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Abstract

This review explores uniaxial ultrasonic fatigue (USF) testing as a common
and dependable method for quantifying the extended fatigue life of fiber-
reinforced polymer (FRP) composites. The objective is to explain the complexi-
ties governing the fatigue life behavior of FRPs, particularly in the realm of
very high cycle fatigue (VHCF) where the number of loading cycles exceeds
10°. To this end, this review encompasses the analysis of VHCF behavior,
including the derivation and interpretation of stress-life (S-N) data, the evalu-
ation of various fatigue damage mechanisms (i.e., controlling mechanisms of
crack initiation and propagation) exhibited in FRP composites, and a thorough
investigation of the frequency-dependent effects on fatigue responses. Further-
more, this review tries to analyze the microscopic intricacies intrinsic to the
VHCEF failure of FRP composites, encompassing aspects such as fiber-matrix
de-bonding, matrix cracking, and delamination, unveiling their modes and
effects in a detailed manner. This review also underscores the pivotal integra-
tion of simulations, machine learning, and modeling techniques, emphasizing
their crucial role in explaining both macroscopic and microscopic interactions
governing the VHCF of FRPs.
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Highlights
« CFRPs' very high cycle fatigue (VHCF) is poorly understood but critical in
many sectors.
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plex procedures.

impact CFRPs.

1 | INTRODUCTION

Fiber-reinforced polymers (FRPs) represent an apex of
modern engineering advancements, serving as a symbol
of the resourcefulness of the human species."” These
substances, renowned for their extraordinary specific
strength and rigidity, have revolutionized the field of
structural materials.>* Important sectors of our

(A)

« Testing CFRPs' VHCF using ultrasonic fatigue (USF) addresses long, com-
« Environment-dependent USF testing shows how conditions like corrosion

« Advanced modeling and machine learning enhance understanding of
CFRPs' VHCF behavior.

contemporary way of life have been profoundly altered
by FRPs. Within the field of renewable energy, they
occupy a critical position in wind turbine technology.
FRPs, for example, carbon fiber-reinforced polymers
(CFRPs), are heavily utilized in the fabrication of wind
turbine blades, aerospace industry equipment, and
biomechanic industry (Figure 1), which are an essential
element in the conversion of wind energy into pure

FIGURE 1 Application of CFRP in various fields: (A) artificial bio-robotic hand made by CFRP in NitPro company,’ (B) industrial gears
and mechanical parts made by Mitsubishi group,’ (C) 3D-printed CFRP for automotive industry,” and (D) utilizing of CFRP in the aerospace

industry.® [Colour figure can be viewed at wileyonlinelibrary.com|
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power.>® The materials' combination of low weight and
high strength guarantees the dependability and effective-
ness of wind turbines, even when subjected to severe
operational circumstances. On the other hand, the
aerospace sector has been significantly transformed by
the use of CFRPs in aircraft.'®'! These materials are
incorporated into the complex configuration of turbofan
engine blades. Under their strength and lightweight,
FRPs facilitate aviation that is more effective, secure, and
environmentally sustainable.

CFRP composites find utility in sectors of military
aircraft, satellites, launch vehicles, fuel tanks, missile
components, and solar panel frames, as well as in a
variety of automobile industry components, sports prod-
ucts, racing bicycles, and automobiles.'** The space and
defense sectors, on the other hand, exclusively utilize
polymer-based CF composites owing to their exceptional
thermal stability, dimensional stability, resistance to heat
and chemicals, reusability, and strength-to-weight ratio.
Other structural industries, including the automotive,
marine, construction, sports, and wind blade sectors,
have begun to implement these composites due to their
advantageous properties. Consequently, the market
demand for CFRP composites is steadily rising relative to
that of other fiber-based composites. CFRP composites
are used in two main load-bearing sectors: high-tech
(aerospace and nuclear engineering) and general engi-
neering (bearing, gears, fan blades, and automotive
bodywork)."

The majority of airplane parts are made of carbon
fiber composite (Figure 2). With the decreasing cost of
carbon fiber, its use in composites has expanded to
several industries such as automobiles, sports, marine,
biomedical, and construction.'” The US space shuttle
used epoxy carbon fiber composites for the payload bay

FIGURE 2
major structural areas of the Airbus
A380'®: CFRP; glass reinforced
aluminum laminates; AA 2XXX, 6XXX,
and 7XXX aluminum alloys; aluminum-

Advanced materials

lithium alloys. [Colour figure can be
viewed at wileyonlinelibrary.com]
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door, remote manipulator arm, solid rocket motor cas-
ings, and polyimide carbon fiber composites for booster
tails and fins.'® For aerospace applications, high-modulus
carbon fiber (350 GPa) and multifunctional epoxy resin
are utilized to ensure great strength, employing high-
quality carbon fibers in this application. Researchers now
employ thermoplastics like polyether ether ketone
(PEEK)- and polyether sulfone (PES)-based carbon fiber
composites to replace epoxy-based composites and lower
costs.' >

Numerous engineering applications of CFRP involve
cyclic loading; for instance, all the components in the air-
frame are subjected to pressure fluctuations, temperature
variations, and high frequency of vibrations (see
Figure 2). As a result, each of these components must
function properly under cyclic stress conditions, demon-
strating the significance of durability as a design crite-
rion. Fatigue is critical for FRPs, playing a pivotal role in
determining the structural integrity and durability of
these advanced materials. Cyclic loading and repeated
stress can lead to fatigue failure over time. Understanding
fatigue in CFRPs is essential for designing components
that can withstand prolonged use and dynamic loading
conditions, ensuring reliability and safety. Engineers
must meticulously analyze the fatigue behavior, incorpo-
rating factors such as load cycles, stress concentrations,
and environmental conditions to assess and mitigate
potential damage. This comprehensive approach to
fatigue assessment is indispensable for optimizing the
performance and longevity of CFRP structures in various
applications and has still many challenges especially for
very large structures (mega-structures) when complex
geometries are adopted. The research conducted by
Bathias and Paris,>"***> Backe et al.,'"** and Lee et al.'® is
cited to demonstrate the importance of investigating the

Al-Li 2099-T83
GLARE upper /2,1954’351.1!01)
fuselage panels “CFRP floor beam

. CFRP pressure
bulkhead
\\___—

newerAA 7XXX (upper wing) and 2XXX
(lower wing) alloys; Al-}i,ZOSO ~T84
internal structure; CERP ribs >
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influence of de-bonding, fatigue behavior, and delamina-
tion mechanisms in composite materials under various
loading conditions. These investigations'®**>* provide
significant contributions to the understanding of the
unique fatigue properties of composites, which are essen-
tial for applications in aerospace engineering.

Very high cycle fatigue (VHCF) is of paramount
importance in the context of CFRPs, particularly in
applications where components experience extremely
high numbers of load cycles. VHCF refers to fatigue
failure that occurs at stress levels much lower than
traditional fatigue limits, often beyond 10 million cycles.
In industries like aerospace and wind energy, where
CFRP structures endure constant and repetitive loading,
understanding VHCF is critical for preventing unex-
pected failures and ensuring the long-term reliability of
components. The ability to assess and design FRP struc-
tures with resistance to VHCF is crucial for maintaining
safety standards and enhancing the overall performance
and longevity of materials in applications characterized
by continuous cyclic loading over extended periods.*"*
As stated, the use of CFRPs in energy and aerospace engi-
neering necessitates the material's highest durability
under conditions of very high frequency cyclic loading
for an extended period. As a result, the significance of
researching this material in the VHCF regime is a critical
aspect of the applicability of new materials. Conventional
approaches to hydraulic fatigue testing may not be a fea-
sible method for industries because of protracted testing
durations; attaining Ny= 10° cycles at a frequency of
5 Hz requires approximately 6.3 years.”**’ Ultrasonic
fatigue (USF) testing at a frequency of 20 kHz has been
implemented as the most popular and convenient alter-
native to accelerate fatigue test data generation.*®*’

Initiating VHCF research on CFRPs in the 1970s,
Schiitz and Gerharz®® demonstrated that CFRPs lack the
conventional fatigue limit that is characteristic of VHCF
materials. Numerous subsequent investigations have
been conducted, examining different layering configura-
tions of CFRP, but no fatigue limit has been
observed.”"** Further studies have explored glass fiber-
reinforced polymer (GFRP) laminates, detailing damage
mechanisms like heightened specimen stiffness coupled
with the spread of fractures.®***

Through USF testing, research on the VHCF behavior
of CFRPs has revealed information regarding fracture
growth mechanisms, delamination, and transverse frac-
ture.'"**3>3° Miyakoshi et al.” investigated the initiation
of transverse cracks in CFRPs under fatigue loading,
ranging from HCF to VHCF regimes. They found that
the transverse crack initiation behavior exhibited a linear
decrease in the S-N curve in the high-cycle region, but
the slope of the curve decreased without any transverse

cracking in specimens subjected to a maximum 90° layer
stress of 44 MPa or less in the VHCEF region, suggesting a
potential threshold for transverse crack initiation at
around 40-50 MPa. Through the customization of fiber
patterns and the optimization of particular rigidities, 3D
printing with CFRP can increase the strength and dura-
bility of materials, according to the study by Jung et al.®
This methodology yields enhanced functionality while
preserving the volume and contour of the component.
The study by Cui et al.>” developed a liquid nitrogen cool-
ing system for ultrasonic testing of CFRPs in the VHCF
range. It revealed a transition in the S-N curve, indicat-
ing damage progression with key characteristics. First,
VHCF significantly reduced the modulus of CFRP,
emphasizing its impact on material properties. Second,
an evolution threshold was also identified in the S-N
curve for the transition from HCF to VHCF. De-
laminations between the layers and transverse fractures
were observed in the 90° fibers by Backe et al.'’ There is
an absence of a fundamental distinction in the damage
mechanisms of VHCF and high-cycle fatigue (HCF).***°
The research findings indicate that fatigue damage mech-
anisms in composite materials under VHCF and HCF
regimes are essentially identical, as comparable damage
mechanisms were detected in both regimes.

To understand the fatigue damage mechanisms in
composite materials, it is essential to consider the lami-
nation configuration. Various layup configurations dis-
play distinct fatigue responses.*>*! For instance, cross-ply
laminates manifest two-dimensional stress within the
plane but three-dimensional stress in the vicinity of
the free edges.**** The progression and nature of
damages, including matrix fractures, delamination, and
fiber-matrix de-bonding, are contingent on a material sys-
tem, fabrication configuration, and stress levels.****
When tension-tension cyclic loading is applied to cross-
ply and quasi-isotropic laminates, the initial damage
observed is a transverse fracture. As the cycles proceed,
delamination occurs.*®*>*® The intricate condition of
damage arises from the interplay and occurrence of
diverse damage categories, and this condition is affected
by variables like layering sequence and loading type.*’
Furthermore, fatigue behavior is influenced by the load
ratio (tension-tension, tension-compression, and com-
pression-compression), where compressive loading has
been demonstrated to have a greater negative impact on
HCF compared to tensile loading.***’ In the following,
an extensive range of fatigue damage mechanisms,
encompassing different material systems, fabrication con-
figurations, and loading conditions, are discussed:

i. De-bonding of fiber matrices and cracking of
matrices*®>%*’: Fiber-matrix de-bonding and matrix

85UB01 SUOWIWOD BAIER.D 3|eatidde au) Aq pausenoh e sejone YO ‘B8N 4O Sa|nJ 10§ Azeiq1T8UIIUO AB|IM UO (SUO1IPUOD-PUB-SULIBYLIOD" A3 | 1M ARe.q1jBU|UO//SURU) SUORIPUOD PUe SWB L 8U) 89S *[5202/TT/S0] Uo Afeiqiauliuo AB]IM ‘outiol Ia Hiod P [!1g SIS 0uLo I 091ude}|0d Ad S9EVT BH/TTTT 0T/I0p/W0d AB] M AReiq1fBU1UO//SANY WO} papeolumod ‘6 ‘¥20g ‘S692097T



BEHVAR ET AL.

ii.

iii.

iv.

fracture are frequent initial damage mechanisms
observed in the VHCF regime. Typically, matrix frac-
ture commences within the 90° strata and advances
along the breadth and thickness of the specimen.
Delamination occurs after the fracture of the matrix
intersecting the 90°/0° interface. The degradation of
rigidity is primarily influenced by matrix fracture.
Stiffness degradation decelerates considerably once
the characteristic damage state (CDS) is reached
(CDS refers to specific levels or stages of damage that
material or structure undergoes as a result of cyclic
loading or repeated stress). At the beginning, micro-
damage occurs, followed by matrix cracks or inter-
fiber failures in the layers oriented transversely to
the loading direction. The number of inter-fiber
failures increases to a crack saturation state, where
no further inter-fiber failures arise, this damage stage
is called CDS.”'">* The initiation of a matrix crack
results in the release of stress concentration and
deceleration of material property degradation until
the crack density ceases to increase, marking the
attainment of the CDS, which is characterized by sat-
urated cracks. Furthermore, it is important to note
that the CDS of FRP composites is solely determined
by the material properties and is unrelated to exter-
nal factors including the loading path.>**> Under
fluctuating fatigue loads, the identical FRP materials
will attain the same CDS. The only discernible differ-
ence is that when subjected to a higher load, the
FRPs will reach the CDS more expeditiously.”>>°
Delamination and transverse fractures (Backe
et al.'»?*): VHCF can lead to the initiation of trans-
verse cracks in 90° layers, which then cause delami-
nation. Crack density and length are influenced by
the load level, but the load level itself may not affect
the number or length of cracks. Stiffness degradation
is related to crack density, and it is significantly
affected by the load level.

Fatigue Behavior of unidirectional (UD) glass/epoxy
laminates: Fatigue tests on UD glass/epoxy lami-
nates were performed by Flore et al.”*® Fatigue
strength can be represented by log-linear regression
in the S-N plot, irrespective of testing method, fre-
quency, or specimen geometry, according to the
findings of the study. The load level influenced the
characteristic S-shaped curve of residual rigidity
degradation observed during fatigue. Plastic strain
was discovered to be highly dependent on the ampli-
tude of the load level, which influenced the matrix
but left the fiber linearly elastic. Brittle failure was
identified during the VHCF regime.**’

Fatigue mechanisms in [+45] angle-ply laminates:
The fatigue behavior of angle-ply [+45] laminates

. 7 3087
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was investigated by Adam and Horst**?** when

subjected to VHCF loading. The principal mecha-
nisms of fatigue damage were determined to be
matrix cracking and delamination. It was observed
that matrix cracking commenced from the outer 45°
stratum. As the number of cycles increased, stiffness
decreased linearly, ultimately resulting in cata-
strophic failure. The study proposed that GFRP
angle-ply laminates may have a fatigue limit.**°

v. Fatigue tests on quasi-isotropic carbon/PEEK
laminates: Michel et al.** examined carbon/PEEK
laminates that were quasi-isotropic under fatigue
conditions. Observations included the initiation of
delamination at unconstrained edges, a decline in
rigidity, and the absence of a distinct fatigue limit.
The effects of load level on fatigue behavior were
also considered. The research indicated that delami-
nation might manifest itself following a considerable
number of cycles, which poses difficulty in determin-
ing an exact fatigue threshold.

This literature review underscores the intricacy of
fatigue damage mechanisms under the VHCF regime,
with particular emphasis on the influence of load levels,
rigidity degradation, and the advancement of various
types of fractures and delamination within composite
materials. This brief review will investigate the fatigue
life and behavior of CFRPs in the VHCF regime with
USF tests. It will discuss the long-term (>107) fatigue
behavior of these composites considering research studies
and the author's overview of the mechanisms underlying
the initiation and propagation of cracks in this material.

2 | CONCEPT OF FRPS AND

USF TEST

2.1 | Concept of FRPs

2.1.1 | Structure and composition of FRPs

The strength-enhancing component of FRP composites is
fiber, that is, the reinforcing element, either carbon or
glass; the polymer resin acts as a matrix to secure the
fibers.**®>® The structure and performance of FRPs are
notably impacted by the orientation of the reinforcement;
Figure 3A,B. An additional structural variation that
improves the damage tolerance of FRPs is the mutual
preparation of fibers (refer to Figure 3C). The remarkable
characteristics of FRPs—including lightweight, high
strength, and corrosion resistance—are a result of the
interaction between the fiber and polymer resin.®*** In
addition to its foundation in conventional engineering,
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-
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==
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Carbon fibers “Plain Weave”

The standard CFRP framework: (A) define the format for the orientation angle of carbon fibers in CFRP materials.®

(B) Possible configuration of CFRPs.®! (C) A CFRP board featuring a “plain weave” configuration.®® [Colour figure can be viewed at

wileyonlinelibrary.com]

CFRP composites are widely used in energy, transporta-
tion, military, and other sectors.®®®> However, defects
and damage are inevitable during the phases of produc-
tion, processing, and application, posing substantial risks.
Consequently, the identification of defects in FRP is an
essential component that must not be disregarded.

2.1.2 | Common defects in FRPs

Exploring common defects serves as an essential gateway
to support the structural integrity, reliability, and
performance of FRP composite materials, quantifying
critical insights into the challenges and opportunities
inherent in their fabrication and application. In essence,
the exploration of common defects in FRPs is not merely
a diagnostic exercise but a proactive strategy to elevate
the reliability and performance benchmarks of these
advanced composite materials. It represents a commit-
ment to continuous improvement, ensuring that FRPs
not only meet but exceed the stringent demands of con-
temporary engineering applications.

Defects, which can arise from various sources includ-
ing manufacturing processes, and environmental and sto-
chastic conditions, constitute the principal cause of FRP
failure. Similar to other fiber composites, these defects

manifest as matrix fissures,’®®” de-bonding at the fiber-
matrix interface,®®%° fiber fracture,’®”* delamination,”>”*
and apertures.”*”> Matrix cracking is a form of severe
damage that is induced by microcracks when subjected
to static or live fatigue loading (refer to Figure 4A). Fail-
ure mode-influenced matrix-dominated properties can be
enhanced by employing higher strength matrix mate-
rials.”””® As a result of the interface friction between the
matrix and fiber, the de-bonding would occur and crack-
ing would propagate through the matrix, thereby reduc-
ing the composite's strength (refer to Figure 4B).”%%
Delamination is a common defect arising from the sepa-
ration of layers due to external disturbances and varia-
tions in thermal expansion (refer to Figure 4C). As
illustrated in Figure 4D pore formation during molding
is a significant flaw that affects a variety of material
properties. Strict oversight of each process, ranging from
material selection to final production, is imperative to
minimize CFRP defects. This entails the utilization of
premium raw materials, oversight of manufacturing pro-
cedures, and improvement of efficiency and standardiza-
tion. Furthermore, monitoring and damage detection in
real time are essential components in guaranteeing the
secure implementation of FRPs. Considerable attention
has been devoted to the detection and investigation of
composite materials for this reason.
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FIGURE 4 Frequent defects in CFRPs: (A) matrix cracks in composite materials composed of carbon fiber,*® (B) de-bonding occurring

at the sample's interface,® (C) a fragment of the delamination flaw,”® and (D) pore imperfections in CFRP fabric.* [Colour figure can be

viewed at wileyonlinelibrary.com]|

2.2 | USF testing

USF testing conducted at high frequencies of approxi-
mately 20 kHz has become a highly popular technique
for assessing the extended fatigue characteristics (life
cycle beyond 10 million cycles) of materials, specifically
metals.”*"%* By utilizing a piezoelectric transducer to
generate resonant oscillations in a specimen, this tech-
nique obviates the necessity for externally applied forces
to accomplish cyclic loading. Significantly, USF testing
has attracted considerable interest in the domain of
metallic materials due to its effective investigation
of VHCF (10°-10"° cycles) regimes.**®* Regrettably, the
implementation of USF testing in polymer composite
materials has been comparatively restricted, as there is a
dearth of exhaustive studies in this field. The USF ana-
lyzer operates on a power-regulated system. The three
main components of this fatigue testing apparatus are a
power control system, a piezoelectric transducer or con-
verter, and a high-frequency generator.*>*® The diagram
illustrating each component is presented in Figure 5,
with corresponding explanations provided in the follow-
ing references®*®>%°:

« Ultrasonic generator: A power generator converts a
voltage signal of 50 or 60 Hz to an ultrasonic electrical
sinusoidal signal with a frequency of 20 kHz.

* Piezoelectric converter: The ultrasonic generator
stimulates this component. Concurrently, it converts
the electric signal into longitudinal ultrasonic waves
and mechanical vibration.

« Ultrasonic amplifier: An ultrasonic amplifier is utilized
to amplify the vibration amplitude of a piezoelectric
converter, which is typically in the range of 0 to 5 pm
because the vibration amplitude is so small. The
outcome of this amplification is contingent upon the
converter's received electric signal and the amplifier's
geometry.

« Displacement control system: This apparatus conducts
power-controlled USF tests. A microprocessor within
the power control system is responsible for regulating
the discharge amplitude through power adjustment
and data acquisition. The process of data acquisition is
executed via analog/digital (A/D) and digital/analog
(D/A) converters.

The maximum displacement occurs at the terminals of
the specimen (points A and B in Figure 5). Additionally,
the following equipment should be considered for the
machine: cycle counters, oscilloscopes, amplitude control
devices, and displacement sensors. A multitude of
studies®*”>*! have utilized this form of USF testing on
metal alloys when subjected to completely reversed stress
(R = —1). By employing modern electromechanical or
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servo-hydraulic system attachments, gigacycle fatigue
tests utilizing ultrasonic technology can be conducted
across a spectrum of positive R ratios. Additionally, apart
from air chilling and high temperatures,”>** the USF test
instrument can be utilized in a cryogenic environment”**>
and with media containing corrosive characteristics.***°

Given the anisotropy of polymer composites following
the stacking orientation angle, it is imperative to ascer-
tain the corresponding lifecycle and incorporate it into
the design of the product. To assess the fatigue life of a
given case when utilizing an established hydraulic tester,
it is necessary to conduct ongoing research that considers
the impact of variations in the material's process condi-
tions, lamination angle, and mixing rate. By accelerating
the acquisition of fatigue data, USF testing, a method for
generating high-throughput fatigue data, enables a thor-
ough comprehension of the complex interplay between
the microstructure of the composite, vibration loading,
and the initiation and propagation of fatigue cracks. Such
a comprehensive understanding has the potential to sig-
nificantly transform the way fatigue-critical components
(especially when extended fatigue life is required) are
designed, maintained, and last. The USF test, when
administered, can measure a maximum of 10° cycles in
approximately 1 min (10° cycles in less than a day),
allowing for cost-effective and expedient test analysis.””*®
Additionally, if the damage resulting from delamination
is the subject of longevity evaluation, the frequency of
the USF test is likely to have an impact. As a result, USF
tests can acquire fatigue characteristics and evaluate the
progression of damage mechanisms like that of tradi-
tional hydraulic fatigue tests (albeit at a higher speed;
specifically, the USF tests utilize a 20 kHz frequency as
opposed to the 5-20 Hz that are typically employed in
conventional fatigue experiments).

Schematic of the USF setup and stress—displacement curve (regenerated from previous studies

I Piezoelectric
actuator
% M Booster
%l Horn

84.86-88) [Colour figure can be

2.3 | USF test specimen design and
validation

Displacement measurement in a USF testing system is
contingent upon the specific machine type. One com-
mon method is to employ a noncontact eddy current dis-
placement sensor to measure the displacement of the
test specimen on the free end of the sample. When eddy
current measuring systems are employed, the conductiv-
ity of a material is essential.”*'® Eddy current forma-
tion is a significant concern when it comes to polymer
composites, the majority of which have minimal conduc-
tivity or none at all.'*>'*> Regarding this, certain stud-
ies*®'%® employed a metallic tab that was conductive to
serve as an attachment atop the free end of the test spec-
imen, whereas others opted for infill in the conductive
matrix instead.>'® Jung et al.’ utilized 3D-printed CFRP
composites for their VHCF research on USF machines.
Due to the presence of conductive carbon fiber in the
matrix, the samples in their study were utilized directly
for testing purposes without the need for any attach-
ment. However, in other investigations conducted by
Miyakoshi et al.” and Flore et al.,>® the conductivity dur-
ing the test was determined using a metal tab. That is
an asymmetric CFRP specimen and a metal tab (made
from aluminum and/or steel) to connect it to the horn
end of the testing machine. Since there is not a univer-
sally accepted standard for USF testing of polymer com-
posites, both tabbed and flat (with no metal tap)
specimens have been utilized as test samples by many
researchers. 136193194 Eioure 6 illustrates the various
types of samples and metal tabs that have been
employed by researchers. Scientists have utilized both
flat continuous radii between ends (Figure 6A) and rect-
angular bar samples (Figure 6B).
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FIGURE 6 3D schematic of
common sample geometry: (A) flat
continuous radius between ends sample
without metal tab>*!° and (B) flat
rectangular bar sample with conductive
metal tab.>**1°* [Colour figure can be
viewed at wileyonlinelibrary.com]|

Flat continuous radius
between ends sample

F: Modal

37.79

3155

25.31

19.069
12.829
6.5894
0.34929 Min

~

Total Deformation 4
Type: Total Deformatior
Frequency: 20046 Hz
Unit: mm

56.51 Max

5027

4403

} 3091
EFEMS EEar v 1) SV

(B) Metal Tab
/I

Flat rectangular bar sample

\ /

FIGURE 7 An example of a modal analysis for a 3D-printed carbon fiber-reinforced plastic (unidirectional carbon fiber at 0°).* [Colour

figure can be viewed at wileyonlinelibrary.com]

The appropriateness of the design parameters, as
determined via dynamic elasticity measurement and
theoretical frameworks, must go through validation
utilizing a finite element method (FEM), for example,
modal analysis (see Figure 7), for determining vibration
frequencies. Here, the analytical investigation can be con-
ducted employing available commercial modeling soft-
ware (e.g., ANSYS Workbench), wherein the vibrational
behavior is validated through modal and harmonic
analyses. Material properties essential for the analysis
need to be derived from the outcomes of tensile tests that
must be done at different orientations depending on the
stacking direction of the reinforcing fibers (e.g., 0°, 45°,
and 90°).'°

After the modal analysis to obtain the natural fre-
quency of the testing specimen,'> a harmonic analysis
needs to be conducted to assess the extent of deformation

and applied stress experienced by the specimen. An
excitation force is applied to the specimen end, like the
methodology employed in the USF. A harmonic response
is then verified at a frequency of 20 kHz.

2.4 | USF test concerns

Despite the advancements made in developing an USF
test technique to accelerate the VHCF regime test, this
method is not without any limitations and concerns.
These include specimen size and geometry, surface
conditions, self-heating, and more.*®** Consideration can
be given to a number of the concerns associated with the
USF test and material properties in the FRP fatigue test
concept. The most significant issue that warrants atten-
tion in the literature™*** is self-heating phenomena,
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which have a substantial impact on the material proper-
ties of polymer composites. The sample temperature will
increase due to self-heating phenomena occurring at
extremely high frequencies, which is caused by the low
heat resistance of polymers. As a result, the fatigue
behavior cannot be accurately determined due to the
alteration in material properties. Ultrasonic test setups
for metals, operating at 20 kHz,*"'%® were difficult to
adapt to composite materials due to concerns about
hysteretic heating and high specimen geometry
requirements.

One issue to address is hysteretic heating in polymer
composites compared to metals.! An additional concern
in the USF test of FRP relates to the material's heteroge-
neity, which can result in resonance and wave emission
issues within the specimen. Manufacturing nonunifor-
mity could result in fiber heterogeneity, and matrix
incoherence in the sample may cause disturbance in the
resonance wave and even unanticipated stress intensities
in the sample. Paolino et al.,'*” and Bach et al.,'® have
all documented the impact of geometry on the increase
in temperature of USF samples, while others have
examined the influence of geometry on self-heating.
While no dedicated paper exists that examines the impact
of sample homogeneity on the USF test, based on the
manufacturer of USF machines' testing procedure'®*'%°
and the concept of ultrasonic tests,”'* it appears that
sample homogeneity can alter the test setup utilized to
generate the ultrasonic wave. Consequently, heteroge-
neous samples may necessitate changes to the test setup,
which may result in a reduction in test accuracy. The
USF machine operates within a frequency range of 20
+ 0.5 kHz,'%''° and the material's natural frequency is
proportional to its mass and stiffness (Equation 1).'''*?
The stiffness of a cylindrical sample, for instance, is pro-
portional to its Young's modulus (Equation 2)"**'*%; thus,
the natural frequency is also proportional to the Young's
modulus. In composite materials, even if the manufactur-
ing process is flawless and the structure of each sample is
identical, Young's modulus, stiffness, and natural fre-
quency will all change during testing due to damage in
the matrix and fibers. As a result, achieving test accuracy
will be difficult. An additional phenomenon that could
potentially impact Young's modulus is self-heating
phenomena. Therefore, the effect of self-heating and
structure heterogeneity (which may result from the
manufacturing process or damage phenomena during
testing) on the FRP's USF test is the primary issue that
needs to be investigated and modified in the future.

Lk 1)

“2z\Vm

k==, @)

where F is the natural frequency, m is the mass, E is the
Young's modulus, S is the cross-section of the cylindrical
sample, and L is the length of the sample.

3 | FATIGUE BEHAVIOR (S-
N DATA)

While diverse and comprehensive factors have been
linked to the S-N response within the framework of
fatigue behavior in FRPs,*''* data on the ultrasonic uni-
axial fatigue test are scarce. This section presents a com-
parative analysis of the outcomes of USF tests conducted
on comparable composite materials that have undergone
an identical lamination configuration. Flore et al.”*® con-
ducted endurance experiments on quasi-unidirectional
glass/epoxy specimens by employing both methodologies.
Figure 8 illustrates the S—-N diagram derived from ultra-
sonic (20 kHz) fatigue experiments. Flore et al.>* demon-
strated that the load in a displacement-controlled
ultrasonic test would decrease by no more than 5.15% by
determining the residual stiffness and plastic strain from
the load-controlled conventional tests. As a result, the
influence of the material's nonlinear behavior could be
disregarded. In a comprehensive work by Lee et al.,'° the
effect of cyclic softening has been studied. The S-N dia-
grams resulting from USF experiments conducted on
short-fiber GF30/PA66 composites featuring fiber orien-
tations of 0°, 45°, and 90° with a tension ratio of R = —1.
When comparing the fatigue lives of ultrasonic and
conventional methods, it should be noted that the S-N
diagram of ultrasonic tests exhibits a reduced slope at
equivalent stress levels. This difference was ascribed to
the cyclic softening phenomenon that occurred during
the USF tests.'%:9%10%11

The direction of carbon fibers can impact the mate-
rial's fatigue life as a result of variations in stress distribu-
tion at the matrix-filler interface and SIF (stress intensity
factor)."'®"” An improved fatigue resistance may be
observed in the composite when the fibers are aligned
with the loading direction,*®''® as this would enable the
fibers to withstand cyclic stresses more effectively. If, on
the other hand, the fibers are aligned perpendicular to
the direction of loading, the fatigue performance of the
material may be diminished.''>'** Concerning the fiber
direction, there are substantial variations in fatigue
strength (see Figure 8). As depicted in each diagram, the
USF results indicate that the fiber experiences its opti-
mum fatigue strength at 0° and its minimum fatigue
strength at 90°. This phenomenon could potentially be
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attributed to the stress distribution at the interface
between the matrix and filler. If the filler is aligned at an
angle of 0° with the maximum stress level, delamination
would be delayed and require a higher stress level. Con-
versely, if the filler is aligned at an angle of 90° perpen-
dicular to the stress level, the SIF factor would be at its
maximum in the interface, allowing delamination to
occur at a lower stress level. For example, in Figure 8, at
10° cycles, GFRP 0° exhibited a slope and a fatigue limit
of approximately 41 MPa and at the 10’-cycle regime,
GFRP 45° exhibited a slope of 29-33 MPa with a fatigue
limit of approximately 30 MPa, whereas GFRP 90° exhib-
ited a slope of 27-30 MPa with a fatigue limit of approxi-
mately 27 MPa. A greater GF orientation corresponded to
a reduced fatigue stress range and S-N diagram slope,
both of which contributed to a decrease in fatigue
strength.'® The observed phenomenon can be attributed
to the combined influence of several defects, including
microcracks and voids, the load orientation around the
fiber ends, de-bonding, and cyclic softening that occur
during USF testing. The same behavior has been reported
by Jung et al.’> and Shabani et al.**'*! on CFRP struc-
tures. In Figure 8, the experimental results illustrate the
impact of different orientations of CFRPs on fatigue life.
Notably, there's a significant difference in fatigue life for
various CFRP fiber angles. The UD 0° (UD carbon fiber)
and BD (bidirectional carbon fiber) specimens exhibit
distinct slopes, indicating characteristic behavior of the

Number of cycles (Ny)

@ GFRP, R=-1, USF, 20 kHz, UD 0°
A\ GFRP,R=-1, USF, 20 kHz, UD 45

[ GFRP, R=-1, USE, 20 kHz, UD 90°
@ GFRP, R=-1, USF, 20 kHz

composite material. Fatigue life trends show variation
based on stress levels, with the 0° specimen demonstrat-
ing longer life under high stress. The UD 90° specimen,
lacking stressed carbon fibers, exhibits low fatigue dura-
bility. Fracture analysis reveals that specimen failure is
attributed to onyx base material destruction, not carbon
fiber. The 0° specimen experiences cracks along bent
fiber ends, the 90° specimen exhibits cracks along the
fiber direction, and the BD specimen shows cracks bent
at right angles, confirming base material destruction due
to crossed and arranged fibers.

Other parameters that influence the S-N curve in
the fatigue behavior of polymer composites but are not
discussed in the scant literature on USF tests will be
briefly reviewed here as an overview of the authors. As
previously indicated by other researchers, the fatigue
characteristics of composites are substantially influenced
by the orientation of the fibers."?>'?*!2*> The direction of
the fiber can influence the fatigue properties because of
the stress distribution at the fiber-matrix interface. As
illustrated in the schematic of Figure 9, variations in
stress gradient distribution at the interface can be attrib-
uted to the orientation of the fiber. Figure 9A illustrates
an arrangement of carbon fibers in the same direction
as the load. Consequently, the applied tension is trans-
formed into shear stress at the interface between the
matrix and fiber surface. Due to the discrepancy
between the yield point and stiffness of these two
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FIGURE 9 The diagram illustrates the impact of carbon fiber orientation on the distribution of stress gradients in a composite material.
(A) The parallel orientation of fibers with the direction of external loading results in the formation of maximum shear stress at the interface

of the fibers; (B) the perpendicular orientation of fibers and external load induces stress distribution that attempts to separate the fibers from
the matrix; and (C) the diagonal orientation of fibers and external load induces stress distribution that separates the fibers from the matrix.

[Colour figure can be viewed at wileyonlinelibrary.com]

materials, deboning would occur because of the maximal
shear tension that could exist in the matrix. The hori-
zontal fibers in Figure 9B would be subjected to the
greatest tensile stress perpendicular to their direction.
As a result, the stress would attempt to separate the
fiber from the matrix which is fiber-matrix de-bonding,
which typically develops in delamination; the mecha-
nism in greater detail will be described in the following
section. The diagonal direction depicted in Figure 9C
will concurrently encounter something between condi-
tions (A) and (B). Consequently, it is anticipated that

the properties of the material in condition (C) should be
between material properties of both conditions (A) and
(B) behavior, and it is an accurate hypothesis referring
to the S-N data in Figure 8. The S-N data of the 45° car-
bon fiber composite in the 3 Hz and 20 kHz tests
appeared to fall within the range of the two composites
composed of 90° and 0° fibers. It should be mentioned
that the distinction between the rigidity of the matrix
and the fibers, as well as Young's modulus, would cause
the failure in the mentioned stress distribution under
three failure conditions:
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« Failure of fibers because of their brittleness.

+ Failure at the interface is the most common cause of
this condition: the delamination mechanism is typi-
cally involved. Typically, the tension intensity factor at
the interface will be significant in this circumstance.

« Matrix failure: This phenomenon may occasionally
transpire in the presence of defective polymers of infe-
rior quality. Once more, the SIF factor will be greater
in the vicinity of the defects, indicating that crack initi-
ation may have occurred in that direction.

The impact of the fiber orientation effects on the S-N
curve is evident in the variation in S-N behavior across
various fiber orientations, consistent with the data
presented in Figure 8. Most studies that examined low-
cycle fatigue (LCF) and HCF with conventional fatigue
apparatus identified one of the failure modes.''*'**'%°
However, within the framework of USF, the majority of
published literature has only documented interface
failures,>***7°>'% which is logical given that the stress
amplitude is so low that it is incapable of rupturing the
fiber or matrix. Regarding the features of polymer-matrix
composites, it is important to note that under small stress
conditions (such as ultrasonic testing), the stress level is
not sufficient to readily fracture the carbon fiber or even
the amorphous polymer matrix. However, under condi-
tions of low-stress amplitude and extremely high fre-
quency, an additional phenomenon will occur friction
and heat generation at the interface, which will result in
de-bonding and thus accelerate the interface failure. The
self-heating phenomenon observed in specimens sub-
jected to cyclic loading is typically the result of material
damping. Dampening mechanical systems would result
in the dissipation of energy through various means, such
as the generation of heat. The limited heat transmission
coefficient exhibited by polymer composites hinders the
complete dissipation of generated heat, resulting in an
elevation of the specimen temperature. As a result, the
elevated temperature would induce thermal fatigue, a
phenomenon that has the potential to facilitate the
spread of damage within composite materials.****'*® To
address temperature fluctuations in polymer composites,
fatigue testing is performed at a reduced frequency com-
pared to metals. However, conducting low-frequency
tests to examine the fatigue characteristics of composite
materials in the VHCF fatigue domains is impractical.
Consequently, tests are commonly carried out at frequen-
cies as high as 20 kHz, potentially leading to polymer
deformation.'*”'?®

The suspension mechanisms of FRP composites are
opposed to those of alloys and metals. Broadly speaking,
the following are potential sources of heat generation in
composite materials'**'**:

. 7 3095
FEEMS vy 1 SR
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Viscoelastic characteristics of the matrix and fiber
materials: The damping behavior of composites is sig-
nificantly influenced by the polymer matrix. Nonethe-
less, the significance of fibers such as Kevlar and
carbon cannot be disregarded.

« Dampening resulting from interphase: The material
property of the region adjacent to the fiber surface dif-
fers from that of the matrix and fiber. Consequently,
the attenuation of this region must be considered.

« Damping induced by damage: Damping resulting from
damage can be categorized into two subgroups: fric-
tional damping, which is caused by the slide of delami-
nated and unbounded surfaces, and damping induced
by energy dissipation, which is caused by matrix frac-
tures and other forms of damage."**"*!

« Viscoplastic damping: Nonlinear damping would man-
ifest in thermoplastic composites, particularly at high
vibration amplitudes and stress levels, as a result of sig-
nificant local strains in the interfacial regions."*>

« Thermoelastic damping: While the significance of ther-
moelastic damping is greater in metal matrix
composites,'* it has been noted that thermoelastic
damping can also contribute to an increase in tempera-
ture in thermoplastic composites.** The increase in
temperature is determined by the number of cycles,
frequency, applied load, and specimen thickness."**

As a result of the low thermal conductivity and high
viscoelastic attenuation of polymer composites, specimen
loading and unloading would result in excessive heat
generation and temperature rise. The significance of this
matter is heightened when ultrasonic testing apparatuses
are utilized at frequencies exceeding 20 kHz. Various
strategies have been implemented to mitigate this adverse
effect. For instance, fans,'*> air compressor coolers,'*
water-cooled plates beneath testing apparatus,’*” Peltier
device coolers,'® and pulse-pause technique'®-*3¢-138139
have been utilized in USF tests to lower specimen
temperatures during the examination. Additionally,
extremely thin specimens®"'**"'*! have been employed to
reduce heat generation and improve thermal conductiv-
ity. An alternative approach to address this concern was
to utilize the bending stress case rather than axial evalua-
tions.*®13%142143 Numerous variables may contribute to
the specimen temperature increasing. Layup configura-
tion is among the primary determinants.'**'*> For
example, previous research has demonstrated that layups
characterized by elevated shear stresses, such as angle
plies, would generate an inordinate amount of
heat.38’50’146

The Japan Welding Engineering Society standardized
the USF testing method in 2017.'*’ This standard's
applicability is limited to metallic materials that have
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undergone assessment in ambient conditions. As previ-
ously stated, various cooling techniques have been docu-
mented. Following the Japanese standard, one such
technique is the implementation of an air-conditioning
system, which effectively mitigates self-heating. Lee
et al.'® utilized the pulse-pause technique to control the
rise in temperature of a material by introducing a relaxa-
tion period; their investigation was conducted at room
temperature with the pulse-pause mode ranging from
300 milliseconds to 3000 milliseconds, as illustrated in
Figure 10. Backe et al.'! utilized the identical pulse-pause
method in their ultrasonic bending test. Figure 10 illus-
trates the concept behind ultrasonic constant amplitude
(CA) and variable amplitude (VA) measurements. The
amplitude of vibrations produced by consecutive pulses
remains constant during CA evaluations. When conduct-
ing experiments using mean loads (load ratios less than
R = —1), the superimposed force is maintained constant
throughout the experiment (Figure 10A1). When con-
ducting VA evaluations with a constant mean load or
without mean loads (at load ratio R = —1), the amplitude
of successive pulse vibrations is modified in accordance
with a pre-established repeat sequence (see Figure 10A2).
In addition to determining the load sequence, computer
control is required to measure, classify, and store all load
amplitudes throughout the test. The preload and vibra-
tion amplitude of successive pulses are modified follow-
ing a predetermined repeat sequence during VA tests
conducted at a constant load ratio (see Figure 10A3). The
nominal vibration amplitude and the preload remain
constant throughout a single pulse but change with each
succeeding pulse. To accomplish this, computer control
is required; the corresponding process is depicted in
Figure 10A3 and explained as follows steps:
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1. The load frame is adjusted in a ramped manner
during a pre-configured transition time (f1yapsition) tO
correspond with the preload determined by the load
ratio, the specimen’s cross-sectional area, and the
ultrasonic 