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ABSTRACT

Nonlinear ultrasonic waves, including higher -harmonic
(HH)-waves, are likely to be applied in non-destructive
evaluations of power plants. We first constructed a system to
measure the frequency response characteristic of ultrasonic
waves and experimentally investigated the mechanism of second
HH generation caused by fatigue cracks. The system comprised
of three-dimensional laser Doppler vibrometer (3D-LDV) to
obtain contactless and local measurements. The features of 3D-
LDV are suitable for crack-induced scattered ultrasonic
vibration measurements. Subsequently, by sweeping the input
frequency, we measured the frequency response characteristic
caused by fatigue cracks using the system and consequently
obtained a natural frequency fromthe characteristic. Further, we
measured the frequency response characteristic of the second
HH using the same system and consequently, confirmed that the
second HH resonated when its frequency corresponded to the
natural frequency caused by the cracks. Additionally, we
analytically revealed that the resonant second HH was generated
from natural vibration and nonlinearity.

Keywords: ultrasonic testing, nonlinear ultrasoriigher-
harmonic wave, natural vibration, fatigue crack

NOMENCLATURE

f Frequency

F.(f) Response  Fourier amplitude in the
measurement region with cracks when the frequesicy i

F,(f) Response  Fourier amplitude in the

measurement region without cracks when the frequifc

1. INTRODUCTION
Ultrasonic testing (UT) is widely applied for ingpieg
power plants. However, the detection of micro doded cracks
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becomes challenging with UT. Hence, nonlinear stirgc
waves, which are higher -harmonic (HH), sub-harmd&H),
and sum difference harmonic, are likely to be agpln a non-
destructive evaluation (NDE). For example, Kim dt a
quantitatively characterized a damage state irdnly stages of
fatigue using HH [1]. Further, Ohara et al. shovikdt SH
images provide an accurate length of partially etbsracks [2].
Nonlinear UT (NLUT), including these techniques, yntzelp
achieve an NDE that is more sensitive, but the aieism of
nonlinear ultrasonic generations caused by cra@mains
unclear. When NLUT is applied to the actual equiptnee must
understand the mechanism not to remain accidentidtacted.
In recent researches, Solodov showed that theteaffelocal
defect resonance in thin plates in the generationoolinear
vibrations [3]. Further, Maruyama et al. numerigahowed that
the ultrasonic frequency property caused by craskisighly
associated with SH generatlon [4]. These resuluweu that
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FIGURE 1: SCHEMATIC OF EXPERIMENTAL SETUP
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nonlinear ultrasonic may be generated from theasitnic
frequency response characteristic caused by crathsever,
the hypothesis has not been experimentally vaktlate this
study, we experimentally investigate the mecharo$rsecond
HH generation caused by fatigue cracks.

2. EXPERIMENT

We constructed an experimental system to measuwre th

frequency response characteristic of ultrasonicesa¥ig. 1).
The system composed of a function generator (RIFER-
4000) for generating signals to the input transduzscilloscope
(Tektronix TDS5034B) displays the input signalg transducer
(KGK 5C10N-F, 5 MHz central frequency or KGK 2C1@N2
MHz central frequency) inputs ultrasonic wavediwgpecimen;
specimen (SUS30460 x 60 x 50 mm?3) has fatigue cracks;
three-dimensional laser Doppler vibrometer (3D-LDRdglytec
PSV-500-3D) measures the velocity vectors of secanpbints;
and computer controls the 3D-LDV, records the tiristories of
the velocity, and analyzes the recorded data. The BV
measures velocity vectors in a contactless manmedacally.
The features of 3D-LDV are suitable for measuriogttered
ultrasonic vibrations caused by the cracks becthesscattered
waves include longitudinal waves and transversavesa
although the incident waves are pure longitudinaves or
transversal waves.

2.1 Frequency response characteristic of ultrasonic
caused by fatigue cracks

We investigated the frequency response charadtesighe
ultrasonic waves caused by fatigue cracks. To eixtthe
frequency response characteristic caused by tlgsfeom the
entire system characteristic, we prepared restltspecimen
with fatigue cracks and an immaculate one. Thessidethe
specimens are shown in Fig. 2. To obtain the cheriatic curve,
frequency sweeping under the frequency region fBoiHz to
6 MHz was performed. Following a flowchart shownFig. 3,
we measured the characteristic as nondimensiorsgonse
amplitudes caused by the cracks. An example oftaizessing
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FIGURE 2: SPECIMEN SIZE

according to the flowchart is shown in Fig. 4. Hemeration of

resonance phenomenon caused by the fatigue craess w

observed. Further, we obtained the natural frequenavhich
the resonance was generated approximately 3.9 MHe.
phenomenon shows that the existence of cracks @&svoktural
vibration.

2.2 Relation between second higher-harmonic wave
generation and the frequency response characteristic
caused by cracks

Herein, we investigated the relation between ticersg HH
wave generation and the frequency response chasticte
caused by cracks. By sweeping the input frequeacset the
frequency of the generated second HH waves ardwenddtural
frequency caused by the fatigue cracks and by viatig the
flowchart (Fig. 3), we obtained the second HH frery
response characteristic as nondimensional res@onpétudes.
Based on the results, we confirm that the secondwdides
resonate when their frequency corresponded to titerad
frequency caused by the cracks. The phenomenoralisdc
second HH resonance.
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FIGURE 3: FLOWCHART FOR CALCULATING THE
FREQUENCYRESPONSE CHARACTERISTIC

3. CONCLUSIONS

By constructing a system to experimentally meashee
frequency response characteristic of ultrasonic esawve

2 © 2019 by ASME



estimated the
characteristic caused by fatigue cracks. Therefeseconfirm
that the natural vibration and second HH resonarees
generated from the cracks.
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2. Calculation of norm Fourior amplitudes under the bandpass filter
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3. Calculation of averege Fourior amplitude in measurement area
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4. Extracting response amplitude corresponding to input frequency
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FIGURE 4: EXAMPLE OF DATA PROCESSING FOLLOWNG
THE FLOWCHART (THE CASE WHERE THE INPUT
FREQUENCY IS 3.9 MHz
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