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In view of the early fatigue damage of high-strength steel FV520B, a nonlinear ultrasonic detection was performed on two types of
fatigue samples using nonlinear Lamb waves. .e experimental results indicated that the ultrasonic nonlinear parameter is highly
sensitive to early fatigue damage in high-strength FV520B. For plate specimens, the ultrasonic nonlinear parameter increased with
the number of fatigue cycles. Scanning electron microscopy (SEM) observations of the fatigue specimens revealed that as the
number of fatigue cycles increased, the microstructure of the material gradually deteriorated, and the ultrasonic nonlinear
parameter increased. For notched specimens, the ultrasonic nonlinear parameter increased as the size of the main crack increased.
SEM observations of the fracture indicated that the ultrasonic nonlinear parameters were more consistent with the equivalent
microcrack length (defined as the sum of microcrack lengths in the statistical area), as compared with the length of the main crack.
It was determined that the nonlinear effect of the Lamb wave is related to the equivalent microcrack length inside the material and
that the ultrasonic nonlinear parameter can effectively characterize the fatigue damage state of high-strength FV520B.

1. Introduction

High-strength FV520B is often used to make centrifugal
compressor impellers. A centrifugal compressor is an im-
portant energy conversion device and is widely used in the
petroleum, chemical, metallurgy, natural gas transmission,
aero-engine, and mine ventilation industries, and in other
important fields [1–3]. .e impeller is an integral part of the
centrifugal compressor associated with high rotational
speeds and complex loading. .e impeller often generates
small vibrations at high frequencies; thus, it is prone to
fatigue failure [4, 5]. .e accidents caused by fatigue failure
are often catastrophic and can cause massive losses.
.erefore, the study of ultrasonic nondestructive testing
technology for the early fatigue damage of high-strength
FV520B is of great significance.

For most well-designed engineering components, the
early damage of the material (before the formation of
macrocracks) accounts for more than 80% of the com-
ponent life [6]. While the existing nondestructive testing
technology, which includes linear ultrasonic testing

technology, is effective for the detection of macrodefects in
materials, it is less sensitive to early damage (e.g., dislo-
cation structure and microcracks) to the materials before
macrocracks appear in the fatigue process. Recent studies
have shown that the degradation of the early mechanical
properties of materials can trigger ultrasonic nonlinear
effects [7]. .erefore, the degradation can be used to detect
the damage degree of materials at an early stage of fatigue.
Studies have shown that the nonlinearity caused by
microdefects (such as dislocations) is much greater than
that caused by lattice anharmonicity. Jhang and Kim [8]
conducted nonlinear ultrasonic testing research on SS41
and SS45 medium-carbon steel under tensile and fatigue
loading, respectively, and analyzed the high-order har-
monics in the process of ultrasonic propagation. It was
found that the nonlinear coefficient increased with in-
creases in tensile load and fatigue cycle. Deng and Pei [9]
tested the fatigue damage of aluminum plates using a
nonlinear Lamb wave method and discovered that the
stress wave factor decreased monotonously with in-
creasing fatigue cycles. Walker et al. [10] used a nonlinear
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Rayleigh wave to characterize the damage to an A36 steel
specimen caused by a low-cycle tensile fatigue test. .e test
results showed that, in the early stages of fatigue life, the
nonlinear coefficient increased with an increase of cycle
number, whereas when the fatigue cycle number was
higher than 20, the nonlinear coefficient slowly decreased.
Zhang [11] tested (type) 304 austenitic stainless steel
under low-cycle fatigue, using nonlinear ultrasound. It
was found that during the low-cycle fatigue damage of the
304 stainless steel, the ultrasonic nonlinear parameters
showed a trend wherein it first increased and then de-
creased. In the initial stages of fatigue damage, the increase
in the ultrasonic nonlinear parameters is mainly due to the
increase of dislocation density in the plane dislocation
structure, and the subsequent decrease of the ultrasonic
nonlinear parameters may be related to the formation of
dislocation walls and dislocation cell structures. Wang
et al. [12] conducted nonlinear ultrasonic testing on three
groups of KMN high-strength steel fatigue specimens with
different cycles, including a vibration fatigue test, bending
fatigue test, and tension bending fatigue test. .e results
showed that the nonlinear parameters initially increased
and then decreased with the increase of fatigue cycles. .e
microfracture characteristics of the KMN specimens were
analyzed under different fatigue test types. It was found
that with the increase of fatigue cycle number, the mi-
crostructures of the KMN specimens gradually deterio-
rated, and cracks appeared. Dutta et al. [13] conducted
ultrasonic nonlinear detection on aluminum and steel
specimens, a strong nonlinear effect from the cracked
specimen was observed, and the magnitude of harmonic
components increased nonlinearly with the increasing
amplitude of the input signal. Shen et al. [14–16] used the
local interaction simulation approach (LISA) to study the
contact-impact clapping phenomena of the wave-crack
interactions, based on the penalty method. .ey found
that the higher harmonics were generated during the
nonlinear interaction between fundamental waves and
fatigue cracks. .e nonlinear scattering and mode con-
version phenomenon of Lamb waves as they interact with
fatigue crack were also studied. Hong et al. [17] established
a model for simulating nonlinear characteristics of ul-
trasonic waves propagating in a fatigued medium based on
nonlinear constitutive relations of the medium and ver-
ified it with experiments. .e simulation results consisted
of the experimental results, both of which show that
relative acoustic nonlinearity parameter β′ linearly in-
creased with the wave propagation distance due to the
material and geometric nonlinearities. Liu et al. [18]
simulated the models with different microcrack sizes and
found that Lyapunov exponent had a good linear rela-
tionship with the size of the crack. Wu et al. [19, 20]
studied the nonlinear effect of the interaction of Lamb
waves and cracks through experiments and simulations.
Results showed that the relative nonlinear parameter
linearly increased with the crack propagation.

.e research indicated that nonlinear ultrasonic non-
destructive testing technology can effectively detect early
defects in a material and has broad application prospects.

2. Theoretical Basis of Nonlinear
Ultrasonic Testing

.e example of a one-dimensional longitudinal wave is
considered to demonstrate the formation of nonlinear
ultrasound in a solid. For most types of materials, the
relationship between stress and strain is nonlinear [21]
and can be described by Hooke’s law in small areas as
follows:

σ � Eε(1 + βε + · · ·), (1)

where E is the elastic modulus and β is the second-order
elastic coefficient (also called the nonlinear coefficient).

.e equation for the motion of a particle in the solid
medium in the x-direction is as follows:
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where ρ is the density of the medium, x is the distance in the
direction of wave propagation, t is the time, and u is the
displacement of the particle at location x in the medium.
Using (1) and (2) simultaneously and ignoring the higher-
order terms that exceed the second-order term in (1), an
equation for particle displacement can be obtained, which
indicates the relationship between particle displacement and
strain as follows:
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where c is the wave velocity in the medium. According to the
perturbation theory, we can assume that the displacement u

in (3) is determined by the following equation:

u � u1 + un1, (4)

where u1 is the solution when β� 0 and un1 is the first-order
perturbation solution. Equation (3) can now be written as
follows:
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In this case, the linear solution is set as follows:

u1 � A1 cos(kx − ωt), (6)

where ω is the frequency, and if λ is the wavelength, then
k � ω/c � 2π/λ is the wave number. .e approximate ana-
lytical solutions to (3) and (5) can then be obtained by
comprehensively applying the multiscale method and the
trial solution and neglecting the high-order small quantity in
the solution process as follows:

u � u1 + un1 � A1 cos(kx − ωt) − A2 sin[2(kx − ωt)],

(7)

where A1 and A2 represent the fundamental frequency and
second harmonic amplitudes, respectively, and
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It can be observed from (7) that the second harmonic
amplitude A2 describing the nonlinear response is related to
β, which implies that β can be used as a parameter to describe
the nonlinearity of the medium, as shown in the following
equation:
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.erefore, when the ultrasonic frequency and propa-
gation distance are fixed, the ultrasonic nonlinear param-
eters can be calculated by measuring the amplitudes of the
fundamental frequency and the second harmonic. What we
care about is the change of nonlinear parameter. For con-
venience, in this experiment, the relative nonlinear pa-
rameter β′ is used to replace the change of the ultrasonic
nonlinear parameter:

β′ �
A2

A
2
1

. (10)

In this article, it is also called ultrasonic nonlinear pa-
rameter β.

3. Experimental Material and
Measurement Methods

3.1. Experimental Material. FV520B steel is an important
material for the manufacture of centrifugal compressor
impellers, owing to its high strength, high hardness, good
wear resistance, and other excellent mechanical properties. It
is usually used in the manufacture of core parts in various
large machinery and equipment. .e main chemical com-
positions andmechanical properties of FV520B are shown in
Tables 1 and 2.

3.2. Fatigue Test Method. .e fatigue specimens were
designed as plate specimens and notched specimens, with a
thickness of 2mm. .e shapes of the plate and notch fatigue
specimens are shown in Figures 1 and 2, respectively. .e
surface of each specimen was mechanically vibration-pol-
ished with emery papers to keep the surface consistent
before the fatigue test. .e tensile fatigue test was carried out
on an electromagnetic resonance high-frequency fatigue
testingmachine, to obtain a fatigue test sample with different
cycles. .e load waveform was a sine wave, the stress ratio
was 0.1, and the frequency was 120Hz. .ere were nine
plate-shaped specimens in total. One was left as the original
specimen, and the rest were tested on the fatigue testing
machine. .e cycle times were 5×104, 1× 105, 5×105,
1× 106, 5×106, 7×106, 1× 107, and 2×107, respectively, and
the loading stress was 400MPa. .e finite element software
ANSYS was used to simulate the stresses on the notched

specimens; the stress concentration factor at the notch was
5.5..e notched specimens were divided into two groups for
testing..e two groups were loaded with stresses of 100MPa
and 120MPa, respectively, and the stress concentrations at
the specimen notch were about 550MPa and 660MPa,
respectively. .e simulation results are shown in Figure 3.

3.3. Nonlinear Ultrasonic Testing. In this experiment, a
longitudinal wave incidence method was used to excite an
ultrasonic Lamb wave, which is highly sensitive to damage
and ease of actuation. .e commonly used S1-S2 mode
[22, 23] was selected. .is mode is relatively easy to excite
and satisfies group velocity matching and has a high exci-
tation efficiency. It can be appropriately selected from the
other Lamb wave modes, as the group speed is high. An
ultrasonic Lamb wave measurement of the FV520B speci-
mens was carried out using a RAM-5000 high-energy ul-
trasonic system, as shown in Figure 4. A schematic diagram
of the nonlinear ultrasonic detection system is presented in
Figure 5.

.e excitation signal of the nonlinear ultrasonic system
was a 20-cycle Hamming-windowed sinusoidal tone-burst
signal. .e tone-burst signal was excited by a high-energy
ultrasound system and was then processed by an attenuator
and a low-pass filter before being transmitted to an ultra-
sonic piezoelectric transducer. .e piezoelectric transducer
converted the voltage signal into an ultrasonic signal and
transmitted it to the specimen. A piezoelectric transducer at
the receiving end converted the received ultrasonic signal
into a voltage signal. .e received signal was processed by a
high-pass filter and a preamplifier and was sent to an os-
cilloscope and computer for data processing and analysis. A
narrow-band piezoelectric transducer with a center fre-
quency of 2.25MHz and a wide-band piezoelectric trans-
ducer with a center frequency of 5MHz were selected as the
transmitting and receiving probes, respectively. A 4MHz
high-pass filter was used to filter the received signal. A signal
with a frequency of 2.2MHz was used as the excitation
signal, and the incident angle was 27°. .e probe and the
specimen were coupled using glycerin..e amplitudes of the
fundamental and second harmonic Lamb waves were ob-
tained after the signals were processed by a short-time
Fourier transform.

4. Experimental Results

4.1. Dispersion Curve and Signal Validity Verification.
.e second harmonic generation efficiency is low owing to
the dispersion characteristics of the ultrasonic guided wave.
Furthermore, the second harmonic signal was weak and
difficult to measure. If the phase velocity of the fundamental
frequency Lamb wave mode excited in the specimen was
equal to the phase velocity of the double-frequency Lamb
wave mode, the second harmonic signal was relatively easy
to measure. .erefore, the group velocity and phase velocity
dispersion curves of high-strength FV520B specimen were
obtained by solving the Rayleigh–Lamb dispersion equation
using MATLAB, as shown in Figure 6. According to the
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Table 1: Chemical composition of FV520B (wt.%).

C Si Mn P S Ni Cr Cu Nb Mo Fe
≤0.07 ≤0.07 ≤1.0 ≤0.03 ≤0.03 5.0–6.0 13.2–14.5 1.3–1.8 0.25–0.45 1.3–1.8 Ba1

Table 2: Mechanical properties of FV520B.

Elasticity modulus E (GPa) Tensile strength Rm (MPa) Yield strength Rp0.2 (MPa) Vickers hardness HV (kgf·mm−2) Elongation δ (%)
194 1170 1029 380 16.07
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Figure 1: Fatigue specimen size. (a) Plate specimen. (b) Notched specimen.

(a) (b)

Figure 2: Photo of fatigue specimen. (a) Plate specimen. (b) Notched specimen.

0.41406 122.38 244.718 367.056 489.395
61.2106 183.549 305.887 428.225 550.564

(a)

0.0497 146.893 293.736 440.579 587.422
73.4712 220.314 367.157 514 660.844

(b)

Figure 3: .e results of the finite element simulation at the specimen notch. (a) 550MPa stress concentration. (b) 660MPa stress
concentration.
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dispersion curve of the phase velocity, the fundamental
frequency of the Lamb wave matches the second harmonic
phase velocity at 1.83MHz. Due to the interference of ex-
perimental equipment, coupling agent, and circuit, the
theoretical excitation frequency will shift, resulting in the
difference between theoretical calculation and actual

experimental measurement. .erefore, frequency sweep of
high-strength FV520B specimen was carried out near the
theoretical frequency. .e amplitude of the second har-
monic is the largest when the excitation frequency is
2.2MHz, so the excitation frequency of 2.2MHzwas selected
for the nonlinear ultrasound experiment.

(a) (b)

Figure 4: Nonlinear ultrasonic detection system. (a) RAM-5000 high-energy ultrasonic system. (b) Experiment procedure.
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Figure 5: .e schematic diagram of the nonlinear ultrasonic detection system.
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Figure 6: Dispersion curve of the Lamb wave in the FV520B specimen. (a) Phase velocity dispersion curve. (b) Group velocity dispersion
curve.
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Before the nonlinear ultrasonic Lamb wave measure-
ment of the FV520B specimens, it was necessary to verify the
system to ensure that the measured second harmonic signal
was caused by the test material rather than by the mea-
surement system. Nonlinear ultrasonic testing was carried
out on FV520B fatigue specimens, and the time domain
signals were obtained as shown in Figure 7..e time domain
signals were processed with STFT (short-time Fourier
transform) and the STFT time-frequency energy spectrum
image of FV520B specimen was obtained, as shown in
Figure 8. .e STFT energy spectrum is represented by 256
levels of gray scale and the deeper the color means the
greater the energy, since the amplitude of the fundamental
wave and second harmonic wave can be obtained. .en, the
values of nonlinear parameter can be calculated. .e inci-
dent voltage was kept constant, and the distance between the
incident transducer and the receiving transducer was
changed (from 40mm to 80mm). It was found that the
nonlinear parameters of the ultrasound showed a linearly
increasing trend with the increase of propagation distance,
as shown in Figure 9. .e results indicate that the second
harmonic signal received by the receiving transducer is
generated by the fundamental frequency Lamb wave
propagation in the specimen, rather than by the system or
couplant.

4.2. Experimental Measurement Results. .e nonlinear pa-
rameter β of the fatigue specimens with different fatigue
cycles was divided by β0 (β0 is the ultrasonic nonlinear
parameter of the original specimen) for normalization, and
the normalized nonlinear parameter β was obtained. .e
nonlinear parameters βmentioned below are all normalized
values. In order to reduce the error caused by nonlinear test,
three times of nonlinear ultrasonic testing was carried out
for each fatigue specimen in the experiment, and the average
value was taken as the test result. .e relationship between
the normalized nonlinear parameters and fatigue period is
used to describe the nonlinear changes of materials owing to
fatigue damage, as shown in Figure 10. As seen in
Figure 10(a), the nonlinearity parameter showed an in-
creasing trend with an increase of fatigue cycles for the plate-
shaped specimen (400MPa loading stress). For the fatigue
tests of the notched specimens, the relationship curve also
showed a similar trend. Figure 10(b) shows the relationship
between the nonlinear parameters and the fatigue cycle of
the notched specimen (550MPa stress concentration). As
can be seen from Figure 10(b), the ultrasonic nonlinear
parameters increased with the increase of fatigue cycles.
However, a significant decrease occurred at point
A. Scanning electron microscopy (SEM) observation results
indicated that the numbers and sizes of microcracks on the
fracture surface of the specimen corresponding to point A
were significantly lower than those at other points. An
experiment with another group of notched specimens
(660MPa stress concentration) also indicated that the ul-
trasonic nonlinear parameters increase with the increase of
fatigue cycle, as shown in Figure 10(c). .e experimental
results indicate that the ultrasonic nonlinear parameters are

highly sensitive to the fatigue damage of high-strength
FV520B steel. .e relationship between the ultrasonic
nonlinear parameters and fatigue cycles can be used to

Excitation signal Received signal

Figure 7: Time domain signals of FV520B specimen (400MPa
loading stress, N� 5×105).
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characterize the early fatigue degree of the material. If the
ultrasonic nonlinear parameters of specific parts of the
material are calibrated in advance, it is expected that non-
linear ultrasonic nondestructive testing technology can be
used to detect the fatigue degree of in-service parts on a
regular basis.

5. Microstructure Observation and Discussion

5.1. Method and Sample for Microscopic Observation. .e
main methods of microstructure observation include optical
microscopy and SEM. For the plate specimens, a cross
section of the specimen was observed using SEM. .e
specimen was cut in the middle position. It was then inlaid,
polished, and ultrasonically cleaned before being observed
by SEM. .e microscopic observation sample is shown in
Figure 11. Zeiss field emission SEM was used to observe the
samples. For the notched specimens, the growth of the main
crack on the surface of the notch of the fatigue specimen was

observed under the optical microscope, including the crack
morphology and the length of the main crack. .e notched
sample was then cut off using an Instron universal material
testing machine, and its section was observed under SEM.
.e purpose of the microscopic observation is to compare
the microscopic damages of specimens with different fatigue
degrees. .erefore, it is necessary to have the observation
conditions as consistent as possible, to ensure the accuracy
of comparison. .e observation conditions include the
observation area and magnification.

5.2. Microscopic Observations. .e specimens of high-
strength FV520B with different fatigue cycles were observed
by the aforementioned experimental instruments and mi-
croscopic observation methods, while maintaining the same
experimental conditions as long as possible.

Figure 12 shows the main crack morphology of the
notched specimen, as observed under the metallographic
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Figure 10: Relationship between nonlinearity parameter and fatigue cycles. (a) Relationship between nonlinearity parameter and fatigue
cycles of plate specimen (400MPa loading stress). (b) Relationship between nonlinearity parameter and fatigue cycles of the notched
specimen (550MPa stress concentration). (c) Relationship between nonlinearity parameter and fatigue cycles of the notched specimen
(660MPa stress concentration).
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microscope. .e propagation path of the main crack is
perpendicular to the loading direction, and the crack ends
are bifurcated. Figure 13 presents the fracture morphology
of the notched specimen. .e fracture surfaces of the fa-
tigue crack propagation regions of high-strength FV520B
steel are flat. A large number of microcracks were found in
the crack source region and fatigue growth region, and the

surface morphology of tensile fracture regions has a
dimpled shape. .e boundary between the crack propa-
gation regions and the tensile fracture regions has an arc
shape.

.e micrograph of the high-strength FV520B plate
specimen (with 400MPa loading stress) under different
fatigue cycles is shown in Figure 14. As shown, the

(a) (b)

Figure 11: Microscopic observation sample. (a) Plate specimen. (b) Notched specimen.

Stress direction

1mm

(a)

0.05mm

(b)

0.05mm

Bifurcate

(c)

Figure 12: Morphology of the main crack in notched specimen. (a) Overall macroscopic appearance of the main crack. (b) Crack near the
notch. (c) Crack tip.
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regions

(a)

Microcracks
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Figure 13: Fracture morphology of notched specimen. (a) Overall appearance of cross section. (b) Crack propagation regions. (c) Tensile
fracture regions.
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Figure 14: Continued.
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microstructure of the material deteriorates with the in-
crease of fatigue cycles. .e matrix of the original specimen
is relatively flat and has no evident defects, and its cor-
responding nonlinear parameters are relatively low. When
the number of fatigue cycles reached 5×105, some small
defects (such as pits) appeared in the material matrix, and
the nonlinear parameters also increased. With further
increase of fatigue cycles, the number of microholes in-
creased significantly, microcracks began to appear, and the
nonlinear parameters continued to increase. When the
number of fatigue cycles increased to 2×107, the micro-
cracks increased significantly, and the nonlinear parame-
ters continued to increase. When the sinusoidal ultrasonic
wave was transmitted into the solid medium, a nonlinear
interaction occurred between the ultrasonic wave and the
solid medium, leading to the generation of high-frequency
harmonics. .e generation of these harmonics is closely
related to the nonlinearity of the microstructure of the solid
media and is usually caused by internal defects of materials
such as dislocations, micropores, and cracks [24–26]. In
this experiment, with the increase in the number of fatigue
cycles, the microstructures of the specimens gradually
deteriorated, and the nonlinear parameters increased ac-
cordingly. .erefore, we can conclude that these deterio-
rating microstructures (as evidenced by defects such as
micropores and cracks) lead to the generation of second
harmonics. .e results indicate that there is a certain
correspondence between the nonlinear parameters and the
internal damage of the material and that the nonlinear
parameters can characterize the fatigue damage of high-
strength FV520B. .e micrographs of the FV520B notched
specimens corresponding to 550MPa and 660MPa stress
concentrations under different fatigue cycles are shown in
Figures 15 and 16, respectively. As the specimen ultimately
fractures, the fracture is divided into a fatigue source zone,
fatigue crack expansion zone, and last tensile fracture zone.
.e variation of microcrack density can be obtained using
the statistics of the microcracks. It can be used to verify the
experimental results of the nonlinear ultrasound testing
and to establish the relationship between the changes of the

ultrasonic nonlinear parameters and the changes of the
microstructure.

5.3. Analysis of Microscopic Observations. For the plate
specimen (400MPa loading stress), with the increase of the
number of fatigue cycles, the microstructure of the specimen
gradually deteriorated, as shown in Figure 14. For the ex-
periments involving the two groups of notched specimens,
the main crack propagated in the notch with an increase of
fatigue cycles, as the specimen was in a state of stress
concentration in the notch. .e morphology and size of the
main crack were measured using a metallographic micro-
scope. In addition, with the increase of fatigue cycles, the
number and sizes of the microcracks increased, eventually
leading to the failure of the materials. .e process of in-
creasing the fatigue cycle is associated with fatigue micro-
crack initiation and propagation. .erefore, we can observe
the fracture surface of the specimen and calculate its
microcrack distribution.

For this experiment, it was necessary to count the crack
distributions of notched specimens with different fatigue
cycles. .is process can be carried out in two steps. First, it is
necessary to select an appropriate and identical observation
area on the micrograph of each specimen. As the crack
distributions in the micrographs of each specimen are not
absolutely uniform, an area with clear cracks and uniform
crack distribution should be selected as the statistical area (as
best as possible). Second, we calculate the number and
length of microcracks in the statistical region of the mi-
crograph of each specimen. As the sizes of themicrocracks in
the statistical area of the same micrograph can be different,
we should select clear and complete microcracks when
counting the number of microcracks. Moreover, as the
statistical area of each image is the same, an equivalent
microcrack length (i.e., the sum of microcrack lengths) can
be used to directly represent the changes in microcrack
density. .e statistical results of the cracks in the notched
specimens are shown in Tables 3 and 4, respectively.
Figure 17 shows the relationships between the main crack

Microcracks

(c)

Microcracks

(d)

Figure 14: Microstructure of plate specimen (400MPa loading stress). (a) Original microstructure. (b) Microstructure of 5×105 cycles. (c)
Microstructure of 5×106 cycles. (d) Microstructure of 2×107 cycles.
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Microcracks

(b)

Microcracks

(c)

Figure 15: Microstructure of notched specimens (550MPa stress concentration). (a) Microstructure of 1.00×105 cycles. (b) Microstructure
of 2.50×105 cycles. (c) Microstructure of 2.75×105 cycles.
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Figure 16: Continued.
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Table 3: Statistics of the cracks in the notched specimens (550MPa stress concentration).

Samples number Sample no. 1 Sample no. 2 Sample no. 3
Main crack length (mm) 1.03 3.10 6.56
Number of microcracks 25 10 29
Length of largest microcrack (μm) 10.993 7.993 14.883
Equivalent microcrack length (μm) 142.503 60.268 185.58

Table 4: Statistics of the cracks in the notched specimens (660MPa stress concentration).

Samples number Sample no. 4 Sample no. 5 Sample no. 6
Main crack length (mm) 0.64 1.01 3.04
Number of microcracks 20 24 32
Length of largest microcrack (μm) 9.541 10.622 16.63
Equivalent microcrack length (μm) 105.412 107.967 262.814

Microcracks

(c)

Figure 16: Microstructure of notched specimens (660MPa stress concentration). (a) Microstructure of 8.00×104 cycles. (b) Microstructure
of 9.50×104 cycles. (c) Microstructure of 1.00×105 cycles.
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Figure 17: Relationship between equivalent microcrack length, ultrasonic nonlinear parameters, and main crack length of notched
specimen (550MPa stress concentration).
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length and the equivalent microcrack length and ultrasonic
nonlinear parameters, respectively.

As shown in Figure 18, when the length of themain crack
is less than 3mm, the amplitude of the fundamental wave
changes slightly. In contrast, the ultrasonic nonlinear pa-
rameters change significantly. .e equivalent microcrack
length of the specimen cross section was calculated, and it
was found that the equivalent microcrack length with the
ultrasonic nonlinear parameters had better consistency than
the main crack length, as shown in Figure 17. .e ultrasonic
nonlinear parameters increase with the increase of the length
of the main crack, but not monotonically. When the length
of the main crack reaches 3.1mm (corresponding to point A
in Figure 10(b)), the ultrasonic nonlinear parameters evi-
dently decrease, and the equivalent length of the microcrack
also shows corresponding changes. .is further indicates
that the ultrasonic nonlinear effect is related to the

equivalent microcrack length in the specimen. .e ultra-
sonic nonlinear parameters can well characterize the
changes of microcracks in high-strength FV520B and in-
dicate the fatigue damage degree of the material. Similar
results were obtained in the notched specimen (660MPa
stress concentration) experiment. As shown in Figures 19
and 20, with the increase of the main crack size, the ul-
trasonic nonlinear parameters were more sensitive than the
fundamental amplitude. .e variation trends of the equiv-
alent microcrack length and ultrasonic nonlinear parameters
have better consistency.

6. Conclusions

Nonlinear ultrasonic tests were performed on two types of
fatigue specimens (plate specimens and notched specimens),
and the β-N curves of FV520B under three stress levels were
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Figure 18: Ultrasonic nonlinear parameters of the notched specimen (550MPa stress concentration) with different main crack lengths.
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Figure 19: Ultrasonic nonlinear parameters of the notched
specimen (660MPa stress concentration) with different main crack
lengths.
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Figure 20: Relationship between equivalent microcrack length,
ultrasonic nonlinear parameters, and main crack length of notched
specimen (660MPa stress concentration).
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obtained. .e results show that the ultrasound nonlinear
parameter is highly sensitive to the early fatigue damage of
the material.

.e microstructure was observed using SEM..e results
indicate that the change of ultrasonic nonlinear parameters
is related to the deterioration of the microstructure of the
material. .e nonlinear parameters can characterize the
fatigue damage of FV520B material.

.e relationship between the ultrasonic nonlinear pa-
rameters and the length of the main crack and equivalent
microcrack length is analyzed. As compared with the length
of the main crack, the equivalent microcrack length is more
consistent with the ultrasonic nonlinear parameters, indi-
cating that the nonlinear parameters are mainly due to the
appearance of the internal microcrack.
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