage
observed.

1.3. Criticality of self-heating temperature during cyclic loading with pulse—
pause sequence

Ratner and Korobov [26] defined the critical self-heating concept
as a critical stress leading to thermal fracture, or vice versa. This
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concept was also described by Gumenyuk and Karnaukhov [27] as the
temperature beyond which the temperature growth profile becomes
unstable, resulting in the softening of viscoelastic materials such as
GFRPs and CFRPs. Katunin [5] defined this concept as a measure of the
structural degradation in PMC materials subjected to fatigue loading.
The methods of determining the critical self-heating temperature were
reviewed in [7]. In parallel, Kahirdeh and Khonsari [28] suggested
using acoustic emissions as a function of the thermal response for
evaluating the structural degradation of PMCs under fully-reversed
bending loading. The methods of determining the critical self-heating
temperature were reviewed in [7].

The critical self-heating temperature in polymer composites is the
temperature at which damage initiates. Below this temperature, the
sample is considered to be in the stationary self-heating regime, and
consequently, above it the structures experience non-stationary self-
heating [7]. In a previous study by the authors [11], a temperature
rise beyond 60 °C during ultrasonic fatigue loading of a carbon-fiber-
reinforced polyetherketoneketone (CF/PEKK) composite (with a glass
transition temperature T, of 160 °C) resulted in a transition from
stationary to non-stationary self-heating. The final damage evolution in
the CF/PEKK specimen with non-stationary self-heating behavior was a
result of thermomechanical degradation. For an experiment conducted
with the same cyclic amplitude at a frequency of 20 kHz and a longer
pause time resulted in a stationary self-heating temperature below
60 °C. Here, the damage observed was caused only by mechanical
fatigue. This observation on the influence of the critical self-heating
temperature on final fatigue failure is synonymous with the study of
Katunin and Wronkowicz [29].

1.4. Motivation and research goal

Flore et al. [9] investigated the high-cycle fatigue (HCF) and VHCF
behavior of continuous GFRPs using conventional and ultrasonic fa-
tigue experiments under axial loading conditions. An absence of knowl-
edge of CFRPs under these loading conditions, especially for three-point
bending, drives the need for the current investigation. Such studies can
reduce the gap between different fatigue methods used for character-
izing composites in the HCF and VHCF regimes. This study proposes
an approach to enable the results from distinct fatigue experiments
and methodologies to be compared. Understanding the failure mech-
anisms and estimating the fatigue limit as a material property in the
VHCF regime using ultrasonic fatigue testing will help bridge the gap
between low-cycle, high-cycle, and very-high-cycle fatigue behaviors of
composites. This, in turn, will allow the adjustment and validation of
the methods described in this study to establish a reliable and vastly
faster fatigue testing technique.

2. Materials and experimental setup
2.1. Composite material and its properties

For this study, a CF/PEKK composite laminate manufactured by
Toray Advanced Composites (Nijverdal, The Netherlands) with a 5-
harness satin CF fabric was chosen. PEKK is a semi-crystalline thermo-
plastic polymer belonging to the polyaryletherketone (PAEK) family.
It exhibits a melting temperature (T,,) of about 337 °C and a glass
transition temperature (Tg) of around 160 °C, making it suitable for
elevated-service temperature applications such as primary and sec-
ondary load-carrying structures in the aerospace and automobile sec-
tors. The absence of critical manufacturing impecrfections such as voids
and defects in the laminate was confirmed through ultrasonic C-scans
provided by the manufacturer. Table 1 shows the material properties
of the CF/PEKK laminate provided by the manufacturer.

The satin weave fabric layers were stacked up with alternating 0°
and 90° orientations in a symmetrical sequence (see Fig. 1), given in
Table 1. Here, the 0° and 90° denote the orientation of warp fiber bun-
dles with respect to the loading direction, and the single 0, excluded
from the stack symmetry is denoted with an underscore. The thickness
of the consolidated laminate was measured and is 4.05 + 0.05 mm.
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Table 1
Material properties of CF/PEKK laminate.

Fabric type 5H satin woven fabric
Ply thickness 0.3 mm

Number of plies 13

Layup [0/90/0/90/0/90/01,
Area weight 2280 g/m?

Fiber volume fraction 250%

Glass transition temperature 160 °C

Melting temperature 337 °C

Ultimate tensile strength 0° 4776 MPa

Ultimate compressive strength 0° 2585 MPa

Specific heat ©1425 J kg—l K1

aValues obtained from [30].
bValues obtained from [31].
“Values obtained from [32].

Weft fiber
bundles

/\

-~ H
— Warp fiber
bundles

/

PEKK
Matrix

1
1mm

Fig. 1. A representative micrograph of the 13-layer CF/PEKK laminate cross-section,
stacked using 5-harness satin CF fabrics.

Table 2
Values of elastic constants and mass density used for orthotropic material model of
CF/PEKK material.

E,; [GPa] 58 G,, [GPa] 4.80 vy [ 0.05
E,, [GPa] 58 Gy [GPa] 5.70° vis [-] 0.5
Es; [GPal 13 Gy [GPa] 5.70° vy [-1 0.5
p [kg/m3] 1530

2Values are estimated using the micro-mechanics model developed at the University of
Twente [34].

2.2. Specimen geometry for ultrasonic fatigue testing

To ensure resonance during cyclic loading of the specimen at ul-
trasonic frequencies, a transverse bending eigenmode of the sample
close to 20 kHz [33] was required. This was simulated in the Ansys
Workbench software using a homogeneous orthotropic model with six
elastic moduli, three Poisson’s ratios, and mass density as the input
parameters. This yielded sample dimensions of 34 x 15 x 4.05 mm?
(see Fig. 2a) and a natural frequency of 20.2 kHz. Table 2 lists the
simulation input parameters used to determine the optimal sample size.

The span length for the three-point bending tests was obtained by
determining the two nodes along the specimen length, where displace-
ments are zero using the Ansys harmonic analysis tool. The simulation
was performed for an applied sinusoidal oscillation of 50 pm at a
frequency of 20.2 kHz and yielded a span length of 18.6 mm (see
Fig. 2b).

2.3. Monotonic tests

Monotonic tests were carried out prior to the ultrasonic fatigue tests
to obtain insights into the monotonic failure load and mode of failure.
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Fig. 2. (a) The geometry of the CF/PEKK specimens designed to oscillate at an applied
frequency of 20 kHz with dimensions in mm (b) The span length of 18.6 mm obtained
using the Ansys harmonic analysis tool for 3-point bending tests.

These experiments were performed in the Zwick/Roell Z010 testing
machine (Ulm, Germany) with a 10 kN load cell under displacement
control at a rate of 1 mm/min. A span length of 18.6 mm was chosen
to allow the monotonic loading conditions to be comparable to their
fatigue-loading counterparts. An indenter of radius 5 mm and support
pins of radius 2 mm were used.

The monotonic 3-point bending tests exhibited failure forces of
7330 + 63 N at displacements of 1100 + 17 pm (Fig. 3a). The failure
initiation was observed in the bottom half of the specimens (Fig. 3b),
propagating towards the top half, indicating a purely bending stress-
related failure mode. No cracks were found in the contact areas of the
loading nose or the support units, confirming that shear stresses are
not critical for the chosen specimen geometry. Thus, the monotonic
apparent bending strength and secant modulus were calculated using
the homogeneous beam theory (suggested by ASTM D7264/D7264M-
15) to be 811.05 + 6.97 MPa and 12.36 + 0.02 GPa respectively. This
result was previously published in [11].

2.4. Ultrasonic fatigue testing setup

An ultrasonic fatigue test setup was developed in-house at INATECH
using the ultrasonic load train manufactured by Herrmann Ultraschall-
technik GmbH (Karlsbad, Germany). This setup can apply cyclic dis-
placement amplitudes of up to 57 pm at frequencies between 19.5 kHz
and 20.5 kHz using a 4.8 kW digital ultrasonic generator. The cyclic
response of the specimen was monitored using the Polytec CLV2534
single-point laser doppler vibrometer (LDV) (Waldbronn, Germany) at
a frame rate of 500 kHz (Fig. 4). Further details are described in [11].

The temperature evolution on the specimen surface during ultra-
sonic oscillations was monitored by means of active thermography,
using a Micro-Epsilon TIM640 (Ortenburg, Germany) infra-red (IR)
camera at a resolution of 640 x 480 pixels. The maximum temper-
atures in four different regions of interest (ROIs) were continuously
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Fig. 3. (a). The force-displacement response of the CF/PEKK specimens under mono-
tonic loading (b) Post-failure specimen cross-section after a monotonic three-point
bending test.

recorded using a LabView®program at the maximum frame rate of
the IR camera of 32 Hz. Fig. 5 shows a representative thermogram
during ultrasonic fatigue with four defined ROIs and the corresponding
maximum temperature evolution in each ROL

2.5. Increasing amplitude experiments

Three-point bending experiments with step-wise increasing oscil-
latory loads were conducted at 12 different cyclic amplitudes. The
oscillations are realized by the ultrasonic generator in terms of the per-
centage of maximum possible amplitude, which is 57 um. For example,
4 pum oscillation amplitude correlates to 7% of generator amplitude.
For the test, cyclic oscillations were applied from +4 pm to +48 pm
in increments of +4 pm. These increasing amplitudes correspond to a
starting normal stress amplitude of 3.7 MPa up to 44.1 MPa in steps
of 3.7 MPa. Each step comprised 2.02 x 10° cycles, with pulse and
pause times of 250 ms and 1.75 s, respectively. An additional 20 ms
each was added around the pulse time for ramp-up (also called as onset
time of the pulse) and ramp-down (offset) to accommodate for the
time the oscillatory system requires to reach the desired amplitude. The
resonance frequency measured by LDV was found to be in the range be-
tween 20 180 to 20 220 Hz, which corresponds to 5040 to 5055 cycles
per pulse-time of 250 ms. After the completion of one step, the test
was paused to allow the specimen to cool down to room temperature
before stepping up to the next amplitude. To ensure continuous contact
between the loading nose and the specimen, a monotonic displacement
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Fig. 4. An overview of the ultrasonic three-point bending fatigue testing setup.
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Table 3
Pulse-Pause and load settings for cases constant-amplitude loading.
(a) Case Pulse duration Pause duration Oscil. amplitude
I 250 ms 1.85s +48.0 pm
I 250 ms 1.25s +51.4 pm

2.6. Constant amplitude experiments

Two constant-load cyclic fatigue experiments were performed to
represent the stationary and non-stationary self-heating conditions re-

Surface temperature [°C]

[aeat | [ aveaz | areos | spectively. The data from the two experiments were used to extend the

applicability of the fatigue strength estimation model developed using

Time [s] the increasing amplitude test. Both tests were performed at the same

(b) pulse-time of 250 ms. To achieve the stationary self-heating condition, a

mean stress of 200 MPa and a stress amplitude of 44.4 MPa was applied

Fig. 5. (a) An IR thermal image with 4 different regions of interest on the specimen with a pause-time of 1.85 seconds. For the non-stationary self-heating

for continuous temperature measurement (b) The corresponding temperature evolution

condition, a mean stress of 200 MPa and a stress amplitude of 47.6
as a function of time for the different regions during the pulse—pause sequence.

MPa and a pause-time of 1.25 s was set. The two cases are described
in Table 3 and shown in Fig. 7.

The maximum temperatures at the 4 ROIs as well as the resonance
data from the generator were recorded for all the ultrasonic pulses until
failure. The experiments were terminated when

of 150 pm, corresponding to a normal stress of 200 MPa, was applied
for each test. Fig. 6 shows a graphical representation of the increasing
amplitude experiments. The data from the increasing amplitude exper-

iment was used to develop a methodology for estimating the fatigue * the maximum surface temperature exceeded 160 °C (T, of PEKK)
strength of the CF-PEKK composite. or when
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Fig. 7. Temperature profile evolution until the specimen damage in the constant
amplitude tests ((a) Case I and (b) Case II).

+ the resonance frequency dropped below 19.5 kHz due to loss of
stiffness, which is the minimum resonance frequency that can be
applied by the ultrasonic fatigue testing system.

Fig. 5a shows a thermal image of the specimen under test with the
ROIs marked as colored squares, capturing a comprehensive temper-
ature response of the CF/PEKK specimen. The contact points of the
specimen with the loading nose and the support units can (areas 1, 2,
and 3) lead to an additional surface-temperature rise due to frictional
heat. A previous study [11] was carried out with a termination criterion
of 80 °C. As the current work was designed to characterize the self-
heating behavior due to viscoelasticity as well as due to friction, a
higher temperature limit was set to include temperature evolution
during the final fatigue phase of the CF/PEKK specimens.

2.7. Microscopy
After failure, the specimens were cut into two length-wise halves,

embedded in epoxy, and ground and polished using the Struers LaboPol-
30 system (Willich, Germany). The prepared cross-sections were ob-

served using the Zeiss Smartzoom 5 light optical microscope (Oberkochen,

Germany).
3. Results and discussion
3.1. Preliminary analyses and assumptions

This section details the results observed in the bottom center region
(ROI no. 4), which was chosen to avoid or minimize the influence of the
observation of any other source, e.g. friction between the supports or
the loading nose and the specimen. Measurement data was collected
using the acquisition system based on the LabVIEW® programming
environment and processed in Matlab. Next, the following operations
were performed on the imported signals:

» Temperature readings from the IR camera for two different places
in the facility operational space (see photo in Fig. 4) were used
to calculate the average ambient temperature for each sample.
Later, this temperature trend was removed from the observed
temperature profiles.

» The time-temperature profiles for different experiments were
time-shifted to synchronize their initial pulses. The profiles were
additionally tail-trimmed to the time-temperature profile with
the shortest duration.
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Fig. 8. Selected self-heating temperature profiles measured in the bottom center part
of the specimen (area 4).

+ After removing the influence of the ambient temperatures, there
was still a bias (up to 1 °C in peak value) between the specimen’s
temperature and the ambient temperature before the start of the
test. The relative temperature as such, refers to the initial temper-
ature of the specimen. This initial temperature was calculated on
the average of the first ten samples measured with the IR camera
just before the first pulse-pause sequence began.

3.2. Estimation of fatigue strength based on increasing amplitude experi-
ments

The results of the increasing load-amplitude experiment were used
for the estimation of fatigue strength based on a similar approach
presented by Katunin and Wachla [20], Huang et al. [35] based on the
Luong method [36]. The data presented describe the initial increase in
temperature (phase I) of the CF/PEKK specimen and a certain part of
the steady state of temperature evolution (phase II) during the bending
fatigue test conducted at the VHCF test facility operating at 20 kHz.
The term fatigue strength is used here in comparison to the commonly
used fatigue limit as the experimental validation is carried out so far
up to 10° cycles.

Fig. 8 shows the self-heating temperature evolution profiles mea-
sured in the bottom central part of the specimen (Area 4). The temper-
ature responses for small displacements (between 4 pm and 12 pm) have
been excluded from the analysis due to their high variance relative to
the total temperature increase due to self-heating. The temperatures
presented in Fig. 8 are relative to the temperature of the specimen
at the beginning of the test, so as to remove the influence of the
ambient temperature from the measurement data. Profiles for different
displacements contain similar numbers of pulse—pause cycles.

Each of the profiles was modeled using a double-exponential ap-
proximation model, which can be used to describe the temperature
profile in the first phase (initial increase) and the second phase (steady-
state temperature stabilization).

T(t) = I'l exp(Aqt) + I, exp(Ayt), 1)

where two terms indicate the behavior of the first and second phases
respectively. I, is the relative specimen temperature at the time t, |I|
is the temperature increase at the time t,, and A; and A, represent
specimen heat-gradient in the first and second phases respectively.
The model represents the temperature evolution. To characterize
the pulse-pause profiles, these profiles were initially pre-processed
according to the procedure described below. To avoid the influence
of local peaks in the thermal response during a pulse—pause sequence,
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Fig. 9. The selected self-heating temperature profile (in blue) and its 90 percentile
moving average.

Fig. 10. Double-exponential approximation of the self-heating temperature profiles
from Fig. 8.

higher percentile moving averages between 60 and 99% were cal-
culated, and all of them lead to the same fatigue strength. Higher
percentile average models lead to a better fit of bilinear models used
to determine the fatigue strength. To this end, the 90th percentile
moving average was finally used. Fig. 9 presents an example of the
90th percentile moving average with a dynamically changing window
length, calculated using the formula:

wL; = cl;[wL,,;, —cl,

max

I i=1.(N-wLy.), @

where i is the sample number, wL, is the instantaneous window length,
I; is the instantaneous slope of the heating profile, [; is the maximum
slope of the heating profile, wL,,;, is the minimum required window
length and c is a coefficient based on the quotient of the selected
window length range and the slope of the heating profile. The double
exponential approximation models obtained for every 90th percentile
waveform are shown in Fig. 10.

Table 4 presents results from the approximation of the selected
self-heating temperature profiles using the double exponential model
according to Eq. (1). Here RMSE is the root mean square error of
residuals and R? represents the coefficient of determination. The
time 7, indicates the time instant where the first term of the double
exponential model in Eq. (1) starts to dominate over the second term.

To establish the beginning of the second phase of the temperature
evolution, the temperature responses were temporarily treated as a
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Fig. 11. Fatigue strength estimation based on the self-heating temperature that occurs
during three-point bending at 20 kHz.

model of the inertia system of first order [37] with the steady-state
temperatures (denoted as A) recorded at 80 s. Next, the time constants
T were estimated for each profile. The longest time constant was
observed for the maximum displacement amplitude profile of 48 pm at
17 s. After this, the boundary between the first phase (unsteady) and
the second phase (steady-state) was established using 4 times the time
constant (4T = 68 s), which is equivalent to A(1 — exp(t/T))100% =~
98.2% of A. Since the time constant for other profiles was lower, they
were also in the second phase at the time (4T). Finally, t, = 70 s was
used in further analysis.

The self-heating temperatures obtained for each model at t, were
plotted against the applied load to determine the fatigue strength using
the Luong method [36]. This method interpolates the experimental
results along two lines and determines the fatigue strength at the
intersection of these lines. The interpolated experimental data were
thus divided into two groups based on the minimum average root
mean square errors of both lines [20]. The result is shown in Fig. 11
and the estimated fatigue strength equals 27.7 MPa, which refers to a
displacement amplitude 30 pm according to Fig. 6.

3.3. Evaluation of the variability of fitting parameters

During the increasing load-amplitude experiment (see Section 2.5),
temperature measurements were taken using thermal imaging (in 2.25
s-intervals) as well as using the IR camera (at 32 Hz, see Fig. 5). The
variability between parameters of the double-exponential models used
here was evaluated for temperature regression history data (for justi-
fication of the assumed model see [5]). In the absence of a significant
difference between the parameters of the approximation models, the
thermal images captured during the experiment would have to be used
for the optimization of the ROI sizes and locations for a more precise
evaluation of the fatigue strength.

To evaluate the variability of the fitting parameters, the thermal
images captured during the increasing load-amplitude experiment were
processed. First, the maximum temperatures measured within Area 4
(see Fig. 5a) were identified and normalized to remove the effect of
the ambient temperature for the nine loading levels between 16 pm
and 48 pm. The resulting temperature profiles are presented in Fig. 12
as discrete points. Based on these profiles, the fitting parameters of
the double-exponential model (I}, A;, I, and A,, see Eq. (1)) were
identified and are presented in Table 5.

In order to evaluate variability between the same types of parame-
ters of the double-exponential model (see Tables 4 and 5), the following
random variables were introduced:

‘91([) = Tl(img)(i) - F](mm)(i); 3)



A. Premanand et al.

Table 4

The results of the approximation of selected self-heating temperature profiles.
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Disp. Amp. [pm] StressL. Amp. [MPa] Iy [°C] A, [°C/s) r, [°C] A, [°C/s] RMSE R? tg [s]
16 14.8 -3.82 -0.069 3.92 0.0035 0.0865 0.995 28.7
20 18.5 -4.94 -0.071 5.15 0.0028 0.0960 0.996 28.6
24 22.2 -5.78 -0.076 5.83 0.0027 0.1169 0.995 31,0
28 25.9 -6.83 -0.070 7.41 0.0024 0.1677 0.993 26.6
32 29.6 -10.18 -0.072 9.94 0.0025 0.1723 0.997 36.5
36 33.3 -10.12 -0.077 10.99 0.0037 0.1617 0.998 22.4
40 37.0 -17.36 —-0.064 17.22 0.0012 0.2518 0.998 44.6
44 40.7 -18.37 -0.078 17.33 0.0040 0.3385 0.997 33.0
48 44.4 —-21.65 —-0.069 22.64 0.0023 0.3092 0.998 30.1
Table 5
The results of approximation of selected self-heating temperature profiles processed from thermal images.
Disp. Amp. [pm] I} [°C] 6, [°C] A, [°C/s] 6, [°C/s] I, [°C] 6, [°Cl A, [°C/s] 6, [°C/s]  RMSE R
16 -3.75 0.07 -0.096 -0.027 3.68 -0.24 0.0048 0.0013 0.2365  0.972
20 -5.23 -0.29 -0.075 —0.004 5.30 0.15 0.0026 —-0.0002 0.2187 0.984
24 -6.14 -0.36 -0.071 0.005 6.19 0.36 0.0014 -0.0013 0,2511 0,982
28 -6.84 -0.01 -0.086 -0.016 6.85 -0.56 0.0039 0.0015 0.2517  0.986
32 -9.34 0.84 -0.070 0.002 9.27 -0.67 0.0023 —0.0002 0.1865 0.996
36 -11.25 -1.13 -0.079 —-0.002 11.67 0.68 0.0037 0.0000 0.2389 0.996
40 -15.17 2.19 -0.064 0.000 15.29 -1.93 0.0019 0.0007 0.2415 0.997
44 -16.22 215 -0.077 0.001 15.82 -1.51 0.0037 -0.0003 0.3215  0.997
48 —20.60 1.05 —0.069 0.000 20.78 -1.86 0.0027 0.0004 0.2834 0.998
30 +48:m Table 6
44 i Results of the basic statistical analysis.
+40m 6, 6, 0, 0,
Ay +36um - apraltety :
- Min. -1.13 —2.70 -1.93 -1.3
g hidpm g Max. 219 0.50 0.68 15
Py ol £28um I il Range 3.32 3.20 2.61 2.8
< £24um Mean 0.50 -0.46 -0.62 0.2
5 [T +20um _g4 Median 0.07 0.00 -0.56 0.0
E I ) st. dev. 1.14 1.03 0.96 0.9
E- il P Variance 1.31 0.01 0.93 0.0
] ¥
E . Sae . * ey ste
10 tenwe e .
% i] # - ...-i..'.'.'....'_',n.oi.
= y Lses . tests (e.g., Shapiro-Wilk test [38]) for verification data normality is
5 inadequate. For this reason, a qualitative analysis based on quantile
plots for a Gaussian distribution was carried out. To conduct quantile—
quantile plot analysis, the theoretical quantiles z; were calculated using

Time [s]

Fig. 12. Selected self-heating temperature profiles extracted from thermal images and
their approximation models.

0y(1) = Ay(img) (D) = Aycam) (D 4
93(i) = Fz(img)(i) - rz(cam)(i), 5)
0,3 = A2(img)(i) - Az(cgm)(i)’ (6)

where the subscript img indicates model parameters related to the
temperature profiles processed using thermal images and the subscript
cam indicates those from the temperature profiles acquired directly
from IR camera. The particular values for each random variable were
presented in Table 5 as well.

An initial statistical analysis was performed on the data sets asso-
ciated with the random variables 6,, 6,, 6; and 6, (see Table 5). The
following statistical features were estimated: Minimum and maximum
values, data range, mean and median values, standard deviation, and
variance. The results obtained are presented in Table 6. A detailed
analysis did not reveal any tendencies and dependencies and will
require the use of more advanced statistical tools.

Since the number of samples in a sequence is small for all random
variables considered (9 values per feature), the application of typical

the following formula [39]:

Zi=(p_1<l—0.5)’ )
n

where @(-) is the standard normal quantile function [40,41], n is the

sample size and i is the quantile index.

Next, the sample quantiles y; were sorted in ascending order and
associated with adequate theoretical quantiles (7) forming a set of data
(z;, y;) for the quantile-quantile (Q-Q) plots, shown in Fig. 13. The
analysis of the Q-Q plots is based on the observation of linearity be-
tween the theoretical quantiles of a standardized Gaussian distribution
and the empirical quantiles, i.e., if the Q-Q points lie on a line, it means
that the data follows a Gaussian distribution.

The quantile-quantile plot analysis (Fig. 13) of the Gaussian dis-
tribution confirms that the empirical distribution of random variables
0,, 6 and 6, is very similar to the Gaussian distribution. For 6, the
conclusion is questionable.

To confirm that the mean value of the considered random variables
is equal to 0, the one-sample r-test was carried out. The #-test is
applicable for populations with a Gaussian distribution and unknown
standard deviations. Taking into account the evaluation of the models’
fitting parameters, the following null hypothesis H, and alternative
hypothesis H, were assumed:

* Hy: p =0, i.e. mean values of features 6,,0,,0;,0, is equal to 0,
* Hy: p #0, i.e. mean values of features 6,, 6,, 65, 6, is not equal to
0.
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Fig. 13. Qualitative analysis for the Gaussian distribution of random variables: (a) 6,, (b) 6,, (c) 6; and (d) 6,.

Table 7
Results of the one sample -test.
0, 0, 0, 0,

Sample size 9 9 9 9
Degrees
of freedom v 8 8 8 8
Significance
level a 0.05 0.05 0.05 0.05
Critical
value 7,5 —2.306 —-2.306 —-2.306 —-2.306
Critical
value 745 2.306 2.306 2.306 2.306
Mean 0.5011 —0.0046 —-0.6200 0.0002
Statistic 7 1.3146 -1.3273 -1.3613 0.7283
p-Value 0.2251 0.2211 0.0899 0.4872

To test the null hypothesis, the test statistic r and its degrees of
freedom were calculated using established formulae [40,41]. These
showed critical values t(,s and tg;5 for the two-tailed test and a
significance level « = 0.05 using the tables of values from Student’s
t-distribution. The results of testing the mean are presented in Table 7.

The data from the Table 7 reveal that the absolute value of 7 statistic
for all considered random variables is higher than the corresponding p-
Value and it is in the range of critical values of 7,5 and 795 as well.
Above means that for all considered random variables, hypothesis H,
cannot be rejected with the significance level of a = 0.05. Therefore,
the assumed optimization of the ROI sizes and locations using thermal
images captured within the increasing amplitude experiment can be
performed.

3.4. Experimental validation of fatigue strength in the VHCF regime

After estimating the fatigue strength of the CF-PEKK material to
be 27.7 MPa, four constant amplitude experiments were conducted
to experimentally validate this finding. All four experiments were
conducted with a mean stress of 200 MPa, a pulse time of 250 ms,
and a pause time of 1500 ms. The experiment performed at a cyclic
stress amplitude of 27.7 MPa was considered a run-out as no damage
was observed up to 10° loading cycles. Later, two specimens were
tested at a cyclic stress amplitude of 31.5 MPa—one resulted in a run-
out, and the other failed after 4.2 x 10% loading cycles. The fourth
specimen, tested at a cyclic stress amplitude of 33 MPa, also failed
after 4.2 x 108 cycles. The change in relative temperature against the
number of cycles for the three different stress amplitudes is shown in
Fig. 14. For all these experiments, the maximum surface temperatures
on the previously defined ROIs were recorded as a function of time
throughout the entire duration of the experiments. To realize this plot,
the peak temperature during each ultrasonic pulse was retrieved using
a MATLAB routine. Therefore, each data point in Fig. 14 corresponds to
the maximum surface temperature during one ultrasonic pulse, which
corresponds to the maximum temperature reached after every 5050
fatigue cycles. The relative temperature was then determined from
these peak values by removing the trend of ambient temperature and
initial surface temperature of the specimens.

It can be inferred from this set of experiments that the fatigue
strength of the CF-PEKK specimen is close to the cyclic stress amplitude
of 31.5 MPa as one experiment led to a run-out while the other failed
after 4.2 x 108 cycles. The maximum surface temperature for the failed
specimens rose up to 80 °C due to the occurrence of damage, after
which the experiments were stopped. These four experiments confirm
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Fig. 14. Evolution of relative temperature on the surface of CF-PEKK specimens for
different stress amplitudes.

Table 8
Pulse-Pause and load settings for cases using in shifting procedure.

Case Pulse duration Pause duration Oscil. amplitude
A 250 ms 15s +40.0 pm
B 250 ms 1.25 s +40.0 pm

that the fatigue strength of the CF-PEKK is within 10% of the estimated
value of 27.7 MPa.

3.5. Extension of the fatigue strength estimation concept for variable pause
duration

Based on the results observed for the increasing load-amplitude test
discussed in Section 3.2, which was performed for pulse and pause-
times of 250 ms and 1.75 s respectively, this section extends the fatigue
strength estimation concept for a different pause-time. For this, an
assumption was made that the fatigue strength is a material property
and should be independent of the pause-time chosen. Different pause
times should lead to a range of relative temperature changes, which
may allow the determination of fatigue strength.

The shifting procedure was shown using two cases shown in Table 8,
recorded for two tests at constant load-amplitudes with a pulse time of
250 ms. These two tests differed in their pause times: 1.5 s and 40 pm
for Case A, and 1.25 s and 40.0 pm for Case B, The time-temperature
profiles obtained from these tests were pre-processed similarly to the
procedure discussed in Section 3.2. Fig. 15 shows models of the tem-
perature evolution observed for the first phase and part of the second
phase during cyclic loading. These profiles were smoothed using an
average percentile and modeled using two exponential models. The
profiles were then compared with the corresponding profiles from the
increasing load-amplitude tests.

For a valid comparison of the cases shown in Table 8 with different
pause-times, the relative temperatures for both tests needed to be
correlated for the same:

« displacement amplitude conditions,

» number of cycles in every pulse, and

» the same steady-state condition of the temperature evolution
in the second phase. Here, this refers to the 4 times the time
constant, as discussed in Section 3.2.

Based on the temperature recorded at the respective 4T points
shown in Fig. 15, the absolute difference in relative temperature be-
tween the two cases and the reference relative temperature from the
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Fig. 15. Models of the temperature profiles for the same load but different pause times
up to 4 times the time constant of individual profiles.

Fig. 16. Vertical shift of the bilinear model for the Case A. The red star points represent
experimental data used for the estimation of the bilinear model (solid blue lines). The
dashed line represents the shifted bilinear model, and the diamond points represent
the experimental data obtained for the pause time of 1.5 s.

increasing amplitude test was estimated for case A:

AT, 4 = Tref = Teasen =93 °C. ©))
and case B correspondingly.
ATmB = Tref —Tiosen = 15.2 °C. 9

The temperature differences 47T, and AT, were used to shift
the bilinear model vertically and are presented in Figs. 16 and 17
correspondingly.

In order to validate the approximation of the vertical shifting pro-
cedure, additional experiments were performed for the settings which
correspond to the pause times for case A and case B. Figs. 16 and
17, contain blue diamonds points which represent validation points
of the proposed procedure. For case A, a relative error of 7% was
estimated, excluding the relative error of a bilinear model. Adequately
for Case B, an error was 15%. The proposed method of using the
thermographic approach in the estimation of fatigue strength and cor-
responding temperature for different pauses time is an approximation.
This approximation depends on the quality of the estimation of the
bilinear model, accuracy in the estimation of the vertical shifting value
as well as on variance of the estimated fatigue strength.
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Fig. 17. Vertical shift of the bilinear model for the Case B. Red star points represent
experimental data used for the estimation of the bilinear model (solid blue lines). The
dashed line represents the bilinear shifted model and the diamond points represent
experimental data obtained for the pause time of 1.25 s. experimentally.

Loading
nose

Transverse cracks

Micro-delamination

Loading

\ 7/

Support
units

Through-thickness failure
at the centre of specimen

(b)

Fig. 18. The optical micrographs of the failed CF/PEKK specimens tested under (a)
the stationary (Case I), and (b) non-stationary self-heating conditions (Case II).

3.6. Micrography for the constant load-amplitude experiments

From Fig. 18a and b it can be inferred that the damage was initiated
at the top of the CF/PEKK specimens. For the specimen tested at +48 pm
with a pause time of 1.85 s (Case I), micro-delaminations and transverse
cracks can be observed up to a depth of three plies from the top. For
the specimen tested at +51.4 pm with a pause time of 1.25 s (Case II),
the damage was observed to travel across the entire specimen thickness
with matrix de-cohesion failure (shown in the red-shaded region).

The damage in the specimen tested at +51.4 pm with a pause
of 1.25 s is catastrophic with significant structural damage due to
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the simultaneous loss of resonance and localized thermally induced
softening of the PEKK matrix during the final ultrasonic pulse. One
potential reason for such a failure could be the existence of a critical
self-heating temperature. On the other hand, the absence of the ther-
mally induced polymer softening mechanism in the specimen tested at
+48 pm with a pause time of 1.85 s could have limited the damage
from propagating across the entire thickness. In other words, for the
stationary self-heating condition, the temperature does not exceed the
critical self-heating temperature. This condition could have limited
the CF/PEKK specimen from significant structural damage. It should
be noted here that the constant amplitude experiment with the non-
stationary self-heating condition is rather invalid due to the strong
influence of temperature on the fatigue of the CF/PEKK specimen.
However, an insight into the critical self-heating temperature can be
used in the future as a threshold value to avoid thermal effects along
with mechanical fatigue.

To test the hypothesis of localized softening of the PEKK matrix
during the final phase (failure) for the non-stationary self-heating con-
dition the rate of energy dissipation at different ultrasonic pulses during
ultrasonic cyclic loading was estimated.

3.7. Estimation of rate of energy dissipation for approximating the critical
self-heating temperature

The critical self-heating temperature may be approximated through
the rate of energy dissipation of the specimen during fatigue loading.
Using the classical non-stationary heat transfer equation, the variation
in the dissipated energy ¢ with time [42] for a certain material can be
given as:
q=w=p_ (10)
where p is the material density, w is the total mechanical work per
unit volume and u is the specific internal energy, which includes both
energy components related to and not related to damage: E; and E 4
respectively. For a particular material, the heat dissipation rate can be
given as:

du _
Par

where ¢ is the specific heat and T is the temperature. The energy
dissipation rate can be determined through dynamic mechanical anal-
ysis or estimated directly from the curves of self-heating temperature
history. The procedure originally proposed by Meneghetti and Quares-
imin [43,44] was adopted here based on the temperature drop rate
using the dissipated energy ¢ and E,;, just after the ultrasonic pulses.
Inserting Eq. (11) into Eq. (10) and considering that after the end of
an ultrasonic pulse, the mechanical energy is no longer supplied to the
CF/PEKK specimens and the damaging processes stop, Eq. (10) takes
the following form:

nd+Ed=pc%+Ed, an

— 5L 12
q=-pe 12)

Based on Eq. (12), it can be assumed that the energy dissipation in
short intervals at the pulse-pause boundary is the same if the variations
in the temperature field of the specimen are neglected. This energy
dissipation rate can be obtained from the slope of the linear regression
line of the cooling curve [45]. For the non-stationary constant load-
amplitude test (Case II), temperature curves were extracted from the
thermograms obtained at different pulses, and the slope of the linear
regression at the start of the pause phase was determined. Then, using
Eq. (12) and the specific heat and density of the CF/PEKK specimens
(see Tables 1 and 2) the cooling rate was estimated. Fig. 19 shows
a representative temperature history curve and its linear regression,
based on which the cooling rate was evaluated.

Fig. 20 shows the average dissipated energy for all the pulse-
pause sequences (each pulse consists of 5050 fatigue cycles) during the
non-stationary constant load-amplitude test. The data of the first two
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Fig. 19. An example for estimating the cooling rate based on the slope of linear
regression of the temperature at the start of a pause phase.

Fig. 20. Variation of the heat dissipation rate during the consecutive pulses for the
non-stationary constant load-amplitude test.

pulse-pause sequences (shown in red) have been excluded from the
analysis, as these could have resulted from frictional heating due to the
self-alignment of the specimen at the start of the experiment. For the
remaining points, constant window averages with window lengths of
2, 4, 6, and 12 were applied to the raw data. Fig. 21 shows the results
from the average with a window length of 6, as it showed the least
amount of scattering.

From Fig. 21 it can be seen that the higher heat dissipation rate oc-
curs after ~65 °C due to non-stationary self-heating. Distinct phases of
energy dissipation can be identified from this figure: A linear increase
up to about ~50 °C and a sharp increase after ~65 °C. This temperature
range can be hypothesized to be related to the fatigue limit, based on
the previous work of the authors [20]. The heat dissipation rate varies
around 1.5 MJ/m? s between 50 °C and 65 °C. This may be the result
of the damage accumulation on the specimen surface as the critical
self-heating temperature. Above this temperature, the sharper temper-
ature increase can be attributed to polymer softening, the formation of
macrocracks, and the appearance of new surfaces in the failure region
of the CF-PEKK specimen in addition to the heat dissipation caused
by viscoelastic hysteresis. The heat dissipation analysis of such non-
stationary self-heating experiments can provide an upper self-heating
temperature limit for future fatigue tests at constant load amplitudes.
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Fig. 21. Heat dissipation rates indicating the self-heating temperature after a moving
average with a constant window length of 6.

4. Conclusions

This study investigated the self-heating behavior of a CF/PEKK com-
posite at ultrasonic frequencies in the VHCF regime, in particular its
thermal response and structural degradation. This accelerated fatigue
testing at 20 kHz enables a significant shortening of the testing time,
making it economically reasonable. A consequence of this high loading
frequency is the pronounced influence of the self-heating effect, which
is unavoidable even in the presence of active air-cooling and the use of
pulse-pause sequences for loading. On the other hand, this temperature
increase due to self-heating can serve as a sensitive indicator for the
structural degradation of the specimen over the course of the test. This
method has been applied in numerous studies to estimate the fatigue
limit in the LCF regime. In this study, it was experimentally confirmed
that this critical evaluation method can be effectively adapted to VHCF
tests (up to 10° cycles).

It should be noted that in contrast to LCF testing, the evaluation of
fatigue strength for VHCF testing at ultrasonic frequencies requires data
pre-processing due to the vastly different local self-heating dynamics
under pulse-pause loading. A methodology was developed to incorpo-
rate this and additional variables particular to ultrasonic VHCF testing
such as the pause duration. Based on this methodology, it is possible
to evaluate the test results on a fatigue strength plot and determine if
the loading parameters result in a temperature response above or below
the estimated fatigue strength. Since this analysis is based only on the
second-phase self-heating response (see Section 3.5), the evaluation can
be performed in a fast and reliable manner.

Furthermore, it was shown that the fatigue strength estimated in
this work remained independent of changes in the experimental param-
eters used, which implies that the fatigue strength can be considered
a material property for VHCF testing at ultrasonic frequencies. This
was also confirmed by experiments as well as the statistical tests
performed on the approximation model features of the temperature
history curves (see Section 3.3). The results of the statistical analysis lay
the foundation for further optimization of the ROIs for the self-heating
temperature measurements for future VHCF tests.

The microscopic observations of the two specimens tested under
the stationary (Case I) and non-stationary (Case II) constant cyclic
amplitudes indicate that the failure occurred near the middle of the
specimen. However, for the non-stationary case, matrix de-cohesion
was observed due to polymer softening. This led to more severe damage
due to the specimen experiencing non-stationary self-heating, com-
pared to the specimen tested under stationary self-heating conditions.
The relevance of micrography in this study in observing the locations
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of damage initiation for the two loading cases, which were observed to
be consistent.

The estimation of the energy dissipation, used previously in LCF
testing, was successfully adapted to the non-stationary self-heating
experiment (Case II). The heat dissipation characteristic as a function
of the structural degradation yielded a threshold temperature near
~65 °C. This temperature could represent the critical self-heating tem-
perature and is related to the fatigue strength. The correlation between
the self-heating temperature and fatigue strength for VHCF testing must
be further examined and planned for future studies.
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ABSTRACT

This study assessed the fatigue performance of glass/epoxy composite by exploring the role of loading frequency
(20-50 Hz) on fatigue strength, lifespan, and damage evolution. Implementing bilinear thermographic ap-
proaches (AT — ¢ and ¢ — o) highlighted a remarkable fatigue strength reduction as frequency increased. At
higher frequencies (40 Hz and 50 Hz), the discrepancies in fatigue strength values resulting from thermographic
methods were more pronounced than at lower frequencies. The determined fatigue strengths at higher fre-
quencies were then compared to those obtained from the standard S — N curves as a reference. The analysis
demonstrated the closer alignment of ¢ — ¢ results with the reference S — N curves. The unfeasibility of bilinear
models at higher frequency under high-stress levels necessitated establishing a new trilinear ¢ — 6 model. The
developed model aimed to assess the fracture fatigue entropy (FFE), alongside the entropy-based damage index
(EDI) as a normalized indicator for damage evolution across low-, intermediate-, and high-cycle-fatigue regimes,
facilitating the FFE-based S — N curves validated with the experimental S — N data. The new EDI-based S — N
curves were then established at different levels of damage accumulation. Damage evolution was captured via
real-time acoustic emission (AE) monitoring synchronized with the registered thermal responses, enabling the
identification of critical fatigue cycles, where rapid damage accumulation begins, alongside determining the
boundaries that indicate abrupt failure. Correlating the AE-identified critical boundaries with the stiffness
reduction enabled the establishment of S — N curves based on various controlled degradation levels, bridging the
knowledge gap and establishing a refined methodology for thermomechanical fatigue analysis of polymer-matrix
composites (PMCs).

1. Introduction

originates from the viscoelastic nature of polymers used in PMCs.
Nevertheless, for a fatigue-loaded PMC specimen, it is driven by the

Polymer matrix composites (PMCs) are increasingly utilized in in-
dustries such as aerospace, automotive, and wind energy owing to their
exceptional strength-to-weight ratio, stiffness, and fatigue endurance/
strength [1]. Evaluating and mimicking the prolonged fatigue perfor-
mance of PMCs under typical operating conditions at low frequencies
(<10 Hz) remains challenging due to the time-consuming and costly
nature of traditional fatigue tests [2,3]. Therefore, there is a compelling
need for accelerated fatigue testing methods that retain reliability while
reducing testing durations.

Increasing the testing frequency offers an attractive pathway for
accelerating fatigue life assessments, while it introduces complexities,
primarily linked to the self-heating effect [3-8]. This phenomenon
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thermoviscoelastic response. The out-of-phase lag between stress and
strain during cyclic loading induces dissipation processes in a material,
being a direct consequence of the viscoelastic nature of a polymeric
matrix. Due to its low thermal conductivity, a large amount of dissipated
energy is converted to heat storage, leading to a temperature increase
and, consequently, structural changes in PMCs, including significant
acceleration of fatigue degradation processes under certain conditions
[4]. The self-heating temperature history curve is represented by three
characteristic phases [4,9]: (i) an initial phase of rapid temperature rise,
(ii) a steady phase with temperature stabilization, and (iii) the final
phase where the tested PMC reaches a critical self-heating temperature
[6,10], beyond which the rapid damage accumulation occurs, leading to
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a sharp temperature increase, microstructural damage, and eventual
fatigue failure [6]. The intensity of the self-heating effect is influenced
by several factors, including the loading parameters (e.g., stress ratio,
frequency) [11-14], material properties (e.g., polymer and fiber types)
[15,16], alongside the environmental factors (e.g. ambient temperature
and moisture) [17-19]. Minimizing or limiting self-heating temperature
can be achieved by cooling the surface of fatigue-loaded PMCs using
efficient cooling techniques [6,9]. Within the framework of accelerating
fatigue testing through higher loading frequencies, studies primarily
performed ultrasonic frequency fatigue testing (UFFT) around 20 kHz
within the very-high-cycle fatigue (VHCF) regime. To limit the
self-heating effect, researchers in Refs. [9,20] used a pulse-pause
method alongside forced air cooling. Lee et al. [21] incorporated a
Peltier ring-type cooling based on a pulse-pause approach. Wang et al.
[22] utilized both cryogenic nitrogen cooling and pulse-pause method,
see Ref. [4] for further details. Nevertheless, VHCF tests are typically
conducted at relatively low-stress amplitudes, e.g. up to +49.1 MPa with
a corresponding displacement amplitude of +54.2 pm [15]. Fatigue
testing should be extended under moderate and high-stress amplitudes
to comprehensively capture the thermomechanical fatigue behavior of
PMCs. This may be achieved using standard testing facilities such as
servo-hydraulic systems operating at the maximum frequency of 100 Hz
[3]. As a step forward in addressing this limitedly studied testing sce-
nario, performing experiments under natural air cooling enables anal-
ysis of how temperature rise correlates with both frequency and applied
stress/strain level, aiding in selecting the appropriate and cost-effective
cooling methods based on the level of determined heat and temperature
growth.

The stress-life (S — N) and strain-life (¢ — N) methods are often uti-
lized for evaluating the durability and longevity of fatigue-loaded PMCs
[23,24]. The former is typically used for force-controlled fatigue tests,
maintaining a constant stress amplitude throughout cycles [25].
Nevertheless, the latter is usually implemented for
displacement-controlled tests, including ultrasonic- and shaker-based
tests [9,26], where strain remains constant during the test [27]. To
compare both methods, Ferreira et al. [28] conducted fatigue tests on
glass fiber-reinforced polypropylene composites using both displace-
ment- and stress-controlled modes at a frequency of 10 Hz. They pre-
sented the results in the form of the S — N and ¢ — N curves, and reported
less than 5 % discrepancy between those two methods, highlighting the
comparability and transferability of findings extracted from the S— N
and ¢ — N curves for assessing the fatigue behavior of PMCs. However,
higher frequency in displacement-controlled fatigue tests may lead to
thermal nonlinearities in PMCs due to their low thermal conductivity
and viscoelastic behavior [4,29], making accurate strain measurement
more challenging. Assuming the comparability of the S— N and e— N
models for the fatigue life assessment of PMCs, instead of developing the
e — N curves under the displacement-controlled scenario, a viable
strategy at higher frequencies is to construct the S — N curves based on
the maximum stress level that the PMC specimen tolerates [6]. To
achieve this, the maximum force measured by a force sensor can be
correlated with the applied displacement, thereby enabling the con-
version of force into stress [26].

To estimate the fatigue strength of PMCs, the thermographic
methods have gained significant attention primarily due to advance-
ments in non-contact infrared thermography [30-40], serving as an
alternative to the time-consuming and costly S — N curves. Thermo-
graphic methods encompass the temperature rise-stress (AT —¢) and
heat dissipation rate-stress (¢ —o) approaches, which shorten the
experimental duration and facilitate the rapid estimation of fatigue
strength in PMCs [41]. AT — ¢ approach evaluates the fatigue strength
of the tested PMC by measuring the stabilized temperature increases
corresponding to a wide range of stress levels without requiring exten-
sive time or large datasets. Within this approach, fatigue strength is
defined as the stress level above which the PMC exhibits a noticeable
increase in thermal response, attributed to the accumulation of
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fatigue-induced damage [9]. Numerous studies have demonstrated the
utility of this method in predicting the fatigue strength of numerous
PMCs, including carbon fiber-reinforced polymers (CFRPs), glass
fiber-reinforced polymers (GFRPs), and other PMCs [30-40]. Similarly,
q — o approach offers an accelerated and efficient way to evaluate the
fatigue strength of PMCs [42,43]. The fatigue strength determined from
this thermographic approach is identified at the stress level above which
the rate of heat dissipation accelerates, highlighting the critical
boundary where rapid cumulative damage begins. In summary, both
methods offer advantages depending on the material and application,
with AT — o excelling in simplicity and speed, while ¢ — ¢ approach,
requiring further analysis, but may deliver a more in-depth assessment
of fatigue behavior. However, this represents a key gap in the literature,
highlighting the need for further research to evaluate which approach
provides higher accuracy.

Alongside the fatigue strength estimation at 10° cycles [7,34,44], the
fatigue life assessment of PMCs plays a key role in ensuring performance
across different fatigue regimes, ranging from low-cycle fatigue (LCF) to
VHCF [6]. As opposed to the widely used standard S — N curves, which
rely on abrupt failure, implementing the entropy concept as a thermo-
dynamic framework can yield a more comprehensive analysis by
incorporating the results derived from ¢ — ¢ approach [45]. Entropy
generation, governed by the second law of thermodynamics (Clau-
sius-Duhem inequality) [46], is a function of loading types [47],
ambient temperature [48], stress level, and loading frequency [49,50].
For fatigue-loaded PMCs, entropy generation may arise from different
fracture mechanisms such as matrix cracking, fiber breakage, debond-
ing, and delamination [51]. Several studies have implemented
entropy-based models for fatigue life prediction in PMCs [15,34,52,53].
By applying the first and second laws of thermodynamics, Naderi and
Khonsari [51] developed a theoretical framework to assess the fracture
fatigue entropy (FFE) as a material property. FFE is chiefly driven by the
accumulated irreversible energy resulting from the damage evolution
until reaching its critical threshold at the final fracture [52]. Their
findings were further supported by Mohammadi and Mahmoudi [46],
who proposed a micromechanical model for evaluating FFE, demon-
strating that the FFE value remains relatively constant regardless of the
fracture mechanism, whether the damage is caused by fiber breakage or
polymer matrix cracking. Huang et al. [34] employed heat generation,
which encompasses both recoverable and non-recoverable energy to
evaluate FFE and subsequently the lifetime of CFRP specimens. When
determining FFE for PMCs, internal friction resulting from the
fiber-matrix interphase, the interlaminar region between adjacent layers
is often regarded as a recoverable process with negligible impact on
fatigue life [53]. For this reason, they implemented a quadratic function
to separate the internal heat friction from the entire heat generation
including damage. Furthermore, Premanand et al. [15] implemented the
FFE concept for lifetime prediction within the VHCF regime. All previ-
ous works assumed constant heat capacity (C,) when implementing the
g—o approach for evaluating FFE, but incorporating
temperature-dependent C, is critical for accurately modeling and
quantifying the heat dissipation rate. This refinement can thereby lead
to a more reliable determination of entropy generation, which is a key
factor in comprehending damage evolution under fatigue loading.
Furthermore, prior studies used the entropy concept and proposed
mainly one mean value for FFE within all fatigue regimes, while it is
essential to develop a comprehensive approach for evaluating FFE from
low-, to high-cycle fatigue regimes.

Most existing studies focused on low-frequency (<15 Hz) or ultra-
sonic (~ 20 kHz) fatigue testing, leaving a key gap in understanding how
moderate frequencies affect fatigue strength, lifetime, and damage
evolution of PMCs, with particular attention to the role of self-heating in
accelerating the integrity degradation. This research addresses this gap
by analyzing the fatigue performance of PMCs at a frequency range of
20-50 Hz. Moreover, while previous studies have applied
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thermographic approaches (i.e., T — ¢ and ¢ — ¢) individually, assessing
the sensitivity of fatigue strength determination using both methods
remains essential for the same tested PMC. Furthermore, this study also
seeks to improve the quantification of heat dissipation rates by imple-
menting temperature-dependent C,, allowing for a more accurate
determination of FFE across different fatigue regimes. On the other side,
constructing standard S — N curves primarily account for abrupt failure,
yet such criteria are unsuitable for in-service PMC design. A viable
strategy is to evaluate the fatigue performance of PMCs based on their
allowable stiffness degradation levels, rather than relying solely on final
failure. To achieve this, the current study seeks to incorporate real-time
acoustic emission (AE) monitoring during fatigue testing, capturing the
initiation and damage evolution. By correlating AE data with the level of
stiffness reduction, it facilitates the development of S— N curves based
on the permissible level of stiffness degradation in PMCs. This research
not only bridges a fundamental knowledge gap in the literature, but
establishes a refined methodology for enhancing the predictive accuracy
to assess the durability and structural integrity of fatigue-loaded PMCs.

2. Theoretical framework of irreversible thermodynamic
processes

Heat generation in PMCs during cyclic loading is governed by its
thermoviscoelastic behavior resulting from the nature of a polymer
matrix of a composite, and the most of dissipated energy is converted
into heat. The heat transfer equation over a control volume is given by
Ref. [54]:

/ <pCP%f>dV+ { / (fKVZT)dV] = / GgendV, (€]

where p is the density, C, is the heat capacity, and K is the thermal
conductivity of PMC specimen. ¢, denotes the volumetric heat gener-
ation rate, which is proportional to the thermomechanical strain
amplitude ¢y, frequency f, and the dynamic shear loss modulus G'(f, T)
[55]:

Ggon = 37f G (£, T). 2

The detailed relationships for the thermoviscoelastic response and
heat generation due to the self-heating effect have been presented in the
previous authors’ study [26]. In accordance with the first law of ther-
modynamics for a control volume, a part of the heat generation is
released into the environment, with the rest being stored within the
tested PMC. When a fatigue-loaded PMC specimen goes under the sta-
bilization self-heating temperature (phase II), the rate of heat storage
(g,) balances with the rate of heat dissipated into the environment (q),
which is given by Ref. [56]:

. oT
=g4= —pC,—(t=t,),

4=4= — Gy, (t=tu), (3)

where 0T /ot refers to the cooling rate at time (t,) when the tested PMC is

unloaded from the applied fatigue stress, and goes under either natural

or forced cooling [6], see Fig. 1 for more details. C,, as a function of

temperature for the glass/epoxy composite, is given by Ref. [57]:

C, =828.7 +2.71T, @

where T is given in °C. When the applied stress level remains below the
fatigue strength (ofs), the primary mechanism for heat dissipation is
internal friction (i.e., ¢ = qf), which is considered as a recoverable
process [53]. However, when the applied stress exceeds the fatigue
strength, the heat arises due to internal friction and fatigue damage (q,),
corresponding to reversible and irreversible thermodynamic processes,
respectively, and can be expressed as follows:

4=dsq = gy + 4y 5)
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Fig. 1. Exemplary temperature-time responses of three fatigue-loaded PMCs
(IAT-A, IAT-B, and IAT-C) at 40 Hz under various stress levels, ranging from
79.5 MPa to 287.6 MPa.

The heat dissipation rate led by damage (g,) can then be determined
as a function of stress (o) using:

Gq=4s.4(0 > 0rs) — Gs(0 < 0xs). (6)

On the other side, the entropy generation resulting from heat con-
duction and internal variables within the stabilization regime can be
negligible, accounting for only 5-10 % of the entropy generated by
plastic dissipation [58]. By excluding these effects and implementing the
second law of thermodynamics [46], the total volumetric entropy gen-
eration (y) can then be expressed as [34]:

t ¥ g
y:FFE:/ j/dt:/ M. @
to to T

For a single load level scenario resulting in a stabilized temperature,
e.g. each block of temperature response within loading and unloading
illustrated in Fig. 2, the FFE is given by Ref. [34]:

Nrdy
fro’

FFE = (8
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Fig. 2. Exemplary temperature-cycle history of CAT at 40 Hz under applied
stress of 333.72 MPa.
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where Ny represents the number of cycles until failure, T; is the stabi-
lized temperature measured on the Kelvin scale, and f indicates the
frequency. By generalizing Eq. (8), the cumulative entropy generated for
multiple load levels or increasing amplitude tests (IATs) can be
expressed as follows [49]:

o Nigy;

FFE =
fiTsi :

9

i=1

where m represents the number of load levels, N; is the number of cycles,
Ty is the stabilized temperature in Kelvin, ¢4 indicates the damage-
induced heat dissipation rate, and f; is the loading frequency at the i—
th step. Once FFE value [51] is determined from fatigue tests, it becomes
possible to estimate Ny for any arbitrary stress level above the fatigue
strength (6 > ops) using Eq. (10). However, to apply Eq. (10), it is
essential to establish the correlation among stabilized temperature, heat
dissipation, and stress level, which is discussed in Section 4.1.

f1:0), (10)
qq(o)

Nevertheless, for constant amplitude testing (CAT) scenarios under
high-stress levels, the application of Meneghetti’s approach [56] to
measure the cooling rate for heat dissipation quantification becomes
unfeasible. This challenge arises due to the rapid temperature increase
registered in the third phase of the self-heating temperature evolution
[6], linked to the fatigue damage accumulation in the tested PMC,
complicating the reliable cooling rate determination at the end of the
fatigue test. A viable strategy for determining the heat dissipation rate is
to implement the initial temperature rise instead of the cooling rate,
which is equivalent [40,49,59]. Furthermore, the temperature drasti-
cally increases under applied high-stress levels without even reaching
stabilization within the LCF regime, as demonstrated in Fig. 2. Thus,
using the critical temperature, characterized as the point above which
temperature markedly increases due to rapid damage propagation [6,
10] (see Fig. 2), in Egs. (8) and (10) may be more feasible for deter-
mining the FFE value under CAT scenarios. This is justified by noting
that the stabilized temperature serves as an indicator for the transition
between phases II and III under lower stress levels within the entire
fatigue testing, while the critical temperature similarly marks this
transition/boundary at higher stress levels [4,16].

Nf(c) = FFE

3. Materials and experimental procedure

The tested GFRP specimens consisted of 14 layers of unidirectional
epoxy-based laminate, reinforced with a 200 g/m? plain weave E-glass
fabric. The composite was sourced from Izo-Erg S.A. (Gliwice, Poland)
under the designation EP GC 201, with the material properties presented
in Table 1. Specimens were prepared in a rectangular geometry, with
dimensions of 100 + 0.4 mm in length, 10 + 0.1 mm in width, and 2.4
+ 0.05 mm in thickness, with a span length of 39 mm.

The fatigue experiments were performed using a customized shaker-
based cantilever bending apparatus with the stress ratio of R = — 1 in
displacement-controlled mode, similar to the previous works of the

Table 1
Material properties of the tested glass/epoxy composite.
Properties GFRP Ref.
Young’s moduli [MPa] E, 27170 [26,60]
Ey 24203.61
Poisson’s ratio [—] Vyx 0.166
Density [kg/m>] p 1978.3
Ultimate tensile strength [MPa] oy 413
Dynamic shear modulus [MPa] G 6079.56
Long-term shear modulus [MPa] G 3172.18

Heat capacity at RT [J/kgK] (o 891 [571
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authors, see the details, e.g., in Ref. [26]. A schematic representation of
the customized laboratory test rig is shown in Fig. 3. The PMC specimen
(1) was clamped at both ends, with an effective length of 39 mm be-
tween the grips. The lower clamp (2), made of thermally insulating
material, was fixed and tightened with a torque of 20 Nm to achieve
consistent test conditions throughout the experiment. The upper grip (3)
applied load to the specimen through a stringer (4) linked to the TIRA®
TV-51120 electrodynamic shaker (5). The shaker was powered by a
TIRA® BAA 500 amplifier (6), which controlled the sine-wave excitation
signal generated by a multichannel data acquisition system (7). A PCB
Piezotronics® T352C34 accelerometer (8) was employed to monitor the
acceleration of the PMC specimen during testing, alongside a PCB Pie-
zotronics® 208C03 force sensor (9) that recorded the force. The accel-
eration data were then integrated twice to obtain the displacement. The
force and acceleration sensors were connected to a signal conditioner
(Briiel & Kjer Nexus 2693), facilitating data acquisition at a sampling
rate of 1652 Hz using a multi-channel card (NI® DAQ Card 6062E)
linked to a PC (10) using a custom-built LabVIEW application. The fa-
tigue tests, performed at room temperature, included both IATs at fre-
quencies of 20 Hz, 30 Hz, 40 Hz, and 50 Hz, alongside CATs at 40 Hz and
50 Hz. The maximum bending stress for each load level, used in con-
structing S — N curves and thermographic methods, was determined by:

6PL

—p an

o

where P denotes the maximum force measured by force sensor within
IATs and CATs, L is the span length, with b representing the width and H
the thickness of the specimen, respectively.

The surface temperature of PMC during testing was recorded using
an InfraTec® VarioCAM® infrared camera (11) with the Carl-Zeiss F1.0/
focal length 50 mm lens. The frame rate of thermal registration for IATs
was set to 1 Hz, while for CATs was set between 0.5 and 2 Hz, depending
on the test duration, with shorter tests using a higher frame rate, and
vice versa. The camera featured a microbolometric detector with a
resolution of 640 x 480 pixels, and the approximate geometric resolu-
tion of the thermal imaging in this study was 5 pixels/mm for both IAT
and CAT scenarios. To enhance the accuracy of thermal response, PMCs
were coated with a black matte heat-resistant silicone enamel with an
emissivity of 0.98. Similarly to the methodology used by authors in their
previous study in synchronization with thermal data registration [16],
AE data were simultaneously collected with a Vallen® AMSY-5 system
(12), with the AEP4 preamplifier and the AE sensor VS700-D (13),
functioning in the frequency range of 150-800 kHz, attached to the
specimen with a thermoplastic adhesive. The recorded AE signals, in
cascade form, were processed through Vallen® Visual AE software to
assess the fatigue-induced degradation process.

Two regions of interest (ROIs) were established for assessing the
temperature data for IAT and CAT scenarios based on the symmetry of
the temperature distribution under fully reversed bending with respect
to the midplane of the tested specimen in the cantilever beam mode.
According to Fig. 3(b), ROI1 was defined to cover the entire surface of
the tested PMC specimen, with dimensions of 10 x 39 mm?. This region
was selected to capture the overall thermal response of the specimen
throughout the fatigue test. ROI2, with dimensions of 10 x 10 mm?, was
placed near the lower clamp, where the maximum stress is applied.
Although ROI1 was considered to monitor the entire surface for any
unexpected thermal behavior, it was observed that the maximum self-
heating temperature consistently occurred at the bottom of the spec-
imen, within ROI2.

4. Results and discussion
Fig. 4 illustrates a schematic workflow outlining the sequential steps

of the study, beginning with IATs (Section 4.1) to assess fatigue strength
using thermographic methods. To achieve this, the bilinear AT — ¢
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Fig. 3. (a) Schematic representation of the customized laboratory test rig, adopted from Ref. [16]; (b) Definition of ROIs on the exemplary thermogram registered

during CAT under maximum stress of 271 MPa at a frequency of 50 Hz.

approach (Section 4.1.1), and the bilinear ¢ — ¢ approach (Section
4.1.2), incorporating both constant- and temperature-dependent C,, are
applied. Furthermore, Section 4.1.3 evaluates the sensitivity of
thermography-based approaches in predicting fatigue strength, which
serves as the first objective of this study. In the second step, the CATs
were conducted. By monitoring the real-time AE response of the fatigue-
loaded PMC specimen, the critical boundary where rapid damage
accumulation occurs is identified. A novel methodology based on this
AE-determined critical boundary is then proposed to construct the S— N
curve, serving as the second objective of the study presented in Section
4.2. Furthermore, the fatigue life index corresponding to the AE-
identified critical boundary at each loading level is used to determine
the associated critical self-heating temperature, based on the tempera-
ture history of the PMC specimen. The results from IAT and CAT, ob-
tained within the same calibration range for the equipment (i.e., IR
camera, accelerometer, and force sensor), are subsequently combined to
develop a trilinear thermographic model (i.e. ¢ — o0), as outlined in
Section 4.3. The trilinear ¢ — 6 model facilitates a comprehensive eval-
uation of fracture fatigue entropy (FFE) (Section 4.3) across different
loading regimes. This entropy-based approach is further extended to
introduce a novel entropy-based damage index (EDI). The EDI concept
offers an alternative methodology for constructing the S— N curves
based on the progressive damage accumulation from initiation to final
failure, see Sections 4.4 and 4.5. Additionally, by applying the measured
force and the displacement determined via twice-integrated acceleration
data, the dynamic Young’s modulus is calculated in Section 4.6.1. This
enables the construction of a new S — N curve as the function of
permissible stiffness degradation level in Section 4.6.2, serving as the
last aim of study.

4.1. Estimation of fatigue strength using thermography-based approaches

This section evaluates the sensitivity of fatigue strength estimation
using two bilinear thermography-based approaches: (i) the temperature
rise-stress (AT —o) and (ii) heat dissipation rate-stress (¢ — o). The
assessment is conducted across four loading frequencies (20 Hz, 30 Hz,
40 Hz, and 50 Hz). Notably, the influence of heat capacity C, is dis-
regarded in the AT — ¢ model, while the role of either constant or

temperature-dependent C, is considered in the ¢ — ¢ method.

Preliminary experiments were conducted to identify the necessary
number of cycles for each specified load level for a campaign of IATs.
The results indicated that conducting IATs with 40 e 10° cycles at each
load level would be sufficient to achieve a stabilized self-heating tem-
perature across the examined frequencies of 20 Hz, 30 Hz, 40 Hz, and 50
Hz. Following the preliminary tests, IATs were conducted across a broad
range of stress levels, e.g., from 105 MPa to 410 MPa for 20 Hz, within
24 steps to capture stabilized temperatures for each loading frequency.
Preliminary results from CATs demonstrated that a single PMC specimen
could not endure the wide stress range (105-410 MPa) without
breaking. To mitigate the likelihood of specimen breakage, the wide
stress range was divided into three groups, with each group consisting of
8 steps applied to a separate specimen at each frequency (see Fig. 1 for
IAT-A, IAT-B, and IAT-C at 40 Hz demonstrating 18 load levels out of a
total of 24 levels). This configuration facilitated the testing of 12 PMCs
within IAT scenarios under four different frequencies. The methodology
was designed to preserve specimen integrity throughout the experi-
ments. The unloading duration of 8-12 min between successive loading
blocks was implemented to ensure that the tested PMCs returned to
ambient temperature before applying the next loading sequence. This
cooling period was crucial to mitigate the influence of cumulative
thermal effects from prior loading cycles on the thermal and mechanical
responses of the fatigue-loaded PMC specimen. The unloading duration
was selected based on preliminary tests, which showed that the time
required for the specimens to cool down is a function of the applied
stress level and loading frequency. Higher stress levels and frequencies
resulted in greater heat generation, necessitating longer unloading pe-
riods to allow the specimens to dissipate heat into the environment and
return to the ambient temperature. This procedure ensured consistent
initial conditions for each loading block, thereby improving the reli-
ability and accuracy of the experimental data. It is noteworthy that any
data points where the self-heating temperature did not stabilize were
excluded from the analysis. For subsequent analysis, up to 20 repre-
sentative measurement points, as depicted in Fig. 3, were selected from
the 24 recorded points for each loading frequency.

In the current study, the fatigue strength is determined based on the
intersection of two characteristic lines (i.e., line I, and line II) derived
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Fig. 4. Schematic workflow of the thermomechanical fatigue assessment of tested PMCs.

from the thermal response data registered during the fatigue experi-
ments. The iterative process of constructing a bilinear model begins with
selecting an initial trial stress value and categorizing the measured
points into two groups—those below and those above this threshold.
Separate linear approximations are then applied to each group to
establish two trend lines, with their intersection point serving as the next
trial stress value. The error, defined as the difference between successive
trial stress values, guides the adjustment process: if the error is positive,
the trial stress is increased; if negative, it is decreased. Additionally, in
each trial, the root mean square error (RMSE) is computed to assess the
accuracy of the approximation. The iteration continues until the RMSE
reaches its minimum value, and the bilinear models are then constructed
for the experimental data at each frequency. This approach allows for
capturing the relationship between the temperature rise and the applied
stress across different frequencies more accurately [6]. To evaluate the

overall accuracy of the constructed bilinear model, the determination
coefficient (R?) was then calculated for each line individually. The
overall coefficient of goodness estimation for the entire bilinear model
for each frequency (ﬁz), was finally computed as the mean value of two

lines (ie., R* = 0.5(R? + R%)) [33]. This averaging strategy shows the
overall goodness of the bilinear model.

4.1.1. Dependency of fatigue strength on loading frequency using AT — ¢
approach

The fatigue strengths, determined using the bilinear AT — ¢ method,
showed a notable decreasing trend with increasing frequency, as illus-
trated in Fig. 5. At 20 Hz, the fatigue strength was highest with the value
of 264.4 MPa, decreasing significantly to 219 MPa at 30 Hz, then to
173.2 MPa at 40 Hz, and finally to 120 MPa at 50 Hz, representing a 55
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Fig. 5. Estimation of fatigue strength in glass/epoxy composite using AT— ¢
approach at different loading frequencies.

% reduction compared to the value at 20 Hz.
Table 2 displays these predictive regression lines, along with their

corresponding R’ and RMSE, illustrating the relationship between
temperature rise and applied stress at each frequency. At 20 Hz and 30

Hz, the models fit well, with high }_22 (above 0.98) and low RMSE (0.1 °C
and 0.2 °C, respectively). However, accuracy decreased at higher fre-

quencies; at 50 Hz, R® decreased to 0.914, and RMSE increased to 1 °C,
indicating greater prediction error. Table 2 also illustrates the temper-
ature rise at fatigue strength (ATgs), increasing from 2.9 °C at 20 Hz to
4 °C at 30 Hz, then unexpectedly decreasing at higher frequencies.

At lower frequencies, the relatively lower hysteretic heat due to the
viscoelastic response of the polymer, dissipates more uniformly into the
surroundings, resulting in a less noticeable rise in temperature on the
specimen surface. Consequently, fatigue damage accumulates gradually.
In contrast, at higher frequencies, the relatively low thermal conduc-
tivity of PMCs, combined with a larger phase lag between stress and
strain, causes a significant portion of the dissipated energy to remain
within the PMC specimen, leading to higher temperatures. Additionally,
the mismatch in the coefficient of thermal expansion (CTE) between the
fibers and the polymer matrix causes localized thermal hotspots and
consequently stress concentrations. These thermal stresses, interacting
with the applied mechanical stresses, contribute to stress concentrations
and may lead to the initiation and propagation of damage. With the rise
in temperature due to increased frequency, the polymer matrix may
undergo a weakening of polymer chain interactions, initiating micro-
structural degradation processes like matrix cracking, fiber-matrix
debonding, and delamination. Thus, the fatigue damage evolution is
not solely influenced by loading frequency but results from the complex
interplay between thermal stresses, and mechanical loading. This

Table 2
Estimation of frequency-dependent bilinear AT — ¢ curves.
Frequency Line I Line I RMSE ®? ATrs
[Hz] estimated by estimated by [°C] [°C]
20 AT =0.017 o AT = 0.069 o 0.13 0.985  2.92
c— 1.66 c—15.24
30 AT =0.031 e AT =0.103 0.22 0.981 3.99
c— 278 c—18.48
40 AT =0.030 ¢ AT =0.102 0.29 0.967  3.52
c—1.69 oc—14.25
50 AT =0.038 AT =0.159 1.00 0.914 2.87
c— 171 c—16.13
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interaction is more pronounced at higher frequencies, where rapid
temperature increases can intensify degradation mechanisms, leading to
a reduction in fatigue strength.

4.1.2. Sensitivity of fatigue strength estimation using thermography-based
approaches

To build on the analysis presented in Section 4.1.1, this Section in-
troduces the ¢ —o approach, incorporating both constant and
temperature-dependent C, to assess the sensitivity of the thermography-
based methods for determining the fatigue strength of the tested PMCs
under the same frequencies. Fig. 1 illustrates exemplary temperature-
time responses for three fatigue-loaded PMCs (IAT-A, IAT-B, and IAT-
C) tested at 40 Hz under various stress levels, along with their corre-
sponding linear regression lines used to determine the heat dissipation
rate. Based on post-processing across all four loading frequencies, a
consistent window of 37 thermograms, recorded at a frame rate of 1 Hz,
was selected to construct the regression line. The results of these pre-
dictive models using constant C, are illustrated in Fig. 6 and Table 3,
while the results of scenarios implementing temperature-dependent C,
are presented in Fig. 7 and Table 4. According to Tables 3 and 4, RMSE
values for the constant heat capacity model ranged from 3.8 mW/cm® to
8.4 mW/cm®, while for the temperature-dependent C, model, RMSE
values were slightly higher, ranging from 6.8 mW/cm® to 9.9 mW/cm?®.
Such minimized RMSE values resulted in high predictive accuracy across

all loading frequencies. For both models, the determined R values were
0.953 or above, indicating a good-fitting model.

The ¢ — 6 method consistently predicted higher fatigue strengths
than the AT — ¢ method, with the discrepancy becoming more pro-
nounced at higher frequencies. At 20 Hz, the ¢ — ¢ model predicted
values of 270.3 MPa (constant C,) and 273.3 MPa (temperature-
dependent Gp,), slightly exceeding the value of 264.4 MPa derived from
AT — 6. As frequency increased, the difference grew for both constant
and temperature-dependent C,, respectively: 1.8 % at 30 Hz, 6.7 % and
7.9 % at 40 Hz, and 19.3 % and 20.7 % at 50 Hz. These results indicate
that the influence of C, becomes more pronounced at higher fre-
quencies, particularly temperature-dependent C,. Additionally, the heat
dissipation rates showed a vivid upward trend with increasing frequency
for both constant and temperature-dependent C, scenarios, indicating a
correlation between higher frequencies and increased energy dissipa-
tion. The results obtained from both AT —¢ and ¢ — o approaches
demonstrated a decline in fatigue strength with rising frequency, but the
4 — o approach consistently predicted higher values than that of AT — o,

400
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Regression e} Constant Cp
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350
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300 - o Measured: 30 Hz B
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250 Measured: 20 H 4
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200 -
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100 -

Heat Dissipation Rate, § [mW/cm 3]
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Fig. 6. Estimation of fatigue strength in glass/epoxy composite using ¢ — o
approach at constant C, under different loading frequencies.
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Table 3
Estimating bilinear § — ¢ curves as a function of frequency with constant C,.
Frequency  Linel Line II RMSE R dgs
[Hz] estimated by  estimated by [mW/cm?®] [mW/cm?]
20 4 =0.347 e g =1.495e 3.80 0.965 55.40
c— 3712 o— 342.03
30 q =0.498 ¢ q =2.287e 8.42 0.953 68.86
c— 42.83 o — 439.50
40 4 =0.649 ¢ 4 =263le 5.20 0.984 74.56
6 — 46.00 c— 412.42
50 4 =0.972e g =3714e 8.41 0.986 86.85
o— 53.44 o — 445.27
450 T T T T T

O Measured: 50 Hz

400 I° Regression o Temperature - dependent Cp |
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Fig. 7. Estimation of fatigue strength in glass/epoxy composite using §— o
approach considering temperature-dependent C,, at various loading frequencies.

Table 4
Bilinear ¢ — ¢ curve estimation as a function of frequency and temperature-
dependent C,.

Frequency Line I Line I RMSE R Grs

[Hz] estimated estimated [mW/em?) [mW/cm?)
by by

20 4 =0.347 e 4 =1.763e 6.77 0.962 57.66
c—37.11 c— 424.70

30 g =0.518e g =2515e 9.69 0.950 60.41
c— 44.67 c— 489.71

40 q=0671e 4 =2890e 5.76 0.986 79.20
c— 4543 o — 458.48

50 g =1.022e qg =4.132e 9.94 0.985 89.85
o— 56.41 o— 502.73

especially at higher frequencies when incorporating temperature-
dependent C,. This highlights the necessity of comparing the results
obtained from AT — ¢ and ¢ — o methods, at higher frequencies, using
the standard S — N curve as a reference to assess the reliability of these
methods.

4.1.3. Comparative analysis of fatigue responses driven from S— N curves
and thermography-based approaches

This section compares the fatigue strength values derived from both
AE-based S— N curves and thermography-based methods for glass/
epoxy composites. Furthermore, the AE-based S— N curves are
employed to estimate the fatigue life cycles (Ngs) corresponding to the
fatigue limit/strength values extracted from the thermography-based
approaches.
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Due to the relatively high discrepancy in the estimated fatigue
strength values from AT — ¢ and ¢ — ¢ approaches at higher frequencies
(40 Hz and 50 Hz), the S — N curves for these frequencies were estab-
lished as the primary reference for evaluating the accuracy of thermo-
graphic approaches. The S— N curves were constructed using
experimental data from 17 CATs within a wide range of stress levels at
each frequency, spanning from 218.3 MPa to 379.1 MPa for 40 Hz and
from 172.9 MPa to 309 MPa for 50 Hz, as illustrated in Fig. 8.

At 40 Hz, the predicted fatigue strength by the S — N curve at 10°
load cycles is 241.1 MPa, significantly higher than 186.9 MPa derived
from the ¢ — ¢ approach and 173.2 MPa from the T — ¢ approach, rep-
resenting discrepancies of approximately 22.4 % and 28.1 %, respec-
tively. Similarly, at 50 Hz, fatigue strength from the S — N curve is 192.5
MPa, compared to 144.8 MPa from the ¢ — ¢ method and 120 MPa from
the AT — o approach, with discrepancies of 24.8 % and 37.5 %,
respectively. Furthermore, a vivid trend is observed with a notable
decline in fatigue strength as frequency increases from 40 Hz to 50 Hz,
with the S — N curve showing a reduction of 20.2 %, the ¢ — ¢ approach
reflecting a decrease of 22.5 %, and the AT — ¢ approach demonstrating
a more significant drop of 30.7 %. This highlights the advantage of
implementing ¢ — ¢ approach, offering a higher accuracy in fatigue
analysis of PMCs, particularly at higher frequencies where thermal ef-
fects become more pronounced.

Furthermore, Table 5 presents the predicted fatigue life cycles (Ngs)
derived from the linear regression models at 40 Hz and 50 Hz (see
equations in Fig. 8), corresponding to the fatigue strength values
extracted from the thermography-based approaches (i.e. AT — o, and
q — o). To achieve this, the thermographic-driven fatigue strength
values were substituted into the linear regression models extracted from
AE-based S — N curves at final failure, illustrated in Fig. 8. The results
indicate that the fatigue life index associated with the fatigue strength
values is consistently close to 107 cycles, with slight variations
depending on the approach used. For example, for the AT — ¢ method,
the fatigue life index is just above 107 cycles, with values of 1.3 e 107
cycles at 40 Hz and 2.6 ¢ 107 cycles at 50 Hz. In contrast, for the § — ¢
approach, the fatigue life index is slightly below 107 cycles, with values
ranging from 7.7 ¢ 10% to 9.1 ¢ 10° cycles, depending on whether a
constant or temperature-dependent C, is considered. Despite these
minor differences, the results consistently illustrate that the fatigue life
index corresponding to the thermography-based fatigue strength re-
mains in the vicinity of 107 cycles.

Fig. 8. Standard S-N curves constructed for glass/epoxy composite under fully
reversed bending at loading frequencies of 40 Hz, and 50 Hz.



J. Amraei and A. Katunin

Table 5
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Predicted fatigue life cycles derived from S — N curves corresponding to the fatigue limit/strength values driven from the thermography-based approaches.

Frequency AT — ¢ approach q§ — o approach
H:
LHz) Constant C, Temperature-dependent C,
OFs Nrs OFs Nrs OFs Nrs
[MPa] [-] [MPa] [-] [MPa] [-]
40 173.23 1.32107 184.81 8.48 ¢ 10° 186.85 7.73 ¢ 10°
50 120.00 2.59 ¢ 107 143.17 9.14e10° 144.80 8.50 ¢ 10°

4.2. Establishment of S — N curve based on AE-identified critical damage
boundaries

This section implements AE analysis to identify the critical damage
accumulation boundaries, thereby introducing a novel methodology for
constructing the S — N curve based on the criticality of AE data. Unlike
the standard S — N approach, primarily considering the final stage of
failure, the proposed criticality-based AE method relies on the bound-
aries where the damage is progressively accumulated throughout the
lifespan of the fatigue-loaded PMC specimen. During the preliminary
study, several AE features were evaluated, including total counts of hit-
cascade (CCNT), true energy (ETE), cumulative energy (CENY), and
peak amplitude (ALIN). Among these, CCNT was identified as the most
sensitive feature/indicator of early microstructural changes and micro-
crack growth, the finding was also confirmed by previous studies (e.g.,
Ref. [16]). Figs. 9 and 10 present the AE data collected from fatigue
testing of glass/epoxy composite specimens subjected to frequencies of
40 Hz and 50 Hz, respectively. The results are categorized into three
fatigue regimes: low-cycle fatigue (LCF) with less than 10° cycles,
intermediate-cycle fatigue (ICF) ranging from 10° to 10° cycles, and
high-cycle fatigue (HCF) beyond 106 cycles [61]. While these classifi-
cations may not be universally standardized, they establish a valuable
framework for assessing the fatigue behavior of PMCs within the current
study. Given the primary focus of the study on these fatigue regimes, this
classification was implemented to effectively describe the observed
thermomechanical fatigue response of tested PMCs in the presence of the
self-heating phenomenon—a potential contributor in accelerating fa-
tigue damage accumulation, and thereby, the lifetime degradation.

The stress ranges defining LCF, ICF, and HCF vary with frequency.
For 40 Hz, LCF ranges from 318.2 to 378.8 MPa, ICF consists of
244.9-302.5 MPa, and HCF includes 218.1-234.2 MPa. However, for 50
Hz, LCF ranges from 259.5 to 309 MPa, ICF involves 196.6-254.5 MPa,
and HCF corresponds to stress levels below 196.6 MPa. According to the
following classification, in Fig. 9, the AE data at 40 Hz are shown with
(a-b) representing LCF, (c-e) indicating ICF, and (f) covering HCF re-
gimes. Similarly, Fig. 10 shows AE results at 50 Hz, with (a-c) referring
to LCF, (d-e) covering ICF, and (f) corresponding to HCF. In Figs. 9 and
10, the abrupt fatigue failure events are marked by the peak values of
CCNT feature, alongside the critical boundary, denoted by black dashed
lines, where significant damage accumulation begins. Using the identi-
fied criticality boundary values derived from the CCNT feature for
different stress levels at frequencies of 40 Hz and 50 Hz, a new strategy
for constructing the S — N curve can be established. This approach
provides straightforward information on the permissible number of cy-
cles a tested PMC can endure at a given stress level before entering the
accelerated fatigue damage phase.

The S — N curves represented in Fig. 11 and Table 6 derived from
final failure events (denoted by diamonds in Figs. 9 and 10) predict
slightly higher fatigue strengths at 10° cycles for both frequencies of 40
Hz and 50 Hz compared to the criticality-based S — N curves. The fatigue
strength under 40 Hz is estimated at 241.1 MPa based on the final
failure, versus 222.9 MPa from the criticality-based S— N curve, showing
a 7.5 % discrepancy. This highlights that the criticality-based S— N
method tends to predict a lower value, owing to identifying the fatigue
damage at an earlier stage of degradation thereby providing a more

conservative estimation that is key to preventing sudden failures. On the
other side, both methods indicate a reduction in fatigue strength as the
frequency increases. For the final failure-based S — N curve, the fatigue
strength decreases by 20.2 % when increasing from 40 Hz (241.1 MPa)
to 50 Hz (192.5 MPa). Similarly, the criticality-based S — N method
demonstrates a 20.3 % reduction in fatigue strength, decreasing from
222.9 MPa at 40 Hz to 177.5 MPa at 50 Hz. These closely aligned results
highlight the effectiveness of the criticality-based S — N approach in
assessing and capturing the frequency-dependent fatigue behavior of
PMCs. Despite these findings, a critical question arises regarding how
the S — N curves derived from final failure and the criticality of AE data
correlate with the stiffness degradation of the tested PMC. Establishing
such a relationship will enhance the predictive capabilities in fatigue
assessments, given that stiffness degradation serves as an indicator of
structural integrity and residual service life of PMCs.

It should be mentioned that the recording of AE events and thermal
imaging was synchronized throughout the fatigue testing process, with
both techniques employed to monitor the same underlying damage
accumulation mechanisms. The AE data provides real-time information
on the initiation and progression of damage, while thermal images
highlight the temperature distribution across the specimen, which is a
direct result of energy dissipation due to internal friction and other
damage processes. As damage accumulates, both the AE signals and
thermal responses exhibit distinct patterns, which are closely associated
with the same degradation mechanisms.

4.3. Analysis of fracture fatigue entropy across different loading regimes

The entropy analysis shows how fatigue damage evolves across
different stress levels, frequencies, and thermal responses [49,50]. This
section applies the FFE concept for thermomechanical fatigue life
assessment of PMCs across different fatigue regimes (LCF, ICF, and
HCF). As a preliminary step, the FFE values were derived from the heat
dissipation analysis based on IATs illustrated in Fig. 1 based on Eq. (9),
and discussed in Section 4.1 for frequencies of 20 Hz, 30 Hz, 40 Hz, and
50 Hz. Three PMC specimens (labeled as IAT-A, IAT-B, and IAT-C) were
tested at each frequency, see Fig. 1, with the determined FFE values
presented in Table 7. The mean FFE value (FFE) calculated across all
frequencies is 4.0 = 1.6 J/(cm®K). Implementing FFE value derived
from the IATs to construct S — N curve is feasible only within specific
stress ranges (up to 271 MPa at 40 Hz and 217 MPa at 50 Hz, as shown in
Fig. 7). On the other side, the fatigue strengths at 10 ® cycles derived
from Fig. 8, yield 241.1 MPa at 40 Hz and 192.5 MPa at 50 Hz, while
covering stress ranges up to 378.9 MPa and 309 MPa, respectively. This
implies that in IAT scenarios, the stress levels inducing damage above
the fatigue strength (¢ > o) partially align with the low-stress ranges
illustrated in Fig. 8, leaving a significant portion of the high-stress range
uncovered (from 271 MPa to 378.9 MPa under 40 Hz, and from 241.1
MPa to 309 MP under 50 Hz) when compared to Fig. 8 as the reference.
This highlights that relying on a single FFE value derived from Eq. (10)
and the bilinear ¢ — 6 model within IATs, similar to other studies [34,
53], is unfeasible for fatigue life assessment under intermediate- and
high-stress levels corresponding to LCF and ICF regimes, respectively, at
40 Hz and 50 Hz. Thus, the illustrated ¢ — o curves in Fig. 7, need to be
extended to cover a broader stress range at 40 Hz and 50 Hz. To achieve
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Fig. 9. AE results from fatigue testing of glass/epoxy composite at 40 Hz for different loading regimes: (a-b) LCF, (c-e) ICF, (f) HCF.

this, the analysis is extended by incorporating CAT results at a wide Notably, the stabilized temperature was utilized to evaluate FFE for
stress range. In other words, combining IATs and CATs results in IAT scenarios by Eq. (9), as presented in Table 7. However, within
exploring regime-based FFE values/trends as a function of frequency CATs—particularly at medium and high-stress levels—it may be more
and stress. rational to consider the critical temperature in Egs. (8) and (10), as

10
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Fig. 10. AE results extracted during fatigue testing of glass/epoxy composite at 50 Hz for different loading regimes: (a—c) LCF, (d—e) ICF, (f) HCF.

11
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Fig. 11. S— N curves for glass/epoxy composite constructed based on final
failure and the criticality of AE features at frequencies of 40 Hz and 50 Hz.

stabilization does not occur, see Fig. 2, as also confirmed in Ref. [62].
For the CAT scenario, FFE values were determined using Eq. (8), where
the critical temperature is utilized instead of the stabilized temperature.
Since the AE and thermal responses are recorded simultaneously during
fatigue testing, the critical temperature and AE-identified critical
boundary correspond to the same stages of damage evolution, with their
occurrence in similar fatigue life index. In other words, the number of
cycles at critical boundaries of AE data shown in Figs. 9 and 10 for 40 Hz
and 50 Hz, respectively, synchronized with the thermal responses
illustrated in Fig. 12(a) and (b), are implemented to determine the
corresponding critical temperatures. Such critical temperatures,
confirmed in Refs. [6,10], are also presented in Fig. 12(a) and (b) for
frequencies of 40 Hz and 50 Hz, respectively, derived from a series of
temperature evolution profiles for CATs shown in Section 4.1.

Fig. 13 shows the exemplary infrared image sequences for the PMC
specimen at the stress level of 271 MPa, with frequencies of 40 Hz (a-c)
and 50 Hz (a’-c’). The thermographic images correspond to (a, a’) at the
onset of loading after 10° cycles, (b, b’) at the critical boundary, iden-
tified at 133.7 e 102 cycles for 40 Hz and 10.3 e 10° cycles for 50 Hz, and
(c, ) at final failure, occurring at 403 e 10° cycles for 40 Hz and 24.8 e
108 cycles for 50 Hz. The thermograms vividly illustrate how the tem-
perature profiles are influenced by the change in frequency at the same
stress level, increasing from 40 Hz to 50 Hz in the corresponding images
from (a) to (a’), (b) to (b’), and (c) to (c’).

By Incorporating CAT results at medium and high-stress levels along
with the critical temperature responses from Fig. 12, the correlation
between applied stress and temperature response for 40 Hz and 50 Hz
frequencies can be derived from Fig. 14. The correlation has been uti-
lized to determine the FFE in the further stages of the study. Note that
the temperature scale is in Kelvin.

Fig. 15 illustrates the quantified heat dissipation rate (q) by incor-
porating IATs and CATs over a wide range of stress levels for loading
frequencies of 40 Hz and 50 Hz. Analysis of the results revealed that the

Composites Part B 298 (2025) 112353

Table 7
FFE values derived from IAT analysis for different loading frequencies.
Parameter Sample 20 Hz 30 Hz 40 Hz 50 Hz
[J/cm? K] D
FFE IAT-A 2.673 5.729 5.647 5.598
IAT-B 2.242 5.139 1.625 2.641
IAT-C 2.919 3.056 6.415 3.863
FFE Average 2.6 + 4.6 + 4.6 + 4.0 +
0.3 1.1 2.1 1.2
40+1.6

Fig. 12. Temperature profile evolution, incorporating critical temperature
values determined through AE analysis for various stress levels under: (a) 40
Hz, and (b) 50 Hz.

Table 6
Estimated S — N curves based on the criticality of AE and final failure.
Criterion Frequency Estimating S — N curve by R2 OFs
[Hz] [MPa]
Criticality of AE 40 6 = — 56.865 e logN + 564.09 0.982 222.90
50 6 = — 50.691 e logN + 481.69 0.965 177.54
Final failure 40 6 = — 60.624 e logN + 604.82 0.985 241.07
50 6 = — 51.284 e logN+ 500.18 0.984 192.47
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Fig. 13. Infrared thermograms registered for the fatigue-loaded PMC specimen under maximum stress of 271 MPa, for frequencies of 40 Hz (a-c) and 50 Hz (a’-c’),
with images corresponding to (a, a’) after 1000 cycles, (b, b’) at the critical points, and (c, ¢’) at the final failure stages.

previously employed bilinear model, as presented in Section 4.1 (e.g.,
Fig. 7), was insufficient for correlating heat dissipation rates across the
broad range of applied stress, especially at higher stress levels. This
limitation is primarily owing to the significant increase in heat dissi-
pation at the higher stress levels, which the bilinear model failed to
capture. To refine the accuracy of predictions, the trilinear model was
developed by minimizing the RMSE value for the experimental data at

13

each loading frequency, via adopting the approach used for the bilinear
model in Section 4.1 depicted in Fig. 7. To assess the overall accuracy of

the trilinear model, the average determination coefficient (EZ), was then
determined as the mean value of the three lines (i.e., R> = (R? +

R,2,+R,2H) /3) for each loading frequency [33]. This model implements all
results extracted from both IATs and CATs, enabling a more rational
correlation between the applied stress and the corresponding heat
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Fig. 14. Correlating applied stress with the critical temperature response at 40
Hz and 50 Hz.
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Fig. 15. Developing the trilinear ¢ — ¢ model incorporating temperature-
dependent heat capacity at loading frequencies of 40 Hz and 50 Hz.

dissipation rate. One key enhancement of the trilinear model is the
incorporation of temperature-dependent C, in assessing heat dissipa-
tion, as depicted in Fig. 7. This is even more significant at higher stress
levels, where thermal responses are more pronounced, and C, varies
linearly with temperature, see Eq. (4).

The results of these established trilinear models using temperature-
dependent C, are illustrated in Fig. 15 and Table 8. As the loading fre-
quency increased from 40 Hz to 50 Hz, the RMSE value doubled, rising
from 31.2 mW/cm® at 40 Hz to 63.8 mW/cm® at 50 Hz. Despite this

Table 8
Trilinear ¢ — ¢ curve estimation using temperature-dependent C, for 40 Hz and
50 Hz.

Frequency q - Line I q - Line II q - Line III RMSE 7

[Hz] [mW/cm?®] [mW/cm?] [mW/cm?] [mW/cm?]

40 0.671e0— 2.890e0— 24.723 00— 31.24 0.980
45.43 458.48 6301.65

50 1.022e0 — 413200 — 30.689 e 0 — 63.79 0.982
56.41 502.73 6671.58
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increase, the minimized RMSE values resulted in R value of 0.98 or
above for both frequencies, indicating a well-fitting model. The applied
stress levels (corresponding to lines I and II under IATs, and line III
under CATs) ranged from 67.9 MPa to 318.1 MPa at 40 Hz, and from
61.6 MPa to 301.1 MPa at 50 Hz. The validity region of the estimated
lines in Table 8 is demonstrated by the intervals (values in red and
magenta colors) between the lines for both frequencies, as depicted in
Fig. 15.

Further analysis implements Eq. (6), and (7), along with the findings
from Figs. 14 and 15, and Table 8 for evaluating the cumulative entropy
across LCF, ICF, and HCF regimes. Fig. 16(a) and (b) present the
determined cumulative entropy evolutions for frequencies of 40 Hz and
50 Hz, respectively. The results demonstrate how entropy evolves as a
function of the load cycle, stress level, and frequency for different fa-
tigue regimes until the final fracture, referred to as FFE [51]. An analysis
of the FFE values across a wide range of stress levels (applied within
CATs) under 40 Hz and 50 Hz in Fig. 17 reveals three distinct trends,
each corresponding to a different fatigue regime. As a simplification,
consistent with other studies [15,34,46], FFE can still be treated as a
material property, with the mean value differing across fatigue regimes.

Fig. 16. Entropy evolution of the tested PMCs until eventual fracture across a
wide spectrum of stress levels at loading frequencies of: (a) 40 Hz, and (b)
50 Hz.
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Table 9
Mean values of fracture fatigue entropy (FFE) across different loading regimes.

Fatigue regime FFE Frequency [Hz] Validity of stress range [MPa]
[J/em3K]
LCF 1.8+09 40 318.11 <6 < 378.78
50 259.47 < 6 < 309.00
ICF 65+1.2 40 244.87 < 6 < 302.52
50 196.57 < 6 < 254.52
HCF 12.8 £ 2.1 40 218.12 <6 < 234.16
50 172.89 < 6 < 196.57

This simplification highlights the applicability of regime-based FFE
value as a reliable characteristic for assessing the fatigue response of
tested PMCs under different loading frequencies and stress levels.
Accordingly, Table 9 lists the mean FFE values (FFE) for LCF, ICF, and
HCF regimes.

Within the LCF regime, characterized by relatively high-stress levels
(e.g. 360.3 MPa and 378.9 MPa for 40 Hz; 291.6 MPa and 309 MPa for
50 Hz), cumulative entropy illustrated in Fig. 16(a) and (b) exhibits a
rapid growth from the early stages of fatigue lifespan. The rapid entropy
accumulation at lower cycles correlates with notable energy dissipation
for high-stress levels (see Fig. 15). The FFE value for the LCF regime, as
seen in Tables 9 and is (1.8 £+ 0.9 J/(cm3~K)), lower than that of ICF and
HCF regimes due to the fewer cycles to failure; however, the rate of
entropy accumulation per cycle is significantly greater. This highlights
the likelihood of severe damage occurring per cycle, linked to crack
initiation and propagation, within the LCF regime.

Entropy accumulation within the ICF regime progresses more slowly
as the stress level decreases. Compared to the rapid entropy growth in
the LCF regime, the ICF shows a more gradual entropy increase, with the
applied stress between 302.5 MPa and 271.5 MPa at 40 Hz, and between
234 MPa and 209.3 MPa at 50 Hz, as illustrated in Fig. 16(a) and (b).
This behavior is linked to a moderate level of energy dissipation (see
Fig. 15), and highlighting more cycles is necessary to reach the final
fracture/failure. According to Table 9, the accumulated entropy in the
ICF regime ranged between those of LCF and HCF. The FFE value within
the ICF regime is 6.5 + 1.2 J/(cms-K), greater than those for LCF,
demonstrating a more steady rise that may be due to the balance be-
tween mechanical and thermal energy dissipation throughout fatigue
cycles. Among all the fatigue regimes, the slowest entropy accumulation
occurs in the HCF regime under relatively lower stress levels. Despite
minimal energy dissipation per cycle, the large number of cycles to
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failure results in cumulative entropy exceeding that of the LCF and ICF
regimes. Consequently, the determined FFE value for HCF is the highest,
approximately double that of ICF and seven times higher than LCF.

4.4. Comparative analysis of standard and FFE-based S — N curves

This section presents the development of S — N curves based on the
FFE, denoted as FFE for simplicity, serving as an accelerated approach
for fatigue life estimation of PMCs. To accomplish this, three average
FFE values, determined for different fatigue regimes (LCF, ICF, and HCF)
as shown in Table 9, have been implemented. The obtained FFE-based
S — N curves are then compared with the standard S — N curves at
final failure, indicated by the peak value of CCNT feature marked by
diamonds in Figs. 9 and 10. The analysis was conducted at two fre-
quencies, 40 Hz and 50 Hz, to assess the consistency between these two
methods.

For the LCF regime, up to 10% cycles, the FFE-based S — N curve
predicts slightly fewer cycles at the equivalent stress levels compared to
the standard S — N curve for both loading frequencies, as shown in
Fig. 18. The deviation, however, is insignificant, and remains within an
acceptable range, indicating that the FFE method can be a viable tool for
life prediction within the LCF regime. This tiny difference may be
attributed to the sensitivity of considering the mean FFE value in the LCF
regime, where the higher entropy accumulation rate per cycle leads to
significant early-stage damage in the fatigue process due to the domi-
nance of the self-heating effect, as highlighted in Section 4.3. This
contributes to a more conservative life prediction, yielding fewer cycles
compared to the standard S — N curves. In the ICF regime, spanning
from 10° to 10° cycles, the gap between the FFE-based and standard S —
N curves diminish considerably. The primary reason for this better
alignment may be rooted in a more balanced distribution of mechanical
and thermal energy over the fatigue cycles compared to the LCF regime,
enhancing its potential as a predictive tool within the ICF scenarios.

As the applied stress level decreases further within the HCF regime
(108 cycles or above), the FFE-based curves align almost perfectly with
the standard S — N curves for both loading frequencies. As can be
extracted from Fig. 18 and Table 10, the fatigue strength predictions at
10° cycles obtained from both FFE-based S — N curves and the standard
S — N'model are closely aligned, particularly at the loading frequency of
40 Hz. For this frequency, the fatigue strength prediction from the FFE-
based method is 241.8 MPa, while the standard S — N approach predicts
a nearly identical value of 241.1 MPa, indicating a negligible
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— Regression
FFE - based: 40 Hz
350 X 4
Regression
S O Measurement: 50 Hz
E — Regression
S 300 Q O FFE - based: 50 Hz -
w ¢ .
« — Regression
L
]
wv
E 250/ 1
£
=
(1]
=
200 ~ 4
150 L L L
10° 10* 10° 10° 10’

Load Cycles, N [-]

Fig. 18. Comparison of constructed S-N curves between the conventional
method and the developed trilinear ¢ — ¢ model for loading frequencies of 40
Hz and 50 Hz.
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Table 10
Estimated S — N curves based on FFE and final failure.
Criterion Frequency [Hz] Estimating S — N curve by R? ops [MPa]
FFE-based 40 o = — 52.207 e logN + 554.99 0.989 241.75
50 o = — 55.726 e logN + 531.47 0.978 197.11
Final failure 40 o = — 60.624 e logN + 604.82 0.985 241.07
50 6 = — 51.284 e logN + 500.18 0.984 192.47

discrepancy. However, at a higher frequency of 50 Hz, there is a slightly
higher difference between the two methods. The FFE-based approach
estimates a fatigue strength of 197.1 MPa, while the standard S— N
curve predicts a slightly lower value of 192.5 MPa, resulting in an
insignificant difference of approximately 2.4 %. This good convergence
between two curves in the HCF regime can be explained by the lower
entropy generation per cycle in HCF over the prolonged fatigue life
where damage progresses more gradually as a result of more evenly
distributed energy dissipation.

The comparative analysis reveals that while the FFE-based S— N
curves slightly underestimate the number of cycles in the LCF regime,
this approach demonstrates a good agreement with the standard S— N
curves in both ICF and HCF regimes. This highlights that the FFE
approach, with further refinement, holds the potential as an alternative
methodology for fatigue life prediction, potentially offering deeper
insight into the thermomechanical damage processes occurring during
fatigue loading.

4.5. Establishment of S — N curves using entropy-based damage index

The application of FFE concept, which has shown its effectiveness in
characterizing fatigue behavior across the LCF, ICF, and HCF regimes,
can be further extended into the entropy-based damage index (EDI). The
EDI is determined by dividing the cycle-dependent cumulative entropy
(yn), shown in Fig. 16(a) and (b), by the FFE values (at the final fracture)
presented in Fig. 15 across various stress levels for 40 Hz and 50 Hz (i.e.
EDI = yy/FFE). This index provides a normalized and dimensionless
measure of damage accumulation throughout the fatigue life, where the
EDI with the value of 1 represents the final fracture. Fig. 19(a) and (b)
depict the evolution of EDI over fatigue cycles for various stress levels at
frequencies of 40 Hz and 50 Hz, respectively, covering the LCF, ICF, and
HCF regimes. The progressive damage accumulation has been shown at
intervals corresponding to 10 %, 20 %, 40 %, 60 %, 80 %, and 100 % of
the EDI, represented by diamond and circle markers on the graphs.

The number of fatigue cycles associated with each EDI value is then
extracted and implemented to establish the new S — N curves based on
different EDI levels, as illustrated in Fig. 20(a) and (b) at the frequencies
of 40 Hz and 50 Hz, respectively. The estimated linear regressions for
various EDI levels, based on Fig. 20(a) and (b), are presented in
Table 11. At 40 Hz, the EDI-based S — N curves have a slope of
approximately —58.78, with intercepts rising from 535 at 10 % EDI to
593.5 at final fracture (100 % EDI), while at 50 Hz, the slope is around
—49.90, with intercepts increasing from 442.65 at 10 % EDI to 492.3at
100 % EDI. A notable finding is that the established S— N curves for
different EDI levels illustrate similar slopes for each loading frequency,
despite the shifting based on the percentage of accumulated damage.
These shifts highlight the changes in the damage accumulation process
in the fatigue-loaded PMC, where higher shift values are associated with
accelerated damage, and consequently a shorter operational lifespan,
and vice versa.

A comparison between the EDI-based S — N curves and standard S—
N curves highlight some key differences in the representation of fatigue
life. As opposed to the standard S — N curves reflecting the fatigue cycles
at the final fracture, i.e., EDI = 100 %; the EDI-based curves provide a
continuous measure of the damage evolution at different stages. This is
critical for applications where identifying the early stages of fatigue
damage is vital for their predictive maintenance and life extension
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strategies. In other words, the incorporation of the FFE and EDI concepts
provides a comprehensive framework for predicting fatigue life across
different fatigue regimes and loading frequencies.

4.6. Analysis of thermomechanical fatigue behavior of PMCs using
stiffness degradation

4.6.1. Load-displacement correlation and stiffness degradation curves

To obtain a comprehensive understanding of the thermomechanical
fatigue behavior of PMCs, it is crucial to understand how stiffness de-
grades under different stress levels and loading frequencies. Assuming
the geometric stability and a constant Poisson’s ratio, the dynamic
Young’s modulus E serves as a representative indicator of stiffness

Fig. 19. Evolution of entropy-based damage index of the tested PMC from the
initial stage to sudden fracture under different stress levels at loading fre-
quencies of: (a) 40 Hz, and (b) 50 Hz.
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Fig. 20. Construction of S — N curves using different EDI percentages for: (a)
40 Hz, and (b) 50 Hz.

Table 11
Estimated S — N curve based on different EDI levels.
Frequency [Hz] EDI% [—] Estimating S — N curve by R?
40 10 o = — 58.781 e logN + 535.02 0.999
20 6 = — 58.780 e logN + 552.71 0.999
40 6 = — 58.776 e logN + 570.38 0.999
60 o = — 58.775 e logN + 580.72 0.999
80 6 = — 58.774 ¢ logN + 587.74 0.999
100 6 = — 58.774 e logN + 593.50 0.999
50 10 6 = — 49.908 e logN + 442.65 0.994
20 o = — 49.907 e logN + 457.67 0.994
40 o = — 49.906 e logN + 472.69 0.994
60 6 = — 49.905 e logN + 481.47 0.994
80 6 = — 49.905 e logN + 487.43 0.994
100 o = — 49.905 e logN + 492.32 0.994

degradation [26]. This parameter can be determined using the canti-
lever beam formula, based on the relationship established between
maximum force over each fatigue cycle Py, recorded by the force sensor
and maximum displacement &y,.x Obtained by integrating the measured
acceleration data twice over a wide range of load levels [26]:
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where L is the length and I is the moment inertia of the tested PMC. To
establish the correlation between the maximum stress and the
displacement amplitude for further analysis, it is assumed that the stress
is negligible when the displacement amplitude § is zero (i.e., § = 0,6 =
0) [6], serving as the boundary condition, indicated by a diamond in
Fig. 21. Accordingly, a linear correlation between the maximum stress
and the displacement amplitude was identified using the measured data
from 40 Hz to 50 Hz, indicating that a displacement amplitude of 1 mm
corresponds to a stress level of 93 MPa. Using this correlation along with
the measured maximum force and Eq. (12), the dynamic Young’s
modulus is evaluated across all fatigue regimes. Fig. 22(a) and (b) show
the evolution of dynamic Young’s modulus over fatigue cycles at 40 Hz
and 50 Hz, respectively. The graphs illustrate various levels of stiffness
degradation, from 10 % to 50 %, marked by circles to illustrate the
degradation trend better. Notably, final failures occurred at approxi-
mately 50-60 % stiffness degradation.
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4.6.2. Establishment of S — N curves based on stiffness degradation

The S — N curves were then established based on different levels of
stiffness degradation (SD): 10 %, 20 %, 30 %, 40 %, and 50 %, at fre-
quencies of 40 Hz and 50 Hz, as illustrated in Fig. 23(a) and (b),
respectively. These Figures demonstrate the permissible number of cy-
cles a fatigue-loaded PMC can endure under an arbitrary stress level,
based on different SD levels at 40 Hz and 50 Hz. Table 12 presents the
estimated linear regressions corresponding to the S — N curves across
different SD levels for 40 Hz and 50 Hz. At 40 Hz, increasing SD from 10
% to 50 % slightly reduces the S — N curve slopes by 5.2 % and raises the
intercepts by 1.1 %, while at 50 Hz, these changes are more substantial,
with a 6.4 % slope reduction and a 2.8 % intercept rise. This interplay
between slope and intercept for both frequencies confirms a vivid trend
of increased endurance at higher permissible SD levels, while the com-
parison indicates a more pronounced decrease in the fatigue lifespan of
the tested PMC at 50 Hz, confirming the PMC specimen endures fewer
cycles before failure at a higher frequency.

The relationship between the critical values determined from AE
analysis (shown in Figs. 9 and 10) and the SD levels remains still un-
solved. To address this, SD-based S — N curves have been established,
incorporating AE-based critical values, as illustrated in Fig. 23(a) and
(b) for 40 Hz and 50 Hz. Within the LCF, ICF, and HCF regimes at 40 Hz,



J. Amraei and A. Katunin

Fig. 22. Evolution of the dynamic Young’s modulus degradation up to abrupt
failure, with annotations indicating different degradation levels (10 % SD, 20 %
SD, 30 % SD, 40 % SD, and 50 % SD) at various stress levels for frequencies of:
(a) 40 Hz and (b) 50 Hz.

AE-based critical values correlated with the SD levels of approximately
11 %, 12 %, and 13 %, respectively. This gradual increase in degradation
(up to 2 %) from the LCF to HCF regime can be attributed to the influ-
ence of creep during prolonged fatigue cycles [63]. Notably, increasing
the frequency to 50 Hz led to increased SD levels, with roughly 19 % in
the LCF and ICF regimes, and 18 % in the HCF regime. This greater
degradation at higher frequency can be explained by the self-heating
dominance, and thereby a higher energy dissipation rate (see Fig. 15).
This intensifies the non-recovery mechanisms in PMCs, e.g. polymer
chain degradation, delamination, and fiber breakage, further contrib-
uting to increased stiffness degradation [4]. On the other side, the SD
levels showed the opposite trend at 40 Hz and 50 Hz. At 40 Hz, the SD
level increased by roughly 2 % from the LCF to HCF regimes due to the
creep effect [63], while at 50 Hz, there was a slight decrease in degra-
dation, dropping by 1 % from the LCF to HCF regime. While creep re-
mains a contributing factor at 50 Hz, the lower SD level may likely be
attributed to the reduced self-heating effect resulting from the lower
stress levels (see Fig. 15), enabling the partial recovery of polymer chain
movement and fiber-matrix interactions, thereby mitigating the damage
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Fig. 23. Constructing S — N curves using various SD levels for: (a) 40 Hz, and
(b) 50 Hz.

Table 12
Estimated S — N curve based on different stiffness degradation (SD) levels.
Frequency [Hz] SD% [—] Estimated by R?
40 10 o = — 58.230 e logN + 568.16 0.993
20 6 = — 56.895 e logN + 574.58 0.992
30 o = — 56.032 e logN + 575.05 0.993
40 6 = —55.310 e logN + 573.64 0.992
50 6 = — 55.213 e logN + 574.28 0.992
50 10 6 = — 53.534 e logN + 478.82 0.957
20 6 = —49.934 e logN + 481.41 0.971
30 o = — 49.810 e logN + 485.90 0.978
40 6 = —50.012 e logN + 489.94 0.984
50 6 = —50.123 e logN + 492.14 0.983

evolution, and making the impact of self-heating slightly more pro-
nounced than that of creep. For the VHCF regime based on the criticality
of AE, stiffness degradation is projected to reach the threshold levels of
14 % at 40 Hz and 18 % at 50 Hz. This SD threshold (14-18 %) is sig-
nificant as a potential test termination criterion, as monitoring degra-
dation within this range is crucial to prevent catastrophic failure,
especially in ultrasonic fatigue testing setups designed for VHCF and
giga-cycle fatigue (GCF) regimes [6].
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5. Conclusion

This study successfully addressed a fundamental gap in under-
standing the thermomechanical fatigue response of PMCs by examining
the impact of loading frequency, ranging from 20 Hz to 50 Hz, on fatigue
strength, lifespan, and damage evolution. The standard S— N curves
derived from final failure events, marked by the peak CCNT AE feature
in Figs. 9 and 10, as well as the results obtained from thermographic
approaches for estimation fatigue strength (AT —¢ and ¢— o) all
demonstrated a pronounced decline in fatigue strength as frequency
increased. Nevertheless, the determined fatigue strength from the AT— ¢
method resulted in a larger discrepancy compared to the reference S— N
at higher frequencies, which is likely due to neglecting the influence of
heat capacity, thereby highlighting the higher reliability of g— ¢ method
for thermomechanical fatigue assessment of PMCs.

Incorporating temperature-dependent heat capacity within the §— o
approach was essential for accurately quantifying heat dissipation rates,
thereby facilitating a better evaluation of entropy generation. This
refined framework resulted in the construction of trilinear §— ¢ model
over the wide spectrum of stress levels at frequencies of 40 Hz and 50 Hz.
Unlike the bilinear model, primarily used in previous studies to estimate
one FFE value within all fatigue regimes using IAT results, the trilinear
model provided a more reliable determination of FFE values across
different fatigue regimes (LCF, ICF, and HCF) by implementing both IAT
and CAT results. The FFE value within the ICF regime reached 6.5 + 1.2
J/(em®K), approximately four times greater than the LCF regime (1.8 +
0.9 J/(cm®-K)) and about half of the HCF regime (12.8 £ 2.1 J/(cm®K)).
These findings highlighted that the FFE varies significantly with the
fatigue regime, showing relatively minor sensitivity to frequency.

The development of a trilinear ¢ — ¢ model enabled the construction
of S — N curves using the FFE values across LCF, ICF, and HCF regimes,
validated through the standard S — N curves derived from real-time AE
monitoring at the point of abrupt fracture (see Figs. 9 and 10). Using the
entropy concept, new S — N curves were further developed based on
various EDI levels, extending from 10 % to 100 % (i.e., final failure). As
opposed to standard S — N curves that depict fatigue cycles at the final
failure, the EDI-based curves facilitate a continuous evaluation of
damage at various stages. The incremental rise in stress level for each
EDI percentage illustrated the transition process from damage initiation
to ultimate fracture. In addition to EDI-based S — N curves, the S— N
curves were constructed for different SD levels ranging from 10 % to 50
% under frequencies of 40 Hz and 50 Hz, indicating the permissible
number of cycles that a fatigue-loaded PMC specimen can endure under
a given stress level depending on SD levels. Correlating AE-identified
critical values with SD-based S — N curves showed a stiffness degrada-
tion threshold of 11-13 % at 40 Hz, which increased to 18-19 % at 50
Hz, exceeding the 40 Hz threshold by over 1.5 times. Implementing AE
analysis alongside the EDI-based and SD-based S — N frameworks aid in
improving predictive maintenance and strategies for prolonging the
lifespan of tested PMCs.
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34 Abstract

36 This study explored the synergistic role of graphene nanoplatel ets (GNPs) and carbon nanofibers (CNFs)
on the thermomechanical fatigue performance of modified glass fiber-reinforced polymer (GFRP). Three
39 composite materials were investigated including unmodified GFRP, GFRP modified with GNPs (0.75
41 wt.% GNPs), and GFRP modified with hybrid nano-reinforcements (0.375+0.375 wt.% GNPs and
43 CNFs). Their fatigue strengths were assessed using two thermography-based approaches (i.e. AT — g,

45 and ¢ — o), with the minimum curvature radius (MCR) and maximum perpendicular distance (MPD)
j? procedures individually incorporated into each approach. The results extracted from thermographic
jg approaches highlighted the negative influence of GNPs on fatigue strength, while HNPs contributed to
g? fatigue strength improvement. The S — N curves were constructed as a reference to assess the reliability

52 of fatigue strengths derived from thermographic approaches. Unlike the MCR, incorporating MPD
54 analysisinto AT — o and ¢ — o approaches demonstrated good alignment with fatigue strength values
56 derived from S — N curves. Nevertheless, the introduced MPD-based ¢ — o approach provided a more
58 reliable strategy for assessing the fatigue strengths of these composites. Moreover, the S — N curve
60 analysis, supported by thermal responses and microscopic observations, illustrated that while GNPs
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enhanced the low-cycl e fatigue performance, incorporating HNPs notably improved the life of modified

GFRP composite across both low- and high-cycle regimes.

Keywor ds: Fatigue strength, thermographi c-based fatigue assessment, self-heating effect, hybridization,

nanofillers
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Nomenclature

Symbol Definition

T Temperature

Ty Glass-transition temperature

Tp Peak temperature

o Maximum stress

P Maximum force

L Span length of the specimen

w Width of the specimen

h Thickness of the specimen

AT Temperaturerise

q Heat dissipation rate

N Number of cycles

R? Determination coefficient

AH Post-curing heat

S—N Stress-life

e =N Strain-life

Ops Fatigue strength

Tomin Minimum radius of the curvature

Amax Maximum perpendicular distance

f(x) Exponential function

a,b,c Coefficients

A Slope of the chord line

B Intercept of the chord line

afiCR Fati gue strength based on maximum curvature radius
aMFp Fatigue strength based on maximum perpendicular distance
p Density

Cp Heat capacity

V; Volume fraction of an arbitrary material
w; Weight fraction of an arbitrary material
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1. Introduction

Laminated composites are becoming popular aternatives to traditional metal-based materials in awide
range of engineering applications due to their higher specific strength and modulus, fatigue strength,
corrosion resistance, design flexibility, and long-term durability [1]. In recent years, nanoparticles have
been extensively utilized for strengthening matrices mechanically and providing composites with
multifunctional capabilities [2]. Several studies have shown that incorporating low content of
nanoparticles provides substantial benefits without affecting significantly density or production methods,
which is attributed to their greater surface area-to-volume ratio and stronger physical and chemical
interactions with polymer matrices [3-7].

Among the diverse types of nanoparticles, carbon-based alotropes are distinguished owing to their
exceptional mechanical, electrical, and thermal properties [8-13]. In this context, the literature also
highlights that incorporating hybrid nanoparticles (HNPs) into composites improves their performance
by synergizing the unique benefits of each type of nanoparticle. These advantages can be obtained in
multiple aspects, with notable gains in mechanical properties such as fatigue strength. For example,
Boger et al. [14] hybridized silica nanoparticles with multi-walled carbon nanotubes (MWCNTS) and
obtained benefits of severa orders of magnitude in fatigue life. Furthermore, Li et a. [15] hybridized
CNFs with graphene oxide (GO) and found longer fatigue lives compared to those achieved with
individual nanoparticle types. Using a semi-crystalline thermoplastic polyetheretherketone (PEEK)
matrix, Papageorgiou et al. [16] achieved similar findings when hybridizing GNPs with short carbon
fibers. However, according to Yue et d. [17] and Parente et al. [8], this hybridization is fully efficient
only when the different nanoparticles are combined in specific proportions due to the synergistic effects
between them.

Fatigue, a primary type of loading in engineering components and structures, can result in progressive
damage during loading cycles[18-21]. In other words, thisform of |oading affects|oad-bearing structures
throughout their operational lifespan, regardiess of the type of material used in such structures. Despite
extensive research and numerous fatigue models devel oped to address fatigue behavior, as highlighted
in[22, 23], fatigue remains one of the main problems of polymer-matrix composites (PMCs) dueto their
complex internal architecture and their sensitivity to numerous external factors such as temperature and
loading frequency. Particularly, the predictability of the fatigue behavior of PMCs reinforced with HNPs
ismore crucia due to their puerile state [24]. Nevertheless, the traditional techniques for evaluating the

fatigue behavior of PMCsare primarily based on S — N curves at low frequencies (10 Hz or below) [25];
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amethodology that is quite time-consuming, especialy for high- and very-high-cycle fatigue (HCF and
VHCF) experiments [26]. Therefore, thereisaneed for accel erated fatigue testing techniques that ensure
reliability while reducing testing times.

To accelerate the fatigue life assessment of PMCs, increasing the testing frequency is a viable strategy;
however, it introduces challenges, mainly dueto the self-heating effect in the form of temperature growth
[26, 27]. This phenomenon results from the phase lag (out-of -phase oscill ations) between stressand strain
during cyclic loading, attributed to the viscoelastic nature of polymers, which generate heat. Unlike
metals, polymers, and PMCs have significantly lower thermal conductivity, allowing only a portion of
the generated heat to dissipate into the surroundings by convection and radiation [28]. The remaining
heat accumulates within the structure, leading to arise in temperature known as self-heating temperature.
For this purpose, Amrag et al. [29] developed a validated numerical model to simulate the self-heating
phenomenon in PMCs by utilizing oscillatory shear rheometry data along with the first and second
principles of thermodynamics. Their findings highlighted the critical role of incorporating radiative heat
flux asan environmental factor, particularly under high stress/strain levels, to accurately capture the self-
heating temperature response. Additionally, they demonstrated that the temperature variation across the
thickness of thin PMCs, 2.4 mm in thickness and alength-to-thicknessratio of 16, islessthan 4°C, which
can be negligible compared to the temperature increase of 100°C under high load level. This result
confirms that surface temperature measurements, which are currently feasible to record using an infrared
camera, are sufficient to assess heat generation and subsequently quantify and distinguish the
contributions of friction and damage-induced heat in PMCs [30]. If the increase of self-heating
temperature is kept within asafe limit (typically below 5 °C relative to the room temperature (RT) [31]),
this phenomenon can be implemented as an alternative heat source for damage detection using
nondestructive testing (NDT) methods, such as self-heating-based vibrothermography (SHVT), without
degrading the structural integrity [31]. Otherwise, this may dominate the fatigue process, and lead to
premature structural failure [32]. Depending on the mode of the development of the self-heating effect
(stationary or nonstationary behavior of the temperature response after the transient exponential growth),
also the fracture mechanisms differ [23, 32]. Loading frequency is a key factor influencing dissipated
energy; higher frequencies result in greater heat generation (see, e.g., [28]). Thisis especially important
in the context of accelerated fatigue tests under high frequency, affecting the intensity and mechanisms
of structural degradation. In other words, when the self-heating temperature during fatigue is relatively

high, it can influence not only the mechanical degradation but also introduce chemical changes in the
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polymeric matrix of acomposite [33]. Therefore, it is essential to find solutions to minimize or limit the
self-heating effect. A comprehensive overview of methods to limit the self-heating effect discusses
various approaches, including forced cooling with air, nitrogen, and other media [28]. For example,
Amraei et al. [26] evaluated the thermomechanical fatigue response of CF/PEKK composites under two
different conditions: (i) at a loading frequency of 50 Hz with natural air cooling, and (ii) at ultrasonic
frequency (20.2 kHz) using a pulse-pause sequence combined with forced air cooling. Fractographic
analysis demonstrated similarities in fatigue fracture mechanisms between the low-frequency and
ultrasonic-frequency tests when the temperature generated during ultrasonic testing (20.2 kHz) was
controlled using a pulse-pause ratio of 1:6, with pulse and pause durations of 250 ms and 1500 ms,
respectively. In addition to the implementation of the cooling techniques, the authors in [28] highlighted
the material modification as a potential strategy to mitigate the self-heating effect. By appropriately
selecting the type, shape, and content of fillers in the composite structure, it is possible to not only
enhance the fatigue life of the composite materials but also improve the mechanisms for dissipating the
thermal energy generated by the self-heating effect into the environment.

Advances in understanding the self-heating effect have led to the development of thermography-based
approaches to rapidly estimate fatigue strength or, in other studies, the fatigue limit. The concept of
determining the fatigue strength/limit through increasing amplitude tests (IATS) under sequential stress
levels was first introduced by Luong [34], Rosa and Risitano [35], called temperature rise-stress (AT —
o). According to this groundbreaking methodology, fatigue strength is identified as the stress level at
which a significant temperature rise occurs, corresponding to the beginning of rapid thermal and
structural degradation. For instance, Luong's classical method relies on bilinear regression to determine
fatigue strength at the intersection of two fitted lines. Numerous other studies have recently implemented
thermographic approaches to assess the fatigue strength in PMCs [26, 36-41]. For example, Palumbo et
al. [39] and De Finiset a. [38] proposed an approach relying on the detailed analysis of thermal signals,
including thermoelastic responses, to identify the fatigue strength of PMCs. Meanwhile, Huang et al.
[42] proposed dternative curve-fitting methods, each potentially suitable for modeling the
thermomechanical fatigue response of specific polymers and PMCs. Recently, Dolbachian et al. [41]
implemented the knee method, where the maximum perpendicular distance (MPD) of data points from
the chord was used for the determination of the fatigue strength. Therefore, it is crucia to select the
appropriate thermographic approach for determining fatigue strength.
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To the authors' knowledge, only a limited number of studies have explored the role of hybridization in
PMCs considering their thermomechanical response during fatigue loading. The introductory studies
performed by the authors in [23] support the relevance and importance of further investigation in this
direction. The current study focuses on investigating the influence of nanoparticles on the
thermomechanical fatigue response of composite materials, by considering the self-heating effect. For
this purpose, three types of composite materials were examined: glass fiber reinforced polymer (GFRP)
used as a reference, and its two modifications — GFRP modified with GNPs (GFRP-GNPs), and GFRP
modified with GNPs and CNFs (GFRP-HNPs). The carbon allotropes were selected due to their superior
mechanical and thermal properties, which improve fatigue resistance and promote higher thermal
conductivity, enabling more efficient heat dissipation into the surroundings. Besides the determination
of fatigue behavior, the glass transition temperature (7,;) and post-curing reaction heat are determined
using the differential scanning calorimetry (DSC) technique to confirm the benefits of hybridization of
PMCs via such carbon allotropes. The outcomes of this study highlight the potential strategies for
enhancing the fatigue life of PMCs via the incorporation of nanoparticles during the manufacturing

process.

2. Materials and experimental procedure

Composite laminates were produced with ten layers of plain weave bi-axial 0/90 E-glassfabric (195 g/m?
areal density) and a bi-component matrix composed of an SR 8100 epoxy resin and SD8824 hardener,
both supplied by Sicomin (Chéteauneuf-les-Martigues, France). The hand lay-up technique was used to
obtain plates with overall dimensions of 330x330x2 mm? and with all reinforcing fabrics aligned in the
same direction. This system was placed inside a vacuum bag and then subjected to aload of 2.5 kN for
24 hoursin ahydraulic pressto ensure a constant fiber volume fraction and uniform laminate thickness.
During the first four hours, the bag was connected to a vacuum pump to remove air bubbles. Finally, the
laminates were post-cured at 40°C for 24 hours.

Based on the same methodology, two more laminates were produced with the same matrix reinforced
with GNPs and another with a hybrid reinforcement involving GNPs and CNFs. The GNPs and CNFs
were supplied by Graphnest (Sever do Vouga, Portugal) and Merck (Algés, Portugal), respectively. For
this purpose, and for each configuration, the nanoparticles were mixed at room temperature (RT) with

the resin, using a mechanical mixer at 1000 rpm and an ultrasonic bath, for 3 hours. Subsequently, the
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hardener was added to the system using the same mixer at 300 rpm, for five minutes, followed by
degassing of the mixture in a vacuum chamber to remove air bubbles introduced throughout the
manufacturing system. Note that the applied nano-reinforcement contents consisted of 0.75 wt.% GNP
and 0.375+0.375 wt.% GNP and CNFs, respectively, because according to Parente et al. [8], these
contents were those that maximized the mechanical performance of the resin. The study showed that the
viscosity of theresinis less affected by the addition of GNPs than by CNFs. This difference arises from
the structural characteristics of the materials, CNFs being thin and long, while GNPs are flat and capable
of dliding over each other with ease. Furthermore, it was also shown that the bending performance is
superior when the composites are nano-reinforced with GNPs, which led to its adoption in this study
instead of CNFs. On the other hand, filler hybridization is a very effective strategy to increase thermal
conductivity dueto the thermally conductive network that is created in polymer matricesinvolvingfillers
of various sizes and/or shapes [43]. Therefore, based on this information, the advantages of hybridizing
0.375+0.375 wt.% of GNPs and CNFs were also examined, as previous studies [8] have shown that this
configuration optimizes the bending performance of the composite. Finally, although the literature also
suggests that it is common practice to use surface treatments (silane-based coupling agents or surface
functionalization) on nanoparticles to reduce their thermal contact resistance and improve dispersion in
thematrix [43], Leung [44] observed that these benefits are achieved only for very specific concentrations
and depend on nanoparticle/matrix compatibility. However, since the goal of this study is not to evaluate
the impact of surface treatments, the nanoparticles were used in their supplied form to assess their actua
effect on the self-heating response of the composites, ensuring that the results are not influenced by a
suboptimal treatment. Despite everything, the methodology adopted to disperse the nanoparticles
(described in more detail in [8]) proved to be effective and, as Figure 1 shows, the absence of voids or

holesis also evident.

(a) (b) CNFs p
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Figure 1. SEM images for composite laminates with (a) 0.75 wt.% GNP, and (b) of 0.375+0.375 wt.%
of GNPs and CNFs.

These plates were then used to obtain 100x10x2 mm?® specimens for fatigue tests, which were carried
out using a specially designed test apparatus. Figure 2 illustrates a schematic representation of all
components involved in the experimental setup, see Ref. [29] for the experimental apparatus.

Figure 2. Schematic view of the customized laboratory test equipment.

The tested specimen (1) was bi-clamped at its ends, with an effective length of 31 mm, achieved by
adjusting the distance between the two grips. The specimen in the lower grip was secured with atorque
of 20 Nm to ensure the same testing conditions. The upper grip imposes displacement on the specimen
through a stringer connected to the TIRA® TV-51120 electrodynamic shaker (Schalkau, Germany) (2).
The shaker was powered and controlled by the TIRA® BAA 500 amplifier (Schalkau, Germany) (3),
which amplifies the sine-wave excitation signal produced by a multichannel signal acquisition system
(4). During operation, the PCB Piezotronics® T352C34 accelerometer (Depew, NY, USA) (5) and the
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PCB Piezotronics® 208C03 force sensor (Depew, NY, USA) (6) were used to measure the acceleration
and force, respectively. The data acquisition system was based on the NI® cDAQ-9174 USB compact
DAQ chassis (Austin, TX, USA), equipped with the NI1® 9234 Sound and Vibration module (Austin, TX,
USA) and the NI® 9263 Voltage Output module (Austin, TX, USA). These components were connected
to the transducers viathe Briel & Kjaer Nexus 2693 CCLD signal conditioner (Naerum, Denmark). The
system was controlled by a custom LabView application running on a PC (9), which control also the
InfraTec® VarioCAM® hr infrared camera (Dresden, Germany) equipped with a microbolometric
detector (8) viathe dedicated software IRBIS 3 plus.

While most of previous studies have carried out fatigue testing under force-controlled conditions, the
current study implemented shaker-based displacement-controlled fatigue testing at room temperature.
For this purpose, Ferreira et a. [45] compared fatigue testing methods for glass fiber-reinforced
polypropylene composites by using both displacement- and force-controlled modes at a frequency of 10
Hz. Their results, presented as stress-life (S — N) and strain-life (¢ — N) curves, illustrated less than
a 5% difference between the two testing methods, highlighting these curves can be reliably compared
and used to assess the fatigue behavior of PMCs. Nevertheless, displacement-controlled tests necessitate
alternative failure criterion, such as tracking stiffness reduction. In the current study, the test failure
criterion was defined as a 20% decrease in dynamic stiffness relative to the initial value, consistent with
recommendations from [26] and other studies [46, 47].

The prepared specimens were initialy coated with athin layer of black paint with an emissivity of 0.98
[29] to facilitate thermal camera measurements. Thermograms captured using an infrared (IR) camera
for two regions of interest (ROIs) were anayzed: the entire face of the specimen and the region at the
bottom of the side face near the lower grip. Due to the characteristics of the cantilever beam under fully
reversed bending tests, the most critical region was the bottom face, where the maximum stress occurred.
The ROI, encompassing the entire face, was also used to monitor any potential localized heat hotspots.
Since the maximum temperature was consistently recorded at the bottom of the tested specimen, only the
temperature from this region was used for further data analysis.

The load range used in the increasing amplitude tests (IAT) was selected based on the step-wise
procedure. The minimum self-heating temperature response was considered about 0.5°C above the RT
and, subsequently, the loading process continued incrementally until reaching the highest load level at
which the temperature remained stabilized. Beyond this threshold, the temperature history curves
illustrated non-stationary behavior, indicating increased thermal effects that could lead to failure, and

10
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these conditions were therefore excluded from further IAT analysis. Additionally, load blocks in the
range of 40 x 103 cycles for all composites were used to ensure the stabilized self-heating temperature.
In constructing the IAT curves, more than one specimen of the same materia was typically tested. For
lower load levels, individual specimens were often reused (based on the tolerance of such load levels
without fatigue failure based on preliminary tests), whereas for higher loads—due to the potential for
material degradation under high load levels—each specimen was tested only once. The resolution of
acquired infrared images was 480x640 pixels, the distance from IR camera to the tested specimens was
set at 0.39 m, and the environmental and path temperatures maintained at constant room temperature.
Different load values were used, which were converted to maximum bending stress using the following
relation:

6 PL

T wWh? (1)

o

where P is the maximum force, L is the span length (31 mm), W is the width, and h is the thickness of
the specimen.

The DSC tests were performed using the Mettler Toledo 3 differential scanning calorimeter (Columbus,
OH, USA). The specimens of each material were prepared in the powder form, with an amount of 2 mg.
The tests were performed in the temperature range 10-260°C, at the heating rate 10K/min to determine

the glass transition temperature (T;) and post-curing reaction heat for each tested material.

3. Results and discussion

3.1. DSC results

To evaluate the thermal properties of tested composites and differences in characteristic temperatures
depending on the additives used for hybridization, the DSC tests were performed. The acquired scans are
presented in Figure 3. In this figure, the black color represents the unmodified GFRP composite, the red
color corresponds to the GFRP-GNPs composite, and the blue color indicates the GFRP modified with
GNPs and CNFs (GFRP-HNPs).

11
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Figure 3. The DSC scan of the tested materials.

The endothermic step present at the beginning of DSC plots allowed to determine the glass-transition
temperature (T, ). It isnoticed that the lowest T, is observable for GFRP with addition of GNP, the higher
T, is observed for GFRP without additives, while the highest value was observed for hybrid composite
specimens. The successive exothermal peak observable in thermograms appeared due to the post-curing
reaction in the epoxy matrices of tested materials. It is observable that the additives influence the post-
curing reaction parameters. The onset and peak temperatures decrease, while the reaction heat increases
with respect to pure GFRP specimens.

Incorporating GNPs into the GFRP reduced the glass transition temperature by 2%. Further addition of
CNFsresulted in a3% increase in T, in comparison to GFRP. This shows that the addition of GNPs as
well as GNPs-CNFs does not negatively affect the functional properties of composites, regarding the
maintaining of physical and mechanical properties as afunction of temperature. They remain in aglassy
state to practicaly the same temperature as the GFRP composite. Additionally, an increasein the T, for

GFRP-HNPs indicates a slightly beneficial effect of hybrid GNPs-CNFs reinforcement on the polymer

12
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matrix. Their presence probably limits the segmental mobility of polymer network chains, which results
intheincreaseinthe T;.

On the other hand, the addition of GNPs as well as GNPs-CNFs decreased peak temperature (T;,) and
increased post-curing heat (AH). A 4% and 9% reduction were observed for T,, whereas a 30 and 36%
rise was observed for AH, respectively for GNPs and GNPs-CNFs. These changes suggest that the
addition of GNPs as well as GNPs-CNFs decrease crosslink density in the epoxy matrix.

In summary, the acquired results from DSC tests indicate that athough HNPs probably influence the
structure of the polymeric matrix of tested composites [33], by decreasing their crosslink density, they
do not adversely affect the T,;, whose value is important for maintaining stable functional properties for

a suitable temperature range.

3.2. Frequency effect on increasing amplitude tests

The existing literature reports that frequency has a significant effect on the fatigue life of PMCs mainly
due to hysteretic heating. This confirms that the selection of loading frequency is a critical step in the
high-cycle fatigue of composite materials. While increasing the frequency can reduce the test duration,
it may aso intensify the self-heating phenomena, which if excessive, can mask the fatigue response of
these materials.

Therefore, it is crucia to identify the maximum loading frequency that could accelerate fatigue testing
without allowing self-heating to dominate the thermal response. For this purpose, preliminary tests were
carried out in afrequency range of 35 to 45 Hz, with the step of 5 Hz, and the temperature increase (AT)
was measured as afunction of the applied stress (o) for different frequencies. In this context, the thermal
response (AT) of the nano-modified GFRP composite with GNPs was measured. It is worth mentioning
that this analysis considered only this composite typology because the hybrid architecture is expected to
bring benefits in terms of mitigating the self-heating temperature and, consequently, mask the
comparability of the fatigue response of both composites. The results are presented in Figure 4 as a
function of the applied maximum stress, while Table 1 provides the summary of approximate linear
models derived from these tests. The linear regression models for each frequency exhibited a high
coefficient of determination (R? = 0.971 or above), indicating the reliable goodness-of-fit between stress
and thermal response across all threetested frequenciesfor the GFRP-GNPs composite. Finally, although
this section focused solely on GFRP modified with GNPs, the results suggest that they can be extended

to other configurations, such as unmodified GFRP composite, or GFRP modified with hybrid nanofillers
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(CNFs-GNPs). This assumption is supported by the consistent basic architecture of the composites

analyzed, consisting of the same types of fiberglass reinforcement and epoxy resin matrix.

25 T T T T T
+ Measured at f=45 [Hz]
Regression

20 L Measured at f=40 [Hz] |
G Regression
‘::' ¢ Measured at f=35[Hz]
< Regression
o 15 - i
(7]
(5]
Q
S
£
g
2 10+ .
o
)]
o
€
2

5t |

0 i 1 1 1 I 1

20 40 60 80 100 120 140

Maximum Stress, o [MPa]

Figure 4. Loading frequency effect on the thermomechanical fatigue response of GFRP-GNP composites.

Table 1: Estimated models for the stabilized thermal response (AT) at different frequencies.

Frequency

HZ] Approximated by R? L oad range [M Pa]
45 AT = 0.270-0 — 5.832 0.971 20.7<0<76.1
40 AT = 0.128 -0 — 6.099 0.983 53.0 <0 <1135
35 AT = 0.083-0 —4.706 0.986 67.2<0<125.0

It is notorious that, among the tested frequencies, 45 Hz resulted in the highest temperature increase,
reflecting a pronounced thermal effect and leading to premature fatigue failure due to excessive self-
heating. On the other hand, the 40 Hz loading frequency showed arelatively lower temperature increase,
reducing the likelihood of self-heating effects significantly affecting the fatigue response. For example,
considering an initia stress level of 75 MPa, the AT value observed for 40 Hz is around 75.7% lower
(4.1 times lower) than that obtained for 45 Hz (14.42°C), but only about 2.3 times higher than that for 35
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Hz (1.52°C). Therefore, the loading frequency of 40 Hz allows fatigue tests to be performed faster and
without excessive self-heating, i.e., with a thermal response within a range in which the mechanical

behavior of the GFRP-GNP composite is not significantly affected by thermally activated phenomena.

3.3. Resultsfor increasing amplitudetestsat 40 Hz

Achieving the stabilized self-heating temperature is vital for applying methods to determine fatigue
strength, as highlighted in Refs. [26, 35, 42, 46]. For this purpose, and as reported in Section 2,
preliminary tests were performed, and the results highlighted that temperature stability, for all materials
and stress levels, was achieved in the range of 40x103 cycles.

Thepreliminary analysis of the results obtained from increasing amplitude testsindicated that the bilinear
model [35] failed to reliably fit the experimental results. Nevertheless, as shown in Figure 5, the
exponentia regression approach was found to suitably fit the measured data obtained from the three
composite materials. Once the parameters of the exponential model were adjusted, the fatigue strength
was evaluated using two procedures: (i) the minimum curvature radius (MCR) and (ii) the maximum
perpendicular distance (MPD) from the chord connecting the initial and final points to the approach line
constructed for the measured data. It is noteworthy that the MPD procedure, detailed in [41], isanovel
method devel oped to corroborate the MCR results and extend its applicability to nanoparticle-reinforced
composites.

In brief, the fatigue strength estimation using the MCR procedure was preceded by normalization of the

experimental data, followed by approximation using the following exponential formula
AT = a-exp(b-0) +c, )

where, AT represents the temperature increase, calculated as the difference between the initial surface
temperature of the specimen and the temperature measured after achieving the steady-state condition of
the thermal response. The ¢ corresponds to the maximum stress applied to the specimen. a, b, and ¢
represent coefficients determined through the exponentia curve fitting. Once the exponential
approximation provided a satisfactory goodness-of-fit, the minimum radius of the curvature r,,;, was

calculated using the following formula[42]:
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where f(x) is the exponentia function fitted in accordance with Eq. (2). After estimating the fatigue
strength, the normalized data was denormalized and plotted on the original scale.

Similar to the MCR, the MPD procedure employed the same exponential approximation to fit and
encompass the full range of maximum stresses represented in the dataset. However, in the MPD
procedure, a chord line was then drawn to connect both ends of the approximation. The maximum
perpendicular distance d,,x between each point sampled from the approximation and the chord was

determined using the formula extracted from the reconstruction method described in Ref. [41]:

|A-o+ AT + B|
dmax = arg max

o JAzT+1) @

where, A and B represent the slope and intercept of the chord line, respectively. To implement the MCR

and MPD procedures, the fatigue load was incrementally increased in stepwise manner, ensuring that

temperature stabilization conditions were observable within IAT scenarios for all three composite types.
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Figure 5. Fatigue strength estimations for GFRP (blue), GFRP-GNPs (red), and GFRP-HNPs (green),

derived using: () MCR, and (b) MPD procedures.
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By applying the MCR to the AT — ¢ approach, the estimated fatigue strengths are 66.5 MPa for
unmodified GFRP, 111.8 MPa for GFRP nano-modified with GNPs (GFRP-GNPs), and 159 MPa for
the GFRP laminates with hybrid nano-reinforcements (GFRP-HNPs), as shown in Figure 5(a) and Table
2. However, when the MPD procedure is incorporated into the AT — o approach, the predicted fatigue
strengths are dlightly higher: 123.5 MPa for unmodified GFRP, 126.1 MPafor GFRP-GNPs, and 195.3
MPa for GFRP-HNPs. The comparison between the two methods demonstrates that the MPD-based
AT — o approach predicts the higher fatigue strength values for al analyzed composites, with increases
of 57 MPa (46.1%) for unmodified GFRP, 14.2 MPa (12.7%) for GFRP-GNPs, and 36.3 M Pa (22.9%)
for GFRP-HNPs, as shown in Figure 5(b) and Table 2. Therefore, these results highlight the impact of
the chosen method on the predicted fatigue strength of composite materials, emphasi zing the importance

of selecting an appropriate method for an accurate estimation.

Table 2. Exponentia regression equations used to estimate the thermal response (AT) and fatigue
strength (o) for al composites at 40 Hz.

Type of composite Estimated AT in [°C] by o MERIM Pa] ors °[MPa]
GFRP AT = 3.37 - exp(0.28 - 6) — 3.50 66.5 1235
GFRP-GNPs AT = 0.85-exp(0.94-0) —1.22 111.8 126.1
GFRP-HNPs AT = 1.17 - exp(0.70 - ) — 1.46 159.0 195.3

It is noticed that adding GNPs into the glass/epoxy composite (i.e., GFRP-GNPs) increased the fatigue
strength by approximately 68.1% compared to the unmodified GFRP composite when predicted using
the MCR method, and by 2.1% when using the MPD method. On the other hand, the addition of hybrid
nanoparticles (i.e.,, 0.375 wt.% GNPs and 0.375 wt.% CNPs) to the glass/epoxy composite led to an
increase in fatigue strength by around 139% and 58.1% according to the MCR and MPD procedures,
respectively. This significant improvement aligns with findings in the literature, where severa authors
have reported that hybridization enhances the fatigue response more effectively than the use of asingle
type of nanoparticle [15, 16, 49]. Shokrieh et a. [49], for example, studied the fatigue response of
composites reinforced with carbon nanofibers plus graphene and observed that the fatigue life increased,
respectively, 24 and 27.4 times compared to composites with a neat matrix. However, when they
hybridized the two nanoparticles (CNF+GNP) in a 1:1 ratio, the improvements were around 37.2 times.
According to the authors, while GNPs increased stiffness, CNFs increased strength. Therefore,

hybridization with nanoparticles of different geometric shapes enables the CNFs to reduce n-n stacking
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and agglomeration of GNPs, providing better mechanical properties dueto the resulting synergistic effect
[8, 17, 50]. However, the literature did not report on the advantages of the synergistic effect on heat
dissipation and its subsequent impact on fatigue response. This gap will be addressed and discussed in
detail in the following section.

3.4. Fatigue strength determination using heat dissipation concept

In Section 3.3, both MCR and MPD procedures were applied within the thermographic framework of the
AT — o approach to determine the fatigue strengths of unmodified GFRP, GFRP-GNPs, and GFRP-
HNPs composites. Building upon this analysis, this section intends to incorporate the concept of heat
dissipation rate (¢) as an alternative to the temperature increase parameter (AT). By substituting AT with
q, the MCR- and MPD-based ¢ — ¢ approaches are then established.

According to the literature [ 26, 48], the heat dissipation rate can be calculated by:

oT
at’

q=pGC, ®)

where p is the density and C, is the specific heat capacity of the tested specimen. For the GFRP
composite, the experimentally obtained density was around 1704.3 kg/m? and the heat capacity at room
temperature is 891 Jkg-°C [51]. However, it is also necessary to determine these two parameters for
GFRP-GNPs and GFRP-HNPs composites. In each case, the aim is to determine the volume fractions
and heat capacity of the nanoparticles (GNPs and CNFs) relative to the GFRP.

The volume fraction of a given component in the composite can be obtained by the ratio of its weight
fraction and respective density, compared to the overal volume of all the constituents. The general

equation for determining the volume fraction V; of any material "i" in the compositeis:

Vi = ’ (6)

where W; isthe weight fraction of materia "i", and p; isits density. The sum in the denominator accounts
for the contributions of all componentsin the composite.
For the GFRP-GNPs composite, assuming the neglect of void content, the volume fraction of graphene

nanoplatelets (V;yp) can be obtained by the following equation:
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The term (1 — Wgnp)/penp represents the remaining mass fraction occupied by the GFRP. For the
GFRP-HNPs (i.e. GFRP-GNPs-CNFs) composite, the volume fractions of both the graphene
nanopl atel ets and carbon nanofibers must be considered. In this case, the equation for the volumefraction
of GNPs (V/,5) and CNFs (V2 ) is given by:

Wenp
PGNP
va = , 8
GNP Wenp + Wenr + 1 — Wenp—Wenr ®
PGNP PcNF PGFRP
Wenr
PcNF
vi = . 9
N = Wenp  Wenr , 1~ Wenr—Wens ©
Penp  PcNF PGFRP

The densities of GNPs and CNFs are 2000 kg/m3 and 1970 kg/m3, respectively [52, 53]. In the
manufactured GFRP-GNPs composite, the GNP content is 0.075 wt.%, while for the GFRP-HNPs
composite, the weight fractions are 0.375 wt.% GNPs and 0.375 wt.% CNFs. Therefore, using Egs. (7)
to (9), the volume fraction of GNPs (V;yp) in the GFRP-GNPs composite is calculated as 0.64%, while
the volume fractions of both GNPs and CNFs in the GFRP-HNPs composite are 0.32% each.

Moreover, for the GFRP-GNPs composite, the specific heat capacity C5"*P~¢NPiscaculated using arule
of mixtures similar to the approach for determining volume fractions with the assumption of zero void

content, as follows;
CgFRP—GNP = Vonp X CgNP + (1 — Vgpp) X CgFRP_ (10)

Following asimilar approach, the specific heat capacity of the GFRP-HNPs composite (C;7*P~#NP) can
be determined by:

CGFRP-HNP — VE L % CEVP 4 VE L % CGNP + (1 — vV — VH ) x CGFRP, (12)
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Considering the specific heat capacitiesfor GNPsand CNFsof 670 Jkg-°C and 860 Jkg-°C, respectively
[54, 55] and applying Egs. (10) and (11) together with the calculated volume fractions of the
nanoparticles, the heat capacities of the GFRP-GNPs and GFRP-HNPs composites are around 889.6
JKkg-°C and 890.2 Jkg-°C, respectively.

In addition to the heat capacities previously obtained for the composites, the temperature history curves
obtained from IATs are also necessary to determine the heat dissipation rate. For this purpose, and as an
example of the procedure adopted, Figure 6 shows the temperature-time profiles for the GFRP-HNPs
composite subjected to stresses ranging between 123.2 MPa (for the lowest stabilized temperature rise)
and 283.3 MPa (for the highest). Note that the stress value refers to the maximum stress measured by the
force sensor at the beginning of the displacement-controlled test, and the temperature profiles include
both loading and unloading phases. To quantify the heat dissipation rate (q), according to Eq. (5) for the
IAT scenario, it is necessary to determine the temperature gradient (0T / dt) just after stopping the test,
i.e., the cooling rateillustrated in Figure 6. See Ref. [56] for more details. On the other hand, to estimate
the cooling rates (highlighted in green shown in Figure 6), a consistent window of 25 thermograms
recorded at a frame rate of 1 Hz was considered for all composites during post-processing. A linear
regression, represented by the dashed blue line (equivalent to the cooling rate), was then constructed
based on the minimized root mean square error (RMSE) criterion. The slope of the estimated cooling
rate at each load block was then implemented into Eq. (5).
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Figure 6. Temperature-time response of the GFRP-HNPs composite at various stress levels, from
123.2 MPa corresponding to the lowest temperature rise to 283.3 MPafor the highest, used for
determining the heat dissipation rate.

Based on the methodology described above, the dependence of the heat dissipation rate (¢) on the
stabilized self-heating temperature rise (AT) was analyzed for three types of composites (GFRP, GFRP-
GNPs, and GFRP-HNPs) under the loading frequency of 40 Hz. The results are summarized in Figure 7,
and the corresponding regression models used for the estimation are presented in Table 3. A good
precision was found by good coefficients of determination (R?) of 0.880 for GFRP, 0.994 for GFRP-
GNPs, and 0.999 for GFRP-HNPs should be highlighted.
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Figure 7: Dependency of the heat dissipation rate (¢ ) on the increase of stabilized self-heating temperature
(AT) for GFRP, GFRP-GNP, and GFRP-HNP composites (marked as blue, red, and green colors,
respectively) for 40 Hz.

Table 3. Predicted relationships between heat dissipation rate (¢ ) and stabilized temperature rise (AT).

Type of composite Estimated by: R?
GFRP q = 23.954- AT — 15.308 0.880
GFRP-GNPs d = 16.813-AT — 0.635 0.994
GFRP-HNPs d = 18.534- AT —5.599 0.999

To quantify this dependency and compare the response of the composites, the slope valueswere anayzed,
and it was possible to conclude that the GFRP composite, with the highest slope of 23.95, had a heat
dissipation rate that was around 29.8% higher than that of GFRP-GNPs, which had a slope of 16.81, and
22.6% higher than that of GFRP-HNPs, whose slope was measured at 18.53. On the other hand, the
GFRP-HNPs composites, with a slope of 18.53, had heat dissipation about 10.2% |lower than that of the
GFRP-GNPs composite. These differences highlight the critical role of choosing suitable reinforcement

strategies to improve the thermal management capabilities and, consequently, the thermomechanical
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fatigue characteristics of composites. Moreover, this study also shows the importance of investigating
the relationship between applied stress and heat dissipation response.

Subsequently, based on the concept of heat dissipation rate (§), the authors analyzed the feasibility of
implementing ¢ as an aternative parameter to the AT for determining the fatigue strength. In other
words, the authors evaluated whether the fatigue strength derived from the AT — o approach, which
depends on the relationship between the temperature change (AT) and the applied stress (o), can
aternatively be determined by ¢ — o approach, which relies on the relationship between the heat
dissipation (¢) and the applied stress (). For this purpose, the same procedures described above will be
applied, i.e., the minimum curvature radius (MCR) and the maximum perpendicular distance (MPD).
The results from MCR- and MPD-based ¢ — o approaches are summarized in Figure 8, while the
predictive relationships between heat dissipation rate (¢ ) and applied maximum stress (o) for al
composites are presented in Table 4. These functions serve as predictive models for estimating fatigue
strength based on the heat dissipation rate, similar to the approach used for AT — o.

400 ; . | u
o GFRP: Measured
Approximation
350 - p;.) -
m Fatigue Strength
oo ¢ GFRP-GNPs: Measured C
g€ 300 . . )
3 Approximation
= ¢ Fatigue Strength
o 250 GFRP-HNPs: Measured .
g Approximation
€ 200} Fatigue Strength -
S
®
2 150 - -
v
2
[a)
™ 100 - AT S .
o L
o \ p
N o
50 + A i
- -
0 1 1 1 1
50 100 150 200 250 300
Maximum Stress, o [MPa]
(@)

24



CoOoO~NOUUThWNE

400 T T T T
O GFRP: Measured
Approximation
350 + pl? =
W Fatigue Strength
-~ &  GFRP-GNPs: Measured m
€ 300 - Approximation // 7
4 i ‘
3 @ Fatigue Strength 1.
. 250 L GFRP-HNPs: Measured/l . .
~ Approximation ’
2 ) . s
S 200l Fatigue Strength’ ‘, ’ |
5 ‘)
o 150 | /,(/ -
2 2,7\ 6‘(\'5*
(=) /)( N
® 100 | JRCAERREN i
:‘Il:J ‘s ‘
l,,’
50 ‘y -
‘v
%
s
0 1 1 1 1
50 100 150 200 250 300
Maximum Stress, o [MPa]
(b)

Figure 8. Estimated fatigue strength for GFRP composite marked in blue, GFRP-GNPs composite
marked in red, and GFRP-HNPs marked in green.

Table 4. Equations used to estimate (¢ ) and fatigue strength (o) for all composites and 40 Hz.

Type of composite Estimated ¢ in [K]/s.m3] by o MER[MPa] ai¥P[MPa]
GFRP G = 18.44 - exp(0.01462 - ) — 36.24 114.4 140.3
GFRP-GNPs G = 4.455 - exp(0.02425 - o) — 10.21 109.0 125.9
GFRP-HNPs d = 12.57 - exp(0.01138-0) — 27.22 162.6 196.9

Similar to the AT — o approach, the results show that the fatigue strength determined by the ¢ — o
method also depends on the implemented methodology, i.e., MCR and MPD procedures. According to
Table 4, when the MPD-based ¢ — o method is used, the predicted fatigue strength is 140.3 MPafor the
GFRP composite. In comparison, thisvalueis 11.4% lower for the GFRP-GNPs composite, while 40.3%
higher for the GFRP-HNPs composite. For the MCR-based ¢ — o method, the corresponding values are
114.4 MPafor the GFRP composite, 4.9% lower for the GFRP-GNPs composite, while 42.1% higher for
the GFRP-HNPs composite. Therefore, the MPD-based ¢ — o approach predicts higher fatigue strength
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values for all composites studied with differences ranging from 15.5% to 22.6% higher, which isinline
with the previous analysis performed in Section 3.3, i.e. AT — o approach. However, the reliability of
the MCR and MPD procedures in the determination of fatigue strength must be further assessed.
Finally, in Table 5 a comparison of the fatigue strength obtained by the AT — o and ¢ — o approaches
have been presented. It is notorious that both approaches yield relatively similar results, except for the
unmodified GFRP, with the maximum discrepancy among al composites. For unmodified GFRP
composite, when the MCR procedure was incorporated into the AT — ¢ and ¢ — o approaches, the
maximum error found between MCR-based AT — ¢ and ¢ — o approaches, which was roughly 46.1%
(between 66.5 and 123.46 MPa).

Table 5. Comparison of the fatigue strength (o) obtained by the AT — ¢ and ¢ — o approaches.

_ q — o approach AT — o approach
TYPCOTCOMPOSIE ™ wetimpa)  oMFP[MPa]  oMER[MPe]  olfP[MPa
GFRP 114.4 140.3 66.5 123.5
GFRP-GNPs 109.0 125.9 111.8 126.1
GFRP-HNPs 162.6 196.9 159.0 195.3

Although the fatigue strength values were derived from the thermographic approaches (i.e., AT — o and
G — o) based on MCR and MPD procedures, the reliability of the MCR and MPD procedures needs to
be assessed. In other words, this still remains unsolved whether the MCR- or MDP-based procedure
incorporated in the AT — ¢ and/or ¢ — o approach yields more reliable fatigue strength estimations. To
addressthis, it isnecessary to perform constant amplitude fatigue tests and construct S — N curves (stress
vs. number of cycles to failure) for each composite material. These S — N curves would serve as a

reference to compare the predictions from both methods at 106 cycles.

3.5 Uncertainty analysis of the deter mined fatigue strengths

To estimate the uncertainty of fatigue strength values derived from different thermography-based
approaches presented in the study (Sections 3.3, and 3.4), the procedure outlined in (JCGM GUM-
1:2023) [57] with the specified parts was adopted. The uncertainties associated with input values (e.g.,
maximum stress, stabilized temperature, and heat dissipation rate) were determined using the law of

propagation of uncertainty based on (JCGM 100:2008) [58]. The uncertainty in the maximum bending
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stress was estimated using thislaw for EqQ. (1). The following values of the input uncertainties were used:
u. = 0.05 mm for width, thickness and effective length, and u; = 0.02 N for the force sensor. The
resulting stress uncertainties varied depending on factors such as applied load, with values of uggrrpy =
[3.7,9.7] MPa for GFRP composites and usrrp-gnps) = [3,10.1] MPaand usgrrp-nNps) =
[3.8,15.9] MPa for GFRP-GNPs and GFRP-HNPs composites, respectively. To estimate the uncertainty
of relative temperature, the precision value of the thermal camera was taken, which for the relative
measurements yields u,r = 0.06 °C. The uncertainty of the density in the heat dissipation rate formula
(Eq. (5)) was established based on the repeated measurements of the densities and equas u, =
26.4 kg/m3. The uncertainty propagation for heat dissipation rate for individual measurement points
primarily falls within the range of u; = [60.7 60.95] k] /s. m? for all considered composite materials,
with minor deviations.

For derived uncertainties uar, u,, and ug, , the normal distributions for these quantities were assumed.
The propagation of the distributions to estimate fatigue strengths variability using different approaches
oM R (G —0), aMPP (G — o), oMR(AT — o), and oMPP (AT — o) was then conducted. Since the
fatigue strength estimation procedures are relatively complex — the further propagation of distributions
was performed using the Monte Carlo method, following the guidelines of (JCGM 101:2008) [59]. The
Monte Carlo simulation was performed for 2 x 103 trials for each approach, ensuring accuracy of 0.5%
for stipulated coverage probability of 95%. For random sampling, the Latin Hypercube was selected.
Table 6 presents the uncertainties corresponding to the fatigue strength values derived from the
thermography-based approaches in Table 5. Furthermore, this Table shows 95% of the probabilistically
symmetric coverage interval endpoints.

Table 6. Comparing the uncertainties corresponding to the AT — o and ¢ — o approaches, along with

95% coverage intervals.

Type of 4 — o approach AT — o approach
composite Statistics

o MERMPa] o¥fP[MPa] oM R[MPa)l  o¥MFPP[MPa]

GERP Uncertainty 5.9 6.6 +6.4 +5.9
95% coverageinterval  [104.9,127.9] [127.9,153.2] [53.6,78.8] [111.6,134.8]

Uncertainty +6.8 +75 +6.8 +7.7
GFRP-GNPS o504 coverageinterval  [98.2,124.7]  [112.6,133.8] [98.9, 1255  [982, 124.7]

GERP-HNPs Uncertainty +9.2 +14 +8.9 +11.0

95% coverageinterval  [144.7,180.8]  [168.7,221.4] [141.7,176.7] [144.7,180.8]
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3.6 Thermomechanical fatigue analysis based on SN curves, thermal data and microscopic
observations

In addition to the S — N curves being crucial for understanding the fatigue response of the composite
materials under analysis, the results obtained from AT — o and ¢ — o methods are validated. The S — N
curves corresponding to 20% stiffness degradation for unmodified GFRP, GFRP-GNPs, and GFRP-
HNPs composite materials were based on the results of various constant amplitude tests (CATS) at the
loading frequency of 40 Hz, and are shown in Figure 9, while the estimated S — N curves for each
composite and respective fatigue strength are summarized in Table 7.

Based on the CATs performed on the unmodified GFRP, abilinear S — N curvewasidentified, indicating
the existence of two fatigue regimes, shown by Line | and Line Il in Figure 9. The transition point
between these two regimes, denoted as Point A, occurs at astress level of 193.4 MPafor around 2.1 x10*
cycles. Above this threshold (Line 1) corresponding to a relatively high-stress range and higher heat
dissipation rates (see Figure 8), the self-heating effect becomes more pronounced, thereby accelerating
the fatigue degradation of the GFRP specimens. The slope of Line | of the S — N curve is steeper, with
amagnitude approximately 5 times higher than the slope of Linell. Thisindicatesthat fatigueliferapidly
decreases at higher stress levels due to the adverse effects of heat dissipation, or more concisely internal
heat storage. Above 2.1x10* cycles (Line I1), the influence of self-heating diminishes, and the fatigue
degradation of the GFRP slows down. Asaresult, theslope of theS — N curvein Linell ismuch gentler,
indicating that the fatigue life of GFRP increases more significantly at lower stress levels. The fatigue
lifeat 107 cycles correspond to a stress level of 168.4 MPa.

Incorporating GNPs into the GFRP composite significantly altered the fatigue behavior, particularly in
the low-cycle fatigue regime. The addition of GNPs extended the fatigue life of the composite,
particularly in the range of 10° cycles up to 1.8 x10° cycles (Point B), where the S — N curve shows a
noticeable improvement compared to unmodified GFRP. The slope of the S — N curve for GFRP-GNPs,
up to the transition point at 2.1x10* cycles (Point A), is approximately 20% less steep than that of the
unmodified GFRP (-36.5 vs. -43.8). This reduced slope indicates that GNPs provide an advantage in
fatigue life by mitigating the self-heating effects during the early stages of fatigue. The role of GNPsin
this regime is very beneficial, because the lower slope shows a slower degradation rate, leading to an
extended fatigue life. However, from 2.1x10* cyclesto 1.8x10° cycles, the slope of the S — N curve for
GFRP-GNPs becomes four times steeper than the slope for unmodified GFRP (-36.533 vs. -9.436). This

steep increase suggests that the benefits of GNPs diminish with an increasing number of cycles, causing
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the fati gue performance of GFRP-GNPsto deteriorate significantly. At 1.8x10° cycles, theS — N curves
for GFRP and GFRP-GNPs converge, after which the fatigue life of GFRP- GNPs declines more rapidly
compared to unmodified GFRP. At 168.4 MPa, while unmodified GFRP maintained its endurance up to
107 cycles, GFRP-GNPsfailed after only 5x10° cycles, approximately 20 times fewer than GFRP at the
same stress level. This result indicates that although GNPs enhance fatigue life in the low-cycle regime,
they may not be the viable candidate for improving the fatigue performance of GFRP in the high-cycle
regime. This can be explained by the interplay between mechanical fatigue and thermal effects under
different stress conditions. At high stresses, the self-heating phenomenon leads to a significant rise in
temperature, where GNPs demonstrate their effectiveness by dissipating heat, thereby reducing the
adverse effects of thermal fatigue. In contrast, at low stresses, corresponding to the high-cycle regime,
the self-heating effect becomes less pronounced, and GNPs offer limited benefits in mitigating
mechanical fatigue. Thisinterpretation might be supported by the DSC findings presented in Section 3.1
and the heat dissipation analyses detailed in Section 3.3 (See Figure 8).

The addition of GNPsand CNFsinto GFRP (GFRP-HNPs) |ed to an improvement in fatigue performance
across the entire range of fatigue regimes tested, from 103 cycles up to 2.6 x10° cycles. The slope of the
S — N curve for GFRP-HNPs was approximately 64.6% lower than that of unmodified GFRP (-15.5 vs.
-43.8) up to 2.1 x10* cycles, indicating an improvement in fatigue behavior during the low-cycle regime.
This highlightsthat the addition of hybrid nanoparticles reduced the rate of fatigue damage accumulation
by improving the chemical bonding and reducing the heat dissipation rate (see Figure 8). Above 2.1 x10*
cycles, the slope for GFRP-HNPs (-15.5) remained more advantageous than the reduced slope of
unmodified GFRP (-9.4), athough the difference was less significant. This shows that GFRP-HNPs
composite maintained its superior fatigue resilience in the high-cycle regime as well, though the rate of
improvement was less pronounced compared to the low-cycle regime. These findingsindicate that while
GFRP-GNPs perform well in low-cyclefatigue, they are quickly outperformed by GFRP-HNPsin higher
cycles. These findings regarding the superior thermomechanical fatigue response may be supported by
the DSC results presented in Section 3.1, which indicate the highest T, value for the GFRP-HNPs
composite. Additionally, the heat dissipation analysisin Section 3.3 (Figure 8) revealed that GFRP-HNPs
exhibit the lowest heat dissipation rate. As a result, less proportion of heat is stored within the tested
GFRP-HNPs specimen, leading to reduced temperature rise and limiting the damage induced by thermal
effects, thereby prolonging the fatigue life of the GFRP-HNPs composite compared to other composite
types. As highlighted by Shokrieh et al. [49], GNPs contribute to increased stiffness, whereas CNFs
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improve strength. In this regard, the hybridization of nanoparticles with different geometric shapes
mitigates agglomeration (particularly of GNPs) and significantly extends fatigue life due to the
synergistic effects achieved.
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Figure9. Constructed S — N curves for three different composite materials.

Table 7. Estimated S — N curves and fatigue strengths (o) corresponding to 106 load cycles for three

different composite materials.

Type of composite material Estimated by R? ors [MPa]

0, = —43.783-logN + 381.234 09118
GFRP 177.9
o = —9.436-logN + 234495  0.9488

GFRP-GNPs o = —36.533 ' logN + 376.721 0.9834 157.5

GFRP-HNPs o = —15.517 -logN + 299.614 0.9545 206.5

To clarify the benefits achieved with nanoparticles, the damage mechanisms were analyzed and are

shown in Figure 10. From a macroscopic point of view, Figure 10(a) shows that the observed damage
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mechanisms are transversal to all the composites studied and are characterized by some broken fibersin
the lower clamped region of the specimens accompanied by delaminations along them. This evidence is
also confirmed in Figure 10(b) for GFRP composite, where it can be concluded that the delaminations
result from the combined action between the stress concentrations resulting from the fiber breakage and
the fibers/matrix debonding [60]. However, as shown in Figure 10(c), when graphene is added to the
matrix, the delamination resistance increases due to the reinforcement of the fiber/matrix interface. In
this context, the intralaminar failure of the fiber/matrix interface occurs with the breaking of numerous
fiber/matrix bridges (promoted by graphene nanoplatelets), which, by increasing the debonding strength
and toughness of theresin, improvesthe load transfer between fibers and matrix [61, 62]. In fact, alower
number of delaminations is noticeable, which isin line with the literature [63, 64]. These benefits are
even greater with the hybridization of nano-reinforcements with different geometric shapes (high aspect
ratio with higher surface area) because, as shown in Figures 10(d) and 10(e), it promotes a more robust
nanoparticle network (3-dimensional network) as well as asynergistic effect [65]. This evidence is quite
noticeable in Figure 10(d), where the synergistic effect provides strong adhesion and mechanica
interaction between the epoxy resin and the fibers. Furthermore, the nanoparticles act as a protective
layer around the fiber and help to divert stress concentration away from the fiber surface [66].

Consequently, all these benefits lead to an increase in fatigue life.

(@)
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Figure 10. (a) Latera view of the typical failure mechanisms observed for al specimens, (b) Front
view of the typical failure mechanisms observed for all specimens, (¢) SEM image for unmodified
GFRP composite, (d) SEM image for GFRP-GNPs composite, and (€) SEM image for GFRP-HNPs

composite.

In addition to the improvements reported previously, the literature also highlights the benefits obtained
with the nanoparticles in terms of mitigating the self-heating temperature and, consequently, improving
the fatigue strength [43]. For this purpose, the thermal responses of the entire surfaces of all composite
types are compared for two different stress levels, and Figure 11 presents the registered IR images
corresponding to the stiffness degradation of 20% for three types of fatigue-loaded PMC specimens.
Figures 11(a-c) correspond to the stress level of 198.7 + 1.4 MPa, showing (a) unmodified GFRP, (b)
GFRP-GNPs, and (c) GFRP-HNPs. Similarly, Figure 11(d-f) corresponds to the stress level of 219.7 +
1.0 MP4q, illustrating (d) unmodified GFRP, (€) GFRP-GNPs, and (f) GFRP- HNPs. In Figure 11(b) and

(e), the addition of GNPs clearly demonstrates a significant reduction in the magnitude of temperature
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rise, particularly in the critical region (bottom) of the tested specimen. This effect is observed across the
entire surface of the specimen for both stress levels, effectively mitigating the thermal response. From
Figure 11(c) and (f), it isevident that incorporating HNPs further reduces the temperature rise magnitude
and provides superior control over the thermal response across the entire specimen surface compared to
GNPs, for both stress levels.
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Figure 11. Recorded IR images corresponding to the stress level of 198.69 + 1.36 MPa, for (a)
unmodified GFRP, (b) GFRP-GNPs, and (c) GFRP-HNPs, and the stress level of 219.73 £ 1.00 MPa,
for (d) unmodified GFRP, () GFRP-GNPs, and (f) GFRP-HNPs.

By controlling and reducing the temperature rise, and consequently limiting the heat dissipation rate, the
fatiguelifetime of the tested specimens significantly improved, see Figures 9 and 11. Accordingto Figure
8, under the stress level of 198.7+1.4 MPa, the fatigue life extended from 1x10* cycles (for unmodified
GFRP) to 9.1x103 cycles with the addition of GNPs (approximately 9 times greater), and further to
2.6x10° cycles with HNPs (257 times higher). Similarly, under a stress level of 219.7+1.0 MPa, the
fatigue life increases from 3.5x103% cycles (for unmodified GFRP) to 1.9x10* cycles with GNPs
(approximately 5-fold increase), and to 2.5x10° cycles with HNPs (a 73-fold increase). These findings
highlight the beneficial role of adding nanocarbon allotropes, particularly the hybridization of GNPs and
CNFs, in enhancing the thermomechanical fatigue performance of modified GFRP composites. The
combination of CNFs with GNPs improves the distribution and contact networks between the epoxy
chains and glass fibers. This hybridization reduces filler agglomeration and establishes interconnected
thermal conduction pathways, facilitating effective heat transfer. This, in turn, minimizes localized

heating (see Figure 11) dueto areduced mismatch in the coefficient of thermal expansion (CTE) between
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the fibers and the polymer matrix [28]. Asaresult, the rate of heat accumulation in fatigue-loaded HNPs-
GFRP specimens is minimized (see Figure 8), preserving the mechanical fatigue process. The mitigation
of the therma response directly contributed to the substantial improvement in fatigue lifetime,
highlighting the potential of these materials for advanced structural applications. Additionaly, the
incorporation of nanofillers increases the stiffness of the composite, which delays the initiation and
growth of cracks, essential for prolonging the fatigue lifespan of the GFRP-HNPs composite.

To compare the results from the AT — o and ¢ — o approaches using both MCR- and MDP-based
proceduresin Sections 3.3 and 3.4, with the reference values derived from the standard S — N curve, the
derived fatigue strengths from the thermographic approaches for each composite materia type are
compared with values derived fromthe S — N curves at 10° cycles.

For GFRP, the S — N curve predicted the fatigue strength value of 177.9 MPa. In comparison, the MCR-
and MPD-based AT — ¢ approaches estimated it to be 66.5 MPaand 123.5 MPa, resulting in remarkably
lower fatigue strength values than the reference value derived from the S — N curve, by approximately
62.6% and 30.6%, respectively. Nevertheless, the MCR-and MPD-based ¢ — o approaches predicted
114.4 MPa and 140.3 MPa. These values are relatively higher than the values extracted from AT — g,
but still lower than the value derived from the S — N curve, with deviations of 35.7% and 21.1%,
respectively. For GFRP-GNPs, the fatigue strength predicted by the S — N curveis157.5 MPa. The AT —
o approach estimated 111.8 MPa and 126.1 MPa using the MCR and MPD procedures, respectively,
yielding values approximately 29.0% and 20.0% lower than the S — N reference value. Similarly, the
MCR-and MPD-based ¢ — o methods predicted 109 MPa and 125.9 MPa, which correspond to
deviations of 30.8% and 20.0% from the S — N prediction. In the case of GFRP-HNPs, the S — N curve
predicted afatigue strength of 206.5 MPa. Comparatively, the MCR-and MPD-based AT — o approaches
predicted fatigue strength values of 159 MPa and 195.3 MPa, which are respectively 23.0% and 5.4%
lower than the reference value obtained from the S — N curve. Similarly, the MCR-and MPD-based ¢ —
o approaches estimated dlightly higher values of 162.6 MPaand 196.9 MPacompared to the AT — ¢, yet
below the reference value derived from the S — N curve by 21.2% and 4.6%, respectively.

In summary, while both ¢ — o and AT — o methods provided reasonable estimations of fatigue strength,
incorporating the MPD procedure generally yielded predictions closer to the S — N curve than the MCR
procedure for al three types of composite materials. Additionally, the § — o approach aligns more
closely with the S — N curve predictions compared to the AT — o method, especially for GFRP,
reflecting its superior reliability in estimating fatigue strength. This highlights that incorporating heat
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dissipation rate as a predictive parameter provides amore accurate representation of the fatigue behavior
of composites. Therefore, implementing the § — o method and MPD-based analysis stand out as reliable

tools for evaluating fatigue strength of polymeric composite materials.

4. Final remarks and conclusions

This study presented a comprehensive analysis of fatigue strength prediction methodologies for GFRP,
GFRP-GNP, and GFRP-HNP composites, using the thermographic approaches (i.e., AT — o and g — o).
To achieve this, exponential regressions were employed to reliably model the thermal responses under
various applied stress levels. The minimum curvature radius (MCR) and maximum perpendicular
distance (MPD) procedures were individually incorporated into the AT — ¢ and ¢ — ¢ methods to
determine the fatigue strengths of three types of composite materials. The analysis illustrated notable
differences in predictive accuracy using MCR and MPD procedures. Compared to the MCR-based
thermographic methods, the MPD-based thermographic approaches yielded higher strength predictions,
aligning more closely with the standard S — N curves derived from constant amplitude fatigue test. The
results show that the MPD-based ¢ — o approach provided relatively accurate fatigue strength
estimations, particularly for GFRP when compared to the results from S — N curves. These findings
highlight that incorporating MPD-based anaysisinto the ¢ — o approach offers a reliable methodology
for assessing the fatigue strength of polymeric composite materials.

Furthermore, an uncertainty analysis of fatigue strength values derived from the thermography-based
methods was conducted using Monte Carlo simulation to quantify variability. The results indicated that
the variability introduced by different approachesin fatigue strength estimation is comparable and had a
limited range, with dightly higher uncertainty observed in the ¢ — o based methods. However, the
mutual differences in uncertainty levels and coverage intervals between the corresponding methods do
not impact the overall conclusion that the MPD-based ¢ — o approach provides relatively more accurate
estimations.

As can be extracted from the standard S — N curveillustrated in Figure 9, while the addition of GNPs to
GFRP led to beneficial effectsin low-cycle fatigue, it adversely affects high-cycle fatigue behavior. In
contrast, the hybridization of GNPs and CNFs significantly enhanced the fatigue performance of
modified GFRP composite across both low- and high-cycle- fatigue regimes due to the positive
synergistic effects of hybrid nanofillers in mitigating localized self-heating heating, thereby prolonging
the fatigue life of tested GFRP modified with HNPs.
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Thermal imaging analysis illustrated that the inclusion of nanofillers effectively controlled the thermal
response of the modified composites during fatigue loading. While the inclusion of GNPs reduced the
localized temperature rise, especialy in critical regions, the addition of hybrid nanofillers (GNPs + CNFs
inal:1 ratio) achieved a more uniform and substantial temperature reduction across the entire surface.
The mitigation of the thermal response directly contributed to the substantial improvement in fatigue
lifetime. For example, under a stress level of 198.7+1.4 MPa, the addition of GNPs significantly
enhanced the fatigue lifetime of GFRP specimens, increasing it from 1x10* cyclesto 9.1x10* cycles—
an approximately 9-fold improvement. This demonstrates the effectiveness of GNPs in reducing self-
heating and delaying fatigue degradation in the low-cycle regime. On the other hand, the incorporation
of HNPs resulted in an even more pronounced improvement, extending the fatigue lifetime to 2.56x10°
cycles— by over 250 times increase compared to unmodified GFRP. These findings, supported by
microscopic observations, highlight the potential of carbon allotropes, particularly hybrid GNPs-CNFs,
in limiting in mitigating thermally induced crack initiation and propagation, thereby significantly
extending the fatigue lifespan of the modified composites. The DSC analysis supported these findings,
with HNPs achieving the highest glass transition temperature (7).

Compared to GFRP, GFRP-GNPs showed better fatigue performance only in the low cycle number
regime, and their performance deteriorated significantly when the cycle number exceeded 2.1x10%. The
lower Ty value of GFRP-GNPs than that of GFRP suggests that GNPs provided a reinforcing effect in
the early stages of fatigue testing. When the cycle number exceeded 2.1x10#, the segmental mobility in
the epoxy matrix probably increased, which resulted in the worsening of the fatigue behavior in the high
cycle number regime. On the contrary, GFRP-HNPs showed better fatigue performance across the entire
range of fatigue regimes tested, in comparison to both GFRP and GFRP-GNPs. This observation allows
to conclude that hybridization of GNPs and CNFs decreases mobility of the epoxy polymer network
chains resulting in the excellent fatigue performance of a GFRP-HNPs composite, as evidenced by the
highest Tg among all composites studied.

The results of DSC tests also demonstrated that more heat has been released during the post-curing
reaction of GFRP-GNPs and GFRP-HNPs composites, compared to GFRP composite. This observation
can be attributed to a decrease in the cross-link density in the epoxy matrix. The results from the fatigue
behavior tests suggest that the decreased cross-link density did not have a negative effect on the fatigue
performance, throughout the entire fatigue cycle of GFRP-HNPs composites, and at early stages of
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fatigue tests of GFRP-GNPs composites. However, the presence of GNPs deteriorated the fatigue
behavior of the composite in the high-cycle regime.

Overdl, the ¢ — o method proves to be a promising tool for estimating fatigue strength and capturing
the thermomechanical behavior of PMCs modified with nanoparticles, offering greater reliability than
AT — o approach. The implementation of hybrid nanoparticles offers a superior strategy for enhancing
fatigue strength, making them suitable for applications requiring long-term durability under cyclic
loading. Therefore, optimal material selection and reinforcement strategies are crucia for improving the

fatigue performance of composite materials under different loading conditions.
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Self-heating based vibrothermography (SHVT) is a promising non-destructive technique for inspecting polymer-
matrix composites (PMCs) in circumstances with limited external heating feasibility, functioning under the
resonant frequency excitation. This study broadened the applicability of SHVT technique for two-dimensional
(2D) PMCs by examining its sensitivity and effectiveness in detecting and quantifying damage within 2D lami-
nated composites across nine different scenarios. A two-step algorithm based on the concepts of the boundary of
effective thermograms, and the maximal temperature ratio was proposed to methodically choose the optimal raw
thermogram from a large set of registered thermograms for each scenario. The issues linked to blurred damage
signatures in the raw infrared (IR) images adversely affected the overall sensitivity and accuracy of SHVT.
Implementing the algorithm based on central moments improved the overall damage detectability using this
technique. Additionally, the introduced hit/miss metric enabled the damage identification and quantification for

all scenarios.

1. Introduction

The increasing utilization of polymer matrix composites (PMCs) in
the mobility field (e.g., aerospace, aircraft, automotive, and naval in-
dustries) can be attributed to their superior strength- and stiffness-to-
weight ratios, excellent durability, good environmental resistance and
design flexibility [1,2]. Maintaining PMC structures throughout their
lifespan is essential. Periodically inspecting PMCs using non-destructive
testing (NDT) methods is paramount. Among the developed NDT tech-
niques [3-6], infrared thermography (IRT) distinguishes itself owing to
its capacity for rapid and uncomplicated inspection of PMCs and its
effectiveness in detecting diverse forms of external and internal damage
[7-10]. Thermographic testing includes a two-step process [11]. A
tested structure is first subjected to thermal excitation, typically ach-
ieved using high-power halogen flash lamps, optical heaters, lasers, or
similar heat sources. Following this excitation, the thermal response of
the structure is registered and evaluated using an infrared (IR) camera
[12,13]. Numerous techniques fall under the umbrella of IRT, which can
broadly be categorized as either active or passive [3,14-16]. Active IRT
methods function in the presence of an external heating source to
stimulate the tested structure and register thermal data disruptions

* Corresponding author.
E-mail address: jafar.amraei@polsl.pl (J. Amraei).
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using the IR camera. Nonetheless, passive ones concentrate on exam-
ining the energy dissipation from the specimen, primarily aiming to
detect and localize damage within the tested specimens [3,14,15].
Various IRT techniques applicable to PMCs have been presented in detail
in [6,16]. Among them, Pulsed Thermography (PT) employs short
heating pulses, while Step-Heating Thermography (SHT) implements
longer ones for excitation. By contrast, Lock-in Thermography (LIT) uses
a sinusoidal heating wave with frequency modulation, providing
enhanced subsurface damage sensitivity in comparison to pulse IRT
techniques [17]. Vibrothermography (VT) implements a unique excita-
tion mechanism, relying on the energy dissipation process to detect and
identify the damage. A mechanical elastic wave propagates through the
tested PMC, dissipating energy at the damaged locations, leading to
localized heating registered by an IR camera. This wave typically falls
within the sonic and ultrasonic frequency range [18-21], with energy
dissipation arising from frictional interactions occurring at defect in-
terfaces or stress in the vicinity of the defect sites, see [20,22,23] for
further information.

VT excels in identifying complex defects and crack types by inducing
heat and addressing challenges often encountered by alternative NDT
techniques. VT has been successfully applied for inspecting the diverse
categories of defects and cracks in PMCs, consisting of debonds [10],
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Nomenclature

Ey, Ey, E; Young’s moduli

Gyy, Gyz, Gx; Shear moduli

Vxy> Vyz» Vxz Poisson’s ratio

p Density

Ve Cutting speed

f Feed rate

L Length

w Width

e Base of the natural logarithm

T Stabilized self-heating temperature

Tinax Maximum value of registered self-heating temperature
Tmin Minimum value of registered self-heating temperature
Tmax Maximal value of temperature ratio

Tratio Temperature ratio per thermogram

Trp Mean value of temperature of the damage region per
thermogram

T Minimal value of the mean temperature of the damage per
thermogram

Tp_pgp  Mean value of temperature obtained by subtracting the

plate area from the damage region per thermogram

Twin_,  Minimal value of mean temperature obtained by
subtracting the plate area from the damage area among all
thermograms

A True area of damage

A; Identified area of damage

AR Ratio between the areas identified and true damage
regions

Apir Identified damage coincided with the true damage location

Anmiss Non-coinciding area with true damage location

closed cracks [24], and vertical open cracks oriented orthogonally to the
inspected surface [25], surface-breaking and fatigue-induced cracks
[26-29], delamination [30], impact damage [31], corrosion [32] and
other [33]. In certain situations, where the application of external
excitation sources is unfeasible, e.g., single-sided access or limited
accessibility to specific regions of the inspected specimen [34], the non-
destructive self-heating based vibrothermography (SHVT) technique
can alternatively be implemented [35]. In SHVT, the process is driven by
the self-heating phenomenon, termed as a temperature increase,
induced by resonant excitation within tested PMCs. This phenomenon
stems from the phase lag between the applied stress and the strain
amplitude response, due to the viscoelasticity of PMCs [36], or vice
versa, occurring during mechanical vibrations [37,38]. The authors of
[5,28,39,40], excited the PMC specimen at resonant frequencies for
crack localization and crack propagation monitoring and were likewise
employed by the authors of [41]. Their study involved the application of
absorptive viscoelastic coatings on metallic test specimens, enabling the
observation of the self-heating at the ultrasonic frequency range. SHVT
technique was successfully implemented in the inspection of PMC ele-
ments with numerous defect types, consisting of simulated cracks, flat
bottom holes [15], and low-velocity impact damage (LVID) [42]. In
another study, Katunin et al. [7] presented a hybrid technique, similar to
the concept of SHVT. This technique combined the advantages of a rapid
thermographic approach introduced for determining the fatigue limit of
impact-damaged PMCs, alongside non-destructively assessing the extent
of impact damage. The X-ray computed tomography NDT was carried
out to confirm the existence of internal damage and identify its geo-
metric properties within the tested specimens. The detectability
thresholds were defined for the hybrid method to indicate the stress
levels required for identifying LVID across various impact energies. The
findings demonstrated that LVID is detectable during fatigue limit tests,
even at the earliest stages of visibility. Moreover, the rise in self-heating
temperature required for detection measured below the threshold that
would cause damage.

Further enhancements in LVID detectability can be achieved via
image processing techniques applied to thermograms. Heat transfer
processes, especially thermal diffusion between damaged zones and
their surroundings, can negatively influence the SHVT inspections. Such
diffusion frequently leads to obscured or concealed damage indications
in thermograms, lowering the sensitivity and complicating the damage
identification. To overcome these challenges and improve the sensitivity
of SHVT technique to various damage types, it is of primary significance
to apply additional processing on the raw thermograms [34].

Recent advancements have led to the development of diverse image
post-processing methodologies aimed at enhancing defect detection

capabilities [10,43-57]. These techniques have evolved from initial
endeavors focused on noise reduction to more sophisticated methods.
For example, Thermographic Signal Reconstruction (TSR) introduced by
Shepard et al. [43] offered the potential to make IR results comparable
with other high-resolution and high-sensitivity NDT methods [34].
Additionally, k-space filtering [44], Differential Absolute Contrast
(DAC) [53,54], and Principal Component Thermography (PCT) [55,56]
enhanced the inspection of damage in laminated composites, including
barely visible impact damage (BVID) [44,57]. In this context, Wei et al.
[10] employed VT to detect debonding defects in Thermal Barrier
Coatings (TBCs). Utilizing thermal image sequences and algorithms such
as TSR, Principal Component Analysis (PCA), and Fast Fourier Trans-
form (FFT), it was possible to extract defect-related information suc-
cessfully. According to their findings, among the post-processing
algorithms, the primary component within the PCA showed the most
pronounced temperature contrast and Signal-to-Noise Ratio (SNR). This
allowed the successful detection of the tested structure featuring a 2
mm-diameter debond at a 0.5 mm coating thickness. In addition,
Katunin and Wachla [15] evaluated the efficiency of SHVT technique in
detecting defects, specifically estimating the depth at which a defect
could be detected. For this purpose, a series of specimens with flat-
bottomed holes (FBHs) of different depths and shapes were examined.
They implemented the thermal gradient technique, as a simple image
post-processing algorithm, to improve the raw thermograms. Their
findings highlighted the ability of SHVT technique for defect detect-
ability at depths as low as 1.75 mm, corresponding to 60 % of the
specimen’s thickness. In other words, the defects were less detectable or
not as prominently detected beyond this depth. Subsequently, Wron-
kowicz et al. [34] implemented three sets of post-processing techniques
(i.e., algorithms based on statistical features, temperature profile trend
estimation, and similarity maps) to enhance the damage detectability of
one-dimensional (1D) composite elements. From a qualitative assess-
ment spanning over 30 approaches, nine sensitive post-processing
methods were chosen. These methods notably enhanced damage
detection compared to analyzing raw thermograms alone, highlighting
their essential role in damage identification. Additionally, the authors of
[42] evaluated the sensitivity of SHVT technique in identifying and
measuring the LVID in 1D composite elements. They showed that SHVT
technique is sensitive enough to detect LVID, particularly for impact
energy levels below 10 J, which can be addressed to the so-called tool
drop impact damage in aircraft ground maintenance practice (see, e.g.,
[58]). Moreover, applying numerous IR image enhancement techniques
remarkably improved the detectability, making the undetectable dam-
age signatures visible in raw IR images. Among 16 tested image post-
processing algorithms, root-mean-square (RMS), root-sum-of-squares
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(RSS), central moments, principal component thermography (PCT), and
partial least-squares regression (PLSR) showed the highest sensitivity
and accuracy regarding damage detection and quantification. Never-
theless, despite extensive research efforts, there remains a challenge in
achieving a global assessment of sensitivity and accuracy, particularly in
the quantification of damage.

Previous research efforts in our group primarily concentrated on 1D
composite beams in the context of SHVT. Nevertheless, neither an
objective strategy was developed for selecting effective thermograms
from a large set of registered images, nor a reliable approach was
established for damage quantification in composite elements using the
SHVT technique. This study addresses several challenges that distin-
guish it from prior works. First, the issues related to the sensitivity of
SHVT technique to the noise and the stabilization of temperature dis-
tribution within thermographic images, which may obscure the damage
signatures during inspection, are addressed. For this purpose, a new
methodology is established for selecting the clearest thermograms to see
structural damage from a large dataset (i.e., several hundred or even
thousands of images) captured by an infrared (IR) camera during testing.
Additionally, damage detectability is enhanced by implementing a novel
image post-processing algorithm to identify the best raw thermogram.
Finally, a new metric, termed the hit/miss metric, is introduced,
enabling both qualitative and quantitative assessment of damage with
high accuracy. This study emphasizes that the discussed advancements
in measurements and IR thermogram processing are vital for refining
and broadening the SHVT technique’s application to damage inspection
in 2D laminated composite structures, which are more commonly used
than 1D elements. These advancements open up new possibilities for
inspecting polymeric composite structures with a potential application
in inspections of aircraft structures with single-sided access.

2. Specimens, numerical simulations, and experiments
2.1. Specimen preparation

Specimens used in this study were prepared by cutting them from
sheets with thicknesses of 0.5 mm, 0.75 mm, and 1 mm to the di-
mensions of 240 mm x 240 mm. These sheets were made of E-glass-
fabric-reinforced epoxy composite with an areal density of 200 g/m?,
featuring 3, 5, and 6 layers, respectively, and were manufactured by Izo-
Erg S.A. in Gliwice, Poland. The material properties of the specimens are
presented in Table 1.

Nine specimens were considered in the study, which consisted of flat
bottom damage (FBD) extruded to the depths of 10 %, 25 %, and 50 % of
the total thickness of the specimens (see Table 2). FBD depths were
precisely extruded using a 3-axis CNC milling machine equipped with a
high-speed spindle (24 krpm) and positioning accuracy of 0.01 mm,
according to the scheme shown in Fig. 1.

Depending on the FBD depth, milling was carried out in three stages:

Table 1
Material properties of specimens and other equipment simulated in numerical
modal analysis [36,59,60].

Properties GFRP Al Steel
Young’s moduli, GPa Ex 27.17 71.7 200
E, 24.20
E, 10
Shear moduli, GPa Gy 3.17 - -
Gy, 3.17
Gy 3.17
Poisson’s ratio, — Vy 0.166 0.33 0.30
Vyz 0.30
Vxz 0.30
Density, kg/m> p 2245.90 2810 7850
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Table 2
Damage scenarios.

Scenarios  Plate thickness, Damage depth, Damage depth-through
mm mm thickness, %
1 0.5 0.05 10
2 0.13 25
3 0.25 50
4 0.75 0.08 10
5 0.19 25
6 0.38 50
7 1 0.10 10
8 0.25 25
9 0.50 50

Implementing a Vollhartmetall (VHM)-type solid carbide cutter with
a 4 mm diameter and 2 teeth, a coarse milling process was executed,
leaving a 0.05 mm allowance at the FBD base. The process employed
a spiral FBD selection strategy with 10 % coverage of the previously
milled path, operating at a cutting speed (V) of 110 m/min (8750
rpm) and a feed rate (f) of 0.03 mm/tooth (525 mm/min), ensuring
a depth of approximately 0.3 mm per pass.

Finishing milling was conducted with the following parameters: a
cutting speed of 110 m/min (8750 rpm) and a feed rate of 0.01 mm/
tooth (175 mm/min). A spiral FBD selection strategy was applied,
covering 10 % of the previously milled path.

Finishing milling of the FBD corners (with a radius of 0.5 mm) using
a VHM-type solid carbide cutter with a diameter of 1 mm and one
blade, operating at a cutting speed of 50 m/min (16000 rpm) and
feed rate of 0.005 mm/tooth (80 mm/min).

The second step was implemented to increase the FBD depth accu-
racy, reduce the flatness deviation, and improve the roughness of FBD. It
is worth mentioning that the first step was skipped for smaller milling
depths. To achieve the appropriate thermal emissivity, the laminated
composite plates were covered by the silicone-based heat-resistant black
matt coating from the Dragon Poland Sp. z. 0.0. (Cracow, Poland) before
being inspected by the SHVT technique, resulting in a thermal emissivity
of 0.98. In addition to achieving uniform emissivity and optical ab-
sorption, this enhances the authenticity of inspections by replicating the
coating typically applied to in-service composite components, prevent-
ing the weave pattern from being directly visible during inspection [44].

2.2. Numerical simulations

The goal of performing preliminary numerical simulations was to
extract the mode shapes of laminated composite plates, including the
FBD with the material properties given in Table 1, and the details on the
scheme in Fig. 1. The numerical modal analysis begins with meshing of
the model of a tested composite plate using commercial ANSYS®
workbench software. The simulations were conducted for the model of
the plate with dimensions of 220 mm in length (L) and 240 mm in width
(W) due to the presence of fixtures. Nine scenarios were considered,
consisting of three different thicknesses and three FBD depths, see Fig. 1
and Table 2 for details. Owing to the experimental similarity, where the
lower edge is fixed by the fixture, a fixed—fixed boundary condition (BC)
was accounted for its effect to reduce the computational runtime. The
fixture, composed of aluminum (Al) and steel, possesses the material
properties outlined in Table 1, with all contacts assumed to be bonded
connections. The upper fixture connected to the shaker had all degrees
of freedom (DOFs), including rotations and displacements, constrained,
except for displacement in Z-direction parallel to the shaker’s move-
ment. Furthermore, the right and left sides of the tested plate were
assigned to the free-free BCs, enabling unrestricted movement for them.
Automated dense triangular meshes were utilized for the numerical
simulations. To determine the optimal mesh size, simulations were
conducted for the laminated composite plate with 1 mm thickness and
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(a)
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(b)

Fig. 1. Scheme and dimensions of the tested specimen: (a) main view, and (b) section AA, respectively.

50 % FBD depth, as an example, using mesh sizes ranging from 0.5 mm
to 10 mm. The convergence of the mesh was assessed by examining the
variation in the first six natural frequencies of the composite plate across
these different mesh sizes, illustrated in Fig. 2. The results indicated that
the frequency values converged at a mesh size of 2 mm, suggesting that
further refinement beyond this point did not lead to significant im-
provements in accuracy. Therefore, a 2 mm mesh size was sufficient to
accurately capture the resonant frequencies of all scenarios presented in
Table 2 for the composite plates. As an example, in a 1 mm thick spec-
imen with a 50 % FBD depth, the mesh contained 116,240 nodes and
47,797 tetrahedral elements.

Mode shapes extracted from finite element analysis (FEA),

Fig. 2. Influence of mesh refinement on the first six resonant frequencies for a
laminated composite plate with 1 mm thickness and 50 % FBD depth, based on
numerical simulations.

corresponding to the first six fundamental resonant frequencies of the
tested specimen, are presented in Fig. 3. In this example, the laminated
composite plate has a thickness of 1 mm and a 50 % FBD depth. The six
mode shapes across all scenarios illustrated similarity, as opposed to the
different natural frequency values depending on the thickness of a
laminate. The main advantage of these numerical simulations is to
strategically introduce damage, thereby improving the likelihood of
damage detectability using SHVT technique in laminated composite
structures. The primary cause behind this is attributed to the higher
deflection amplitude occurring at the resonance frequencies of the
tested specimen. The location of FBD was established at the center of the
tested specimen, where deflection is at its highest, for the nine scenarios,
presented in Table 2, using the first mode shape.

2.3. Experimental test rig and testing procedure

The experimental studies were performed on the own-designed
testing rig presented in Fig. 4(a). The specimen, after covering with
the coating was mounted in the aluminum frame, which holds the
specimen from the top and bottom sides by bolted connection. The
bottom edge of the specimen was fully fixed to the steel brick through
the lower fixture, while on the top edge, the fixture that fixed the
specimen was connected to the electrodynamic shaker TIRA® TV-51120
(Schalkau, Germany) through the steel stinger. Between the stinger and
the tested specimen, the force sensor PCB Piezotronics® 208C02
(Depew, NJ, USA) was used to acquire the reference signal for modal
analysis (see Fig. 4(b)). The measured signal from the force sensor was
amplified using the Briiel & Kjer Nexus 2693-014 conditioning amplifier
(Neerum, Denmark). The measurements of vibration velocity were per-
formed using the Polytec® PSV-400 scanning laser Doppler vibrometer
(Waldbronn, Germany) connected through the data acquisition and
control unit Polytec® PSV-W-400 to the PC with dedicated software.
This software was used to set the parameters of modal analysis as well as
to generate excitation signals. The excitation signals were amplified
using TIRA® BAA 500 shaker amplifier and then transferred to the
shaker.
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(a) (b)

(c) (e)

(e) (f)

Fig. 3. Illustrating the first six mode shapes of the laminated composite plate with 1 mm thickness and 50 % FBD depth: (a) first, (b) second, (c) third, (d) fourth, (e)
fifth, and (f) sixth mode shapes, respectively.



J. Amraei et al.

PC & IR Software

l

LDV Control System

Shaker Amplifier

(a)

(b)

Measurement 241 (2025) 115670

IR Camera

l

Signals Amplifier

Specimen  Upper Fixture

Lower Fixture'

\

LDV Scanner

l

Fig. 4. The experimental setup: (a) the main view of the testing rig, and (b) the top view of the specimen and shaker assembly, respectively.

The testing procedure consisted of two steps: first, the modal analysis
was performed to acquire the natural frequencies of vibration of the
tested specimens; and next, the specimen was excited with the deter-
mined natural frequencies without unmounting from the fixing frame to
retain the BCs from the modal analysis. Before starting the tests, the
square fragments of a reflective tape were stuck to the scanned surface of
a plate to ensure appropriate focus of the laser beam of the scanning
head of a vibrometer. The scanned surface of the specimen was always
the opposite one to the surface with an introduced FBD. From the pre-
liminary tests, it was decided to use 9 x 11 equidistant measurement
points, which was enough to precisely determine the natural frequencies
of vibration.

The modal analysis was performed across a frequency spectrum of
0 to 300 Hz, with a resolution of 0.25 Hz to accurately capture vibra-
tional characteristics. The excitation was performed using a 50 % burst
random signal, which allowed excitation in the wide frequency range.
The exemplary frequency response function (FRF) and coherence func-
tion from the performed modal analyses is presented in Figs. 5, and 6,

respectively. It can be noticed that the first and fifth bending mode
shapes, as the exemplary experimental results, are presented in Fig. 7(a)
and 7(b). The preliminary loading tests on this natural frequency
determined from the modal analysis show that only in the case of the
fundamental natural frequency (i.e., first mode shown in Fig. 7(a)), the
magnitude of excitation is appropriate to initiate the self-heating effect.
Due to this, it was decided to use the first natural frequency only in the
next studies. The fundamental natural frequencies determined for all
considered scenarios are presented in Table 3. It should be mentioned
that the vibrational loads applied across all nine scenarios yielded a
maximum deformation magnitude of 12 pm for the first mode, while the
displacement magnitude for higher modes was approximately 2 pm, as
demonstrated in Fig. 7(b), which is six times lower than that of the first
mode.

After determining the natural frequencies for the tested plates, the
second step of testing was applied, namely, the specimens were excited
at their fundamental natural frequencies to initiate the self-heating ef-
fect, and the thermal response was captured by the VarioCam® hr IR
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Fig. 5. The experimental FRF of 1 mm thick specimen with 50 % FBD depth.

Fig. 6. The coherence function of 1 mm thick specimen with 50 % FBD depth.

camera (Dresden, Germany) with the microbolometric IR detector and
resolution of 640 x 480 pixels. During each test, a sequence of a mini-
mum of 400 thermograms was acquired with a sampling rate of 1 Hz.
Moreover, to account for environmental influences, the ambient tem-
perature was continuously monitored via thermocouples during ther-
mogram registration.

(a)
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3. Damage detection and identification
3.1. Issues in damage detection and sensitivity of the technique

During performing SHVT experiments under the resonance fre-
quency excitation, the specimen surface undergoes a rapid temperature
growth owing to the high stress concentration and/or displacement
amplitude, followed by temperature stabilization over numerous vi-
bration cycles in a stationary self-heating condition. The absence of a
standardized testing duration for SHVT arises from the reliance of the
technique on the thermomechanical properties of the tested laminated
composite. Nonetheless, the reasonable testing time covers both rapid
and stabilized periods. Derived from the findings of previous endeavors
[15,34,42], a few minutes of testing after the rapid temperature growth
would be sufficient. To evaluate the damage using SHVT technique, the
registered thermograms for all nine scenarios have been demonstrated
in Figs. 8 and 9 for two different moments of testing (i.e., 40th and
120th, respectively).

Within the nine scenarios across all recorded IR images, FBD was
detectable in eight cases, excluding the 0.5 mm-thick plate with 10 %
FBD depth (see Fig. 8(a) and 9(a)). The registered thermograms at the
earlier moment (i.e., 40th) showed better damage detectability, con-
trasting with thermograms captured afterward (i.e., 120th). This might
be primarily attributed to recording 120th — IR images near the self-
heating temperature stabilization region, where the least temperature
variation occurs, i.e., the noise and uniformity of temperature distri-
bution surrounding FBD provoked challenges for identification and
quantification. These problems contribute to the difficulties in globally
assessing the sensitivity and accuracy of the SHVT technique understood
as clear detectability of damage and sharpness of the detected damage
signatures.

3.2. Procedure to identify the best raw thermograms

Although some minutes of performing SHVT testing would be
enough for damage identification in such laminated composite plates,
several hundred thermograms may be registered during this period. It is,
therefore, of primary significance to identify the best raw thermograms
for effective damage detection among all the acquired raw thermograms
within this interval. For this purpose, the following two-step algorithm is
developed. The effective boundary of registered raw thermograms was
first determined similar to the methodology implemented for calculating

Table 3
Vibrational resonant frequencies (f) of the laminate composite plates under
experiments, denoted in Hz.

Plate thickness, mm — 0.5 0.75 1

FBD depth, % | f [Hz] f [Hz] f [Hz]

10 44 62.25 84

25 44.5 61.75 84.5

50 44.5 64.25 84.75
(b)

Fig. 7. The first and fifth mode shapes of the 1 mm thick specimen with 50 % FBD depth.
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(a)

(d)

(8)

(b)

(e)

(h)
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(c)

(f)

(i)

Fig. 8. The selected thermograms at 40th second of testing recorded for plates (a-c) 0.5 mm, (d-f) 0.75 mm, (g-i) 1 mm, each row from left to right consisting of 10

%, 25 %, 50 % damage depth.

the thermal time constant [61-63], while the best raw thermogram was
then selected based on an introduced maximal value of temperature
ratio (T for each scenario.

The first step involved determining the optimal period aligned with
the boundary of effective thermograms (BET), which occurred at the
outset of SHVT testing when the self-heating temperature gradient
reached its peak. BET, a dynamic parameter, is an indicator for trans-
ferring a high amount of heat inside the tested laminated plate in a short
timeframe. Preliminary test results highlighted the enhanced damage
detection capabilities associated with the dynamic thermal response
observed in the tested specimen within the BET interval. Therefore,
during image post-processing, BET was established as the maximum
permissible number of recorded thermograms for damage identification.
This assists not only in selecting the optimal raw thermograms but also
in further image processing procedures, see Section 4. Fig. 10 illustrates

an exemplary temperature history curve for the acquired maximum self-
heating temperature, across the entire specimen surface of interest as the
region of interest, over the inspection interval marked as a colored
asterisk. BET for the tested laminated plate involving FBD was quanti-
fied following two manners: (i) the number of thermograms required for
the registered self-heating temperature to stabilize (Eq. (1)), (ii) the
number of thermograms needed for the registered self-heating temper-
ature to reach its maximum value (Eq. (2)), as follows:

Toae — T _ 1
> =, (€]
Tmax - Tmm e
LTl @
Ts - Tmin €

Applying each criterion, which is consistent with the concept of thermal
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(a)

(d)

(8)

(b)

(e)

(h)
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(c)

(f)

(i)

Fig. 9. The selected thermograms at 120th second of testing recorded for plates (a-c) 0.5 mm, (d-f) 0.75 mm, (g-i) 1 mm, each row from left to right consisting of 10

%, 25 %, 50 % damage depth.

time constant, yields a different result for BET. The value 1 /e, where e is
the base of the natural logarithm, is known as one thermal time constant,
and holds significance as it corresponds to approximately 63.2 % of the
maximum or stabilized self-heating temperature. As an illustrative
example for a 1 mm-thick laminated composite with the 50 % FBD depth
shown in Fig. 10, the BET based on maximum self-heating temperature
is 55, while employing the stabilized self-heating temperature sets BET
at 116. The choice of criterion has a significant influence on the defined
boundary on the interval of observation. Detailed results for all nine
scenarios are presented in Table 4 for both approaches. As can be
concluded, implementing BET based on Tmq, characterized by its con-
servative nature, offers a broader spectrum of thermograms, as opposed
to using the stabilized self-heating temperature (see Fig. 10 for more
details). In other words, considering the maximum self-heating tem-
perature will enhance the capability of handling unexpected variations
and transient thermal events.

In the second step, the best raw thermogram for each scenario is
selected based on the maximal value of mean value of temperature ratio
(Tmax), which is simplified to the maximal temperature ratio throughout
the paper, calculated across the effective registered thermograms within
BET, using the proposed formula:
T = max(Trao)

ratio

3)

where T, represents the temperature ratio for each registered ther-
mogram, determined using the following equation:
_ ATppp _ Trsp — Tv;g'b

ATp_rep  Tpr_rep — TpVip

=~

4

ratio

where Trpp is the mean value of temperature of the FBD for each
recorded thermogram, i.e., one value per thermogram. Tri% denotes the
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Fig. 10. The boundary of effective thermograms determined using stabilized
and maximum self-heating temperature evolution over registered thermograms.

Table 4

The established BET based on stabilized and maximum self-heating temperature.
Plate 0.5 0.75 1
thickness,
mm —
FBD depth, % BET BET BET BET BET BET
) using using using using using using

TS Tmax TS Tmax TS Tmax

10 41 45 45 59 35 49
25 43 48 33 77 60 60
50 57 92 51 80 55 116

minimal value of the mean temperature of the FBD, which typically
occurs at the starting point of the test, i.e. close to the ambient tem-
perature. This represents a constant value for each of the nine scenarios.
Tp_rpp is the mean value of temperature obtained by subtracting the
values for the whole laminated plate from the values of damage (FBD)
for every recorded thermogram in each scenario, T3 represents the
minimal value of mean temperature value extracted in the same manner
and remaining constant across each of the nine scenarios. Similar to
Tmin Tmin . generally occurs at the beginning of the tests.

Considering the effective dimensions of the tested plate (240 mm x
200 mm) and the fixtures occupying the upper and lower edges, the
length of FBD is equivalent to either 84 or 85 pixels (i.e. 50 mm corre-
sponding to either 84 or 85 pixels), as determined by post-processing.
This correspondence depends on the distance of the IR camera from
the tested specimen during SHVT experiments.

As mentioned above, the second step aims to identify the value of
Tmax in each scenario. This methodologically offers the best raw ther-
mogram, avoiding the huge under- or over-identification area corre-
sponding to the actual FBD region. Exemplary results for the specimens
with thicknesses of 0.5 mm, 0.75 mm, and 1 mm, each with a 50 % FBD
depth, are depicted in Fig. 11(a-c), respectively. Table 5 lists the best
raw thermograms for all nine scenarios, identified through the two-step
proposed algorithm. The corresponding thermograms, categorized by
plate thickness and damage depth, are shown in Fig. 12: (a-c) 0.5 mm,
(d-f) 0.75 mm, and (g-i) 1 mm. Each row, from left to right, represents
different damage depths of 10 %, 25 %, and 50 %, respectively. Addi-
tionally, thermograms registered within the stabilization phase,
although exhibiting greater sharpness in some cases, tended to demon-
strate an overestimation of the true damage size. Such thermograms had
relatively lower Tq4, values, which should not be considered as the most

10
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Fig. 11. The determined temperature ratio and marked the optimal raw ther-
mogram for (a) 0.5 mm, (b) 0.75 mm and (c) 1 mm —thick laminated plate
with the 50 % FBD depth.
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Table 5
The indices of the best raw thermograms from collected sequences.

Plate thickness, mm — 0.5 0.75

FBD depth, % |

10 23 24
25 32 68
50 59 44

(a)

(d)

(8)

42
50
85

(b)

(e)

(h)
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appropriate thermograms, highlighting the reliability of the results ob-
tained from the proposed two-step algorithm in such conditions.

4. Enhancing damage identification and quantification

The enhancement procedure was based on the application of image
processing algorithms to the thermograms selected in the first step of the
proposed algorithm (i.e. BET). The sequence of thermograms was
considered in processing algorithms, where the number of the best
thermograms determined in the previous step was considered as a
boundary of set of processed thermograms. Another boundary was al-
ways set as 1. The selection of such a set of thermograms is justified by
the highest temperature gradient at the beginning of excitation, which

(c)

(f)

(i)

Fig. 12. Selected best thermograms from collected sequences for the plates with a thickness of (a-c) 0.5 mm; (d-f) 0.75 mm; (g-i) 1 mm and the damage depth of 10

%, 25 %, and 50 %, respectively, in each row from left to right.
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resulted in high sharpness of the edges of damage to be identified. In the
later period of excitation, the gradient is much smaller, which results in
temperature stabilization and tending to the thermal balance. This, in
turn, results in the blurring of boundaries of damage signature in
thermograms.

In the preliminary study, several processing algorithms were applied,
including statistical features (mean absolute deviation, median absolute
deviation, central moments, kurtosis, skewness, root-mean-squared,

(a)

(d)

(g)

(b)

(e)

(h)
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root-sum-of-squares, crest factor, peak-to-peak, peak-to-root-mean-
squared) and more advanced metrics often applicable for processing of
thermograms (gradients, Laplacian, Hessians, wavelet transform, prin-
cipal component thermography, partial least-squares regression, ther-
mographic signal reconstruction). The mathematical description of
these algorithms can be found in [42]. The performed analysis demon-
strated satisfactory results for several algorithms, namely, mean abso-
lute deviation, peak-to-peak, peak-to-root-mean-squared, central

(c)

(f)

(i)

Fig. 13. The results of enhancement of selected thermograms with the quantified damaged regions for the plates with a thickness of (a-c) 0.5 mm; (d-f) 0.75 mm; (g-
i) 1 mm and the damage depth of 10 %, 25 %, and 50 %, respectively, in each row from left to right.

12



J. Amraei et al.

moments, principal component thermography, and partial least-squares
regression. The criteria of selection of the processing algorithm in
further studies were focused on the improvement of damage detect-
ability, accuracy of estimation of damage shape, and reduction of noise.
According to these criteria, the best algorithm selected for further
studies was based on the estimation of central moments, which is in
agreement with the previous results achieved in [42].

In the applied algorithm, odd central moments up to 8th were
calculated for a given thermogram, since only odd central moments
were sensitive to damage, while higher-order moments were charac-
terized by much less sensitivity to damage, i.e., the damage signatures
are not recognizable for them. Next, the values within the resulting
images were raised to the power of 0.01 and summed up to further
improve the distinguishability between damaged and healthy regions on
tested plates.

To quantify damage in the considered plates the contours of the
identified damage signatures were manually circumscribed using the
polygons. The assumed boundaries between healthy and damaged re-
gions were perceptually determined based on a sudden change of colors
on the enhanced thermograms. The resulting images are presented in
Fig. 13, where the red line describes the identified boundary, while the
black line describes the true contour of a damage obtained from pro-
portion (considering dimensions of a plate determined from thermo-
grams). In every case, the determined area of damage in mm? was
provided on the images.

The overall improvement of the analyzed thermograms is noticed. It
is especially well visible for the cases with 10 % and 25 % damage depth
(cf. Figs. 12 and 13), which makes detection, identification, and quan-
tification of damage possible for smaller damage. To compare the results
of quantification, the ratio between the areas of identified A; and true A,
damage regions was calculated according to the formula:

Ap = ‘% * 100%. 5)

t

The results are presented in Table 6. Although in the cases with the
damage depth of 25 % and 50 % the accuracy of determination of a
damage shape is very good (see Fig. 13), in the cases with the damage
depth of 10 % the shapes of identifiable damage are far from true
damage shapes and locations. Due to this, the hit/miss metric was
introduced, which determines the amount of area of identified damage
that coincides with a true damage location Ay, and the amount of area
that is not coinciding with the true damage location A;;s;:

Apie = Ai N A;  100%. ©)
AmLss = (Al UA[)\A[ ¢ 100%. (7)

Note that incoincidences are calculated for both areas within the area of
a true damage location and for the areas outside a true damage location.
The determined values of this metric are presented in Table 6. For the
damage depth of 10 %, notable inaccuracies are evident, as shown by
increased Amss and lower Ag percentages in Table 6. The large in-
consistencies in the quantitative results for flat damage at the 10 %
depth, specifically at 0.1 mm or less, as depicted in Fig. 13 (a), (d), and
(g) with damage depths of 0.05 mm, 0.075 mm, and 0.1 mm, respec-
tively, can primarily be attributed to insufficient thermal contrast. This
consequently leads to a lower signal-to-noise ratio and reduced accuracy
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in damage quantification. Additionally, the flat morphology of the
damage likely contributes to weaker thermal signals, complicating ac-
curate detection. This limitation should be considered when applying
this technique to materials with tiny damage depths, and additional
procedure(s) may be necessary to complement the detection of such
small damage depths. By contrast, for the damage at 25 % and 50 %
depths, the quantification is significantly more accurate. The Ay; values
are higher, and the A values are lower, indicating a more reliable
identification of the true shape of the simulated damage and its location.
This improved performance at greater depths can be attributed to the
increased thermal contrast, which enhances the ability of the method to
detect and accurately quantify the damage.

5. Conclusions

The recorded temperature rise on the surface of 2D laminated com-
posites, remaining below 2 °C without affecting the structural changes,
confirms the non-destructive nature of SHVT. This technique identified
the FBD in eight out of nine scenarios, with the exception of the thinner
laminated plate with 10 % FBD depth, demonstrating its effectiveness.
Variations in thermogram quality were observed, especially at the
beginning of the SHVT experiments due to non-uniform temperature
distribution and noise during stabilization, leading to blurred damage
signatures. To address these challenges, a two-step algorithm was
developed, combining BET and the peak value of temperature ratio. This
method helped to successfully select the optimal raw thermograms as
well as to determine the effective acquisition time boundaries of the
thermograms’ sequence, with the optimal assessment period occurring
at the beginning of a test. The upper boundary of thermograms for
damage enhancement in each scenario was established by BET value in
each scenario, chosen for having the highest temperature gradient and
leading to more precise and sharper identification of damaged edges.
Among various statistical features and more advanced processing algo-
rithms like PCT or PLSR, the algorithm based on central moments
showed a remarkable improvement in damage detectability, accuracy of
damage shape estimation, and noise reduction. Additionally, it is more
computationally efficient, as it avoids the need for advanced thermo-
gram transformations.

The proposed hit/miss metric assessed the accuracy of identified
damage properties (location and area) with the actual introduced
damage. This provides an effective approach for precise comparison of
identified and introduced damage dimensions and locations in tested
composite plates. The proposed enhancement algorithm combined with
hit/miss metric allowed improving damage detectability and quantifi-
cation for all considered cases, which was not possible by analyzing raw
thermograms only. The study suggests that SHVT, with the proposed
enhancements, is a promising tool for both laboratory and field in-
spections of composite structures, especially where traditional thermal
excitation methods are impractical. Future research will focus on
refining the excitation methods, enhancing thermogram processing al-
gorithms, as well as identification of low velocity impact damage in
PMCs.
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