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Abstract: Ultrasonic fatigue testing is a key technology that is more efficient and energy saving
compared to conventional fatigue testing. In order to investigate the behavior of metallic materials at
ultra-high frequencies and to verify the validity of ultrasonic fatigue test results, this paper builds
a test apparatus that can be used to conduct ultrasonic fatigue tests, and this paper proposes a
complete procedure from theoretical analysis to the investigation of test laws for 20 kHz tensile and
the compression test. Firstly, the initial sizes of the sample are calculated with an analytical method,
then the three-dimensional model is simulated and optimized with finite element software, and the
optimum result for the sample size is then obtained according to the sensitivity of the sample size to
the effect of frequency. The next step is to analyze the influenced trend of the sample size, including
Ly, Ly, L3, Ry and Ry, on the resonant frequency and maximum stress of the sample. According to
the optimized results, the sample was processed, and an ultrasonic fatigue test was carried out to
ensure the sample fatigue fracture finally occurred. Finally, the S-N curve of the material was plotted
based on the data recorded in the test and compared with the conventional fatigue life curve to
verify the feasibility of the ultrasonic fatigue test device and test method. The fracture of the sample
was observed using an optical microscope, and its macroscopic fracture morphology was analyzed.
The fracture morphology of the sample can be divided into three typical zones: the fatigue crack
source zone, the extension zone and the transient zone, where the fatigue cracks all originate from on
the surface of the sample. The results demonstrate the validity of the ultrasonic fatigue test results
and provide new ideas for the design and optimization of ultrasonic fatigue samples and shorter
processing times, providing a reference for subsequent ultrasonic fatigue tests on typical materials.

Keywords: ultrasonic fatigue test; finite element analysis; structural optimization; S-N curve; fatigue
fracture morphologies

1. Introduction

In recent years, with the rapid development of technology in aerospace, transportation,
nuclear industry, machinery and other fields, some structural components bear high-
frequency and low-amplitude vibration loads in the working process, and bear cyclic loads
as high as 108~10!! cycles [1,2]. For example, aircraft engines generally operate at high
speeds of tens of thousands of revolutions per minute and the blades in the engine are
subjected to forces between 170 Hz and 2000 Hz; the axles of high-speed railway trains
are subjected to 10° cycles of dynamic loads during an overhaul period (200 x 10* km); a
gasoline engine operating at 3000 rpm is subjected to 8.5 x 10° cycles of dynamic loads
during its 15-year service life. This kind of vibration load is characterized by small stress
amplitude, but high vibration frequency [3], which can reach thousands of Hertz [4]. The
compound damage caused by high-frequency and low-amplitude loads superimposed
with other loads will greatly accelerate the damage of structural components, and seriously
threaten the safety and reliability of structural components. In conventional fatigue testing,
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it is difficult to guarantee the requirements of key technologies [5], such as long life and
high reliability for large aircraft projects and key projects such as high-speed railways.
There is an urgent need for the development and manufacture of test methods and reliable
test equipment for low-amplitude and ultra-high cycle fatigue life testing of mechanical
structures [6].

Conventional fatigue testing techniques to simulate mechanical damage to materials in
excess of 107 cycles are time-consuming, costly and even impossible. In contrast, ultrasonic
fatigue testing is fast, efficient and consistent with the real forces on the component. Ultra-
sonic frequencies can reach tens of thousands of Hertz per second [7], and using a 20 kHz
ultrasonic vibration fatigue test machine can save time compared to conventional methods,
and can study the fatigue life range from millions to billions of times. For example, it takes
10 h to perform a 10°-cycle fatigue test on a 30 Hz conventional fatigue testing machine,
but less than 1 min on a 20 kHz ultrasonic vibration fatigue testing machine. It takes
11 years to perform a 10'° cycle fatigue test with a conventional fatigue testing machine,
but only 6 days with a 20 kHz ultrasonic vibration fatigue test machine [5]. Conventional
fatigue testing machine can only extend the fatigue life to 10° cycles, whereas with a 20 kHz
ultrasonic vibration fatigue testing machine, the fatigue life can be extended to 10'° cycles.
At the same time, the ultrasonic fatigue test method saves energy compared to conventional
fatigue test techniques due to the shorter test time and the relatively low power requirement
of the resonance system.

The core of the ultrasonic fatigue testing machine is the resonant system, which con-
sists of the transducer, the amplitude transformer and the sample. The entire system is
required to work in a resonant state during the fatigue test. The first ultrasonic fatigue
testing machine was reported in 1950, designed by Dr. Masion. Professor Stanzl’s labora-
tory in Austria [8], Professor Bathias’ research team in France [9] and Professor Puskar’s
research team in Slovakia [10] are industry leaders who have obtained great progress in the
manufacture and related experiments of ultrasonic fatigue testing machines. The ultrasonic
fatigue testing machines developed by these teams, although varying in structure, all
contain the following basic units [11]: generators, transducers, amplitude transformers
and the sample. Additionally, these units need to be designed according to fatigue test
loads and resonant frequencies. In addition, there are control, detection and recording
systems. The USF-2000 ultrasonic fatigue test machine, produced by Shimadzu Scientific
Company, can test a wide range of materials [12]. The ultrasonic fatigue experimental
system developed by the research team at the University of Kaiserslautern in Germany was
used to study the ultra-high cycle fatigue life of Ti6A4V, with an amplitude of up to 55 um.

At present, many scholars put their research direction on the realization of tensile,
compression, bending [13], torsion [14,15] and other functions [16,17] of the testing machine,
but the whole process of the test is not involved, and the research on the sample design
mostly stays in the simulation analysis stage [18], and the optimization design of the sample
is rarely touched. This paper starts with the composition of ultrasonic fatigue equipment,
and designs the sample based on the one-dimensional vibration differential equation. The
geometric size of the sample was calculated by the mathematical analytical method [19],
and the stress state of the sample was analyzed by finite element software. The modal
analysis and harmonious response analysis of the sample were carried out. The tensile and
compression vibration characteristics of the sample were theoretically clarified, and the
optimum design method for the sample size was obtained, and the influence trend of the
sample size on frequency and stress was analyzed. The fatigue life of the ultra-high cycle
axial tension and compression samples was predicted, and the S-N curve was compared
with the conventional S-N curve. The fracture morphology of ultrasonic tension and
compression samples was analyzed, and the initiation and extension modes of ultra-high
cycle fatigue cracks were described.
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2. Test Equipment and Test Sample
2.1. Test Principle

The ultrasonic vibration control system, sample and ultrasonic fatigue test equipment
constitute a mechanical vibration system [20]. The loading of the sample is realized by the
resonance of the sample excited by the external signal, and the resonant wave is generated
in the sample [21]. Taking the symmetric tension and compression test as an example, one
end of the sample is fixed at the end of the amplitude transformer, and the other end is free.
The external force at the free end of the sample is zero. In order to satisfy the resonance
condition, the displacement of the middle section of the sample is required to be zero.
According to the symmetry condition, when the sample meets the resonance condition, the
resonant wave is generated in the sample, and the longitudinal displacement and stress
(strain) fields are established along the axial direction of the sample. At this point, the
displacement of the middle section of the sample is zero and the stress is maximum, and
the stress at both ends of the sample is zero, and the displacement is maximum. When
the resonance occurs, the displacement and stress curves along the length direction of the
sample are shown in Figure 1.
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Figure 1. Resonance test system and displacement-stress curve.

Figure 1 shows an ultrasound resonance system totaling one and a half wavelengths
with a displacement of 90° ahead of the stress. There are three displacement nodes D, E and
F (maximum stress and zero displacements), and three stress nodes A, B and C (zero stress
and maximum displacement) in the vibration direction of the whole system. The ultrasonic
fatigue test system consists of a transducer, an amplitude transformer and a sample, which
is a unified whole, and a resonant system with a total of one and a half wavelengths is
formed by rational design. The transducer, the amplitude transformer and the sample
vibrate with their own amplitude, respectively, but the overall goal is that when the sample
resonates, the length of the sample is half a wavelength [22], with the maximum strain in
the middle, and with the maximum strain level in accordance with Hooke’s Law, where
the displacement is zero; the sample has maximum displacement at both endpoints, but
has zero stress. For installation purposes, the fixed position displacement of the vibration
system is generally zero. Displacement and stress nodes for the above systems can be
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obtained through rational design and correct calculations. The calculation method can be
analytical, for more complex systems, a finite element method is more appropriate.

2.2. Test Equipment

Although ultrasonic fatigue testing has been carried out for many years, there is
currently no uniform test specification. Research teams in various countries carry out
ultrasonic fatigue tests. Although the resonance systems built are slightly different in
individual structures, the ultrasonic fatigue resonance systems built are generally similar
with basically the same core components. The ultrasonic fatigue test system proposed by
the research institutes consists of an ultrasonic generator to provide the test frequency,
an ultrasonic transducer [23] to convert the electrical signal into a mechanical vibration
signal, an ultrasonic amplitude transformer to amplify the displacement amplitude, test
samples (tensile, bending and torsion samples) and an electronic measurement and control
system (computer control system, laser displacement transducer, non-contact infrared
thermometer and cooling system) [24]. This paper selects a suitable ultrasonic generator
and electronic measurement and control system, calculates and designs the transducer,
amplitude transformer and test samples to meet the test requirements, and builds a resonant
system with a 20 kHz resonance frequency. The ultrasonic fatigue test frequency (20 kHz)
far exceeds the conventional fatigue test frequency (less than 300 Hz), greatly reducing the
fatigue test time and enabling rapid completion of material fatigue tests. However, due
to the significantly increased test frequency, strict design requirements are placed on the
structural dimensions and mounting of the ultrasonic sample in order to meet the system’s
resonance conditions. The schematic diagram of the ultrasonic fatigue test system and the
actual test machine are shown in Figure 2.
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Figure 2. Ultrasonic fatigue test system (a) Schematic diagram of ultrasonic fatigue system; (b) actual

test machine.

(1) Ultrasonic generator

The function of an ultrasonic generator is to convert electrical signals into ultrasonic
signals, that is, to convert the low-frequency sinusoidal 50 Hz alternating current into a
20 kHz high-frequency alternating current. In ultrasonic fatigue testing, the amplitude of
the output amplitude at the end of the sample can be changed by adjusting the ultrasonic
generator input power, thus, achieving the purpose of controlling the stress amplitude in



Machines 2022, 10, 635

50f22

the middle section of the sample. The TJS-3000 intelligent CNC ultrasonic generator V6.0
used in this test can output frequencies from 19 kHz to 21 kHz and power from 100 W
(10%) to 1000 W (100%)).

(2) Ultrasonic transducer

The ultrasonic transducer converts the 20 kHz high-frequency electrical signal from
the ultrasonic generator into a mechanical vibration signal. The amplitude of the end
output of the ultrasonic transducer can be controlled by varying the input power of the
ultrasonic generator. The 2-2000CS series ultrasonic transducer from FUNSONIC was used
for this experiment.

(3) Ultrasonic amplitude transformer

In this paper, the amplitude transformer produced by Sunsonic ultrasonic company
was used to build the test system to gather the energy. It was necessary to amplify the output
amplitude of the end of the ultrasonic transducer by means of an ultrasonic amplitude
transformer, so that the sample could obtain a larger displacement and stress amplitude to
meet the test requirements.

(4) Ultrasonic sample

The sample was not only a component of the ultrasonic vibration system, but also a
working object and load of the working system. Its special feature is that it forms a complete
ultrasonic vibration system with the transducer and the amplitude transformer, which is
driven and monitored by the ultrasonic generator until the properties of the material are
changed. However, as a sample, it is entirely possible for the properties of the material
to change as the test proceeds, thus, changing the resonance conditions of the vibration
system during the test. Therefore, one of the important tasks of the ultrasonic fatigue test
is to timely detect and meet the resonance conditions, and timely judge the mechanical
properties of the sample.

(5) Electronic measurement and control system

The electronic measurement and control systems were composed of a laser displace-
ment sensor, a non-contact temperature sensor and a computer control system. In order
to meet the requirements of the resonance test and obtain accurate test results, it was
necessary to use a laser displacement sensor to monitor the amplitude of the sample end in
real-time, so as to achieve the purpose of monitoring the stress in the middle of the sample.
The laser displacement sensor chosen for this test was LK-H020 with a sampling period
of 2.55 us; a non-contact temperature sensor was used to monitor the temperature of the
sample, and stop the test immediately when the sample overheats. For this test, the infrared
thermometer sensor SAS0AS-SA50ASF and the intelligent display controller were chosen
to implement the temperature detection; the computer was used to collect and record the
test data to draw the S-N curve of materials.

2.3. Test Sample Design

The ultrasonic fatigue sample is the end element of the high-frequency resonant system
and is also the load of the resonant system [25]. The performance of the sample in the
ultrasonic fatigue test will directly influence the final evaluation of the high-frequency
fatigue properties of the sample material. Therefore, the dimensional structure of the
sample and its mechanical performance in the resonant system requires special attention.
According to the one-dimensional differential equation of vibration, the known resonance
frequency and the mechanical properties of the sample, the size of the sample can be
preliminarily calculated [26]. Simulation analysis [27-29] of the sample model to derive its
intrinsic frequency and stress in the middle section was performed by optimizing the design
and fine-tuning the dimensions of the sample. It is possible to ensure that the sample meets
the high-frequency resonance conditions and that the stress level in the middle section
is such that fatigue damage occurs, thus, ensuring that the high-frequency fatigue test is
carried out successfully.
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From the composition of the aforementioned ultrasonic fatigue test devices, the sample
needs to be screwed into the amplitude transformer to complete the clamping, thus, the rod-
shaped samples can meet the requirements. For an equal cross-section bar sample, although
it is easy to process, its vibration load is dispersed and lacks a stress concentration area,
making it difficult for the sample to achieve the requirements to produce fatigue damage.
Thus, samples are often designed with variable cross-sectional shapes in ultrasonic fatigue
testing to increase the stress level in this region by reducing the cross-sectional area of
the middle section of the sample. As shown in Figure 3, a variable-section sample can be
divided into an hourglass-shaped sample and a dog-bone-shaped sample according to the
presence or absence of equal-diameter areas in the middle section of the sample.

L1 I3 L1 L2 Ls

.V

(@) (b)

Figure 3. The variable-section sample: (a) The hourglass-shaped sample; (b) the dog-bone-shaped
sample.

Although the shape of the hourglass sample is simple and easy to process, there are
certain limitations. The effective test zone (the area where fatigue fracture occurs during the
test to obtain reliable and valid fatigue data) [30] of the hourglass sample is only the middle
section at the maximum stress, and the stress variation on both sides is more obvious at the
maximum stress section. It can be seen from the numerical analysis that the stresses in the
middle section of the dog-bone-shaped sample vary very little, and it can be said that the
stresses in this section are almost always at the maximum stress level, therefore, this whole
section is an effective test zone. In this paper, the dog-bone-shaped sample was used as an
example for analysis.

The dog-bone-shaped sample belongs to the long rod type axisymmetric structure,
theoretically there is only axial vibration displacement [31,32]. The axial direction of the
sample is taken as the X axis to establish the coordinate system, and the right half of the
sample is selected for analysis. According to the vibration theory, the one-dimensional
longitudinal vibration fluctuation equation of the sample is:

Pu(x,t) Ed<azu(x,t) N 1 9S(x) au(x,t)) )

o p 0x2 S(x) 9x  ox

where S(x) is the cross-sectional area of the sample at x; u(x,t) is the vibration displacement
at x at moment ¢; p is the material density; E; is the Young’s modulus.
The distribution of the cross-sectional area along the axial direction of the sample is:

S1(x) = R? x <L
Sy(x) = {Rycoshla(x — Lo)]}?, Li<x<L+L )
S3(X)Z7TR% Li+Ly<x<Li+Ly+ L3

where S1(x) is the cross-sectional area of the intermediate equal section; Sy(x) is the cross-
sectional area of the variable section and S3(x) is the end cylindrical cross-sectional area, and

1 R,
o —L—larccosh(R—l) (©)]
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the fluctuation equation for each partial segment is then simplified to
W) 12U (x) =0, x< Iy
W) 1 otanhla(x — L)) +KRU(x) =0, Ly <x<Lj+L )
u()+k2U() 0, Li4+Ly<x<Li+Ly+Lj

The equation for the vibration displacement of the sample can be obtained as:

U(x) = Upposin(kx) ,x <Ly
U( ) u @‘Bsms(kLl)cosh[,B(waL[l)(];—ki(is)ﬁkLl)smh[ﬁ(x Ll)], Li<x<IL+1Ly (5)
U(x) = Upcos[k(L — x)], Li+L,<x<L

where
cos (kL 5)cos(aL ,)

Beos(kLy)cos(BL,)+kcos(kL | )sink(BL,)
b2 ©)

k=2

c

g =

combined with the displacement distribution, the stress distribution function can be found
according to

oU(x
o(x) = £, 241 )
and
Omax= PkU,D E4 8)
the displacement stress coefficient
Cs = @ Ejk )

Cs is proportional to the constant M, the magnitude of M reflects the magnitude of the
stress amplification level, and the resonant length L3 equation is obtained analytically by:

1+Ltan(kL; )tanh(BL
Ly = 1arc:’can g tan( 1k) an(BLy) _ g’tanh(acL2) (10)
k tan(kLy) + gtanh(BL,) k

At this time, the stress amplification factor of sample is:

B B Beos (kL 5)cos(aL,)
M=po = Bcos(kLy)cos(BL,) + kcos(kL,)sinh(BL,) (1

3. Simulation and Testing
3.1. Initial Sizing and Simulation of Test Sample

The method in the previous section can be used to carry out preliminary analytical cal-
culations of the dimensional parameters of the test sample. According to the requirements
of the ultrasonic fatigue test, combined with the actual application of the material in the
engineering conditions, this paper selected 6063-aluminum alloy as the material for the
production of samples. The ultrasonic fatigue resonance test system cyclic stress loading
frequency of 20 kHz, and the mechanical properties of 6063-aluminum alloy are shown in
Table 1.

Table 1. Mechanical properties of 6063-aluminum alloy.

Op Eq P
[MPal [Gpal [kg/m?] #

6063Al 412 71 2770 0.33

Material
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Using software, such as MATLAB R2019b, a commercial mathematics software from
MathWorks in USA, the relevant dimensional parameters for the above material sample
can be derived as shown in Table 2.

Table 2. Dimension parameters of a 6063-aluminum dog-bone-shaped alloy sample.

. Ly L, Ls Ry Rz
Material [mm] [mm] [mm] [mm] [mm]
6063Al 5 10 14 2 6

According to the above calculated dimensions, the dog-bone-shaped sample is mod-
eled using software, as shown in Figure 4.

L1, L2 Ls

Figure 4. Simulation model of the dog-bone-shaped sample.

In actual machining, however, one end of the sample needs to be machined with
external threads, receding grooves, spanner flats and other structures, as the sample
is screwed to the amplitude transformer. The presence of the above machining details
inevitably has an effect on the intrinsic frequency of the test sample. Therefore, after
the analytical calculation of the sample, the actual machined shape needs to be modeled
and simulated to determine whether the resonance conditions can be met, and whether
fatigue damage can occur at the stress level to which the sample is subjected. If the
design size does not meet the resonant fatigue test requirements, the results should be
optimized. In addition, by correlating the dimensional parameters of the sample with its
intrinsic frequency and central stress amplitude in an optimized design, the sensitivity of
each dimension of the sample to the design results can be investigated, thus, providing a
reference for the machining accuracy and dimensional deviation range of the sample.

After modeling the actual machined dog-bone-shaped sample, the model is imported
into Workbench for modal analysis and harmonious response analysis. The results are
shown in Figure 5.

Figure 5a shows that the modal frequency of the sample at this time is 18,996 Hz when
meeting the longitudinal vibration, which is too far from the test requirement of 20,000 Hz.
In Figure 5b, the maximum stress in the middle of the sample is 187.79 MPa. As the sample
material is a 6063-aluminum alloy, its strength limit is o}, = 412 MPa. For harmonic response
vibration, the type of stress needed is a symmetrical cycle with a cyclic characteristic of
r = —1, which belongs to the category of dynamic loading. For fatigue damage to occur
in the middle section of the sample, the value of the stress acting on it must be greater
than the material’s endurance limit. For the same material, the endurance limit 0_; under
symmetrical cyclic alternating stresses is much lower than the strength limit o}, under static
loading. For an aluminum alloy material, tension and compression tests are:

o~ %+73.5 MPa = 142.17 MPa. (12)
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B: Modal C: Harmonic Response
Total Deformation Equivalent Stress
Type: Total Deformation Type: Equivalent (von-Mises) Stress
Frequency: 18,996Hz Frequency: 20,000 Hz
Unit: mm Sweeping Phase: 0. °
Unit: MPa

327.05 Max

291.91 199.42 Max

256.77 177.26

221.63 155.1

186.5 132.95

151.36 — 110.79

116.22 - 88.639

81.082 66.484

45.945 44.328

10.807 Min 22173

0.017803 Min

Y
0.00 20.00 (mmg, * L 0.00 20.00 (mm) L" z

[ —) [ —
10.00 10.00
(a) (b)

Figure 5. Finite element analysis results of an actual machined dog-bone-shaped sample: (a) Modal
analysis; (b) harmonious response analysis.

Since both the test device and the sample are placed vertically, so the vibration is also
transmitted vertically in the sample, and the stress of each point on any cross-section of
the sample is nearly the same, that is, when the stress in the middle of the sample reaches
142.17 MPa, fatigue failure will occur in the sample.

The stress amplitude in the middle of the sample is 187.79 MPa; it is higher than the
conditional fatigue strength of the 6063-aluminum alloy, so it meets the stress conditions for
fatigue damage to occur, but the sample still needs to be optimized to meet the frequency
requirements of the resonance conditions, and needs to ensure that the stress in the middle
of the optimized sample is still higher than its conditional fatigue strength.

3.2. Finite Element Optimization of Test Sample

The sample design is optimized using Workbench’s built-in target-driven optimization
method to obtain the optimum sample size from the sample set according to the target
set by the parameters. The main optimization objectives were to adjust the sample size
to achieve a resonant frequency of 20 kHz and to ensure that the maximum stress in the
sample met the test requirements. The flow of the optimization design is shown in Figure 6.

The dimensions Ly, L, L3, R; and R, of the sample simulation model as shown in
Figure 7 are parameterized and set as the independent variables for optimization. The
test resonant frequency and the maximum stress in the middle of the sample are set as
the dependent variables for optimization, and the optimization conditions are set to a
frequency close to 20 kHz and a maximum stress in the sample greater than 142.17 MPa.
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Start <
Preliminary design sample size

v

Parameterize the size,
Setting variables

.

Test design,
Selecting the optimization algorithm

.

Analysis of results
Fitting the optimization objective

Meet goodness of fit

Get the optimal solution
Check for conformity

End

Figure 6. Flow chart for sample optimization design.

Li

L ;

Figure 7. Dimensioned drawing of the sample simulation model.

Prior to optimizing the design, a design of experiments for the design variables is
required to establish sample points. The main objective of the experimental design is to
obtain the most comprehensive experimental results possible with the least amount of
numerical computation. The construction of the test points has a direct impact on the
accuracy required for the solution. The central combination test was conducted between
5 groups of independent variables and 2 groups of dependent variables, and a total of
25 groups of data were obtained, as shown in Table 3.



Machines 2022, 10, 635

11 0f 22

Table 3. Table of the range of variation of the dimensional parameters of the sample.

No Ly L, L3 Ry R, Frequency Stress
) [mm] [mm] [mm] [mm] [mm] [Hz] [MPa]

1 5.350 9.620 13.972 1.820 5.786 17,989 200.54
2 4.890 9.740 13.860 1.892 5.412 19,957 204.69
3 4.770 10.220 12.628 2.012 5.460 21,403 209.31
4 5.490 9.940 13.636 2.148 5.988 19,940 188.96
5 5.130 9.180 13.076 2.132 6.204 20,388 207.54
6 4.850 9.420 14.532 1.836 6.540 16,704 222.73
7 5.470 10.460 15.092 2.020 6.060 17,806 190.11
8 4.550 10.50 14.868 1.956 5.652 19,176 199.12
9 4.670 9.980 12.796 2.140 6.108 20,837 207.51
10 4.790 10.940 13.188 2.004 6.314 18,420 201.01
11 4.590 9.140 13.356 2.076 5.700 21,684 218.96
12 5.070 10.380 13.020 1.812 6.252 17,258 201.95
13 4.750 9.540 12.852 1.932 6.468 18,509 215.46
14 4.99 10.980 14.644 1.964 6.036 17,818 192.5
15 5.290 9.060 13.524 1.996 5.628 20,453 205.92
16 5.170 10.420 15.204 1.884 5.556 18,192 190.23
17 4.570 9.260 14.756 1.868 5.748 18,970 217.04
18 5.270 10.860 14.252 2.060 6.564 17,382 195.14
19 5.390 10.020 12.964 1.940 5.580 19,814 194.31
20 5.230 10.820 12.740 2.100 5.844 20,215 189.08
21 5.090 9.780 13.412 2.180 5.532 22,004 198.9
22 5.450 9.660 14.924 2.044 5.508 19,849 187.86
23 5.310 10.70 14.028 2.052 5.484 20,010 183.45
24 4.930 9.30 12.684 1.876 5.772 19,799 215.75
25 4910 9.020 13.916 1.948 6.132 18,936 212.33

After completing the combination test, a response surface fit is required. The response
surface is an approximation function of the actual structural response. A standard second-
order response surface was used for this test, and its goodness of fit can be visually
displayed by the scatter plot shown in Figure 8, with the vertical axis showing the predicted
values of the response surface and the horizontal axis representing the calculated value
of the design point. To check the quality of the fit, the response surface can be evaluated
by inserting verification points. The verification point is different from the point on the
response surface. It is the actual value obtained after calculation and is calculated separately
after the calculation of the response surface. Generally, setting the number of verification
points to three can be used to verify the fitting of the response surface. In the properties
of the response surface, click on the checkbox “Generate Verification Points” and specify
the number of verification points as three. This will automatically generate verification
points when the response surface is calculated. If the prediction is good, then the scatter
points are approximately the 45° line. If there are more points that deviate from the 45°
line, the response surface is of poor quality. The fit is good as the scatter points in Figure 8
are largely on the 45° line and the three verification points are also near the line, within the
margin of error allowed.
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Figure 8. The fitting curve of the test results.

Once a good fit response surface has been obtained, a full range of design exploration
can be carried out using various graphing tools. For example, response charts and local
sensitivities can be viewed. A response chart is a curved display of an approximated
response function. In a two-dimensional response plot, it is possible to view a curve of
the variation of any output parameter with respect to an input parameter. As shown in
Figure 9, the curves represent the trend of the effect of changes in the sample size of the
resonant frequency and maximum stress. For resonant frequency, L1, L, L3 and R; are
negatively related to it, and R is positively related to it. Additionally, for the maximum
stress, L1, Ly, L3 and R; are negatively related to it, and R; is positively related to it. In
addition, in terms of the rate at which the curve rises or falls, L1, L, and L3 affect frequency
and stress to a lesser extent, while R; and R, affect them to a greater extent. The next step
is to combine the local sensitivity diagrams and set the optimization conditions to arrive at
the optimal results.

Figure 10 shows the sensitivity of the various sizes of the samples to the design results.
Both the intrinsic frequency of the sample and the maximum stress value of the middle
segment have severe effects due to the fluctuation of R; and R;. In order to avoid the
influence due to this situation, in the actual processing of the sample, R; and R; should
be paid more attention, while the deviations of L, Ly and L3 and the relative surface
roughness requirements can be appropriately relaxed.

The sample’s intrinsic frequency range was set to 19.99 kHz < f < 20.01 kHz, and
the maximum stress in the middle of the sample was set to omax > 142.17 MPa. After
comparing the optimization results of different algorithms, the “Screening” method was
finally selected. Based on the above two constraints, the optimum design simulation gives
three sets of optimal solutions, as shown in Table 4. According to the calculation results,
the inherent frequencies and stress levels corresponding to the three groups of sample sizes
can meet the resonance conditions and fatigue test requirements.
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Figure 9. The influence trend diagram of sample size parameters on the design results.
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Table 4. Table of optimal solutions for sample size.

No Ly L, L3 Ry R, Frequency Stress
) [mm] [mm] [mm] [mm] [mm] [Hz] [MPa]

1 4.7758 10.735 12.669 2.1168 6.1663 20,048 199
2 5.4919 10.039 12.69 1.9159 5.4596 19,998 194.81
3 5.0447 10.973 12.779 2.1757 6.1803 19,998 190.5

In order to reduce errors, the average value of the three sets of data in the above table is
taken as the machine size of the sample. The dimensions of the optimized sample were fine-
tuned to take into account the actual machining of the sample, and the dimensions obtained
from the above analysis were kept to one decimal place to reduce the machining accuracy.
Therefore, the value of the actual machined sample can be: L; = 5.1 mm, L, = 10.5 mm,
L3 =12.7 mm, Ry = 2.1 mm, Ry = 5.6 mm. The model was remodeled with the optimized
dimensions and imported into Workbench for verification. The resonant frequency of
the sample in axial tension and compression was found to be 20,087 Hz, as shown in
Figure 11a, which meets the required frequency for the test. The maximum stress of
195.7 MPa > 142.17 MPa obtained from the harmonic response analysis under the applied
30 um displacement condition is shown in Figure 11b, which meets the stress requirement
for fatigue fracture of the sample in the ultrasonic fatigue tensile test.

B: Modal } C: Harmonic Response
Total Deformation Equivalent Stress
Type: Total Deformation Type: Equivalent (von-Mises) Stress
Frequency: 20,087 Hz Frequency: 20,000 Hz
Unit: mm Sweeping Phase: 0. °
Unit: MPa

341.88 Max

304.49 195.7 Max

267.1 173.96

229.71 152.22

192.33 130.48

154.94 108.74

117.55 86.995

80.161 65.254

42773 43.513

5.3843 Min 21.772

0.03045% Min
\/ \'/
0.00 (mn;)/L‘ 0.00 (mm)é/L‘
L ] & X . X

20.00 20.00
(a) (b)

Figure 11. Finite element analysis results of the optimized sample: (a) Modal analysis; (b) harmonious
response analysis.

3.3. Test Procedure

The vibration characteristics of the ultrasonic fatigue test system built according to the
resonance theory and the optimized sample were investigated to verify the feasibility of the
resonance fatigue test system and the correctness of the simulation and optimization design
method of the sample; high-frequency fatigue tests were carried out on 6063-aluminum
alloy samples, and the simulation analysis results were analyzed with the test data to
verify the feasibility of the design of the high-frequency fatigue test system, based on the
observation of the fracture morphology of the sample. The characteristics and laws of
fatigue crack generation and expansion are provided. The general flow of ultrasonic fatigue
testing from test development to result processing was sorted out to provide a theoretical
basis for the subsequent advancement of high-frequency fatigue testing.
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The steps of the test are shown in Figure 12. In addition, ultrasonic fatigue testing was
generally carried out in the following steps:

Parsing calculations
Design of sample —
l Simulation Optimisation
Installation of sample
Cooling down
Closing devices <
Electronic Timer Skop
. ]
> Record time
Start the experimental Displacement sensors
: »|  Measuring amplitude
machine
Infrared thermometers Biceadiog
> Monitoring temperature
* standards
Fatigue damage
l Cyclic stress amplitude

Data processing
Cycle week

Plotting the S-N curve <

|

Fracture analysis

Figure 12. Flow chart for ultrasonic fatigue testing.

As shown in Figure 13, one end of the sample was screwed to the end of the amplitude
transformer and the other end was suspended so that the sample had a cyclic character-
istic value of r = —1 under high-frequency fatigue loading. The output frequency of the
ultrasonic generator was set to 20 kHz, thus, satisfying the resonance conditions of the test
system. The power of the generator can be adjusted in the range of 30-70% to perform
ultrasonic fatigue tests on samples based on different stress amplitudes. During the test,
the displacement amplitude at the end of the sample was collected and recorded by using a
laser displacement sensor. At the same time, in order to avoid deviations in the test results
due to heat generation from deformation, the temperature of the middle section of the
sample needed to be monitored in real-time (to ensure accurate temperature measurement
by the infrared temperature sensor, the sample needed to be painted before installation).
A temperature threshold of 50 °C was set for the ambient temperature test, and the test
was automatically stopped once the limit was exceeded, and the test sample cooled down
before resuming cyclic loading. The above intermittent loading pattern was repeated until
fatigue damage occurred, and the end of the sample fell off, at which point the test was
immediately stopped and the cyclic loading time shown on the timer was recorded. Based
on the cyclic loading time and vibration frequency, the fatigue life N of the sample can be
calculated; based on the measured end amplitude of the sample, the stress amplitude S in
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the middle section of the sample can be found using Equation (11), and then the S-N curve
of the sample material under high-frequency loading conditions can be plotted.

Amplitude transformer

Infrared temperature sensor

Sample

Laser displacement sensor

Figure 13. Installation of ultrasonic fatigue test equipment.

After completing the installation of the sample, the equipment was operated via the
computer control system. The interface of the control system is shown in Figure 14a. By
clicking on the “Turn on ultrasonic output’ button, the ultrasonic generator starts to work,
and the displacement sensor and infrared sensor are activated at the same time. Then click
on the “ Turn off ultrasonic output” button to stop the test, then click on the “ Stop saving
data” button to stop the data recording and export the data in a CSV format, as shown in
Figure 14b. The first column is the test sample, the second column is the test temperature
and the third column is the test frequency.

() Ultra_Fatigue Test
Tool Help

= B s Timestamp  Temp Freg

) Ultrasenic generator comnected Frequency:  |19937

© Infruced theonster comnected  Tanperature: [35.4 1641536721  35.2 19957

Turn on ultrasonic output

0 Data saving has started-

Save condition set to: Aute

Start/stop saving data when the Start/Stop button is pressed

Stop saving data

EEpT——— 1641536740 352 19957
1641536773 354 19957
1641536815 354 19957
1641536843 354 19957

(a) (b)
Figure 14. Computer control system: (a) Control system interface; (b) screenshot of test data.

The ultrasonic generator was adjusted by increasing the output power by 5% at a time
within the range of 30-70% to vary the maximum stress in the middle of the sample, and
the displacement amplitude of the sample was measured at the end of the sample. The laser
sensor has a sampling period of 2.55 us, and the recorded displacement image is enlarged
as shown in Figure 15. Since the difference between the crest and trough is not constant,
the time-domain image needs to be processed.
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Figure 15. Data recorded by the laser sensor.

Through the computer program, the collected data points are processed, first removing
the influence of the DC component, and then converting the time domain waveform into an
amplitude-frequency spectrogram through the fast Fourier transform. The end amplitude
of the sample can be obtained, and the frequency domain image after processing is shown
in Figure 16.

0.03 T T T T T T T T

0.02

Amplitude (mm)

0 1 2 3 4 5 6 7 8 9 10
Frequency (Hz) x10%

Figure 16. Frequency domain diagram obtained after fast Fourier transform.

Twenty-seven identical samples of 6063-aluminum alloy were divided into nine
groups, each containing three samples. Ultrasonic fatigue tests were carried out at a
resonant frequency of 20 kHz, and the data from each group were averaged over the three
samples to reduce the test error. The test results are shown in Table 5.

Table 5. Data from 20 kHz ultrasonic fatigue test on 6063-aluminum alloy.

Temperature Power End Amplitudes Cross-Sectional Stress Load Time

No. [IZ ] [%] [mr:l] [MPal Is] Number of Cycles
1 30 20.37 123.84 5657.28 1.13 x 108
2 35 21.79 126.98 2343.52 4.69 x 107
3 40 23.45 132.84 569.39 1.29 x 107
4 45 24.39 139.65 330.59 6.62 x 10°
5 15-50 50 26.21 147.63 123.77 2.93 x 100
6 55 27.46 156.52 65.43 1.33 x 10°
7 60 28.49 165.85 36.58 7.40 x 10°
8 65 30.28 171.52 30.44 6.06 x 10°
9 70 31.27 178.75 13.47 2.77 x 10°
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4. Analysis of Results
4.1. Fatigue Life Analysis of Sample

The fatigue life curve of the sample is plotted according to the data in Table 5, as
shown in Figure 17. The red curve is plotted from the ultrasonic fatigue test data of the
6063 aluminum alloy sample, and the black curve is plotted from the conventional high-
cycle fatigue test [33]. From the trend, both curves are of a continuous decreasing type, and
the nature of the fatigue failure of the material does not change significantly due to the
increase in load frequency, thus, confirming the feasibility of the high-frequency resonance
fatigue test system built in this paper.

- 250 —&— Conventional Fatigue Tests
E —@— Ultrasonic Fatigue Tests
U
ks 200
i
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< .
@ i D)
&
¢y 100
9]
=
>
@)
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10¢ 10° 10¢ 107 10% 10°

Fatigue Life
Figure 17. S-N curves of 6063 samples at different frequencies.

However, the shape of the curve shows that the S-N curve of the sample material based
on the high-frequency fatigue test data decreases at a lower rate than its S-N curve based
on the low-frequency fatigue test data, so it can be concluded that the loading frequency of
the cyclic stress has an effect on the fatigue failure pattern of the material.

The effect of high-frequency cyclic loading on its fatigue properties can be divided
into two aspects. On the one hand, under the action of the approximate numerical stress
amplitude, the fatigue crack expansion rate to the critical size is lower than that of the
low-frequency fatigue test due to the poor fatigue damage accumulation effect caused by
the high-frequency cyclic loading, and the macroscopic performance of the sample is higher
than its low-frequency fatigue life. On the other hand, when the fatigue life of the samples
is approximated, the stress amplitude of the samples subjected to a high-frequency fatigue
test is higher than that of a low-frequency fatigue test. This is also due to the insufficient
accumulation of fatigue damage of samples in the high-frequency fatigue test, which leads
to the samples in the high-frequency fatigue test being able to withstand higher stress
amplitudes under the same fatigue crack growth rate, namely under the same fatigue life.

The effect of loading frequency on the material fatigue S-N curve depends on the
frequency effect of the material, which is reflected by the change in strain rate. The
sensitivity of different metallic materials to loading frequency and strain rate varies [34].
It is generally accepted that if a material exhibits cyclic hardening, there is no frequency
effect; conversely, there is a frequency effect. The effect of load frequency on the fatigue
properties of a material in ultrasonic fatigue testing can be corrected with an ultrasonic
loading frequency correction factor to make the results more reliable [35].

4.2. Fracture Morphology Analysis of Sample

The fracture of the 6063-aluminum alloy sample was not flat, as shown in Figure 18,
and the fracture near the crack sprout was at an approximate 45° oblique angle to the axis
of the sample, so it can be judged that the crack extension of the 6063-aluminum alloy
sample was carried out in a shear manner. The two parts of the sample could be accurately
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snapped together after fracture, and no necking was seen at the fractured joint, proving
that no significant plastic deformation occurred in the sample during the high-frequency
fatigue test.

Figure 18. Sample fractured after test.

The fracture morphology of the third and seventh groups of samples was observed
under a microscope, and the fracture morphology is shown in Figure 19. The crack source
zone, crack expansion zone and transient zone [36] are arranged in a fan shape and ex-
panded in a radial pattern [37]. In addition, the second and seventh groups were observed
under a microscope. It can be observed that the crack source zone and crack expansion
zone of the test sample can exist in an obvious stepped distribution, as shown in Figure 20.
This is due to the longer cycle time experienced by the fatigue crack in the expansion zone,
resulting in a larger expansion zone, and the repeated tearing and squeezing between the
two sections of the material during crack expansion, resulting in the formation of more
step-like bumps. Additionally, for high cycle fatigue life samples, the fatigue cracks expand
in a single shear. For ultra-high cycle life fatigue samples, the fatigue cracks expand in
a double shear. The morphologies of the first and third sets of samples are shown in
Figure 21.

Transient zone . Transient zone

1000um

(b)

Figure 19. Fracture morphology of 6063-aluminum alloy samples with different powers. (a) The third
set of test pieces, test power = 45%; (b) the eighth set of test pieces, test power = 60%.
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Figure 20. Section morphology of 6063-aluminum alloy samples with different powers (a) The second
set of test pieces, test power = 40%; (b) the seventh set of test pieces, test power = 55%.

Direction of
crack extension
(b)

Figure 21. Direction of crack expansion in aluminum alloy samples with different powers (a) The

first set of test pieces, test power = 30%; (b) the third set of test pieces, test power = 45%.

The reason for the high cycle fatigue cracking of 6063-aluminum alloy samples from
the surface of the samples can be explained by the preparation process of the sample
material. The 6063-aluminum alloy parent material is mostly rolled or forged, with good
metallographic organization and few pores, impurities or coarse grains that can be used
as internal defects, which weakens the tendency of fatigue cracking from internal defects
under the action of ultra-high cycle stress. Therefore, the sample is more sensitive to the
surface quality of the material. Fatigue cracks are mostly located at the surface defects of
the sample, and the fracture morphology is similar to that of low circumferential fatigue
fractures. In addition, the fracture of the sample after the fracture shows that the fracture is
located at the variable section near the thread side, which is also due to the sensitivity of the
aluminum alloy sample to its surface quality. The complex processing angle of the variable
section makes it difficult to guarantee the surface quality, and is prone to machining defects,
such as tool scratches; at the same time, repeated clamping is required near the threaded
end of the sample, which also leaves dents and causes stress concentrations. These two
points are the reasons why the fracture location of the aluminum alloy sample is close to
the threaded end and does not correspond to the stress concentration obtained from the
simulation analysis.

5. Conclusions

Low amplitude and high-frequency cyclic stress are very typical service conditions in
engineering. In order to investigate the fatigue performance of typical service parts, it is
necessary to conduct ultrasonic fatigue tests to verify the fatigue performance of materials.



Machines 2022, 10, 635 21 of 22

This paper completes the analysis of the system composition of each part of the test machine,
the calculation of the resonant fatigue sample size and simulation optimization analysis, as
well as the analysis of the ultrasonic fatigue test process for material samples, which are
summarized as follows.

The five major components of the ultrasonic fatigue experimental device are clarified,
including an ultrasonic generator to provide the test frequency, an ultrasonic transducer
to convert the electrical signal into a mechanical vibration signal, an ultrasonic amplitude
transformer to amplify the displacement amplitude, test samples and an electronic mea-
surement and control system. The design and development of a 20 kHz ultrasonic fatigue
test equipment have laid the foundation for ultrasonic fatigue testing.

According to the one-dimensional longitudinal vibration equation, the dimensional
calculation of the resonant fatigue sample was completed, and Workbench was used to
carry out simulation analysis and optimize the design. The trend of the effect of the sample
size on frequency and stress was obtained as follows: frequency increases with L;, L,
L3 and R, and decreases with Ry; maximum stress decreases with L1, L,, Lz and Ry and
decreases with R,. Based on the trend and sensitivity of each dimensional parameter on the
intrinsic frequency and maximum stress of the sample, the deviation range was determined
to reduce the processing difficulty.

Fatigue tests were carried out on 6063 aluminum alloy samples at high frequencies,
and it was found that fatigue fracture still occurred in the ultra-high circle range of 6063 alu-
minum alloy. The fatigue life curves of the samples from the ultrasonic fatigue tests showed
the same decreasing trend as the conventional fatigue life curves, indicating that the nature
of fatigue failure of the material did not change significantly due to the increase in load
frequency, thus, confirming the feasibility of the high-frequency resonance fatigue test
system built in this paper.

The fracture morphology of the samples revealed that the fatigue crack extension of
aluminum alloy 6063 proceeded in a shear manner and exhibited a crack surface sprouting
mechanism. The fatigue source zone of aluminum alloy 6063 is smooth and flat, and there
is a clear step between the fatigue source zone and the crack expansion zone.

In the selection of materials for parts in service under similar conditions, the fatigue
tests described above can be carried out to select materials based on their fatigue perfor-
mance parameters, while the fatigue life of the material can be extended by applying the
appropriate process for the fatigue failure mechanism.
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