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The need for very-high-cycle fatigue (VHCF) testing up to 1010 cycles of aviation gas turbine engine blade materials under
combined mechanical loads and complex environments has encouraged the development of VHCF testing instrumentation and
technology. This article begins with a comprehensive review of the existing available techniques that enable VHCF testing.
Recent advances in ultrasonic fatigue testing (UFT) techniques are highlighted, containing their new capabilities and methods for
single load, multiaxial load, variable amplitude fatigue, and combined cycle fatigue. New techniques for conducting UFT in
high-temperature, humid environments, and corrosive environments are summarized. These developments in mechanical
loading and environmental building techniques provide the possibility of laboratory construction for real service conditions of
blade materials. New techniques that can be used for in situmonitoring of VHCF damage are summarized. Key issues in the UFT
field are presented, and countermeasures are collated. Finally, the existing problems and future trends in the field are briefly
described.
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1 Introduction

The rotor blade is the core component that determines the
performance of an aero-engine, which is subjected to very
tough service conditions [1–3]. As shown in Figure 1, the
service conditions of the rotor blade include the huge cen-
trifugal force caused by the high-speed rotation, the bending
and torsional load that superimposed on the centrifugal force
due to the high-speed air blowing, the high-frequency vi-

bration (up to 1 kHz–2 kHz) attributed to the aerodynamic
factors and mechanical reasons, the high-temperature en-
vironment caused by the fuel combustion, and the hot and
humid environment, the corrosive environment, etc. The
failure of the rotor blades is attributed to the coupling effect
of the extreme environment and complex conditions men-
tioned above.
With the development of aviation science and technology,

the failure mode of rotor blades has transformed from low-
cycle fatigue (LCF) to high-cycle fatigue (HCF) and then to
very-high-cycle fatigue (VHCF) [4]. In the 1950s, creep
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failure was the main cause of blade failure in rotor blades due
to weak material preparation capability. In the 1970s, with
the widespread use of creep-resistant alloys, LCF (fatigue
life Nf of 10

2 to 105 cycles) became the main cause of blade
failure [5]. With the development of the Engine Structural
Integrity Program (ENSIP) [6] and the proposed damage
tolerance design procedure [7], in the 1990s, HCF (fatigue
life Nf of 10

5 to 107 cycles) was retained as the main mode of
blade failure. As mentioned in a 1996 review by Cowles [8],
the percentage of HCF failures in US military aviation gas
turbine engine components was up to 24%. The service life
of blades is up to 109–1012 cycles owing to the high-fre-
quency and low-amplitude vibration caused by broadband
airflow excitation [3]. However, the infinite life design cri-
terion of 107 cycles as a safe life was still widely used in
aircraft blade design until the 1990s [6]. Several important
literature from 1983 to 1986 [9–12] found that the stress-life
(S-N) curves still exhibit a decreasing trend at lifetimes
greater than 107 cycles, revealing that there is no so-called
infinite lifetime in metals. These significant findings in-
dicated that the infinite life design criterion for blades was
neither safe nor reliable. At this time, VHCF (fatigue life Nf
greater than 107 cycles) began to enter the picture. In the late
2000s and early 2010s, ENSIP increased the life requirement
of aircraft engine components from 107 cycles to 109 cycles
[13]. In the last three decades, the proper assessment of the
VHCF behavior of blade materials under extreme environ-
ments and complex conditions has become a hot issue of
continuous concern for the majority of engineering de-
signers.

From the viewpoint of time and cost, conducting VHCF
studies with conventional techniques is impractical. The
need for VHCF performance testing of blade materials has
put forward the interest in the development of new testing
techniques that are capable of loading to the 1010 cycles
range. Up to now, there are about five available VHCF
testing techniques. A rotational bending fatigue technique
that can load multiple specimens at a time was proven to be
available for VHCF testing [14]. Ultra-high frequency
electrohydraulic resonant fatigue techniques with fre-
quencies up to 1000 Hz have been developed [15] and show
good prospects for application in the VHCF field. In addi-
tion, the electromagnetic resonant high-frequency technique
[16], vibration-based fatigue technique [17], and UFT tech-
nique are also widely used in VHCF testing. When the ad-
vantages and disadvantages of the above techniques are
compared, the UFT technique has become an irreplaceable
technique for VHCF testing of blade materials due to its high
efficiency and low energy consumption [18].
The ultrasonic fatigue testing (UFT) technique started in

1950, Mason and Baerwald [19] developed the UFT tech-
nique using the piezoelectric electrostriction principle, op-
erating at frequencies of 15 to 22 kHz. In 1959, Neppairs
[20] pioneered the utilization of the UFT technique for
conducting fatigue performance tests on materials. After
almost 70 years of development, UFT technology has made
good progress. UFT machines with different functions have
been developed to simulate the complex loads and extreme
environments to which materials are subjected in blade
components. UFT machines with integrated static loaders

Figure 1 (a) Schematic diagram of the aviation gas turbine engine, where LPC and HPC represent the low-pressure compressor and high-pressure
compressor, respectively, and HPT and LPT represent the high-pressure turbine and low-pressure turbine, respectively. 0–1 indicates the degree of ap-
proaching the maximum temperature. The highest temperature occurs in the combustion chamber at the front end of the high-pressure turbine; (b) schematic
diagram of the service conditions of aviation gas turbine engine blades. The blades are subjected to combined tension-bending-torsion loads and high-
frequency vibration loads, as well as a high-temperature/humidity environment and corrosive environment.
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have been developed to conduct axial tension-compression
tests over a wide range of stress ratios. Three-point bending
fatigue [21] and cantilever bending fatigue techniques
[22,23] have been developed to simulate the high-frequency
bending vibrations of blade materials experienced in service.
The development of torsional fatigue [24] and fretting fati-
gue techniques [25] has further extended the capabilities of
UFT technology. Biaxial bending fatigue [26], combined
tension-torsion fatigue [27], and combined tension-bending
fatigue techniques [28,29] have been developed in recent
years to provide the possibility of fatigue performance test-
ing of blade materials under complex stresses. In addition,
Mayer et al. [30] and Zhao et al. [29] laboratory have de-
veloped variable amplitude (VA) and combined cyclic fati-
gue (CCF) machines capable of simulating unsteady airflow
excitation (VA excitation) as well as LCF-HCF combined
fatigue loads to which the blade materials are subjected. In
terms of environmental testing, UFT machines have been
developed for high-temperature [29,31], humidity environ-
ments [32,33], and corrosive environments [34] in succes-
sion. In this century, recent developments in UFT techniques
have been reported in reviews by Bathias [25], Stanzl-

Tschegg [18], and Mayer [35], including multiaxial fatigue,
VA fatigue, fatigue in different environments, and VHCF
damage monitoring methods.
This review focuses on reporting the application of UFT

technology in the VHCF testing of aviation gas turbine en-
gine blade materials, which is one of the most critical ap-
plication fields of UFT technology. Following this
introduction, the second part of this review compares viable
testing techniques in the VHCF testing field for blade ma-
terials and highlights the superiority of the UFT technique.
Subsequently, this review provides an overview of recent
advances in UFT technology in terms of mechanical loading,
environmental building, and in situ monitoring, as shown in
Figure 2. New methods achieved in UFT for constant am-
plitude fatigue are reported in detail, including single load
fatigue and multiaxial fatigue. VA loading and combined
cyclic fatigue (CCF) techniques are presented. Then, UFT
techniques in the environment are reported, including high-
temperature, humidity environment, and corrosive environ-
ments. In situ testing techniques for VHCF damage, both
visualized and non-visualized, are presented. Furthermore,
three existing key issues and countermeasures in UFT

Figure 2 The recent advances of UFT technology in mechanical loading, environmental rebuilding, and in situ monitoring are outlined. Where VA denotes
variable amplitude, CCF denotes combined cycle fatigue, DCPD denotes direct current voltage drop, AE denotes acoustic emission, and AVP denotes
vibration properties analysis.
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techniques are presented. Finally, the review is summarized
and a brief outlook is presented. It is hoped that this review
will provide some valuable technical guidance for VHCF
performance testing of aero-engine blades and other core
field components.

2 Comparison of VHCF testing techniques

2.1 Rotation bending fatigue

The rotating bending fatigue (RBF) machine was the first
fatigue machine in the world. It was developed by German
Wöhler [36] in 1858, and played an important role in the
study of the fatigue performance of railroad axles from 1858
to 1870. In 1983, Naito et al. [9] discovered the stepped S-N
curve as well as the “fish-eye” feature of carburized steel by
RBF machine, which laid the beginning of VHCF research.
The advantages of RBF machines, such as low price, simple
structure, maintenance-free, and low energy consumption,
have led to a renewed interest in the VHCF testing of ma-
terials. A series of important studies in the VHCF field by
Shiozawa’s group [37–41] and Sakai’s group [9,10,42–45]
from the 1980s to the present have been conducted based on
RBF machines.
Conventional RBFmachines generally consist of a rotating

unit, loading unit, and cooling unit, and can also be in-
tegrated with high-temperature environment [46] and cor-
rosive environment [47] systems as desired. As shown in
Figure 3, the specimen is mounted as a cantilever or four-
point type, and a constant bending moment is generated by
hanging weights. The specimen is driven by the rotating unit
to generate the bending moment with sinusoidal variation at
high speed, which enables the purpose of rotational bending
loading. The test is conducted until the specimen breaks or
reaches the run-out cycle to trigger the stop signal and au-
tomatic stop. The stress in the specimen can be derived from
theoretical calculations or determined by applying strain
gauges [48]. It is worth stating that an RBF machine has been
developed to test 48 specimens simultaneously [14], which

greatly improves the efficiency of VHCF data acquisition.
Inevitably, there are some disadvantages to this type of

machine. First, RBF machines provide a single-loading
mode. Furthermore, its unique loading method puts the
specimen in a dynamic, unbalanced state, resulting in un-
avoidable vibrations, which restricts the upper limit of the
motor speed. Typically, the rotation speed does not exceed
12,000 r min−1. Therefore, the frequency range is limited to
0.1 to 200 Hz. Even with a test frequency of 200 Hz, it will
take 58 days to realize the Giga-cycle fatigue (109 cycles)
test. In addition, cracks extend into the specimen when
conducting rotational bending tests, and contacting the ro-
tating specimen is difficult, which makes either optical or
conventional electrical methods for crack detection difficult
to realize. Therefore, some adaptations had to be made to the
existing machine to achieve the above-mentioned purpose.
These drawbacks limit, to some extent, their application in
VHCF testing of blade materials.

2.2 Resonant high-frequency fatigue

VHCF or even Giga-cycle fatigue (GCF) testing using con-
ventional test techniques is extremely challenging, and the
huge costs associated with months or even years of testing
time are unacceptable. The requirement for high frequency
and low energy consumption has stimulated the development
of resonant high-frequency fatigue testing technology. Re-
sonant fatigue testing techniques have existed for more than
a century and a brief review of them is given by Nicholas [4]
in his monograph. Based on experience, the author divides
resonant fatigue testing techniques into three categories [49].
(1) Type I: The machine and the specimen form a mass/
spring resonance system. The specimen is considered only as
an elastic part, not functioning at its natural frequency. Such
as electromagnetic and electro-hydraulic resonance fatigue
machines. (2) Type II: The machines are not in resonance,
but they provide vibrating loads to drive specially designed
specimens into high-frequency resonance modes, such as
non-contact resonant fatigue machines (acoustically driven

Figure 3 Rotating bending fatigue machine. (a) Cantilever bending loading method; (b) four-point bending loading method.
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[50] or electrostatically driven [51,52]) and vibration-based
fatigue machines. (3) Type Ⅲ: The machine and specimen
are properly designed to allow working close to the same
natural frequency, most typically an ultrasonic fatigue testing
(UFT) machine.

2.2.1 Electromagnetic and electrohydraulic resonance fa-
tigue
The technique of driving the combination of machine/sample
into resonance by magnetic excitation dates back to before
the Second World War [53]. After more than 100 years of
development, there are now mature commercial electro-
magnetic resonant fatigue machines that are capable of stable
operation in the frequency range of 40 to 300 Hz. A sche-
matic diagram of a common electromagnetic resonance fa-
tigue machine is shown in Figure 4(a). The specimen acts as
an elastic element and forms a spring/mass resonance system
with the machine, as shown in Figure 4(b). The excitation
magnet based on the electromagnetic resonance principle
generates a periodic electromagnetic excitation force with a
certain frequency and intensity, which acts on the spring/
mass resonance system. When the frequency of the excita-
tion force is the same as the system’s frequency, the system
resonates and thus enlarges the weak amplitude to reach the
experimental purpose. The mechanism consisting of preload
crosshead, worm, and preload ring is driven by a DC motor
to preload the specimen to achieve fatigue test under arbi-
trary stress ratio R.
Milošević et al. [54] developed a high-frequency tension-

compression fatigue machine capable of stable operation at

close to 834 Hz. The machine consists of the mass, hydraulic
sleeve, base, and specimen. Highly rigid mounting of the
specimen using a hydraulic sleeve. The machine constitutes a
spring/mass system stimulated by an electrodynamic vibrator
to generate high-frequency tension/compression vibration
patterns. In the resonance case, the excitation acceleration
signal is enlarged several times. Therefore, it is possible to
construct high stresses in the gauge-section of the specimen.
Nicholas [16] reported two fatigue machines based on the
electromagnetic resonance principle. The first machine ap-
plied a static load with a cylinder mounted in a rigid test
frame and provided high-frequency oscillatory excitation by
an electrodynamic shaker. The second machine applies the
mean stress through a conventional hydraulic cylinder and
provides high-frequency loads using magnetostrictive high-
frequency actuators. Avery large mass is used as an isolation
block, which is very compliant for low-frequency or static
mean loads but is stiff for high-frequency loads. Both of the
above techniques have proven to be suitable for VHCF
testing.
It is worth stating that the above machines can only pro-

vide VHCF testing in a single load mode. A series of im-
provements have been made to such machines to enable the
testing of blade materials [55,56], blade-like specimens [57],
or full-size blade components [58–64] under combined cycle
fatigue (CCF). These new machines are based on the elec-
tromagnetic resonance principle and have in common that:
(1) An electronic or hydraulic drive is added to apply the
periodic variable tension force. (2) Increased induction coils
create a high-temperature environment locally. (3) Blade

Figure 4 (Color online) (a) Schematic diagram of an electromagnetic resonant fatigue machine and (b) the corresponding mass/spring resonant system.
Where m0 denotes the reference mass of the frame and shaker, m1 denotes the reference mass of the weights, and m2 denotes the reference mass of the
specimen and sensor. k0 denotes the frame stiffness, k1 denotes the stiffness of the preload ring, k2 denotes the stiffness of the specimen, and k3 denotes the
stiffness of the sensor.
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material specimens, blade-like specimens, or full-size blades
are clamped in specially designed fixtures and excited by the
shaker to generate high-frequency bending vibrations. These
new machines are capable of imposing typical CCF blocks
[56], as well as the CCF test blocks as specified in the
European PREMCCY (Predictive Methods for Combined
Cycle Fatigue in Gas Turbine Blades) program [65]. It
should be noted, however, that these machines all have two
orthogonal loading axes. When conducting such tests, the
slenderness ratio of the specimen needs to be carefully de-
signed to avoid interference with the load in the tensile di-
rection due to the coupling effect of the load during the
bending excitation [2].
In summary, the biggest advantage of these machines is

their low energy consumption, which is only 0.5 kW. In
addition, these machines are capable of providing rich load
types such as tension, bending, and torsion. Moreover, the
advantage of a resonant machine for which the specimen is
part of the system is that the spring constant of the specimen
changes when fatigue damage accumulates to a certain level,
thus bringing the system out of resonance, providing the
possibility of checking the specimen before catastrophic
fracture [66]. However, the relatively low frequency limits
its application in VHCF testing of blade materials.
The first electrohydraulic resonance fatigue (EHRF) ma-

chine dates back to 1957. EHRF machines generally contain
core components such as servo actuators, servo valves, load
cells, and displacement sensors. The high-pressure fluid
from the pump station flows into the electro-hydraulic servo
valve, which controls the input and output of hydraulic fluid
in the two chambers of the hydraulic cylinder piston to
generate cyclic motion for fatigue loading purposes. The
frequency of these machines is typically 20 Hz and up to
50 Hz. Morgan and Milligan [15] developed an EHRF ma-
chine capable of stable operation at 1000 Hz in 1997. A
schematic diagram of this type of machine is shown in
Figure 5. These newer machines use voice coil servo valves
instead of conventional servo valves. The voice coil servo
valve uses an electric pilot stage that is driven in the same
way as an audio speaker. In addition to good durability, these
valves offer an excellent high-frequency response and higher
flow rates for high-frequency loading purposes. Ad-
ditionally, the need for high-frequency testing has led to the
adoption of high-frequency controllers and hydrostatic sup-
port hydraulic cylinders for these machines. To improve the
dynamic stiffness of the load frame to avoid resonance, these
machines feature a lower base, shorter posts and forced
crossheads, and additional tie bars at the top of the posts
compared with conventional 250 kN frames. As a result, an
amplitude of ±0.1 mm at 1000 Hz and a dynamic load of
20 kN can be achieved.
Zimmermann and Christ [67] reported the power response

and control accuracy characteristics of these high-frequency

machines. Constant amplitude tests conducted at 100 Hz
steps for aluminum and duplex steels achieved the best
control accuracy at 760 Hz. Deviations in this frequency
range were found to be less than 3% of the nominal ampli-
tude value. A series of studies by Ritchie et al. [68–70]
further demonstrated the effectiveness of such machines in
the VHCF testing field. However, high energy consumption
and poor maintainability have restricted the widespread use
of such machines in VHCF testing.

2.2.2 Vibration-based fatigue
The non-contact resonant fatigue test machine in Type II
provides small loads and is only suitable for tiny-size spe-
cimens. This section of the article focuses on the most widely
used test technique in VHCF testing of blade materials -
vibration-based fatigue (VBF). The concept of VBF was first
proposed by George et al. [17] in 2004. VBF is a method for
high-frequency fatigue testing by exciting specially designed
specimens to resonance through a shaker, allowing multiple
vibration patterns and complex stress states by selecting re-
sonance modes and optimizing specimen geometry [17].
Figure 6 shows a schematic of the VBF machine. Conducting
a VBF test involves three key steps. (1) Topology optimi-
zation design based on finite element analysis (FEA) to en-
sure that the specimen achieves the desired frequency,
vibration pattern, and stress state (uniaxial stress or biaxial
stress, etc.). (2) Strain and laser velocity or displacement
calibration process using strain gauges and laser vibrometers.
Establishing a relationship between strain in the fatigue re-
gion and the velocity/displacement of the calibrated laser
position allows for more precise control of the stress or strain

Figure 5 (Color online) 1 kHz electrohydraulic fatigue testing system.
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vibration amplitude in the specimen during the fatigue test. It
is worth stating that in VBF testing, the digital image cor-
relation (DIC) does not accumulate damage during strain
measurement because it is non-contact compared with strain
gauges. Consequently, Hill [71] used DIC for the construc-
tion of strain-velocity calibration curves as an alternative to
strain gauges. (3) Determination of failure criterion. In VBF
testing, the specimen does not exhibit catastrophic failure,
even if there is a crack. Therefore, it is critical to determine
the failure criterion of the specimen. Failure is generally
determined by monitoring the frequency drop because crack
initiation and propagation change the stiffness of the speci-
men, which affects its natural frequency. Table 1 summarizes
some of the commonly used frequency drop thresholds when
conducting VBF tests for the reader’s reference.
Depending on the shape of the specimen, the VBF can be

simply divided into two categories. In the first category, the
specimen is a cantilevered square plate or a cantilevered
variable section plate. In the method involving cantilevered
square plates, a mode commonly referred to as the “double-

stripe” mode, which generates uniaxial bending stresses of
1600 Hz along the free edge of the plate, is in use, and is
suitable for VHCF testing [17,80,81]. Furman et al. [80]
presented a method for optimizing the dimensions of such
square plate specimens (called standard bending specimens)
in detail in a recent paper. To reduce the material cost, Bruns
et al. [72] proposed a hybrid Insert-Plate system. An insert
was used at the edge of the standard bending specimen
without changing its dimensions and vibration pattern. The
maximum stress occurs in the insert. The insert fails at each
fatigue test, while the plate can be reused. The use of this
idea significantly reduces the material cost compared with
standard bending specimens, but there is a certain degree of
reduction in test frequency. In the second category, the spe-
cimen is a slender cantilever beam. The test is based on the
first or second-order bending vibration of the specimen.
Compared with higher-order vibration patterns, first or sec-
ond-order vibration patterns are easier to conduct in fatigue
testing. Yun et al. [82] proposed a specimen with a rectan-
gular slender beam and a rounded chamfer near the clamped

Figure 6 (Color online) (a) Schematic diagram of the vibration-based fatigue test setup. Schematic diagram of specimen shapes for (b) uniaxial and (c)
biaxial fatigue.

Table 1 Frequency drop threshold in vibration-based fatigue

Test methods Specimen shape Materials Test frequency (Hz) Frequency drop
Threshold (%) Reference

Vibration-based
fatigue (VBF)

Square plate Steel/Al 6061-T6/Ti-6Al-4V 1600 0.5 George et al. [17] (2004)

Hybrid insert-plate
system Al 6061-T6 1080–1100 0.1 Bruns et al. [72] (2015)

Annular disc Ti-6Al-4V 210 5 Xu et al. [73] (2017)

Square plate Al 2024-T3 300–400 5 Hu et al. [74] (2014)

Cantilever rectangular plate SLM/WBD Ti-6Al-4V 800 2 Ellyson et al. [75,76]
(2017)

Y-shaped specimen AS8U3 700–800 1.2–2.5
Česnik et al. [77] (2012),

Capponi et al. [78] (2017)

Irregular sheet specimen Ti-6Al-4V 258 2.01 Xu et al. [79] (2018)

1323Zhao J C, et al. Sci China Tech Sci May (2024) Vol.67 No.5



end, with the maximum stress occurring at the rounded
chamfer near the clamped end. A test frequency of about
700 Hz can be achieved with this type of specimen. To keep
the maximum stress away from the clamped end, Ellyson et
al. [75,76] proposed a cantilevered rectangular beam speci-
men with a shallow notch in 2017. A test frequency of up to
800 Hz can be achieved with this specimen. The specimen
proposed in HB 5277-2021 (Vibration fatigue test method of
engine blades and materials) can achieve the same purpose,
but only at a frequency of 240 Hz. In 2022, Xu et al. [83]
proposed a novel specimen capable of reaching a bending
vibration frequency of 1700 Hz in the test. The shape and
lengthwise dimensions of the specimen are similar to those
proposed by Ellyson et al. [75,76] but with two important
improvements. The thickness of the specimen is thicker and
three through-holes are provided at the end of the specimen,
which further increases the resonant frequency of the spe-
cimen.
Conducting VBF tests generates uniaxial and biaxial stress

data in full reverse bending mode. Moreover, the test fre-
quency of several kHz perfectly covers the vibration fre-
quency of the blade during the real service. A further
advantage is the ability to identify the initial fatigue crack
within the specimen by the observed change in resonant
frequency. Therefore, the VBF machine is widely used for
VHCF performance testing of blade materials, blade-like
specimens, and full-size blades.

2.2.3 Ultrasonic fatigue
The ultrasonic fatigue testing (UFT) technique was first
developed by Mason in 1950 [19]. The technique was first
applied to determine the stress-life curve of materials by
Neppiras [20] in 1959. The technique was first applied to
fatigue crack propagation tests by Mitsche et al. [84] in 1973
and was able to measure the crack propagation rate down to
10–12 m per cycle. After more than 70 years of develop-
ment, the laboratories of Willertz (USA), Stanzl (Austria),
Bathias (France), Ishii (Japan), Puskar (Slovakia), Hong
(China), and Wang (China) are now the leading laboratories
in this field.
Different from any of the above-mentioned loading

methods, the UFT machine is tested using the propagation of
mechanical waves in a solid [25]. In the vibration system
consisting of the booster, horn, and UF specimen, the vi-
bration frequency is adjusted to the resonance point to form a
time-invariant resonance system. In axial tensile UF, for
example, the longitudinal wave propagates in the ultrasonic
system in a tensile-compressive manner, amplified by the
booster and horn to reach the maximum stress amplitude in
the specimen center for cyclic loading tests. Up to now, the
development of UFT machines has been relatively mature.
Conventional machines generally contain the following
parts.

(1) Ultrasonic generator. The ultrasonic generator with a
power of 5–500 W converts the electrical signal of 50 Hz
into a high-frequency electrical signal of 20 kHz (or even
40 kHz), which mainly contains the following functions. (i)
The electrical signal size (1 to 10 V) can be varied by a
voltage regulator to change the vibration amplitude. Both
constant amplitude (CA) loading and VA loading procedures
are allowed. (ii) Set pulse loading time and pause time that
allows executing pulse-pause loading procedure. (iii) Con-
trol of resonant frequency. The excitation frequency is mat-
ched with the actual frequency of the ultrasonic load chain. A
phase-locked loop circuit and a voltage-controlled oscillator
are used to keep the phase shift of the displacement signal of
the specimen and the ultrasonic power signal constant so that
the cyclic frequency and the actual resonant frequency co-
incide better than ±0.1 Hz. It can also monitor the crack
initiation of the specimen through the change in cycle fre-
quency and automatically terminate the test when the cycle
frequency exceeds the frequency limit.
(2) Ultrasonic transducer. Based on the principle of pie-

zoelectric electrostriction, a weak electrical signal of 20 kHz
is converted into a mechanical wave of the same frequency
(usually a longitudinal or shear wave).
(3) Booster and horn. Usually, a Ti or Al-7075-T6 solid

variable cross-section cylindrical rod amplifies the weak
mechanical vibrations at the output of the transducer with
an amplification ratio of typically 5 to 10. More details
about the design of the booster and horn can be found in ref.
[85].
(4) UF specimen. In the case of an axial tension UF spe-

cimen, the specimen is an axisymmetric cylindrical rod or
rectangular piece. Typically, the cross-section of the speci-
men is reduced at the center to increase the ultrasonic waves
passing through it thus reaching a higher stress amplitude.
More details about UF specimen design can be found in refs.
[86,87].
(5) Measurement and closed-loop control unit. It is worth

noting that the cyclic stress amplitude in the UFT cannot be
measured directly. Generally, a laser doppler vibrometer is
used to measure the end displacement of the UF specimen,
and a dynamic strain gauge is used to determine the strain
amplitude in the gauge section. The stress amplitude is fur-
ther determined according to Hooke’s law. Once the dis-
placement amplitude-stress relationship is established, the
test can be conducted.
In addition to the basic components described above, ad-

ditional devices can be configured as desired. For example,
static and low-frequency loading devices, specimen cooling
devices, environmental construction devices, and damage in
situ monitoring devices, etc. More detailed information will
be presented later in the article. Readers interested in the
development of such machines will find more information in
the literature [88] or Bathias’ book [89].
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2.3 Comparison of VHCF testing techniques

The significant need for accurate assessment of the VHCF
performance of blade materials makes the ideal VHCF
testing technique should meet a series of criteria, i.e., higher
loading frequency, good maintainability, low energy con-
sumption, load pattern richness, testing in the environment,
in situ monitoring of damage, testing of blade/blade-like
specimens, specimen temperature rise, standardization level,
etc. Table 2 and Figure 7 compare the characteristics of
different VHCF testing techniques.
To make an accurate comparison of the different VHCF

testing techniques, metrics to evaluate the above-mentioned
criteria were developed. Since the blade fatigue life falls into
the VHCF regime (up to 1010 cycles), the test frequency
becomes one of the most critical criteria. Test frequency
below 100 Hz is considered poor, and frequencies between
100 and 300 Hz, 300 Hz to thousands of Hz, and greater than
20 kHz are considered fair, good, and excellent, respectively.
For example, to realize 1010 cycles of VHCF testing, it would
take 5787, 1157, 116, and 5.8 days at frequencies of 20, 100,
1000, and 20 kHz, respectively. Another remarkable criter-
ion is the maintenance of the tested machines. Those running
maintenance-free are considered excellent; those requiring
occasional maintenance and frequent maintenance are con-
sidered good and fair, respectively, while those requiring
constant maintenance are considered poor. In addition, the
energy consumption of the test machine is also critical. En-
ergy consumption is reflected as a combination of test power
and test time. Technologies based on hydraulic drive meth-
ods and forced vibration are considered poor, electro-
magnetic resonance high-frequency testing technologies are
considered average, vibration-based testing technologies are
considered good, and ultrasonic technologies based on pie-
zoelectric electrostrictive resonance are considered ex-
cellent.
The complex loads and extreme environments during the

service of blade materials raise high requirements for the
richness of load patterns and the integration of environ-

mental construction devices for VHCF testing technology.
Test techniques that can achieve multiple loads-multiaxial
loads are considered excellent, those capable of only multi-
axial loads and only multiple loads are considered good and
fair, respectively, and those capable of only a single load are
considered poor. Those integrating multiple environment-
building devices are considered excellent, those integrating
one or two environment-building devices are considered
good, and those hardly integrating environment-building
devices are considered poor.
The requirements for the feasibility of in situ monitoring

during VHCF testing are presented for the monitoring of
specimen damage and failure during the test. Those in-
tegrating multiple in situ monitoring methods are considered
excellent, those that can integrate one or two in situ mon-
itoring methods are considered average, and those that can-
not integrate with situ monitoring methods are considered
poor. The ability to conduct blade/blade-like specimen test-
ing is also an important criterion. The ability to conduct full-
scale blade testing is considered excellent, the ability to
conduct scaled-down model testing is considered good, the
ability to conduct blade-like specimen testing is considered
average, and the ability to conduct material testing only is
considered poor. Specimen temperature rise is a major
challenge in high-frequency/ultra-high-frequency testing.
Higher temperature rise may lead to deviation of test results
or even experimental failure. The evaluation of the specimen
temperature rise is referred to the criteria provided by Sha-
bani et al. [90], i.e., a temperature rise greater than 20°C
under cooling conditions is considered poor, a temperature
rise less than 20°C under cooling conditions is considered
fair, a temperature rise greater than 20°C without cooling
conditions is considered good, and a temperature rise less
than 20°C without cooling conditions is considered ex-
cellent. Whether standards have been established on testing
techniques and test methods is also a comparable criterion,
which, to a certain extent, reflects the perfection of the
technology. Those that already have standards are considered
excellent, and those without standards are considered poor.

Table 2 Comparison of VHCF testing techniques (in VHCF testing of blade materials)a)

VHCF testing
techniques

Test
frequency Maintenance Energy

consumption Test mode
Testing
in the

environment

In situ Moni-
toring

Blade compo-
nent testing

Temperature
rise of the
specimen

Standardiza-
tion

Rotation bending
fatigue ★ ★★★★ ★ ★ ★★★ ★ ★ ★★★★ ★★★★

Electro-magnetic
resonance fatigue ★★ ★★ ★★★ ★★ ★★★ ★★★ ★★★ ★★★ ★★★★

Electro-hydraulic
resonance fatigue ★★ ★ ★ ★★ ★★★ ★★★ ★★★ ★★★★ ★★★★

Vibration-based
fatigue (Shaker) ★★★ ★★ ★★★ ★★★★ ★★ ★ ★★★★ ★★★ ★★★★

Ultrasonic fatigue ★★★★ ★★★★ ★★★★ ★★★★ ★★★★ ★★★★ ★ ★ ★★

a) ★ means Poor, ★★ means Average, ★★★ means Good, ★★★★ means Excellent.
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3 Ultrasonic fatigue testing techniques under
complex loads

In the past three decades, the need for VHCF testing of blade
materials under complex loads has promoted the rapid de-
velopment of UFT technology, which is no longer limited to
axial tension-compression. UFT techniques have been es-
tablished with rich load types, such as axial tension-tension,
three-point bending, cantilever bending, torsion, and fretting
fatigue. In addition, preliminary progress has been made in
multiaxial UFT techniques in recent years.

3.1 Axial tensile fatigue

3.1.1 Specimen design theory
Axial tension UFT is conducted based on the transfer of one-

dimensional longitudinal waves [89]. Axial tension UF
specimens are axially symmetric cylindrical rods or rectan-
gular pieces with reduced cross sections in the gauge section
to reach higher stress levels. Figure 8 summarizes the geo-
metry of several existing axial tension UF specimens. To
resonate at ultrasonic frequencies, the specimen dimensions
need to be carefully designed to create a mechanical wave
standing in the lengthwise direction. Taking the most com-
mon hourglass-type UF specimen as an example, according
to the longitudinal free vibration theory of a one-dimensional
slender rod, the free vibration equation of the specimen is
[86,89]

U x t
x A x

A x
x

U x t
x

k U x t

( , ) + 1
( )

d ( )
d

( , )

+ ( , ) = 0, (1)

2

2

2

Figure 7 (Color online) Advantages and disadvantages of different VHCF testing techniques. RBFT indicates rotational bending fatigue test, EMRFT
indicates electromagnetic resonance fatigue test, EHRFT indicates electrohydraulic resonance fatigue test, VBFT indicates vibration-based fatigue test, and
UFT indicates ultrasonic fatigue test.
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whereU(x,t) is the longitudinal excitation displacement,U(x,
t)=U(x)sin(2πft). A(x) is the cross-sectional area of the spe-
cimen at position x. k is the material constant, k f E= 2 / ,
f is the resonant frequency, ρ is the density of the specimen
material, and E is Young’s modulus. For hourglass speci-
mens, the end is cylindrical and the profile of the gauge
section is catenary. The catenary equation is y=acosh(αx).
When x=0, y=R1, and when x=L1, y=R2. Therefore, the ca-
tenary equation is determined as y=R1cosh(αx), α=arch(R2/
R1)/L1. The equation for the cross-sectional area of the spe-
cimen is

A x L x L L
A x x x L

( ) = R , + ,

( ) = R cosh ( ), .
(2)2

2
1 1 2

1
2 2

1

Solving eq. (1) yields the longitudinal free vibration dis-
placement of the specimen as

U x A k L x L x L L

U x A L L x
x x L

( ) = cos[ ( )], + ,

( ) = ( , ) sinh( )
cosh( ) , .

(3)
0 1 1 2

0 1 2 1

The resonant length L2 of the specimen is

L k k L L= 1arctan 1
tanh( ) tanh( ) , (4)2

1
1

where α=arch(R2/R1)/L1, β=(α
2−k2)1/2. The strain distribution

ε(x) in the gauge section of the specimen can be expressed as

x U x
x A L L

x x x x
x

( ) = ( ) = ( , )

cosh( )cosh( ) sinh( )sinh( )
cosh ( ) , (5)

0 1 2

2

where φ(L1, L2)=[cos(kL2)cosh(αL1)/sinh(βL1)]. The max-
imum strain εmax and the maximum stress σmax appear in the

center gauge section of the specimen, respectively,
A L L= ( , ), (6)max 0 1 2

EA L L= ( , ). (7)max 0 1 2

3.1.2 Axial tension UFT instrument
Axial tension UFT machines are very widely used in VHCF
testing of blade materials, and they provide more con-
servative fatigue data than other load types. The original
axial tension UFT machine contained an ultrasonic trans-
ducer, booster, horn, and a computer control system. The UF
specimen is fixed at one end at the lower end of the horn and
the other end is free. This configuration is capable of
achieving axial tension fatigue in fully reversed mode. Im-
provements have been made to this type of machine to take
the average stress effects into account and to construct a
Goodman curve for the material. As shown in Figure 9, an
additional booster and horn are connected at the lower end of
the specimen, which enables the addition of a displacement
node in the load chain. The ultrasonic components are con-
nected to the tensile tester via displacement nodes at the
upper and lower booster for superimposing average stress
with sinusoidal ultrasonic vibration loads.

3.2 Three-point bending fatigue

3.2.1 Specimen design theory
Different from the axial tension UFT, the three-point bending
UFT works based on the principle of transverse bending
vibration [21]. For the rectangular specimen shown in Figure
10, the micro-section at position x is selected for force ana-
lysis in the case of transverse forced vibration.

Figure 8 (Color online) Three-dimensional view of a typical axial tension ultrasonic specimen.
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As shown in Figure 10(b), the force balance equation and
moment balance equation of the selected micro-section are

q x
F
x x A x U x t

t( ) d + d ( , ) = 0, (8)q 2

2

M
x x F xd + d = 0. (9)q

The equation of the deflection curve of the slender beam is

EI U x t
t M x( , ) = ( ), (10)

2

2

where q(x) is the uniform load applied to the micro-section
and ρ is the density of the specimen material. E is Young’s
modulus, Fq is the shear force, and M(x) is the bending
moment. U(x,t) is the excitation displacement and I is the
area moment of inertia. Combining eqs. (8), (9), and (10), the

transverse free vibration equation for a homogeneous equal-
section beam is [21]

EI U x t
t hb U x t

t
( , ) + ( , ) = 0. (11)

4

4

2

2

Separating variables for U(x,t), U(x,t)=U(x)sin(2πft), and f
is the excitation frequency ( 20 kHz in this case). Thus, after
some manipulations, eq. (11) can be written as

U x
t k U x( ) ( ) = 0. (12)

4

4
4

The general solution of eq. (12) is
U x C kx C kx

C kx C kx
( ) = sin( ) + cos( )

+ sinh( ) + cosh( ). (13)
1 2

3 4

Based on the boundary conditions and the resonance

Figure 9 (Color online) Axial tension UFT machines. The red band indicates the stress distribution and the blue band indicates the displacement
distribution.

Figure 10 (Color online) (a) Shape of the three-point bending ultrasonic specimen; (b) the micro-section at position x was selected for force analysis in the
case of transverse forced vibration.
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requirements of the specimen, it is obtained that

U x U x
U x

U x

U A
U L

( ) = ( ),

( ) = 0,

( ) = 0,

(0) = ,
( ) = 0.

(14)
x L

x L

=±

=±

0

0

Based on this, the transverse vibration displacement am-
plitude of the three-point bending UF specimen is

U x U kL
kL kL

kx kL
kL kx

( ) = cosh
cos + cosh

cos + cos
cosh cos .

(15)
0

The resonant lengths L and L0, respectively, are

L Eh
f= 0.506925 , (16)

2

2

1/4

L Eh
f= 0.27966 . (17)0

2

2

1/4

The maximum stress σmax in the specimen is
EhU k chkL kL

chkL kL= 2
cos

+ cos . (18)max
0

2

3.2.2 Three-point bending UFT instrument
The first three-point bending UF machine was developed in
Bathias’ laboratory [21,25], which was initially developed
for testing certain aluminum alloy-based metal-matrix
composites, ceramics, titanium-aluminum alloys, and other
brittle materials used in the automotive industry. As shown in
Figure 11, the three-point bending UF machine adds the tip
and three-point bending support to the conventional ultra-
sonic components. A small size, low-density tip is mounted
as an additional mass at the end of the horn which is used to
excite specially designed rectangular specimens to produce
transverse bending vibrations. The above components are
mounted on the INSTRON 1122 to enable static bending
loading. The machine is capable of loading up to 105–1010

cycles at 20 kHz with a stress ratio of 0.1 to 0.5.
In 2012, Backe et al. [91–94] developed a machine suitable

for three-point bending UFT of composite CFRP. In general,
the machine is almost the same as the one developed in
Bathias’ laboratory. However, due to the differences between
CFRP and conventional materials, some specific technical
details need to be noted. (1) Since CFRE exhibits orthogonal
anisotropy, Young’s modulus, shear modulus, and Poisson’s
ratio of the material in different directions need to be de-
termined by axial tension and three-point bending tests.
When these parameters are determined, the dimensions of
the specimens can be derived by the FEA method. (2) Since
polymers show higher viscoelastic damping than metal ma-

terials, a combination of the pulse-pause technique and
compressed air cooling had to be used to avoid damage at
high temperature. Moreover, real-time monitoring of the
overall temperature of the specimen during the test was ne-
cessary, thus requiring the addition of a thermal infrared
camera. (3) The integrated 3D scanning vibrometer performs
high-resolution strain measurements in three orthogonal di-
rections during UFT. From the measured shear and tensile
strains, the corresponding stresses can be derived according
to Hooke’s law for orthotropic anisotropic materials. Laser
Doppler vibrometry (LDV) is also an effective alternative in
such tests [95]. In a subsequent study, Balle and Backe [96]
added an in situ CT device to the above configuration, which
allowed the observation of progressive fatigue damage on
the polished edges of CFRP specimens.
Although this loading technique has proven to be effective

in three-point bending VHCF performance testing of metal
materials and some composite materials. However, some
drawbacks need to be noted. First, since the specimen is not a
fixed part of the ultrasonic resonance system, static pre-
bending is applied to the specimen to ensure permanent
contact between the loading device and the specimen during
the whole test. Therefore, three-point bending UFT machines
make it difficult to achieve full reverse bending. Moreover,
the permanent contact generates considerable heat at the
bending spans, especially in composite materials. In addi-
tion, this machine is not suitable for low-strength and low-
stiffness materials. For materials with poor fretting fatigue
properties, failure may occur at bending spans [28].

3.3 Cantilever bending fatigue

Cantilever bending UF is a novel UFT technique that

Figure 11 Schematic diagram of the three-point bending UFT machine.
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developed in recent years to obtain a large amount of vibra-
tion bending VHCF data of materials at R=−1 in an accep-
table time. This type of fatigue is divided into two categories
according to the difference in vibration modes of the speci-
mens: (1) Fatigue based on first-order bending vibration and
(2) fatigue based on second-order bending vibration.

3.3.1 Specimen design theory
In a previous study, Wan et al. [97] proposed a method for
vibration analysis of variable-section Timoshenko beams
considering internal damping, which is a semi-analytical
method to directly reveal the relationship between external
excitation and response. This method proved to be effective
in the design of cantilever bending fatigue specimens. When
conducting the cantilever bending UF test, consider a vari-
able-section beam as shown in Figure 12.
For a base-excited Timoshenko beam considering internal

damping as shown in Figure 12, the dynamics model can be
expressed as [97]

U x t C t x t K x t x tu u u Ft ( , ) + ( , ) + [ ( , )] = ( , ), (19)
2

2

where u(x,t) is the state vector, u(x,t)=[y(x,t) θ(x,t)]T. F(x,t) is
the load excited by base motion, F(x,t)=[ρS(x)H0Ω

2ejΩt 0]T.
U [ ], C [ ], and K [ ] are linear homogeneous differential
operators for which the expressions are [98,99]

U
S x

I x
[ ] =

( ) 0
0 ( )

, (20)

C

x µS x G x x µS x G

µS x G x x EI x x µS x G

[ ] =

( ) ( ) [ ( ) ( )]

( ) ( ) ( ) ( ) + ( ) ( )
,s

s

b

(21)
K

x µS x G x x µS x G

µS x G x x EI x x µS x G

[ ] =

( ) ( ) [ ( ) ( )]

( ) ( ) ( ) ( ) + ( ) ( )
, (22)

where E and G are Young’s modulus and shear modulus of

the beam material, respectively, and ρ is the density of the
beam, βs, and βb are the shear viscosity coefficient and
bending viscosity coefficient of the internal damping beam,
respectively. I(x) is the area moment of inertia at x, I(x)=w(x)
h3(x)/12. S(x) is the cross-sectional area of the beam at x, S(x)
=h(x)w(x). w(x) and h(x) are the width and height of the beam
at x, respectively. μ is the Timoshenko shear coefficient of
the beam, μ =10(1+ν)/(12+11ν), ν is the Poisson’s ratio. For
the beam in Figure 12, the natural frequencies and their mode
shape function are obtained under free vibration (i.e., F(x,t)
=0). In this case, the transfer matrix method (TMM) is in-
troduced for solving eq. (19). The integrated transfer matrix
G of the above beam can be expressed as

L L

g g g g
g g g g
g g g g
g g g g

G G G G G= ( ) (0) ( ) (0)

= , (23)

N

N

r
r=1

1

+1
1

r 1
1

11 12 13 14

21 22 23 24

31 32 33 34

41 42 43 44

where

( )

x

e x

e x

EI e x

µGS e x

G

V

V J N

V H J N

V H J N

( ) =

( )

( )

( )

( )

, (24)i i

x
i i

x
i i i i

i
x

i i i i i

i
x

i i i i i

2

2 1

2 ,1
1

2 ,1
1

i
i

i
i

i
i

i
i

in which

( ) ( )x k x k x p x p xV( ) = sin cos sinh( ) cosh( ) , (25)i i i i i i i i ii

k
k

p
p

J =

/ 2 0 0
/ 2 0 0

0 0 / 2
0 0 / 2

, (26)i

i i

i i

i i

i i

1

1

k
k

p
p

H =

/ 2 0 0
/ 2 0 0

0 0 / 2
0 0 / 2

, (27)i

i i

i i

i i

i i

,1

k µG

k µG

p µG

p µG

N =

4 + 0 0 0

0 4 + 0 0

0 0 4 + + 0

0 0 0 4 + +

. (28)i

i
i

i
i

i
i

i
i

2
2

2

2
2

2

2
2

2

2
2

2

1330 Zhao J C, et al. Sci China Tech Sci May (2024) Vol.67 No.5



For a cantilever beam undergoing UFT testing, the fre-
quency equation can be written as

g g gg = 0. (29)33 44 34 43

Based on eq. (29), the natural frequency of each order of
the cantilever beam can be obtained. By introducing the
modal superposition method, the displacement amplitude Ya
(x, Ω) of the beam in the absolute coordinate system can be
obtained as

Y x
Y x

j
H( , ) =

( )
+ 2

+ 1 . (30)
n

N
n n

n n n
a

=1

2

2 2 0

n

The corresponding normal strain amplitude εa(x, Ω) is

x
j

d
dx

h x H( , ) =
+ 2

( ) . (31)a
n

N
n

n n n

n
a

=1

2

2 2 0

m

The UFT is conducted in the elastic phase, ignoring the
possible plasticity. For linearly elastic materials, the normal
stress amplitude σa(x, Ω) of the beam based on Hooke’s law
is derived as follows

x
j

d
dx

h x EH( , ) =
+ 2

( ) . (32)a
n

N
n

n n n

n
a

=1

2

2 2 0

m

3.3.2 Based on first-order bending vibration
To simulate the vibration-bending stresses of blade materials
more accurately, Cheng et al. [22] developed a vibration-
bending UFT machine. As shown in Figure 13(a), the ma-
chine has no difference from the conventional axial tension
UFT machine. The only difference is that a specimen as

shown in Figure 13(b) is used. The thick end of the specimen
is fixed to the lower end of the horn by screws, which is
similar to a cantilever beam. This fixed mode allows the
longitudinal vibration provided by the ultrasonic component
to be transformed into the transverse bending vibration of the
specimen. The first-order vibration mode of the cantilever
beam was utilized, and the maximum stress occurred at the
arc near the fixed end, as shown in Figure 13(c). Song et al.
[100] developed a double cantilever beam specimen, but
with the same principle as the single cantilever beam spe-
cimen described above, as shown in Figure 13(d) and (e).
According to the author’s experience, the locking torque of
the screw should be carefully adjusted to minimize the
contact damping between the specimen clamping surface vs.
the horn and the bolt end face when conducting this type of
test. Otherwise, there will be a very significant temperature
rise here. Cheng et al. [22] and Jiao et al. [101] used cold
nitrogen and compressed cold air to suppress the specimen
temperature rise, respectively. Jiao et al. [101] investigated
the vibration bending VHCF performance of the compressor
rotor blade material TC17 Titanium alloy based on this
machine with loading cycles up to 109. They found that the
S-N curve of TC17 Titanium alloy showed a continuous
decreasing trend and there was no conventional fatigue limit.
Moreover, no “fish-eye” feature was observed even in the
VHCF regime, and the crack initiation location appeared on
the surface of the specimen.

3.3.3 Based on second-order bending vibration
The stress distribution in the gauge section of the specimen

Figure 12 (Color online) (a) Shows a schematic diagram of a variable-section cantilever beam under base excitation [97]; (b) replacing the variable section
beam into N elements with constant height and variable width [97]; (c) shows the ith element [97]. Copyright©2022, Springer.
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based on the first-order bending vibration is very hetero-
geneous. Due to the presence of stress concentration, the
maximum stress appears at the end of the specimen. To solve
this problem and obtain a more uniform stress field, Ghadimi
et al. [102] and Yang et al. [23] proposed UF specimens
based on second-order bending vibration. Ghadimi et al.
[102] developed a small thin plate bending UF specimen.
The specimen was fixed between the horn and the full wa-
velength rod. A spacer is placed on the top of the specimen to
maintain a distance between the upper surface of the speci-
men and the lower surface of the horn end. Different from the
UF specimens based on the first-order bending vibration, the
maximum stresses in the second-order bending vibration UF
specimens appear in the parallel section away from the end.
Tests on Inconel 718 alloy verified the feasibility of the
method, with fracture locations occurring in the theoretical
maximum stress region. The UF specimen designed by Yang
et al. [23] is fixed at the horn end by two screws to form a
cantilever beam structure, which also utilizes the second-
order bending vibration mode of the beam. The free end of
the specimen is set up as an hourglass type to ensure that the
maximum stress occurs in the middle parallel section. In
addition to more uniform stress distribution in the gauge
section, the UF specimen based on second-order bending
vibration provides a rotation angle equal to zero at the
clamping end, which prevents the fretting fatigue that may
occur here. In addition, the heat generated in the connection
area due to friction is significantly reduced [23]. The max-
imum temperature in the specimen is only 35.4°C, even
without any cooling measures.
Recently, Wan et al. [49] proposed a novel specimen shape

and the optimization method of its dimensions based on the
above theory. As shown in Figure 14, the specimen is
clamped as a cantilever beam, which also works based on the

second-order bending vibration pattern. VHCF experiments
conducted with TC4 alloy verified the superiority of this
specimen. Avery uniform stress distribution was observed in
the gauge section of the specimens, and all specimens were
fractured at the expected locations. In addition, the specimen
showed a relatively weak temperature increase in the gauge
section.
In summary, the first advantage of the cantilever bending

UFT technique is that the maximum stress occurs at the
surface of the specimen and the heat generated can be
transferred to the air in time. The deflection vibration of the
specimen is also a forced convection process. Therefore, the
specimens in this type of experiment have a very low-tem-
perature rise in the gauge section, providing the possibility
for continuous loading. The second advantage is that this
load type is closer to the real vibration-bending mode of the
blade material. Failure under first-order and second-order
bending vibration is considered the most typical failure mode
of blades [103].

3.4 Torsion fatigue

3.4.1 Specimen design theory
The first torsion UFT machine was developed by Stanzl-
Tschegg et al. [104] in 1993. Unlike the longitudinal wave
transfer in axial tension UFT, the design principle of this type
of machine is based on the propagation of shear waves along
different polar momentum rods. Therefore, all theoretical
calculations of the ultrasonic component are conducted
based on the one-dimensional motion equation of the shear
wave. The one-dimensional torsional dynamics differential
equation is [24]

J x x t
t

G
x J x x t

x( ) ( , ) = ( ) ( , ) , (33)p

2

2 p

Figure 13 (Color online) (a) Schematic diagram of the UFT machine based on first-order bending vibration; (b) the shape of a single cantilever UF
specimen based on the first-order bending vibration and (c) the stress distribution cloud in the specimen; (d) the shape of the double-cantilever UF specimen
based on the first-order bending vibration and (e) the stress distribution cloud in the specimen.
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where ρ is the density of the specimen material and G is the
shear modulus. Jp(x) is the polar moment of inertia at posi-
tion x, Jp(x)=(π/2)R

4(x). θ(x,t) is the torsion angle that shows
a sinusoidal variation with time, θ(x,t)=θ(x)sin(2πft).
Therefore, eq. (33) can be rewritten as

x
x

x
x

x
x k xd ( )

d + 4d(InR( ))
d

d ( )
d + ( ) = 0. (34)

2

2
2

For the hourglass-type ultrasonic torsion specimen shown
in Figure 15, when L2|x|≤(L1+L2), the profile equation is R(x)
=R2. When |x|≤L1, the profile equation is R(x)=R1[cosh(αx)],
where α=(1/L2)arccosh( )R R/2

2
1
2 .

According to the boundary conditions and continuity
conditions, eq. (30) is solved to derive the angular amplitude
of specimen torsion θ(x)

[ ]x k L L x
L x L L

x L L x
x

x L

( ) = cos ( + ) ,
< ( + ),

( ) = ( , ) sinh( )
cosh( ) ,

,

(35)
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1

where k= 2 2 , φ(L1,L2)=[cos(kL2)cosh(αL1)]/sinh(βL1).
The resonance length L2 of the specimen is

L k k L L= 1arctan 1
tanh( ) tanh( ) . (36)2

1
1

The shear strain amplitude γ(x) of the specimen is

x R L L x
x

x x x x

( ) = ( , )
cosh( )

cosh ( )
[ cosh( )cosh( ) sinh( )sinh( )].

(37)0 1 1 2 2

According to the generalized Hooke’s law, the corre-
sponding shear stress amplitude τ(x)=Gγ(x). For torsion UF
specimens, the maximum shear stress τmax occurs at the
surface of the specimen at the center gauge section.

G R L L= ( , ) . (38)max 0 1 1 2

3.4.2 Direct type
The first torsion UFT machine was developed by Stanzl-
Tschegg et al. [104] in 1993. Unlike the longitudinal wave
transfer in axial tension UFT, the design principle of this type
of machine is based on the propagation of shear waves along
different polar momentum rods. Therefore, all theoretical
calculations of the ultrasonic component are conducted
based on the one-dimensional motion equation of the shear
wave. Figure 16(a) and (b) show the torsion UFT machine
developed by Mayer [24] in 2006. Due to the difference in
the loading principle, all ultrasonic components needed to be
redesigned while retaining only the electrical control system
of the axial tension UFT machine. The redesigned transducer
can convert the 21 kHz electrical signal from the ultrasonic

Figure 14 (Color online) The cantilevered ultrasonic specimens proposed by Wan et al. [49]. (a) Experimental configuration; (b) second-order bending
vibration pattern of the specimen; (c) geometry of the specimen. Copyright©2023, Elsevier.

Figure 15 (Color online) Three-dimensional schematic diagram of a
torsion ultrasonic fatigue specimen.
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generator into a shear vibration of the same frequency. The
booster and horn were designed as a first-order torsional
vibration variable-section cylindrical rod with 21 kHz to
transmit torsional vibrations with amplification. Similar to
the shape of the tensile UF specimen, the torsional UF spe-
cimen is generally a cylindrical rod with a reduced cross-
section in the middle to achieve further amplification of the
torsional amplitude. Interestingly, the lengths of all torsional
ultrasonic components (including booster, horn, and speci-
men) are significantly smaller than those of axial tensile
ultrasonic components, because shear waves are shorter and
more sensitive to changes in cross-section than longitudinal
waves [24]. Similar to the other types of UF tests mentioned
above, the temperature rise of the specimen during the test is
still a critical factor that cannot be ignored, and a pulsed
pause or compressed cold air is used to maintain the tem-
perature rise in an acceptable range.
In 2015, Mayer et al. [105] further developed a torsion

UFTmachine capable of superimposing static torsional loads
to achieve torsion UF testing at positive stress ratios. The
machine is based on a conventional torsion UFT machine
modified with the addition of a horn and booster at the lower
end of the specimen. A large diameter disc is installed at the
booster displacement node and a static torsional load is su-
perimposed on the specimen by a turntable-pulley mechan-
ism. The change in stress ratio is achieved by varying the
mass of the weight, resulting in a stress ratio range of –1 to
0.5. Tests on materials such as 2024-T351 aluminum alloy
[24], VDSiCr spring steel [105,106], and SWOSC-V [107]
verified the feasibility of the above machine for torsional
VHCF tests up to 109. In 2021, Karr et al. [108] developed a
torsion UFT machine that can be used in a vacuum en-
vironment and enabled monitoring of fatigue crack propa-
gation processes in a vacuum environment with an integrated

objective lens and CCD camera.

3.4.3 Indirect type
“A body vibrating on Y mode can be the source of power to
get X mode on another body”, Marinesgarcia et al. [109]
developed a novel torsional UFT machine based on this idea.
As shown in Figure 17, the actuator components of the
machine contain the transducer, horn 1, and horn 2. Note that
the dimensions of the transducer and horn1 are designed
based on the wave equation for the longitudinal vibration of a
variable-section rod to transmit and amplify the axial vi-
bration. The dimension design of horn 2 is based on the one-
dimensional motion equation of the shear wave to transmit
and amplify the torsional vibration. Horn 1 and horn 2 are
coupled at 90° by a connecting pin to realize the conversion
of axial tension vibration to torsional vibration. Since the
torsional wave is not directly generated by the transducer, it
is referred to as an indirect torsion UFT machine. It is worth
stating that there are two problems with the original machine.
(1) The output shear stress is too small. (2) Significant stress
concentrations at the pin and horn pinholes, resulting in
premature pin failure. Considering the above problems, Petit
et al. [110] optimized the original machine through FEA. The
optimized basic parameters include the size of horn 2, pin
diameter, chamfering of pinhole edges, and horn holes. The
optimized machine can apply shear stress of 650 MPa to
high-strength steel specimens and the machine does not fail
after up to 109 cycles. A major advantage of the indirect
machine is that, based on the existing axial tension UFT
machine, only one mechanical part (horn 2) needs to be re-
placed to realize the torsional UFT purpose, which saves
money for the new machine development. Secondly, indirect
machines can generate higher shear stress levels in the spe-
cimen compared with direct machines because linear

Figure 16 (a) Principle diagram and (b) physical image of the torsion UFT machine (R=–1) [24]. Copyright©2006, Elsevier.
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transducers are more powerful than angular transducers
[110].

3.5 Fretting fatigue

When mechanical vibrations occur between two clamped
surfaces, fretting phenomena occur due to the stress con-
centration on the contact surfaces. This fretting phenomenon
can lead to wear of the contact surfaces and trigger the in-
itiation of small surface cracks under certain conditions
[111]. Cracks caused by fretting effects have a more sig-
nificant impact on the VHCF properties of the material than
internal defects since most of the lifetime in the VHCF is
devoted to crack initiation rather than crack propagation
[112]. One of the most typical fretting fatigue areas in
aviation gas turbine engines is the connection between the
blade rabbet and the disc tongue-and-groove [113–115],
which may experience fretting fatigue failure after up to 1010

cycles. Fretting fatigue in the HCF regime has been widely
studied by many researchers and it has been confirmed that
fretting wear significantly affects the HCF lifetime of the
material [116,117]. However, the mechanism of material
fretting fatigue within the VHCF regime has not been fully
understood.
To study the fretting effect on the VHCF properties of the

material, testing machines at ultrasonic frequencies were
developed. In 1982, Mason [118] first used UFT machines
for the study of fretting fatigue. In 2006, Bathias reported the
first fretting UFT machine in a review [25]. As shown in

Figure 18(a), this type of machine developed by Bathias et al.
generally consists of the axial tension ultrasonic component
and the normal contact force loading mechanism. Figure 18
(b) shows the stress of the specimen in fretting UFT. Fretting
fatigue is the superposition of fatigue and fretting processes.
The specimen attached to the horn end is excited to long-
itudinal vibration, which provides the required stress am-
plitude for fatigue while also providing a small relative
motion. Under the action of the smaller relative motion and
the appropriate normal force, the specimen surface under-
goes a fretting fatigue process. Teng et al. [119], Huang et al.
[120] and Filgueiras et al. [111] studied based on such ma-
chines and found that high-strength steels showed a sig-
nificant decrease in VHCF life by a factor of 1 to 1.5 under
the action of fretting.
In a subsequent study, Zhai et al. [121] made a series of

improvements to the above machine to meet the high-tem-
perature fretting UFT needs. The most important improve-
ment includes the development of a temperature-building
module. The specimen is heated by an induction heating
furnace. The temperature is measured by an infrared ther-
mometer and fed back to the power controller. The power
controller achieves closed-loop control of the temperature by
adjusting its output power. The furnace heats the specimen to
a maximum temperature of 1000°C. Moreover, the tem-
perature variation in the specimen during the stable loading
stage can be controlled to ±5°C. A study by Zhai et al. [121]
using this machine showed that the fretting VHCF strength
of the nickel-based superalloy Nimonic 80A at 600°C is only

Figure 17 (Color online) Schematic diagram of the indirect type torsion UFT machine [109]. Copyright©2007, Elsevier.
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about 300 MPa.
Considering that fretting fatigue in aircraft blades and

impellers occurs during bending vibrations, the evaluation of
the above components using only the axial tension fretting
UF technique is not sufficient. To investigate the effect of
fretting wear on the bending VHCF properties of the mate-
rial, Song et al. [100,122] developed a specimen system. The
specimen system consists of a plate specimen and two tita-
nium clamps arranged symmetrically at the top and bottom
of the specimen. The specimen system is screw mounted on
the lower surface of the horn and is excited to bending vi-
bration. During the test, small relative displacements be-
tween the specimen and the titanium clamps led to fretting
wear. In this case, the specimen system had to be cooled
using greenhouse water. A study by Song et al. [100] based
on this system showed that fretting wear significantly wea-
kened the bending VHCF performance of FV520B steel.

3.6 Multiaxial fatigue

Fatigue failure of blades is not the result of single stress but
of multiaxial stresses, such as biaxial bending, combined
tension-torsion, combined tension-bending, and combined
bending-torsion [4,123,124], etc. Although good progress
has been made in the development of electronic and elec-
trohydraulic servo multiaxial fatigue machines, test time
limitations prevent them from being applied to VHCF testing
of blade materials. Achieving multiaxial fatigue at ultrasonic
frequency is difficult, and existing ultrasonic fatigue testing
techniques mainly focus on single loads such as tension-
compression, cantilever bending, and three-point bending,
which severely limit the accumulation of multiaxial VHCF

fatigue performance data for blade materials. Therefore, the
development of multiaxial UFT machines has attracted great
interest in recent years.

3.6.1 Biaxial bending fatigue
Biaxial bending is one of the common multiaxial fatigue
modes of the aviation gas turbine engine blade [17]. In recent
years, Brugger et al. [26] have developed machines capable
of conducting biaxial bending tests at ultrasonic frequencies.
As shown in Figure 19, the machine is very similar to the
three-point bending UFT machine. The only difference is
that a disc specimen and ring span are used. The disc UF
specimen is determined by only two parameters: the thick-
ness and the diameter. Therefore, with the target of reaching
a first-order natural frequency of 20 kHz for the biaxial
bending mode, the dimension of the specimen can be easily
derived by optimizing the thickness and diameter with the
FEA method. It is worth noting that Nikitin et al. [125] have
developed a theoretical method to determine the disc di-
mension and the stress components. The radius of the ring
bending span is determined by the location of the specimen
vibration node. Three centring pins were used to ensure that
the specimen was centered and removed before conducting
the ultrasonic test.
In this type of test, the specimen temperature rise is more

significant than the three-point bend UFT due to the larger
contact area between the specimen and the ring bending span.
Brugger et al. [26] used compressed cold air for specimen
cooling and an infrared camera for continuous monitoring of
the specimen temperature. After 2.5×106 cycles, the tem-
perature of the specimen increased by nearly 60°C. The drastic
temperature rise is a drawback of this type of UF model.

Figure 18 (Color online) (a) Schematic diagram of the fretting UFT machine; (b) the forces in the specimen during fretting fatigue FN is the normal contact
force and FQ is the friction force.
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3.6.2 Combined tension-torsion fatigue
The action of centrifugal force and high-speed airflow
blowing, coupled with the special twist shape of the blade,
make the combination of tension stress and torsion stress in
the blade. In 2016, Vieira et al. [27] developed a novel
multiaxial UFT machine capable of conducting combined
tension-torsion (CTT) tests at an ultrasonic frequency to the
VHCF regime. The successful development of this machine
involved two key issues. (1) The first one is the design of the
horn. The dimensions of the horn are designed based on the
wave equation for the longitudinal vibration of a variable-
section rod to propagate the axial vibration. An iterative
process was then performed on the horn with FEA methods
to transform a portion of the longitudinal waves into tor-
sional waves. The optimized horn has an overall tapered
shape and is machined with two sets of oblique slits re-
sponsible for generating ultrasonic torsional waves. The
degree of slanting of the oblique slits will significantly affect
the ratio of axial to torsional vibrations in the final output. (2)
The second is the specimen design. Different from the axial
tension UF and torsion UF specimens, the CTT-UF speci-
mens have a triple hourglass shape. The design idea of this
specimen is to make the specimen generate mixed axial
tensile and torsional vibration modes at 20 kHz by iterative
design with the FEA software. da Costa et al. [126] showed
that different tensile/shear stress ratios in the range of 0.35 to
0.8 can be achieved by optimizing the length of the end
parallel section, the length of the middle parallel section, and
the diameter of the second throat without changing the horn
dimensions.
Figure 20 shows a schematic diagram of the CTT-UFT

machine. As shown in Figure 20(b), the special horn is
capable of providing both axial vibration U and torsional

vibration θ. The CTT-UF specimen is excited by the horn to
produce axial and torsional vibrations with the same fre-
quency, and the two are superimposed together to form a
biaxial stress state. As can be seen from the color bands in
Figure 20(b), the maximum torsional angle and axial vibra-
tion amplitude occur at the upper and lower ends of the
specimen, and the maximum axial and shear stresses occur at
the main throat. As shown in Figure 20(c), two notches were
machined on the lower end of the specimen and the rotational
amplitude was measured by a two-channel POLYTEC vib-
rometer. The axial vibration amplitude at the end of the
specimen is estimated by the vibrometer. As shown in Figure
20(d), strain gauge rosettes are glued to the main throat of the
specimen to estimate the multiaxial strain state, and are
converted to stresses by generalized Hooke’s law. The re-
lationship between the output power vs. the principal stress
and shear stress needs to be calibrated before the test. In
addition, the relationship between the output power and the
tension-shear stress ratio also needs to be calibrated. Once
these relationships are established, the test can be conducted.

3.6.3 Combined tension-bending fatigue
Combined tension-bending (CTB) is the most typical stress
pattern for blade materials, which is attributed to the large
centrifugal forces caused by the high rotational speeds (tens
of thousands of rotations) and the bending forces caused by
high-speed airflow excitation during the service of the blade.
In the current stage, engineering designers generally use
bending vibration tests to obtain the bending vibration fati-
gue strength of the blade at R=−1 and then apply Haigh
diagram corrections to take into account the centrifugal force
(tension force) effects [4,127]. From a mechanical point of
view, this approach seems to be correct. This is because, for a

Figure 19 (Color online) (a) and (b) show the biaxial bending UFT machine, modified from [26]. Copyright©2017, Elsevier.
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slender blade, both tensile and bending loads generate nor-
mal stresses. However, many studies have demonstrated that
materials under CTB loads exhibit different deformation
behavior [2,128], crack propagation processes [129,130],
and failure modes [28,131] from those under single tension
or bending. It is worth stating that some studies have shown
that even specimens with the same material and dimensions
exhibit different fatigue strengths in tension and bending
[132]. In addition, gradient theory, volume theory, and
weakest link theory (Weibull theory) also indicate that the
effects of tension and bending on fatigue are not equivalent.
These findings have raised concerns among blade designers.
The necessity of developing a combined tension-bending
fatigue (CTBF) machine was proposed by Nicholas [4] back
in 2006.
The first reported combined tension-bending fatigue

(CTBF) tests date back to 1962 [133,134]. However, ma-
chines capable of conducting CTBF tests at 20 kHz have not
been reported until 2020 [28]. The CTB-UFT machine de-
veloped by Bao et al. [28] contains a universal testing ma-
chine, an ultrasonic component, and a tensile unit. The
tensile unit is fixed to the universal testing machine base and
the CTB-UF specimen is clamped at both ends. The axial
tensile load is applied through the bolt on the right side to
simulate the centrifugal load on the blade. The size of the
CTB-UF specimen has been specially designed to ensure that
it is excited to 20 kHz bending vibration when clamped at

both ends. Detailed information about CTB-UF specimen
design can be referred in ref. [135]. Figure 21(a) shows the
CTB-UFT machine developed by Zhao et al. [29]. A servo-
electric cylinder is used to provide the static bending load.
The ultrasonic component fixed at the end of the servo-
electric cylinder provides bending vibration at 20 kHz. A
hydraulic cylinder assembly arranged symmetrically in the
horizontal direction provides the tensile load. For a detailed
description of the machine, please refer to [29]. The same
specimen type as that of Bao is used. Since the CTB-UF
specimen is fixed at both ends during the test, it does not
produce a significant temperature rise as in the three-point
bending mode. The specimen temperature rise can be easily
controlled to below 20°C by compressing cold air or low
temperature nitrogen. Considering the complexity of CTB-
UFT, the author provides a detailed experimental procedure
for the reader’s reference (see Figure 21(b)). It is worth
stating that good agreement has been obtained between the
CTB-UFT test results of these two CTB-UFT machines for
the Ti-6Al-4V alloy. The axial tensile load does not sig-
nificantly affect the HCF and VHCF life of the material, but
has a significant effect on the location of fatigue crack in-
itiation. Compared with the three-point bending test, the
application of axial tension load reduced the stress gradient
in the specimen, resulting in a shift of the crack initiation
point to the interior of the specimen in CTB-UFT.
It is worth stating that in addition to the three multiaxial

Figure 20 (Color online) (a) Schematic diagram of the CTT-UFT machine; (b) the distribution of axial displacement U, axial stress, torsion angle θ, and
shear stress in the horn and specimen. The pentagrams mark the locations where the maximum axial and shear stresses occur; (c) shows the measurement of
torsion angle θ and axial amplitude U; (d) the calibration of the multiaxial stress in the main throat is conducted with triaxial 45° strain gauge rosettes.
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UFT machines focused on in this review, several novel
multiaxial UFT machines have been developed in recent
years to achieve biaxial tension and combined tension-shear
[136–139].

4 Variable amplitude and combined cycle fati-
gue

In addition to the different types of uniaxial/multiaxial fati-
gue described above, there are two typical fatigue modes in
blades. Variable amplitude (VA) fatigue is one of them and
almost all technical components operating in a vibrating
environment experience VA fatigue rather than constant
amplitude fatigue. The second type is combined cycle fatigue
(CCF). The variation of blade centrifugal force during ta-
keoff-landing of the aircraft leads to the axial LCF process,
while the high-frequency low-amplitude bending vibration
caused by the continuous airflow excitation leads to the HCF
and VHCF processes in the bending direction of the blade.
The superposition of the two triggers the CCF failure of the
blade material. The above fatigue failure modes have con-
tributed to the development of VA fatigue and CCF testing
techniques.

4.1 Variable amplitude (VA) loading

In the 1930s, researchers realized that the ideal CA load
could not fully replace the real service conditions of an en-
gineered component. The earliest studies of VA load date
back to 1938, when engineers working in aeronautics studied

the VA characteristics of in-service stress cycles [140]. In
1939, Gassner [141] presented the first VA loading sequence
for aerospace component testing. The earliest study of VA
loading in the VHCF regime dates back to 1986 when Stanzl
et al. [12] studied the VHCF performance of AISI C1020
steel under two Gaussian-distributed random loading se-
quences using ultrasonic equipment. The stress ratio R=−1
and the loading cycles range from 3×106 to 3×109 cycles. As
in Figure 22(a), the conventional UFT performs a pulse-
pause loading process where all the pulse-loading spectrum
blocks have the same stress amplitude. As shown in Figure
22(b), when executing the VA procedure, the ultrasonic
component varies the stress amplitude of the pulse-loading
spectrum blocks according to the predetermined VA se-
quence. In 2014, Mayer et al. [30] developed a VA-VHCF
test technique capable of superimposing static loads to per-
form VA tests at the ultrasonic frequency with R≠−1. As
shown in Figure 22(d), the ultrasonic component is fixed to
the frame of the MTS 810 servo-hydraulic system by a
highly rigid assembly to realize the superposition of ultra-
sonic fatigue load and static load. Mayer et al. [30] also
provided a test spectrum for VA-UFT performed at different
stress ratios R with this machine, as shown in Figure 22(c).
Both the stress ratio R and ultrasonic stress amplitude remain
constant during a pulse time, but both change in the next
pulse time according to the set program. VA-UFT is com-
puter-controlled and the main processes are: (1) Pre-tension
loading. Pre-tension values are determined by the computer
based on the specimen gauge section size, the stress ratio R,
and ultrasonic stress amplitude during the upcoming pulse
time. Pre-tension is applied in a ramped manner for a set

Figure 21 (Color online) (a) The CTB-UFT machine developed by the author [29]; (b) flow chart for conducting CTB-UFT [29]. Copyright©2021, IEEE.
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transition time tTransition. A settling time tSettle is set to prevent
overshoot of the load. The operating status of the static load
system and whether the load reaches the correct value are
checked by the computer during tSettle. (2) Ultrasonic stress
loading. After the pre-tension reaches the correct value, keep
the pre-tension constant while starting the ultrasonic pulse at
the set amplitude to excite the specimen to produce axial
resonance. Monitoring and control of the vibration amplitude
with the computer. (3) Measure all vibration amplitudes
during the pulse time tPulse and decay time tPause time. (4)
Finally, the acquired vibration amplitudes are classified into
categories of 0.1% width and counted. Repeat (1) to (4) until
all set loading procedures are completed. The results of VA-
VHCF tests conducted by Mayer et al. [30] on aluminum
alloy 2024-T351 at R=−1, 0.1, and 0.5 showed that using CA
or VA data from HCF to predict VA lifetime in VHCF can be
significantly biased. Although numerous studies have fo-
cused on the effect of VA on the HCF behavior of the ma-
terial. However, the effect of a large number of low
amplitude cycles in VA on the VHCF properties of the ma-
terial has not been fully understood yet, and it is necessary to
accumulate experimental data based on this type of machine.

4.2 Combined cycle fatigue

In general, fatigue caused by the superposition of low-fre-
quency loads on high-frequency loads can be referred to as
combined cyclic fatigue (CCF) [142,143]. It is worth stating
that European aircraft engine manufacturers and some re-
search institutes have launched the European PREMECCY

(PREdictive MEthods for the Combined CYcle fatigue in gas
turbines) program [65] in 2011 to enhance the CCF life
prediction methods for aircraft blade materials. Existing
studies have focused on CCF conducted using conventional
servo-hydraulic machines with loading cycles generally less
than 107 [144,145]. Studies on CCF based on electro-
magnetic resonance machines have been presented in Sub-
sbusection 2.2.1 of this paper, but limited by the test
frequency (generally close to 1000 Hz), the maximum
loading cycles generally do not exceed 108 [57]. In 2001,
Matikas [146] developed a novel machine to study the CCF
of materials. Similar to the machine in Figure 22, an ultra-
sonic component is integrated into the frame of a commercial
servo-hydraulic fatigue machine to achieve superposition of
LCF fatigue with HCF and even VHCF with maximum
loading cycles of up to 109–1012. The CCF test spectrum
specified in the European PREMCCY program [65] can be
imposed by this machine. In 2014–2016, Arcari et al. [147]
and Stanzl-Tschegg et al. [148,149] developed a CCF test
technique capable of superimposing VA loads (VA-CCF test
technique) based on the machine in Figure 22 at the Uni-
versity of Natural Resources and Life Sciences, Vienna,
BOKU. They superimposed low-frequency loads of different
waveforms (0.1–20 Hz) and CA/VA ultrasonic spectrum
blocks that represent real load spectrums experienced during
aircraft engine service due to gust, buffet, flutter, or other
types of vibration processes. Figure 23 shows several typical
VA-CCF test spectrums with ultrasonic spectrum blocks
superimposed on low-frequency loads [148,149]. A series of
experiments by Stanzl-Tschegg et al. [148,149] using the

Figure 22 (Color online) (a) Ultrasonic pulse spectrum block for CA loading; (b) ultrasonic pulse spectrum block with VA loading at R=−1; (c) ultrasonic
pulse spectrum block with VA loading at R≠−1; (d) UFT machines performing variable stress ratio VA loading [30]. Copyright©2014, Elsevier.
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above typical VA-CCF test spectrum on 7075-T651 alloy
showed that the interaction between loads has a significant
effect on the fatigue life and the presence of crack initiation-
expansion processes, with VA-CCF fatigue life is sig-
nificantly lower than that under CA. At present, experi-
mental data under VA-CCF are very scarce and still in the
data accumulation stage.
Although the interaction between LCF and VHCF can be

well investigated in the VHCF regime using the above-
mentioned machines. However, the CCF based on these
machines generally focuses on axial tension compression,
which is difficult to equate to the real service conditions of
the blade materials. In 2021, the author developed a machine
capable of conducting combined tension-bending CCF
(CTB-CCF) at ultrasonic frequency [2,29]. This machine is

capable of superimposing LCF in the tensile direction and
HCF/VHCF loads in the bending direction, which is closer to
the service conditions of the blade materials. Table 3 com-
pares the CCF machine developed by the authors with other
VA machines or CCF machines. As shown in Figure 24(a)
and (b), two hydraulic cylinder assemblies are symmetrically
installed in the horizontal direction of the machine, capable
of providing low-frequency axial tension-compression loads
in the frequency range of 0.1 to 50 Hz. A servo-electric cy-
linder assembly is mounted above the machine to provide
static bending loads. The ultrasonic component is connected
in series at the end of the servo-cylinder assembly to provide
ultrasonic bending excitation force. Two modes of the CCF
test spectrum were used, as shown in Figure 24(c). The
specimen designed by Wang et al. [135] was used during the

Figure 23 (Color online) (a)–(f) Typical VA-CCF test spectrums with ultrasonic spectrum blocks superimposed on the low-frequency curve [148,149].
Copyright©2015, Elsevier; Copyright©2016, Elsevier.

Table 3 Comparison of the CCF machine developed by the author with other VA machines or CCF machinesa)

Test actuator Reference Test frequency
(Hz) Test method Specimen type CA or VA CCF test

Electrohydraulic actuator +
shaker

Li et al. [57]
Hu et al. [55]
Han et al. [58]

1000, 5000, 80 CTB
Materials specimen,
blade-like specimen,
full-size blade com-

ponents
CA Yes

Electrohydraulic actuator +
ultrasonic Matikas [146] 20 k AT Materials specimen CA Yes

Electrohydraulic actuator +
ultrasonic Mayer et al. [30] 20 k AT Materials specimen VA Yes

Ultrasonic + electrodynamic
Actuator + manual Bao et al. [28] 20 k CTB Materials specimen CA No

Electrohydraulic actuator +
ultrasonic + electrodynamic

actuator
Zhao et al. [29]
(the author) 20 k CTB Materials specimen CA (VA Under

Development) Yes

a) CTB indicates combined tension-bending, AT indicates axial tension, CA indicates constant amplitude, VA indicates variable amplitude, and CCF indicates combined cycle
fatigue.
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test and was able to be excited to 20 kHz bending vibration in
the case of clamping at both ends. When executing the CCF
test spectrum for mode 1, the flow is: (1) The servo-cylinder
assembly of the machine is activated to apply bending pre-
contact to the specimen. Different from the three-point
bending UFT, since the specimen is fixed at both ends, only a
small pre-contact force (about a few N) needs to be applied to
ensure continuous contact between the bending tip and the
specimen surface during the test. (2) The servo-hydraulic
assembly of the machine is activated and a low-frequency
trapezoidal wave is applied in the axial direction of the
specimen in a force control mode according to a pre-set
program. The trapezoidal wave contains a rising phase, a
load-holding phase, and a falling phase. (3) The output of the
ultrasonic pulse spectrum block is triggered when the low-
frequency load reaches the load-holding value. The ampli-
tude of the ultrasonic pulse spectrum block is pre-set and
remains constant during each pulse time. (4) Repeat steps
(1)–(3) until the specimen breaks or reaches the run-out

cycle. When performing the CCF test spectrum in mode 2,
the flow is (1) Pre-contact, which is the same as mode 1. (2)
Activation of the servo-hydraulic and ultrasonic assemblies
to trigger the axial low-frequency trapezoidal wave and ul-
trasonic pulse spectrum blocks simultaneously until the
specimen breaks or reaches the run-out cycle. Note that the
possibility of superimposing axial low-frequency loads with
ultrasonic loads in the bending direction was found to be
based on an important prerequisite through experiments.
First, axial low-frequency loading does not significantly
change the resonant frequency of the specimen in the
bending direction [135]. Second, because the amplitude of
the ultrasonic pulse spectrum block is very small (about tens
of μm), it does not interfere with axial low-frequency loads.
In conclusion, no complex coupling effects occur between
the different loading axes [2]. It is worth noting that, ac-
cording to the author’s experience, when developing an axial
variable stress ratio VA-VHCF machine or CCF machine, a
booster with a rigid connection method should be selected

Figure 24 Shows (a) the test schematic of the machine and (b) the three-dimensional model of the machine [29]; (c) two modes of test spectrum used by the
author to conduct the CTB-CCF test. Copyright©2021, IEEE.
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(booster has three connection methods: rigid connection,
elastic pin connection, and elastic washer). Furthermore, a
highly rigid sleeve is used to connect the ultrasonic assembly
to the hydraulic loading frame, thus increasing the axial
stiffness of the axial load chain as much as possible.

5 Testing techniques in different environments

Blade materials are subjected to high-temperature and ex-
treme atmospheric conditions (humidity and corrosive en-
vironments) during service, and their performance is
significantly influenced by complex environmentally in-
duced chemical processes. The final challenge in the la-
boratory simulation of blade material service conditions is
the construction of complex environments, including high-
temperature, humidity, and corrosive environments.

5.1 High-temperature

The earliest high-temperature UFT machine was developed
by Yi et al. [31] in 2007. The induction heating device is
integrated with the axial tension UF machine for high-tem-
perature UFT purposes, as shown in Figure 25. In addition, to
avoid the adverse effect of high-temperature conduction to
the ultrasonic transducer, a full-wavelength rod is connected
between the horn end and the specimen, and the rod is cooled
by compressed cold air. For this type of machine, tempera-
ture control is a key point because the self-heating of the
specimen is superimposed with induction heating. It is now
common to use pulse-pause technology to avoid specimen
self-heating, and to use an infrared thermometer for real-time
monitoring and feedback of specimen temperature to achieve

closed-loop control of temperature. A different approach is
used by Cervellon et al. [150], who used a continuous
loading method that allows the co-existence of self-heating
and induction heating of the specimen. The temperature
stability of the specimen is maintained by adjusting the PID
closed-loop control parameters, which places higher de-
mands on the temperature control system. But obviously, this
approach has a higher loading efficiency. Specimen design is
another key point. Due to the significant effect of high
temperature on Young’s modulus of the material, the pre-
sence of a large temperature gradient along the axial direc-
tion of the specimen makes it impossible to treat the
specimen as a homogeneous material anymore. Thus the
control equation for the specimen is rewritten as [31]

U x t
x x A x E x U x t

x

u

( , ) + d
d [In ( ) + In ( )] ( , )

+ 2 = 0, (39)

2

2

2

where x is the position along the axial direction of the spe-
cimen, U(x,t) is the displacement, ρ is the density of the
material, and A(x) is the cross-sectional area of the specimen.
E(x) is position-dependent due to the temperature-induced
change in Young’s modulus. There are two additional steps
to be performed. The relationship between Young’s modulus
and the temperature of the specimen material is determined
by axial tensile testing, and the empirical formula E(T) is
obtained by polynomial fitting. Then, the temperature dis-
tribution T(x) in the axial direction of the specimen is mea-
sured using an infrared thermometer. The relationship E(x)
between the axial position of the specimen and Young’s
modulus is established by combining the empirical formula
E(T) with the temperature distribution curve T(x). After this
relationship is established, the dimensions of the specimen

Figure 25 (Color online) (a) and (b) show the schematic of the high-temperature UFT instrument (Adopted high-frequency induction heating method).
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can be obtained by eq. (39). Specimen dimensions can also
be obtained by FEA methods. Zhang et al. [151] provided a
simple method where specimens are designed based on
parameters at room temperature and then a suitable fre-
quency is achieved by reducing the end size.
However, the induction heating method has some pro-

blems that cannot be ignored. First, it leads to a large tem-
perature gradient (~400°C@1000°C [31]). The large
temperature gradient poses a challenge for specimen design.
The gradient variation of Young’s modulus of the specimen
material makes it no longer considered homogeneous
[31,152,153]. Furthermore, the coupling of temperature
gradients and high-frequency vibrations makes it difficult to
accurately evaluate the specimen stress. Second, the inherent
limitations of induction heating make the temperature range
of RT~300°C difficult to realize. However, the aircraft fan
blades and the front two stages of low-pressure compressor
blades are operating at this temperature. Third, this heating
form has a great limitation, it is only applicable to conductive
metals. Considering the above-mentioned problems, Schöne
et al. [154] and Zhao et al. [29] developed the UFT technique
in a high-temperature atmosphere. Figure 26 shows the high-
temperature UFT machine developed by Schöne et al. [154].
The machine consists of a hot air furnace and an ultrasonic
component. The airflow produced by the blower passes
through the heating element to form hot air. The hot air flows
over the specimen surface to realize the heating purpose. The
hot air is recovered by a closed-loop system. The thermo-
couple arranged around the specimen measures and feeds
back the specimen temperature, and the closed-loop control
of the specimen temperature is realized by the PID controller.
To avoid self-heating of the specimen, the pulse-pause
technique is used. To avoid temperature conduction upwards
along the ultrasonic component, the horn is cooled by

compressed cold air above the hot air furnace. Compared
with induction heating technology, this convection heating
technology can heat specimens of any material.
Figure 27 shows the high-temperature UFT machine de-

veloped by Zhao et al. [29]. As shown in Figure 27(a), the
machine consists of an ultrasonic module and a high-tem-
perature module. Eight silicon molybdenum rods create a
uniform high-temperature atmosphere (150°C–700°C)
around the specimen using thermal radiation. The K-type
thermocouple set close to the specimen measures and feed-
back the specimen temperature. The temperature controller
enables closed-loop control of temperature by adjusting the
voltage in the silicon molybdenum rod. The infrared thermal
camera is used to monitor the temperature distribution on the
specimen surface. The maximum temperature gradient in the
full-length direction of the specimen does not exceed 20°C at
700°C. This is almost negligible compared with the huge
temperature gradients caused by the induction heating
method. Therefore, high-temperature specimens can be de-
signed as homogenous materials. As shown in Figure 27(c),
the external flange of the special horn is connected to the
bellows flange of the high-temperature module with the end
extending into the high-temperature module. As shown in
Figure 27(d), the special horn is a full-wavelength cylindrical
rod. The special horn is equipped with complex flow chan-
nels inside and cooling sleeves at the displacement nodes.
During the test, the cooling sleeve is connected to the com-
pressed cold air circulation system to enable effective cool-
ing. To avoid self-heating of the specimen, the pulse-pause
technique is used during the test. It is worth stating that this
high-temperature module adopts the structural scheme of a
vacuum cavity-wrapped heating furnace, which can realize
high-temperature UFT under a vacuum environment or thin
air.

Figure 26 (Color online) (a) and (b) show a hot air furnace for high-temperature UFT [154]. (1) heating chamber, (2) heating element, (3) blower, (4)
thermocouple, (5) ultrasonic specimen, and (6) hot air nozzle. Copyright©2022, MDPI.
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5.2 Vacuum and humidity environment

To investigate the effect of humidity on the near-threshold
fatigue crack propagation of the material, Holper et al. [32]
developed a UFT machine, as shown in Figure 28(a). The
machine consists of a vacuum chamber and an ultrasonic
component. The vacuum chamber consists of a stainless steel
flange and a glass tube. A half-wavelength cylindrical rod is
connected to the lower end of the ultrasonic horn, and a
gasket is placed at the vibration node of the cylindrical rod to
seal the vacuum chamber. The vacuum is evacuated using a
mechanical pump and the vacuum level is monitored by a
vacuum gauge. The output amplitude of the horn end is
measured by a vibration meter. The sheet specimen with
notched edges as shown in Figure 28(a) is fixed at the upper
end of the half-wavelength cylindrical rod, and the lower end
is free to realize full reverse loading. Video equipment with a
magnifying lens is used for in situ measurement of the crack
length during the test, with a resolution of up to 7 μm. It is
worth noting that specimen cooling in a vacuum is a critical
issue. In laboratory air, even without any forced cooling, the
specimen temperature can be dissipated by air convection,
heat conduction, and radiation. While in a vacuum, the least

efficient radiation cooling remains the only way to dissipate
heat. Experiments by Geathers [155] in vacuum showed that
even if the temperature rise in UF specimens is less than
10°C, it takes 90 min in the vacuum to cool to room tem-
perature after stopping the loading. Therefore, only a smaller
pulse loading time can be employed to avoid the temperature
rise. Holper et al. [32] used a very short pulse loading time of

Figure 27 (a) High-temperature UFT machine developed by the author; (b) high-temperature module; (c) mounting relationship between special horn and
high-temperature modules. The special horn designed by the author is shown in the blue dashed line; (d) shows the complex internal flow path of the special
horn. The color bands on the right side indicate the temperature distribution T(x), the stress distribution σ(x), and the displacement distribution U(x) along the
length direction of the particular horn, respectively. (1) Ultrasonic module, (2) high-temperature module, (3) infrared thermal camera, (4) refrigerant tube, (5)
special horn, (6) silicon molybdenum rod, and (7) ultrasonic specimen.

Figure 28 The vacuum UFT machine developed by Holper et al.
[32,156]. (a) Test configuration at R=−1 [32]; (b) test configuration at
R≠−1 [156]. Copyright©2003, Elsevier; Copyright©2004, Elsevier.
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50 ms and a pause duration of 50–200 ms, which maintained
the specimen temperature below 30°C in a vacuum. In sub-
sequent work, Holper et al. [156] improved the machine to
achieve UFT in a vacuum and under different stress ratios.
As shown in Figure 28(b), a full-wavelength rod is added at
the lower end of the specimen to the original machine. A
gasket is placed at the vibration node at the upper end of the
rod to seal the vacuum chamber, and the vibration node at the
lower end is used to superimpose static loads. The test by
Holper et al. [32,156] in vacuum and laboratory air (la-
boratory air at 18%–22°C and 40%–60% relative humidity)
showed that humidity has a significant effect on the threshold
stress intensity and crack propagation rate of aluminum al-
loys. In laboratory air, humidity reacts chemically with the
newly formed surface of the crack tip, thereby reducing the
threshold stress intensity and accelerating crack growth.
Geathers et al. [33,155] combined ultrasonic components

with Philips XL30 ESEM to investigate the effect of dif-
ferent humidity on the crack propagation behavior of the
material. Figure 29 shows the UFT machine developed by
Geathers et al. [33,155], which consists of the ultrasonic
component, the five-degree-of-freedom (DOF) manual dis-
placement platform (McAllister Technical Services
MB1500), and the Philips XL30 ESEM. Water vapor is in-
troduced in the vacuumed ESEM chamber using a re-
circulation procedure to build a humidity environment.
Water vapor is produced by heating a flask containing water.
The specimen as shown in Figure 29 was used for the test.
Three micro-notches of 30 μm long and approximately
15 μm deep are machined in the central area of the gauge
section of each specimen using the FIB technique. The
spacing between the notches is 1 mm. To avoid temperature
rise in the vacuum, a pulse-pause ratio of 200 ms/3000 ms is
used. The studies of Geathers et al. [33,155] based on this
machine showed that the crack initiation time of Ti-6242S
specimens decreased and the crack propagation rate in-

creased with increasing water vapor pressure.

5.3 Corrosion environment

Schönbauer et al. [34] developed a novel machine to study
the corrosion effect on the VHCF behavior of the material.
As shown in Figure 30, the machine consists of an en-
vironmental simulation system and an axial UFT system. The
axial UFT system consists of an ultrasonic component and a
hydraulically loading frame. The ultrasonic component is
connected to a hydraulically loading frame to realize a stress
ratio range of −1 to 0.9. The environmental simulation sys-
tem is a water circulation loop containing a 35 L reservoir,
which consists of a solution reservoir, pump, test chamber,
and various sensors. The fatigue crack propagation specimen
as shown in Figure 30(b) is used. The specimen is a full
wavelength tube with two displacement nodes at which the
test chamber is connected. Schönbauer et al. [34,157] studied
the fatigue life and near-threshold fatigue crack propagation
of materials in different corrosive environments and at dif-
ferent stress ratios. The fatigue limits in air and degassed
pure water are higher than those in the presence of chlorides
and oxygen. However, the rate of near-threshold fatigue
crack propagation in aqueous solutions is reduced due to the
crack closure effect.
In addition to those reported in this review, several UFT

machines have been developed in different environments.
For example, low-temperature UFT machines [25,158], and
high-pressure UFT machines [25].

6 In situ monitoring techniques of VHCF da-
mage

The extremely short test time of the UFT machine and the
development of the pulse-pause technique make it possible

Figure 29 (Color online) In situ UFT machines for UFT in different gas environments [33,155]. Copyright©2014, Elsevier.
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to realize in situmonitors of VHCF damage during the entire
VHCF test. In situ UFT machines based on optical micro-
scopy (OM) [159,160] and scanning electron microscopy
(SEM) [33,155] have been developed, which are applicable
for the monitoring of surface crack initiation/expansion.
However, subsurface crack initiation is a major feature of
VHCF. When the crack appears inside the specimen, the
above device is no longer applicable. In situ techniques
capable of monitoring VHCF damage, both non-visualized
and visualized, have been developed. This part of the review
focuses on viable in situ testing techniques for monitoring
VHCF damage during UFT.

6.1 DCPD technology

The direct current potential drop (DCPD) method is an im-
portant method used to monitor crack initiation and propa-
gation in specimens [161]. The principle of DCPD is that the
initiation and propagation of cracks in a metal specimen
affect its resistance value, and the crack length can be de-
duced from the change in resistance value. DCPD shows
good applicability and high accuracy in high-temperature,
low-temperature, and corrosive environments. Therefore,
DCPD is widely used in conventional low-frequency fatigue
machines [162–166]. However, applying it to UFT is a
challenge. Connecting a DCPD machine to a high-frequency
vibrating load chain is difficult to achieve. Moreover, the
ultrasonic vibration signal has a large interference with the
DCPD signal. Müller and Sander [167] firstly developed the
DCPD method that can be used at the ultrasonic frequency.
As shown in Figure 31, a half-wavelength horn is connected
in series at the lower end of the specimen. The purpose of
that is to introduce a displacement node, which is necessary
for fatigue testing either at R=−1 or R≠−1. A DC power
supply is connected to the vibration nodes at the upper and

lower horns of the specimen via copper clamps. A dog-bone
specimen is used and the DCPD meter is attached to the
surface of the specimen at a distance of 5 mm from the gauge
center through narrow strips of self-adhesive copper films.
This connection has been proven to be feasible without notch
effects, and the additional mass introduced is negligible.
Moreover, the specimen vibration will not cause the falling
off or failure of copper films. The UFT is conducted with
pulse-pause, where the DCPD measurement program is
triggered during the pause, and the acquisition is stopped at
the pulse time. This approach effectively avoids the inter-
ference of ultrasonic vibration signals to DCPD signals.

6.2 Acoustic emission

The phenomenon of releasing strain energy in the form of
elastic waves when materials or components are deformed or
cracked during loading is called acoustic emission (AE). AE
technology is a technique for dynamic non-destructive test-
ing of materials or components using received acoustic
emission signals. The use of AE techniques in conventional
low-frequency fatigue tests is a wide interest topic in AE
research [168–172], but the application of AE methods in
UFT has rarely been reported [173]. This is because the
severe noise level of the UFT machine strongly interferes
with the AE frequency response, and this noise cannot be
suppressed by the cutoff or bandpass filters that most com-
mercial AE systems are equipped with. In 2021, Seleznev et
al. [174] developed an advanced AE technique applicable to
UFT. The broadband AE sensor PICO was attached to the
end of the ultrasonic horn. The AE system by Physical
Acoustics Corp. (USA) was used to acquire AE waveforms.
Real-time monitoring of output amplitude using a vibration
meter. Seleznev et al. [174] determined the fatigue damage of
the specimens effectively during UFT by the developed

Figure 30 (Color online) (a) Shows the schematic diagram of the environmental simulation system [34]; (b) shape and size of fatigue crack propagation
specimens. The blue pentagram shows the location of the displacement nodes, which are used to connect the test chambers. Copyright©2014, Elsevier.
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technique. As shown in Figure 32, all the noise generated by
resonance in AE was well filtered by adaptive STFT filter-
ing, which is a more efficient and robust technique than
resonance-based techniques.

6.3 Analysis of vibration properties

Analysis of vibration properties (AVP) is a method to assess
fatigue damage of a specimen by monitoring its vibration
properties [35], including methods based on nonlinear ul-
trasonic parameters, based on resonant frequencies, based on
eigenmodes, and so on. Several studies in the 1990s de-
monstrated the possibility of nonlinear ultrasonic assessment
of fatigue damage in materials [175–177]. The basic prin-
ciple of the nonlinear ultrasonic technique is that micro-
cracks generated during fatigue cause nonlinear distortions

in the transmission of ultrasonic waves in the specimen, re-
sulting in the second and higher harmonics of the funda-
mental frequency [178]. Studies by Kumar et al. [179,180]
further refined such methods and demonstrated that non-
linear analysis of ultrasonic vibrometer signals for the de-
tection of fatigue damage is feasible. The nonlinear
ultrasonic parameter β is determined during the test by
measuring the absolute amplitude of the fundamental dis-
placement and second harmonic displacement signals [181–
183]. The parameter βrel is used as the parameter to evaluate
the damage accumulation, βrel=β/β0 (β0 indicates the un-
damaged material state). Mayer et al. [184] developed a
high-precision vibration analysis system at Physics BOKU
Vienna to monitor the variation of the nonlinear ultrasonic
parameter βrel specifically. Figure 33(a)–(c) shows the var-
iation of βrel during the UFT of 2024-T351 aluminum alloy.

Figure 31 (a) Photograph and (b) schematic diagram of the DCPD technique applied in UFT [167]. Copyright©2013, Elsevier.

Figure 32 (Color online) Flowchart of the processing algorithm for analyzing the continuous AE signal [174]. Copyright©2021, Elsevier.
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There was almost no change in βrel before crack initiation,
while a significant change in βrel was observed before spe-
cimen failure. There is another novel method of in situ da-
mage monitoring based on resonant frequency changes. The
basic principle is that crack initiation and expansion lead to a
stiffness reduction of the specimen and, thus a decrease in
resonant frequency. The use of this method places higher
demands on specimen temperature rise control, as even a low
temperature rise of 0.4°C was shown to cause a frequency
increase of 4 Hz. Mayer et al. [184] compared these two
methods in an experiment conducted on 2024-T351 alumi-
num alloy. As shown in Figure 33(a)–(c), significant changes
in the nonlinear ultrasonic parameters βrel and resonant fre-
quency associated with fatigue damage were monitored
during the UFT. Figure 33(d) and (e) show the results of in
situ monitoring of the aluminum-silicon alloy DISPAL®
S232 by Fitzka et al. [185], where Δσ/2 is 259 MPa and
162 MPa, respectively, and the stress ratio R=−1. At different
stress levels, the resonant frequency of the specimen exhibits
the same trend, i.e., a continuous decreasing trend. The fre-
quency fluctuation in Figure 33(d) is caused by the room
temperature variation. In general, βrel also exhibits a con-
tinuous rise and no stabilization phase. Both parameters to-
gether prove the fact that even in the VHCF stage, the fatigue
damage of the aluminum-silicon alloy DISPAL®S232 is a
complete crack propagation without a crack initiation stage.
It is worth stating that βrel is more sensitive to crack initiation
and propagation compared with resonant frequencies
[179,180].
In addition to the two types of vibration properties analysis

methods mentioned above, Heinz et al. [186] provided a
novel idea. Using a 3D laser scanning vibrometer (3D-SLV)
by Polytec, Germany, three independent He-Ne laser heads
are used to measure the oscillation velocity of the specimen
surface in three orthogonal directions during the UFT pro-
cess. As shown in Figure 34, the velocity distribution of the
fatigue specimen in the Y-direction shows an asymmetric
process due to the fatigue crack propagation and the change
in oscillatory behavior. In addition, the inhomogeneous
distribution of velocities in the X-direction locates the region
where fatigue failure eventually occurs. This novel method
allows for monitoring the eigenmodes of the specimen in
different fatigue states and, thus, quickly locating fatigue
damage areas.

Figure 33 (Color online) (a)–(c) Variation of nonlinear ultrasonic parameters βrel and resonant frequency during UFT of 2024-T351 aluminum alloy [184];
Copyright©2013, Elsevier. (d) and (e) show the results of in situ monitoring of the aluminum-silicon alloy DISPAL® S232 [185]. Copyright©2014, Wiley.

Figure 34 (Color online) Velocity amplitude distribution along the (a) Y-
direction and the (b) X-direction of the gauge section of the UF specimen
[186]. Copyright©2013, Elsevier.
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6.4 Infrared thermal imager

The fatigue thermography method (also known as the Risi-
tano method) is a method developed by Curti et al. [11] in
1986 for the rapid determination of fatigue limits of materials
based on thermal imaging. This part of the review focuses on
the application of infrared thermography as an in situ mon-
itoring method in UFT, and the reader should be careful to
distinguish the difference between the two. During the fati-
gue test, the evolution of the specimen’s temperature can be
divided into three stages [187–190]. Due to the presence of
internal damping of the material, the temperature rise is in-
evitable at the beginning of fatigue loading [191]. The
temperature will continue to increase until the value of heat
conduction and natural heat dissipation is equal to the heat
generated by the specimen [189], at which point the tem-
perature value tends to stabilize. Subsequently, with the ac-
cumulation of microplasticity and the appearance of small
cracks, the friction on the crack surface and the consumption
of plastic work lead to a dramatic temperature rise [192].
Considering this, a large number of researchers have already
applied infrared thermography for in situ monitoring of fa-
tigue damage and crack initiation in materials [192–195]. In
2006, Xue et al. [193] conducted an early study by infrared
thermography to in situ characterize the fatigue damage ac-
cumulated in steel (AISI 52100 and 42CD4) and cast iron
(GS51) during UFT. During the steady loading stage, the
maximum temperature region appears at the center gauge
section due to the highest stress level there. Although the

temperature distribution was not uniform here, no abrupt
local temperature changes were observed. When the cracks
sprouted, a distinct local temperature rise region was ob-
served and the region expanded rapidly in a relatively short
time period. This study shows that it seems feasible to de-
termine the timing and location of crack initiation by in situ
monitoring of specimen temperature changes with a high-
resolution infrared thermography. Naoe et al. [195] studied
the in situUF behavior of 316L using infrared thermography.
As shown in Figure 35(a), the temperature distribution in the
specimen is measured in real time using an infrared ther-
mography. As shown in Figure 35(b), a significant local
temperature rise of the UF specimen was captured before the
fracture of the UF specimen. The number of cracks and the
crack location shown in the micrographs are almost con-
sistent with the area of significant local temperature rise (as
shown in Figure 35(c)). As shown in Figure 36, the study
using notched plate specimens further confirms that the
significant localized temperature rise for fatigue failure is
attributed to crack initiation and propagation, and that the
highest temperature point occurs at the tip of the crack.
In situ monitoring with single infrared thermography has

two potential drawbacks. First, for conventional circular rod
UF specimens, cracks appear randomly in the highly stressed
volume within their gauge section. If the crack initiation
point appears on the other side of the infrared thermography,
it may lead to a delayed appearance of the local temperature
rise, which may trigger a misjudgment of the crack initiation
timing. Moreover, it seems infeasible to determine the lo-

Figure 35 (Color online) (a) UFT machine based on infrared thermography for in situ monitoring [195]; (b) temperature distribution on the surface of the
specimen, modified from [195]. (c) fatigue cracks on the surface of the specimen captured by a digital microscope [195]. Copyright©2018, Elsevier.
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cation of the crack initiation point based on one infrared
thermography. It is necessary to arrange at least three in-
frared thermography in the circumferential direction of the
specimen. But this is unacceptable from a cost perspective.
To address these issues, Krewerth et al. [194] developed a
full surface view in situ infrared thermography system. As
shown in Figure 37, the system employs infrared thermo-
graphy and two mirrors. The mirrors are made of ground and
polished aluminum sheets (AlMgSi1, EN AW 6082). The
mirrors are arranged at an angle of 45° toward the infrared
thermography. During the test, the front side of the specimen
is monitored directly by infrared thermography and the back
side of the specimen is monitored indirectly by two mirrors.
Figure 37(c) shows the different sizes of heat sources iden-
tified by direct and indirect thermography. The crack initia-
tion point identified by visual illustration matched well with
the final fracture location. Compared with conventional in-

frared thermography-based methods, this system can de-
termine the crack initiation time more accurately, and can
precisely locate the crack initiation location.

6.5 X-ray CT

X-ray computed tomography (X-ray CT) is a non-destructive
method for the three-dimensional (3D) measurement of
structures. The evolution of the structure over time is mon-
itored by repeated image acquisition extensions [196].
Therefore, it is becoming an emerging method to investigate
the damage accumulation, crack initiation, and propagation
during the fatigue of materials [197–202]. X-ray CT is based
on a series of digital radiographs captured with high spatial
resolution. Between each photograph, the specimen is ro-
tated by a small angular increment. Images are typically
created with parallel beam, fan beam, or cone beam illumi-
nation. Image contrast is produced in the specimen by
changes in attenuation. For phase contrast imaging, the im-
age contrast is produced by the change in the refractive in-
dex. Generally, a projected photograph is taken over a 180°
rotation angle, and then a 3D image with varying contrast is
mathematically reconstructed.
The earliest in situ UFT conducted with X-ray CT dates

back to 2008 [197]. Liu et al. [197] developed a portable
UFT machine integrated into the Advanced Photon Source
(APS) 32-ID synchrotron X-ray system at Argonne National
Laboratory to conduct in situ X-ray CT for the fatigue crack
propagation process. The portable UFT machine is mounted
on a rotating positioning platform as shown in Figure 38. A
combined specimen is used, where the carrier specimen is
made of Ti-6Al-4V alloy and is designed to have a long-
itudinal vibration frequency of 20 kHz. Edge-notched mi-
croscopic specimen with a thickness of 140–170 μm is fixed
on the carrier specimen to achieve UF load transfer. These
microscopic specimens are thin enough to allow for at-

Figure 36 (Color online) (a)–(f) The temperature distribution on the
surface of the notched plate specimen [195]. Copyright©2018, Elsevier.

Figure 37 (Color online) (a) Schematic diagram of the full surface view in situ infrared thermography system; (b) experimental configuration for full
surface view in situ infrared thermography during UFT [194]; (c) fracture morphology and representative full-surface thermal image of the specimen,
modified from [194]. Copyright©2015, Elsevier.
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tenuation-free dynamic imaging in transmission using co-
herent, high-brightness X-rays. A 2 mm through-hole is
provided in the middle of the carrier specimen to allow the
penetration of the X-ray beam. This combination allows the
carrier specimen to be used multiple times without failure.
Preliminary tests based on this system proved that the system
can successfully capture three-dimensional information
about compositional segregation, microstructure, fracture
topography, and fatigue crack propagation of the nickel-
based single-crystal superalloy CMSX-4 [197,198].
In a recent study, Messager et al. [200] developed a novel

in situ synchrotron UFT system. As shown in Figure 39(a)
and (b), the system contains a UF module, static load mod-
ule, and in situ monitoring module. The UF module is con-
nected to the static load module by a vibrating node at the
horn and a convex shoulder at the end of the specimen to
keep the cracks open by applying a static load during ima-
ging. The static load module and the in situ monitoring
module are mounted on the rotating platform of the syn-
chrotron to enable rotation around the loading axis. The in
situ monitoring module mainly contains a synchrotron CT
device, an infrared thermography camera, and a crack de-
tection device based on FFT real-time analysis. To prevent
the loss of the CT view, a polymethylmethacrylate (PMMA)
tube is mounted on the sleeve holding the UF module.
Multiple in situ monitoring processes based on the system
are provided: (1) Start UF module for full reverse UFT in
continuous loading mode. The temperature distribution of
the specimen surface is monitored in real-time using an in-
frared thermography camera, and the crack initiation time is

monitored in real-time using FFT analysis. Once the crack
initiation is monitored, the loading process is quickly ter-
minated. (2) CTand 3D reconstruction of cracks. Perform the
load pulse-pause procedure shown in Figure 39(d) at this
step. A static load of 80% of the cyclic stress amplitude is
applied to keep the cracks open during the ultrasonic pause
time, and the specimens are tomographed at the gauge vo-
lume. It takes about 20 min to rebuild the complete volume.
Figure 39(c) shows the 3D rendering results of the internal
defects and internal cracks of the specimen after different
loading cycles. The system demonstrates significant ad-
vantages. Capable of automatically monitoring the initiation
of small cracks in real-time, and able to perform three-di-
mensional reconstruction of cracks by a synchrotron. With
the continuous development and improvement of in situ
monitoring technology, the development of UFT technology
based on multiple in situ imaging will be the future devel-
opment direction.

6.6 Comparison of VHCF damagein situ monitoring
techniques

In general, research on in situ monitoring techniques has
increased in recent years. It has become a trend to pair UF
testing with one or more in situ monitoring techniques to
better understand the VHCF crack initiation and propagation
behavior of the material. Table 4 compares the advantages
and disadvantages of OM, SEM, DCPD, AE, AVP, Infrared
thermal imager, and X-ray CT techniques.

Figure 38 (Color online) (a) Schematic diagram and (b) photogram of in situ UFT using synchrotron X-rays, modified from [198]. Copyright©2011,
Elsevier.
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7 Key issues in ultrasonic fatigue testing

7.1 Estimation of specimen stress

The stress estimation of UF specimens is a key issue in UFT,
which is directly related to the accuracy of UFT data. Ac-
curate estimation of stress at such high frequencies is not
easy, and four possible approaches are available. (1) The
strain gauges are attached to the gauge section of the spe-
cimen to obtain the strain and the measured strain is con-
verted to stress by Hooke’s law [18,26,27]. The specimen is
loaded with low-stress amplitude to obtain purely elastic
deformation as far as possible, ignoring the possible plasti-
city. Although the strain gauge-based method has the highest
accuracy, the strain gauges may accumulate damage or even
fall off or fail during the stress estimation process. (2) The
vibration amplitude at the end of the specimen is measured
using a laser Doppler vibrometer or an induction coil as-
sembly, and the stress amplitude of the gauge section is
calculated by combining the stress displacement coefficients
derived from FEA or theoretical methods [18,25,200]. It is
worth stating that this is the most widely used method of
stress estimation and is applicable for any shape and size of

UF specimen. (3) Stress estimation method based on X-ray
diffraction [201].(4) Stress estimation method based on 3D
laser scanning vibrometer [186]. This method shows great
advantages for stress estimation in orthotropic anisotropic
composites. A study by Jacquemain et al. [205] showed that
the uncertainties of the previous three stress estimation
methods were 3%, 3.2%, and 10%, respectively.

7.2 Specimen heating

Different from testing at conventional frequencies, the
heating of the specimen at ultrasonic frequencies is a pro-
blem that should not be ignored. In general, specimen heat-
ing under cyclic loading is caused by the internal damping of
the material. The specimen heating depends on the material,
test frequency, and stress level [193]. Weakening of the
strength and microstructure changes (e.g., precipitate coar-
sening and grain growth) of the material due to heating may
affect fatigue performance. To address this temperature in-
crease, there are three possible methods. (1) The UFT is
usually operating in pulsed pause mode, with specimens
cooling off during the pause time. But it is worth stating that

Figure 39 (Color online) (a) Photogram and (b) schematic diagram of the novel in situ synchrotron UFT machine [200]; (c) 3D rendering of internal defects
and internal cracks in the specimen after different load cycles, modified from [200]; (d) loading procedure during tomography [200]. Copyright©2020, Wiley.
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the effect of the pulse-pause technique, the most widely used
cooling technique, on the fatigue life of materials is highly
controversial [150,206–208]. Sun et al. [208] showed that the
pulse-pause technique significantly affects the lifetime of the
material. However, Cervellon et al. [150] reached a different
result on this. Given that the temperature rise is related to
various factors such as material and stress levels, and different
pulse-pause ratios have been used in different studies. Even,
different pulse-pause ratios were set for different stress levels

in one study [209]. An in-depth study of the effect mechanism
on the fatigue life of the material is urgently needed. (2)
Cooling by compressed cold air, low-temperature nitrogen,
etc., to avoid such specimen heating. In general, a tem-pera-
ture rise below 40°C is considered to not affect the experi-
mental results [193]. (3) Reduction of heating is achieved by
using small-size thin-plate specimens or by optimizing the
specimen geometry [210]. The available techniques that are
feasible for specimen cooling are summarized in Table 5.

Table 4 Comparison of VHCF damage in situ monitoring techniquesa)

In situ monitoring
techniques Principle Advantages Disadvantages Reference

OM
Capture microscopic images

of the specimen surface damage
by optical magnification

Non-contact
Visualization

Cheap equipment
Easy operation

Determine the location of crack initiation
Determine the crack length and

number of cycles
Identifying crack propagation

modes
High sensitivity*

Cannot monitor internal cracks
Need close to the specimen
Need to determine the crack

location in advance
Need to interrupt UFT

[159]

SEM

The surface of the specimen is
scanned using a high-energy elec-
tron beam and the detector captures
the excitation information to pro-
duce a grayscale image of the

surface damage

Non-contact
Visualization

Determine the location of crack initiation
Determine the crack length and

number of cycles
Identifying crack propagation modes

High sensitivity*

Cannot monitor internal cracks
Equipment is expensive and SEM

needs to be modified to
accommodate UFT

Need to determine the crack
location in advance
Need to interrupt UFT

[33,155,203]

DCPD
Monitor the voltage at the gauge
section of the specimen and reflect
the damage level of the specimen

by the DC voltage drop

Can detect internal cracks
Identifying the crack initiation time
Determine the crack length and

number of cycles
Identifying crack propagation modes

medium sensitive*

Difficulty in contacting high-
frequency vibrating specimens

Scattering due to contact
Need to interrupt UFT

[167]

AE
Monitoring the damage level of a
specimen by receiving and analyz-
ing the acoustic emission signal

from the specimen

Can detect internal cracks
Identifying the crack initiation time

Determine the crack length and number of
cycles

Identifying crack propagation modes
No need to interrupt the test

High sensitivity*

Difficulty in background noise
suppression [174]

AVP
Damage monitoring through ana-
lysis of specimen vibration char-

acteristics

Can detect internal cracks
Identifying the crack initiation time

No need to interrupt the test
medium sensitive*

Difficulty in determining crack
length and number of cycles
Difficulty in identifying crack

propagation modes
Sensitive to specimen temperature rise

[178–186]

Infrared thermal
imager

Capture the time, location and
extent of damage by temperature
changes within the gauge section of

the specimen

Non-contact
Visualization

Determine the location of crack initiation
Can detect internal cracks

Identifying the crack initiation time
Determine the crack length and

number of cycles

Difficulty in identifying
crack propagation modes

Poor sensitivity*
[192–195]

X-ray CT
X-ray penetration of the specimen,
imaging through the detector, re-
constructing the damage pattern of

the specimen

Non-contact
Visualization

Determine the location of crack initiation
Can detect internal cracks

Crack morphology reconstruction

Expensive equipment,
restricted access
Medium sensitive*

Need to interrupt UFT

[197–200]

a) *The length of identifiable cracks of several microns to 10 microns is considered to be highly sensitive, the length of identifiable cracks of 10 microns to 100 microns is
considered to be medium sensitive, and the length of identifiable cracks above 100 microns is considered to be poor. For more information refer to the ref. [204].
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Table 5 Temperature rise and cooling method used as reported in ultrasonic fatigue testing

Load type Test environment Materials Stress ratio R Reported tempera-
ture rise (°C) Cooling method Reference

Axial tension-
compression/
tension-tension

laboratory air Ti-6Al-4V −1, −0.5, −0.1, 0.1,
0.5 — Compressed cold air Liu et al. [211]

(2015)

laboratory air Ti-8Al-1Mo-1V −1, 0.1, 0.5 12–16 Compressed cold air Yang et al. [212]
(2017)

laboratory air Wrought and AM
Inconel 718 −1 <30 Pulse-pause

technique
Muhammad et al.
[213] (2021)

laboratory air
VR434GI96/EPI-
KOTE 04,434
(Glass/Epoxy)

0.1 5 Pulse-pause
technique

Flore et al. [214]
(2017)

laboratory air GF30/PA66 (Glass/
Polyamide) −1 <10

Pulse-pause
technique + Peltier
cooling device

Lee et al. [215]
(2019)

1000°C PWA 1484 −1 <3 Pulse-pause
technique Yi et al. [31] (2007)

650°C, 1000°C 12Cr-2W, CMSX-4,
TMS138A −1, 0 <5 Pulse-pause

technique
Furuya et al. [216]

(2012)

750°C, 850°C DZ125 −1 <5 Pulse-pause
technique

Zhao et al. [209]
(2020)

Three-point bending

laboratory air TiAl alloy 0.5 — Compressed cold air Xue et al. [21]
(2007)

laboratory air Ti-6Al-4V 0.4 ~70 Sprayer with
compressed air

Wang et al. [131]
(2021)

laboratory air
CF-PPS (Carbon/
Polyphenylene sul-

fide)
0.29–0.49 5–20 Pulse-pause

technique
Backe et al. [91]

(2015)

laboratory air

CF-PPS (Carbon/
Polyphenylene sul-

fide)
CF-EP (Carbon/

Epoxy)

0.05–0.51 <20 Pulse-pause
technique

Weibel et al. [94]
(2017)

laboratory air T300/ YPH-160 0.4 —
Compressed cold
air-liquid nitrogen
composite refrigera-

tion method

Ding and Cheng [95]
(2021)

Cantilever bending
laboratory air TC17 Titanium Al-

loy −1 — Low-temperature
nitrogen

Jiao et al. [101]
(2016)

laboratory air Ti-6Al-4V −1 <5 Compressed cold air Yang et al. [23]
(2022)

Torsion

laboratory air VDSiCr spring steel 0.1, 0.35, 0.5 <5
Pulse-pause techni-
que + Compressed

cold air
Mayer et al. [105]

(2015)

laboratory air 38MnV5S −1 <3 Compressed cold air Marinesgarcia et al.
[109] (2007)

laboratory air 50CrV4 and
16MnCr5 −1 —

The continuous flow
of water charged
with an inhibitor
against corrosion

Petit et al. [110]
(2021)

Fretting
laboratory air GCr15 −1 — Compressed cold air Teng et al. [119]

(2019)

laboratory air FV520B −1 — Greenhouse water Song et al. [100]
(2016)

Biaxial bending laboratory air AlSi7Cu05Mg03 T7 0.1 40–60 Compressed
cold air

Brugger et al. [26]
(2017)

Combined
tension-torsion laboratory air N 13262 + A1 metal 0.57 <30 Pulse-pause

technique
Reis et al. [217]

(2020)

Combined tension-
bending

laboratory air Ti-6Al-4V 0.4 — Compressed cold air Wang et al. [131]
(2021)

laboratory air Ti-6Al-4V 0.4 — Low-temperature
nitrogen

Zhao et al. [29]
(2021)
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7.3 Frequency effect

The aviation gas turbine engine blade is subjected to vibra-
tion loads in the range of several thousand Hz during service,
while the UFT technology, an accelerated test technique,
operates at 20 kHz and uses extremely small specimen sizes.
A natural question is whether the data obtained by UFT can
be used to assess the fatigue performance of blade materials
in service. A key issue with the availability of UFT data is the
frequency effect. Strain rate and environmental effects are
considered to be the main causes of frequency effects in UFT
[218]. Frequency effects may occur for highly ductile and
strain-rate sensitive materials or for time-dependent pro-
cesses. In general, the frequency effect of materials with a
body-centered cubic lattice (BCC) is explained by the strain
rate sensitivity. For metals with face-centered cubic lattices
(FCC), the frequency effects are explained by environmental
effects [218,219]. It is worth stating that the fatigue prop-
erties of the material are influenced by multiple factors
coupled. Therefore, other fictitious effects introduced due to
the test procedure should be excluded before investigating
frequency effects [4,18], such as the effects of the specimen
shape and size, the effects of temperature rise, and the effects
of load type. Significant frequency effects due to strain rate
sensitivity have been found in BCC materials such as an-
nealed cp tantalum [220,221], low carbon steel [35,222], and
medium carbon ferritic steel [35,223]. In this case, UFT
generally obtains a higher fatigue life, which is mainly at-
tributed to the greater yield strength due to the increased
strain rate. While for FCC materials such as aluminum alloys
[18,32,35,219], high-strength steels [224], titanium alloys
[5,225], and nickel alloys [226], environment-related fre-
quency effects have been reported, which correspond to
surface crack initiation cases. For subsurface crack initiation,
environmental effects no longer work. Therefore, none of the
above materials exhibited frequency effects [225,227–229].
A typical example is that for aluminum alloys 2024-T3 and
7075 [32], higher crack propagation rates at lower fre-
quencies were observed in ambient air, which did not occur
in vacuum. It is worth noting that data on the frequency
effects of blade materials in the VHCF regime are still in the
accumulation stage. Limited by the length of the article,
more information about frequency effects can be found in
recent important literature [230].

7.4 Size effect

Another key issue in UFT is the size effect, which here refers
to the potential effect on fatigue performance due to differ-
ences in UF specimen size and shape from the actual blade.
On this issue, some existing theories can address it well, for
example, high-stress volume [231], weakest link theory
[232–234], critical defect method [235,236], etc.

In 1961, Kuguel introduced the concept of high-stress
volume VΞ [231]. VΞ refers to the volume of material sub-
jected to a stress higher than Ξ times the maximum stress in
the part or specimen under investigation. Typically, 90 or 95
percent volume is used. In the original article, Kuguel [231]
pointed out the power-law correlation between the fatigue
strength σlim of the material and the high-stress volume VΞ.
For internal crack initiation within the VHCF regime, the
above relationship is applicable. For most cases of surface
crack initiation, the concept of high-stress surface area AΞ is
considered [237–240]. Based on the above relations, some
questions about geometric size effects can be well answered
[232,241,242]. In general, the fatigue strength σlim decreases
as the specimen size increases [243–246]. For more in-
formation on high stress volumes refer to the review by Jeddi
and Palin-Luc [247]. The weakest link theory [232,233] can
also provide a good answer to the size effect. In addition, the
critical defect method has also proven to be effective
[235,236]. Zhu et al. [248] introduced the weakest link the-
ory and the critical defect method in detail in their review and
compared the two. Readers who are interested in this can
refer to the literature [248], which will not be repeated in this
paper. The details of the size effect cannot be described in
this paper due to the limitation of length, more information
on this topic can be found in the following important special
topics reviews [248,249].
To study the size effect, specimens with different geo-

metric dimensions [250] or different geometric types
[246,251–254] are generally used. For example, hourglass,
dogbone, and Gaussian specimens [253]. The basic idea is to
construct different risk volumes by the selection of specimen
size and specimen type. In general, the Gaussian specimen
has a significantly larger risk volume, followed by the dog-
bone type, and the hourglass type has the smallest. It is worth
stating that when focusing on size effects, the interference of
other factors, such as frequency effects, should be avoided to
be introduced during the test. Unless the frequency effect is
known without significant effect on the material under in-
vestigation.

8 Future trends

During the past 20 years, UFT technology has been rapidly
developed. Existing UFT apparatus has been equipped with
rich functional modes, which can meet the VHCF test of
structural materials in aerospace, rail transportation, and
nuclear industry better. In the author’s opinion, for further
development of UFT technology, more research needs to be
invested in the following aspects in the next 10–20 years.
(1) Develop standardized ultrasonic fatigue testing meth-

ods based on consensus among researchers. Although a
standard has been developed for UFT [255], this standard
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only covers axial tension and torsion and does not apply to
other load types. Therefore, when developing a standardized
method, all load types should be included, and factors such
as specimen size, setting of pulse-pause ratio, specimen
temperature rise, and stress estimation also need to be
carefully considered.
(2) In-depth investigation of frequency effects. Some stu-

dies have been reported on the effect of loading frequency on
the fatigue life of blade materials in the VHCF regime, but it
is still at the data accumulation stage. The frequency effects,
especially frequency effects in different environments, need
to receive continuous attention. It is worth noting that the
introduction of potential influences such as geometric size
effect, load size effect, and temperature rise effect should be
avoided as much as possible when studying frequency ef-
fects.
(3) Further development of multiaxial loading technology.

Multiaxial UFT technology is a novel technology developed
in recent years, the multiaxial VHCF data of blade materials
are still very scarce, and the effect pattern of multiaxial stress
on the VHCF behavior of blade materials needs to be further
revealed.
(4) Further development of variable amplitude (VA)

loading technology and CCF testing technology. Further
development of VA technology, the multiaxial CCF (such as
the CTB-CCF technology proposed by the author) technol-
ogy, VA-CCF technology, etc. The development of these
techniques will provide the possibility for fatigue life testing
of blade materials close to the real service spectrum.
(5) Development of advanced in situ monitoring techni-

ques for VHCF damage. Development of advanced in situ
monitoring methods to investigate the formation and evo-
lution of crack initiation and initial propagation processes in
VHCF, especially in the fine grain area (FGA) crack initia-
tion features in the tens of μm range. For example, the de-
velopment of advanced in situ techniques such as micro-CT,
Nano CT, neutron diffraction applicable to UFT, and even the
coupling of multi-modal in situ monitoring techniques
[256,257].

9 Summary

The demand for very-high-cycle fatigue (VHCF) testing of
aviation gas turbine engine blade materials under complex
loads and extreme environments up to 1010 cycles has sti-
mulated the development of VHCF machines and technol-
ogies. This paper systematically compares several feasible
VHCF testing techniques and comprehensively reviews new
advances in UFT technology in terms of mechanical loading,
environment construction, and in situ characterization. Key
issues in UFT are highlighted, followed by future trends in
this field. The following important conclusions can be

drawn.
(1) Several existing viable VHCF testing techniques are

introduced and compared in this paper, including the rotation
bending technique, electromagnetic/electrohydraulic re-
sonance technique, vibration-based technique, and UFT
technique. After a comprehensive comparison, the UFT
technique operating in the 20 kHz range is considered the
most suitable technique to study the VHCF properties of
blade materials.
(2) New features and methods of UFT technology are

systematically presented for mechanical loading, including
axial tension, three-point bending, cantilever bending, tor-
sion, fretting, and multiaxial fatigue. In addition, the variable
amplitude (VA) loading technique, and the combined cyclic
fatigue (CCF) technique, which have been actively devel-
oped in the last decade, are also reported.
(3) UFT technology is reported for different environments,

including high-temperature, humidity, and corrosive en-
vironments.
(4) The development of in situ monitoring techniques that

can be used in conjunction with UFT machines is also re-
viewed, which creates the conditions for real-time monitor-
ing of VHCF damage in blade materials. Finally, several key
issues existing in UFT technology are summarized.
(5) Several key issues in the UFT technique are summar-

ized, including specimen stress estimation, specimen heat-
ing, frequency effects, and size effects.
(6) In addition, the future trends of the UFT technique in

the next 10–20 years are proposed, which are of some re-
ference value to researchers and engineering designers in this
field.
Although the author has attempted to write a compact re-

view, the wealth of testing techniques has greatly increased
the length of the article. Studies on the fatigue mechanisms
of materials are beyond the scope of this paper, and the
reader can refer to some important reviews in recent years.
Although this paper starts with the testing of aircraft blade
materials, all the techniques reported in this paper are also
applicable to metallic materials and most composite mate-
rials. It is worth stating that the author briefly describes the
application of UFT in typical blade materials, titanium alloys
and nickel-based superalloys in the Supplementary File.
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