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The fatigue life prediction of metallic materials is always a tough problem that needs to be solved in the
mechanical engineering field because it is very important for the secure service of mechanical components.
In this paper, a combined nonlinear ultrasonic parameter based on the collinear wave mixing technique is
applied for fatigue life prediction of a metallic material. Sweep experiments are first conducted to explore
the influence of driving frequency on the interaction of two driving signals and the fatigue damage of
specimens, and the amplitudes of sidebands at the difference frequency and sum frequency are tracked
when the driving frequency changes. Then, collinear wave mixing tests are carried out on a pair of
cylindrically notched specimens with different fatigue damage to explore the relationship between the
fatigue damage and the relative nonlinear parameters. The experimental results show when the fatigue
degree is below 65% the relative nonlinear parameter increases quickly, and the growth rate is approxi-
mately 130%. If the fatigue degree is above 65%, the increase in the relative nonlinear parameter is slow,
which has a close relationship with the microstructure evolution of specimens. A combined nonlinear
ultrasonic parameter is proposed to highlight the relationship of the relative nonlinear parameter and
fatigue degree of specimens; the fatigue life prediction model is built based on the relationship, and the
prediction error is below 3%, which is below the prediction error based on the relative nonlinear
parameters at the difference and sum frequencies. Therefore, the combined nonlinear ultrasonic parameter
using the collinear wave mixing method can effectively estimate the fatigue degree of specimens, which

provides a fast and convenient method for fatigue life prediction.

Keywords collinear wave mixing, combined nonlinear ultrasonic
parameter, fatigue life prediction, nonlinear ultrasonic

1. Introduction

For most mechanical components, fatigue failure is the main
failure form, for which the ratio is approximately 80%. Fatigue
life is the cycle or time of metallic component failure, which is
very important for secure service of components (Ref 1).
However, because of complex fatigue loading, fatigue life
prediction is a very difficult problem.

The common fatigue life prediction methods are the nominal
stress method, the local stress method and the stress field
intensity method. The nominal stress method (Ref 2) is a
traditional fatigue life estimation method. However, this
method does not take into account the local plasticity of the
notch root, and the equivalent relationship of the standard
specimens and structural components is difficult to determine;
thus, there is a large discrepancy between predicted life and
actual life. The local stress method (Ref 3) is a relatively simple
fatigue life estimation method that estimates the fatigue crack
initiation life and has high precision, but it does not consider
the influence of stress gradient at the stress concentration zone,
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and there are certain limitations. The stress field intensity
method (Ref 4) is a good method for fatigue assessment, but the
selection of the size of the notched damage zone and the weight
function cause some difficulties and uncertainties in fatigue
evaluation. Therefore, it is necessary to select a convenient and
effective fatigue life prediction method.

With the development of nondestructive testing techniques,
they have been widely applied in aspects of mechanical fields,
for example, fatigue damage evaluation. The commonly used
nondestructive detection method is the ultrasonic method,
which has the characteristics of high resolution, high penetra-
tion and no harm to the human body.

The traditional ultrasonic method applies the variation of
linear parameters, for example, the wave velocity and ultrasonic
attenuation coefficient, for fatigue evaluation. However, linear
parameters are not sensitive to earlier fatigue damage or
microscopic cracks, which is important for fatigue life predic-
tion. Recent studies have shown that the nonlinear ultrasonic
method can effectively evaluate and detect microscopic cracks
(Ref 5) and fatigue damage (Ref 6) of materials. The
effectiveness of this method is much higher than that of the
traditional ultrasonic method (Ref 7, 8). The harmonic gener-
ation and nonlinear modulation technique (Ref 9) are two
common nonlinear ultrasonic methods. The former is based on
the theory that the waveform of driving signals is distorted
because a nonlinear elastic response of the material and higher
harmonics are generated. In practical application, the average
nonlinear parameter in the region between the transmitter and
receiver is measured to characterize the damage of a specimen
(Ref 8), but the spatial resolution is limited (Ref 10);
experimental instruments, transducers and couplers produce
nonlinearity; and it is difficult to distinguish whether the
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measured nonlinearity comes from the fatigue damage or the
instruments.

The nonlinear modulation technique is an alternative method
to overcome limitations of the harmonic generation method. It
applies the theory that a new wave may be generated when two
driving signals meet in the material if certain conditions are
satisfied (Ref 10). Structural damage of material has a close
relationship with the new wave. The technique, based on the
vibro-modulation method, is studied in the related literature (Ref
11); however, the frequency of the vibration signal is difficult to
precisely control. The ultrasonic modulation technique is widely
used and can be divided into two methods depending on the
incident directions of the two driving waves: collinear wave
mixing and non-collinear wave mixing (Ref 12).

The collinear wave mixing method was used by Jiao et al.
(Ref 13) and Li et al. (Ref 14) to detect microscopic cracks and
quantitatively evaluate the intergranular corrosion of austenitic
stainless steel, and the acoustic nonlinearity parameter was
estimated, which was concerned with the corrosion degree of
specimens. Liu et al. (Ref 10) presented a new acoustic
nonlinearity parameter, which was associated with the interac-
tion of a longitudinal wave and a shear wave in isotropic elastic
solids; the parameter was well correlated with the plastic
deformation of material.

These studies show the effectiveness of the wave mixing
technique in detecting micro-defects and quantitatively evalu-
ating performance degradation. However, there is little infor-
mation on estimating the fatigue degree and predicting the
fatigue life of metal materials (Ref 15). It is necessary to
establish a model that can effectively estimate the degree of
fatigue and easily predict the fatigue life of metal materials.
Because the ultrasonic nonlinear parameter is related to the
fatigue state of specimens, the relationship between the
ultrasonic nonlinear parameter and fatigue degree can be
applied to estimate the fatigue degree of specimens according
to the variation rule of the ultrasonic nonlinear parameter in the
process of fatigue and the accumulated damage theory.

Therefore, the collinear wave mixing method is applied to
estimate the fatigue degree and evaluate the fatigue life of metal
materials. First, the influence of driving frequencies on the
interaction of two driving signals and damage is studied in
order to select the optimal parameter for wave mixing
experiments. Then, experiments are conducted on specimens
with different fatigue degrees to explore the relationship
between the relative nonlinear parameter and fatigue degree;
the combined nonlinear ultrasonic parameter is selected to
study the relationship; and a model based on the relationship is
established to estimate the fatigue degree and predict the fatigue
life of metal materials.

2. Nonlinear Theory of Wave Mixing

When a longitudinal wave propagates in an isotropic solid,
the one-dimensional nonlinear elastic wave equation can be
written as (Ref 16, 17)

O*u(x, t) _2 Pu(x,t) czﬁau(x, t) O%u(x, t)
o oxr Ox Ox?
where u(x, ) is the displacement, ¢ = \/E/p is the velocity

of the longitudinal wave in the solid, x is the propagation dis-
tance, and f is the ultrasonic nonlinear parameter.

(Eq 1)
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Because the nonlinearity of the isotropic solid is very weak,
perturbation theory is applied to solve Eq 1; the solution can be
expressed as

u(x,t) = u®(x,t) + Pu' (x,1) (Eq 2)

where u%(x,t) represents the linear displacement, while
u'(x, ) represents the nonlinear displacement.

Suppose that the nonlinear displacement is concerned with
the propagation distance,

u' (x,1) = xf (1) (Eq 3)

where T =1¢—x/c and f(1) is a new function, which needs
to be determined.

Two longitudinal waves with frequencies f; and f; and
amplitudes 4; and A, are given as the driving signals.
Regardless of the acoustic attenuation and the initial phase
difference, the driving signal is set as

u’(x, 1) = Aycos(2nfit) + Aycos(2nf>1) (Eq 4)

To solve the expression of f(t), Eq 3 and 4 are substituted
into Eq 2 and then into Eq 1,

flx) = —@cos@nflr) —%cos@nfzr)
—i—jﬂklk2 [cos(2n(fi — f2)t) — cos(2n(fi + f2)7)]

4
(Eq5)

Equation 2 can be expressed as

u(x,t) = Ay cos(2nfi 1) + A4z cos(2nfa1)
A’K? A%k?
f%cos@nﬁr) — Tcos(4nfzf)
+xp
A Azklkz

[cos(2n(fi —f2)T) — cos(2n(fy +/2)7)]

(Eq6)

From Eq 6, in addition to the driving frequencies f; and f,
there are second harmonic frequencies 2f; and 2f; and sideband
frequencies f; + f> and f; — f,. The amplitudes of the two driving
signals and of the difference and sum frequency signals are
A=A A=A A —f) =PAFRE and
A +15) = M, where the magnitude of the sideband
signals is the same.

If the amplitudes of every frequency are known from
measured signals, the nonlinear parameter 5 can be calculated

as (Ref 18)

T hikox A(RA(f)  kkox A(f)A(f)

where ki, k, and x are parameters associated with the system.
To simplify the study, the relative nonlinear parameter can be
written as

Afi —f) _ A +5)
ARAGR) ~ ARAR)

Therefore, the relative nonlinear parameters can qualita-
tively characterize the nonlinearity of specimens. Because of
the ultrasonic attenuation in actual application, the amplitudes
of the difference and sum frequency signals are not the same;
therefore, the relative nonlinear parameters of difference

B= (Eq 8)
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frequency f. and sum frequency S, are different when
evaluating the nonlinearity of specimens.

3. Experimental Setup and Specimens

3.1 Experimental Setup for Collinear Wave Mixing
Technique

The collinear wave mixing experiment based on bilateral
incentive uses the RAM-5000 system; the schematic and the
physical map of experiments are illustrated in Fig. 1.

In Fig. 1, the RAM-5000 system generates two 30-cycle
tone bursts with frequencies of f; and f, to excite two
piezoelectric transducers T1 and T2 located at the opposite
ends of the specimen; the tone bursts pass a 50-Q matching
resistance and an adjustable attenuator to protect transducers.
Before the experiment, parameters of the RAM-5000 system
are set as listed in Table 1. Transducer T1 acts as a transmitter
with central frequency of 2.5 MHz; T2 acts as both a
transmitter and a receiver with central frequency of 5 MHz.
When two driving signals meet in the specimen where the

fatigue damage exists, nonlinear interaction occurs, and a new
wave with a frequency of f, + f; or 5 —f; is produced; the
schematic diagram is shown in Fig. 2. The new wave is picked
up by the transducer T2 and transferred to the RAM-5000
system, where the function is completed by a diplexer. The
receiving signals are recorded with the oscilloscope Tektronix
MDO3022. To reduce random error, every experiment is
repeated eight times. The relative nonlinear parameters of the
difference and sum frequencies are calculated from the
frequency spectrum of received signals.

3.2 Fatigue Tests

To study the relationship between the relative nonlinear
parameter and fatigue damage of specimens, cylindrically
notched specimens, which are standard specimens, are used to
conduct the collinear wave mixing experiments. There are nine
specimens, pl, p2, p3, p4, pS, p6, p7, p8 and p9; the dimensions
of the specimens are shown in Fig. 3. The material is 40Cr steel,
the length is 200 mm, and the diameter is 22.5 mm; there is a
circular groove of depth 5 mm and radius 2.8 mm in the middle
of the long direction where the stress is concentrated. To obtain
specimens with different damage levels, the fatigue test is
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Fig. 1 (a) The schematic and (b) the physical map of the collinear wave mixing experiment for cylindrically notched specimens
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Table 1 Important parameters of the RAM-5000 system for the collinear wave mixing experiment

Unit Instrument parameters Set values
Sourcel Frequency, MHz 1.8
Burst width, us 16.66
Phase, ° 0
Amplitude (%-FS) 100
Output level, kHz 15
Source2 Frequency, MHz 4.8
Burst width, us 6.25
Phase, ° 0
Amplitude (%-FS) 100
Output level, kHz 15
Receiver Gain, dB 28
Gate delay, us 29.8
Gate width, us 8
Inter. rate, V/Vms 196

Longitudinal wave
transducerl

A new wave
————————— >
Signal 1 VS - Signal 2
crack
Longitudinal wave
transducer2
< ~
T~ ~

Length of specimen

Fig. 2 Schematic diagram of the collinear wave mixing technique when two signals meet in the specimen where the fatigue damage exists; the
nonlinear interaction occurs; and a new wave with difference or sum frequency is produced
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Fig. 3 Dimensions of cylindrically notched specimens

conducted on a high-temperature torsion fatigue testing
machine MTS809. Specimens pl, p2, p3, p4 and p5S are
conducted the interrupt fatigue test to study the relationship
between the relative nonlinear parameter and fatigue degree
when the theoretical fatigue degree is 0, 15, 25, 35, 45, 55, 65,
75, 85 and 90%; the fatigue test is stopped; and collinear wave
mixing experiments are conducted to build the model for
fatigue life prediction. Specimens p6 and p7 with different
fatigue degrees, 25, 45, 65 and 85%, are test samples to verify
the model.

When the damage degree of specimens pl, p2, p3, p4 and p5
is 90%, specimens are not broken. To analyze the fatigue
fracture morphology, specimens are fractured at the notch
position by static tensile; microscopic and macroscopic anal-
yses using a scanning electron microscope (SEM) are applied to
identify the fracture. The fracture is also analyzed for
specimens p8 and p9 with fatigue degree of 15 and 65%.
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3.3 The Selection of the Optimal Driving Frequency for the
Collinear Wave Mixing Experiment

In the collinear wave mixing experiments, the frequencies of
the two driving signals are extremely important to the accuracy
and reliability of the experimental results; the selection of
optimal driving frequencies must synthetically consider the
frequency response of the system consisting of the specimen,
transducer and instruments. Figure 4(a) and (b) displays the
frequency response of transducer T1 with central frequency
2.5 MHz and T2 with central frequency 5 MHz. From Fig. 4,
the driving frequency f; is selected at 1.8 MHz, which is fixed,
and the exciting frequency f; varies from 3.7 to 5.5 MHz. To
select the most suitable driving frequency f>, two specimens
with theoretical fatigue degrees of 15 and 90% are selected to
conduct the sweep experiment when the frequency />, changes
and the nonlinear interaction between the two exciting signals
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and fatigue damage occurs. Using the super heterodyne
function of the RAM-5000 system, the amplitudes of sidebands
at the difference and sum frequencies are obtained when the
driving frequency f, changes from 3.7 to 5.5 MHz, as shown in
Fig. 5.

As seen in Fig. 5(a), when the frequency f, is 4.8 and
5.45 MHz, the amplitudes of difference frequency signals reach
the local maximum. In Fig. 5(b) when the frequency f> is 3.88,
4.55 and 4.8 MHz, the amplitudes of sum frequency signals
achieve the local maximum. Comprehensively comparing the
amplitudes of the difference and sum frequency signals at 3.88,
4.55, 4.8 and 5.45 MHz, the sidebands’ amplitudes are the local
maximum at the difference and sum frequencies when the
frequency f; is 4.8 MHz, which illustrates that the nonlinearity
of specimens is fully displayed when the frequencies of the two
driving signals are 1.8 and 4.8 MHz. Therefore, in the collinear
wave mixing experiment, two driving frequencies at 1.8 and
4.8 MHz are selected.

4. Results and Discussion

4.1 Results of Collinear Wave Mixing Experiment

As seen in Fig. 5(a) and (b), for the specimen with 15%
fatigue degree, the amplitudes of sidebands at the difference
and sum frequencies are relatively small; they are below 0.4 V
and not sensitive to the variation of driving frequency f;,

The frequency response of 2.5M transducer

1
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illustrating that the nonlinearity of the specimen is very weak.
For the other specimen with 90% fatigue degree, the amplitudes
of sidebands are quite susceptive to the variation of f; and much
larger; furthermore, there are multiple local maximums. The
variation trend of the amplitudes of sidebands seriously relies
on the fatigue or damage degree of specimens and can be used
to qualitatively analyze the fatigue degree of specimens.
When the optimal driving frequencies are 1.8 and 4.8 MHz,
specimens with different fatigue degrees are tested in the
collinear wave mixing experiments. The time domain and
frequency spectrum of receiving signals are shown in Fig. 6.
As seen in Fig. 6(a), the receiving signals are transient at the
beginning and the end, and steady state in the middle. To exactly
analyze the variation rule of the relative nonlinear parameter at
the difference and sum frequencies, the fast Fourier transform is
utilized to analyze the steady signal. For the frequency spectrum
shown in Fig. 6(b), the signals are very complex, and there are
several peaks that contain the driving frequencies 1.8 and
4.8 MHz, the first-order sidebands 3 and 6.6 MHz, the second-
order sidebands 1.2 and 8.4 MHz, and the second harmonic
3.6 MHz and third harmonic 5.4 MHz of f;. Because the
ultrasonic attenuation is related to the ultrasonic frequency, the
amplitudes of the first-order sidebands at the difference and sum
frequencies are different, 0.4218 and 0.5521 'V, respectively.
The relative nonlinear parameters at the difference and sum
frequencies are applied based on amplitudes of fundamental
waves and the first-order sidebands to characterize and evaluate
the fatigue degree of specimens. The relative nonlinear
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1

0.8

0.6

0.4

0.2

2 4 6 8
Frequency (MHz)

10

Fig. 4 Frequency response for the transducer of (a) T1 with a central frequency of 2.5 MHz and (b) T2 with a central frequency of 5 MHz
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Fig. 5 Amplitude—frequency dependence of sidebands at (a) the difference frequency and (b) the sum frequency detected in specimens with 90
and 15% fatigue damage when the driving signal frequency f, changes from 3.7 to 5.5 MHz and the driving frequency f; is 1.8 MHz
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Fig. 6 (a) The time domain and (b) the frequency spectrum of the receiving signal in the collinear wave mixing experiment when the driving
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Fig. 7 Relationship of the fatigue degree of specimens and the relative nonlinear parameter at (a) the difference frequency and (b) the sum fre-

quency in the collinear wave mixing experiment

parameters of the difference frequency f. and the sum
frequency 5, for specimens pl, p2 and p3 are calculated from
the frequency spectrum of receiving signals; variation curves of
the relative nonlinear parameters are shown in Fig. 7 as a
function of fatigue degree.

As seen in Fig. 7, when the specimens are undamaged, the
relative nonlinear parameters at the difference frequency of
three specimens are 0.1197, 0.1239 and 0.1187 V' in
Fig. 7(a), while the parameters at the sum frequency are
0.1387, 0.1418 and 0.1359 V' in Fig. 7(b). When the fatigue
degree increases to 65%, the parameter at the difference
frequency becomes 0.2891, 0.2977 and 0.2886 V™', and the
growth is approximately 140%, while the parameter at the sum
frequency increases to 0.3146, 0.3148 and 0.3091 V', and the
growth is 130%. When the fatigue degree is above 65%, the
relative nonlinear parameters at the difference and sum
frequencies tend to be saturated. Therefore, Fig. 7 indicates
that the relative nonlinear parameters at the difference and sum
frequencies for specimens pl, p2 and p3 monotonously
increase with the fatigue degree of specimens. Although there
are some differences among the three specimens for the same
damage degree, the variation trend is consistent. When the
fatigue degree of specimens is below 65%, the relative
nonlinear parameters increase relatively quickly; above 65%
the increase trend becomes slow, especially for the relative
nonlinear parameter at the sum frequency.

Journal of Materials Engineering and Performance

Because the nonlinearity of metal materials mainly results
from dislocations, microscopic cracks and other defects, with
the action of alternating load, the stress concentration zone of
the specimen would first show dislocation, which is the earlier
stage of mechanical performance degradation. Because the
dislocations are very few, the nonlinear parameter is relatively
small and the increment is low when the fatigue degree is below
15%, as shown in Fig. 7. With the increase in cycles, the
dislocation spacing and dislocation density magnify, the stress
concentration area appears as microscopic cracks, the size of the
cracks gradually increases, and some microscopic cracks begin
to merge into macroscopic cracks; thus, the relative nonlinear
parameter increases monotonously, and the increment trend is
relatively fast when the fatigue degree increases to 65%. When
the fatigue degree is greater than 65%, macroscopic cracks of
specimen appear and the attenuation coefficient of the material
increases. Because the ultrasonic attenuation is related to the
square of frequency, the attenuation for the sum frequency
signal is higher than that for fundamental waves; therefore, the
relative nonlinear parameter at the sum frequency tends to be
saturated, while the increment trend of the relative nonlinear
parameter at the difference frequency becomes slow. Therefore,
the relative nonlinear parameter has a close relationship with the
microstructure of specimens; the experimental results reveal the
internal relations of the ultrasonic nonlinear property, the fatigue
damage and the microstructure of specimens.
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4.2 The Fatigue Fracture Morphology Analysis

SEM is applied to identify the fracture of specimens, and
the macroscopic and microscopic photographs are shown in
Fig. 8.

From Fig. 8(a), an obvious fatigue crack propagation zone
and a tensile fracture zone can be observed. The macrostructure
of the fatigue fracture contains the fatigue source zone initiating
at the specimen surface, the fatigue crack propagation zone
which is arc-shaped or fan-shaped and located at the edge of
fracture, and the tensile fracture zone located at the middle area
of the fracture where the surface becomes coarser. Because
specimens endure the torsion fatigue test and multiple fatigue
sources are formed, there are multiple propagation zones
around the edge of the fracture. Due to the stress of the fatigue
test is large, fatigue cracks form once the crack nucleates,
which accelerates the extension of cracks until the specimen
fractures; thus, the proportion of the fatigue crack propagation
zone is relatively small in the whole fatigue fracture. In
Fig. 8(a), the rectangular areas marked b, ¢ and d are magnified
and shown in Fig. 8(b), (c), and (d).

SU8020 10.0kV 15.0mm x12

Figure 8(b) shows the microstructure of the fracture; the
fatigue source initiates at the specimen surface and spreads as
an arc-shaped or fan-shaped area to form the fatigue crack
propagation zone below the white curve. The fatigue source
zone has been magnified and is shown in Fig. 8(e); the fatigue
source zone is much flatter than other regions due to the many
extrusions and friction which produce shapes such as semicir-
cles or semi-ellipses.

It can be seen in Fig. 8(c) that there are some stepped
radiation lines, which are the fatigue tearing edges and ridge
lines existing in the fatigue crack propagation zone; they are the
typical characteristics of fatigue cracks. Figure 8(d) displays
the microscopic property of the tensile fracture zone, which is
the area of specimen fracture; dimples are observed in the zone.
When the fatigue damage of specimens reaches a certain extent,
the bearing surface becomes smaller and the phenomenon of
stress concentration is more obvious, which results in the
fracture of specimens.

The fractures of specimens with fatigue degrees of 15, 65
and 90% are compared. When the fatigue degree of a specimen

) Fatigue source zone

SU8020 10.0kV 22.9mm x40 LM(UL)

- ! I A
[ B S e B o B

200um

200um

Fig. 8 Macrostructure and microstructure of fatigue fracture morphology: (a) macrostructure of fracture, (b) microstructure of fracture, (c)
microstructure of fatigue crack propagation zone, (d) microstructure of tensile fracture zone and (e) microstructure of fatigue source zone
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is 15%, the width of the fatigue crack propagation zone is
below 200 pm according to the measurement function of SEM,
which indicates that the fatigue crack is very small and the
nonlinear property of the specimen is very weak. When the
fatigue degree increases to 65%, the fatigue crack propagation
zone becomes larger and the width of this area is close to
800 pum, which indirectly indicates that fatigue crack initiation
and propagation occur in this stage; the relative nonlinear
parameter significantly increases in this process. When the
fatigue degree of specimens reaches 90%, the width of the
fatigue crack propagation zone is greater than 1.1 mm and
specimens appear to have obvious macroscopic cracks. There-
fore, with the increase in fatigue degree, the width of the fatigue
crack propagation zone becomes larger and the nonlinear
degree of specimens increases.

4.3 The Fatigue Life Prediction of Specimens

Because the relative nonlinear parameters of the difference
frequency and sum frequency have an intrinsic relationship
with the microstructure evolution of metal materials caused by
fatigue damage, that is, the fatigue state of metal materials
indirectly determines the ultrasonic nonlinear property, the

L] I‘Experimen‘tal data
— Fitting curve(R?=0.9949)

Fatigue degree

0.3 0.4 0.5 0.6 0.7
The combined nonlinear ultrasonic prameter

Fig. 9 Relationship of the combined nonlinear ultrasonic parameter
and fatigue degree based on experimental data

relative nonlinear parameter can evaluate the fatigue state,
which provides a method for quickly and effectively predicting
the fatigue life of specimens based on the relative nonlinear
parameter.

For specimens pl, p2 and p3, based on the relationship
between the relative nonlinear parameter and fatigue degree
shown in Fig. 7, the optimal fitting equation of the relative
nonlinear parameter at the difference frequency f. and fatigue
degree N is

N = 13.7312% — 2.46958_ + 0.2359 (Eq 9)

The optimum fitting curve of the relative nonlinear param-
eter at the sum frequency f, and fatigue degree N is

N =20.5184p% — 6.0774f, + 0.6192 (Eq 10)

An approximate quadratic curve has been found to suit the
relationship between the relative nonlinear parameter and
fatigue degree based on experimental data. Therefore, the
optimal fitting curve can serve as the master curve for fatigue
life prediction based on the collinear wave mixing method.

According to the theory of data fusion (Ref 19), a
comprehensive feature integrating several characteristics is
presented for fatigue life prediction of specimens. Because the
relative nonlinear parameters of the difference and sum
frequencies reflect the relationship between the ultrasonic
nonlinear property and fatigue damage, in order to highlight the
relationship between the relative nonlinear parameter and
fatigue degree of specimens, it is necessary to combine the
relative nonlinear parameters at the difference and sum
frequencies for fatigue degree estimation. Because the propor-
tions of the relative nonlinear parameters and sideband
amplitudes at the difference and sum frequencies are the same,
the combined nonlinear ultrasonic parameter iy is proposed as
Bri=B_+P..

Based on the experimental data shown in Fig. 7, the
combined nonlinear ultrasonic parameter is calculated, and
the relationship of the new parameter and fatigue degree is
shown in Fig. 9.

Table 2 Fatigue cycle estimation results of specimens applying three models based on the relative nonlinear parameter of
the difference frequency, the nonlinear parameter of the sum frequency and the combined nonlinear ultrasonic parameter

Practical Estimation
fatigue Nonlinear fatigue

Name cycles, % parameter cycles, % Error, %
Model based on relative 25 0.1884 25.81 3.24
nonlinear parameter of 45 0.2384 42.76 4.98
difference frequency 65 0.2811 62.68 3.57

85 0.3283 90.52 6.46
Model based on relative 25 0.2136 25.72 2.88
nonlinear parameter of sum 45 0.2688 46.81 4.02
frequency 65 0.2984 63.27 2.66

85 0.3176 75.87 10.74
Model based on combined 25 0.402 25.61 2.44
nonlinear parameter 45 0.5072 44.59 0.91

65 0.5795 63.09 2.94

85 0.6399 83.97 1.21
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If the independent variable is the combined nonlinear
ultrasonic parameter, the optimal fitting curve of the combined
nonlinear ultrasonic parameter and fatigue degree is

N = 4253563 — 2.0632f; + 0.3981 (Eq 11)

When applying the least squares method to fit the optimal
fitting curve of the combined nonlinear ultrasonic parameter
and fatigue degree based on experimental data, the fitting
coefficient is R? =0.9949, the root-mean-square error is
RMSE =0.02184, and the error sum of squares is
SSE = 0.00286, which indicates that the fitting curve could
well reflect the relationship between the combined nonlinear
ultrasonic parameter and fatigue degree. Therefore, Eq 11 can
act as a model to estimate the fatigue degree of specimens with
the same specification. Based on the three models of fatigue
degree estimation, that is, Eq 9, 10, and 11, for the test samples
p6 and p7, the results of fatigue life prediction based on the
relative nonlinear parameters f_ and f, and the combined
nonlinear ultrasonic parameter fj are shown in Table 2.

As shown in Table 2, when the relative nonlinear parameter
at the difference frequency is applied to predict fatigue life, the
error is 3.24, 4.98, 3.57 and 6.46%; based on the relative
nonlinear parameter at the sum frequency, the largest evaluation
error is 10.74% when the theoretical fatigue life is 85%. When
the combined nonlinear ultrasonic parameter is used for fatigue
life prediction, the error is 2.44, 0.91, 2.94 and 1.21%. Through
contrast analysis, the error of fatigue life prediction is relatively
higher when using models based on the relative nonlinear
parameters at the difference and sum frequencies, while the
error is less than 3% using the model of the combined nonlinear
ultrasonic parameter. This illustrates that the optimal fitting
curve of the combined nonlinear ultrasonic parameter and
fatigue degree can act as a model to effectively and quickly
evaluate the fatigue life of specimens. The model is an
expression fully displaying the dependence of the fatigue
damage of specimens and the relative nonlinear parameter of
ultrasonic.

5. Conclusions

In this paper, the combined nonlinear ultrasonic parameter
based on the collinear wave mixing technique is applied for
fatigue life prediction of metallic materials. The relative
nonlinear parameters at the difference and sum frequencies
monotonously increase with fatigue degree, which is related to
the microstructure evolution of specimens. When the fatigue
degree of specimens is below 65%, the relative nonlinear
parameter increases quickly, while above 65%, the increase
trend of the relative nonlinear parameter becomes slow. The
error of fatigue life prediction based on the combined nonlinear
ultrasonic parameter is less than 3%, which is below the
prediction error based on the relative nonlinear parameters at
the difference and sum frequencies.

The model for fatigue life prediction based on the combined
nonlinear ultrasonic parameter is constructed based on speci-
mens only in relation to the fatigue degree and does not
consider the material and the notch size; therefore, the model is
only suitable for specimens with the same specification.

3656—Volume 26(8) August 2017

Furthermore, the limitation of the number of specimens may
influence the prediction result.
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