K 4 e

%N o FE O L (%)

¥ LR FE T T4 6 8 5

ARG A k2 643 H 2 5H

TR G OB ARG 4 55 1 %Y

TR L H Development of Damage Diagnostic Technique for Mercury Target

Vessel of High-power Spallation Neutron Source Using Ultrasonic
Waves
(BB E B 2 Rl T i@ A R M IR R 2 — 7 B R AR
DIEE2 W H T D BA%E)

#OOA = F& BT I & ZE Il IE K
ZE Ot B M Z 3= T I VAR 3
7= I (N =

WA O

High power spallation neutron sources are being developed in the world. Liquid metal is used as
the target material from the viewpoints of neutron yield and cooling capability. Mercury target for
spallation neutron source has been installed at MLF (Materials and Life science experimental
Facility) in J-PARC (Japan Proton Accelerator Research Complex). However, various kinds of
damages, such as cavitation damage, fatigue damage and irradiation damage, are imposed on the
target vessel during operation of the mercury target. The remote noncontact diagnostics that can
correspond to the high radiation environment is strongly expected for the in-situ evaluating the
lifetime of the target.

The objectives of this thesis are to evaluate micro-scale and macro-scale cavitation damages and
to develop the in-situ diagnostic technique for monitoring the structure integrity of mercury target
vessel. In the present study, the nonlinear ultrasonic and laser ultrasonic techniques were applied for
cavitation damage evaluation. Based on the basic knowledge obtained by the ultrasonic techniques,
the effects of cavitation damage on the dynamic responses of mercury target vessel were
investigated.

The thesis consists of six chapters.

In Chapter 1, the background of issues relating to structural integrity in the mercury target is
introduced. Then the cavitation damage and the proposed ultrasonic techniques are mentioned. Some
issues related to the study on ultrasonic inspection are summarized. Objectives and structure of
thesis are given in Chapter 1.

In Chapter 2, the nonlinear ultrasonic technique was used to evaluate the cavitation damage
considering its sensitivity to defects. The resonance and nonresonance methods were adopted for
evaluation, respectively. The dependency of vibration amplitude on cavitation damage evaluation
was systematically investigated. The results showed that the generation of higher harmonics was
dependent on the vibration amplitude, and the resonance method could effectively evaluate the
damage which attributes to the stronger higher harmonics generation.

However, the procedure for nonlinear ultrasonic damage evaluation is not established up to now.
Regarding this issue, the dependencies of ultrasonic parameters (cycles and frequency) on cavitation
damage were systematically investigated in Chapter 3. Based on the results, a novel procedure was
established for cavitation damage evaluation by using ultrasonic waves. The mechanisms of
ultrasonic attenuation and higher harmonics generation due to damage were combined to establish
the evaluation procedure. The results showed that the evaluation procedure could effectively and
accurately evaluate cavitation damage. It can also be applied for evaluating various surface and



sub-surface micro defects in materials.

In Chapter 4, on the basis of the knowledge obtained by nonlinear ultrasonic, the laser ultrasonic
technique was adopted to evaluate artificial cavitation damage. A laser beam was used to impact the
specimen and to simulate the bombardment of proton beams as well. The specimen vibration was
remotely monitored by a Laser Doppler Vibrometer (LDV). Meanwhile, the numerical simulation
was carried out using Wave3000, a commercial Finite Difference Method code, to quantitatively
study the dependency of ultrasonic wave propagation behavior on damage. It was found that the
ultrasonic propagation behavior is closely related to the pitch and depth of pits in the cavitation
damage. The diagnostic technique based on the propagation behavior of the ultrasonic wave was
developed and the cavitation damage was quantitatively evaluated by the laser ultrasonic technique.

In Chapter 5, the vibrational signals of double-walled target vessel were applied for evaluating the
structural integrity that will be affected by cavitation damage. An electro-Magnetic IMpact Testing
Machine (MIMTM) was used to experimentally simulate the structure of double-walled vessel which
is excited impulsively and repeatedly through mercury. The vibration of MIMTM was measured in
noncontact and remotely by using a LDV system. The numerical simulations were carried out by the
LS-DYNA, a Finite Element Method code, to systematically investigate the dependency of
damage on the vibration behavior of double-walled vessel. Considering the size of the target vessel,
macro-scale cavitation damage was assumed on the inner wall of target vessel. Furthermore, Wavelet
Differential Image (WDI) was proposed as a diagnostic technique to clearly detect the differences of
vibration signals dependent on cavitation damage. The statistical methods referred to as Analysis of
Variance (ANOVA) and Analysis of Covariance (ANOCO) were used to reduce the noise. The
results showed that the vibration behavior was dependent on the damage. In the case of micro-scale
damage, the differences of the vibration signals that caused by damage trended larger with increasing
the peak-to-peak roughness of cavitation damage. While in the case of macro-scale damage, the
differences of the vibration signals that caused by damage trended larger with increasing the
diameter of cavitation damage.

Brief summary of each chapter is given in Chapter 6. In this study, the relationships between
ultrasonic waves and cavitation damage were investigated. As a result, the fundamental knowledge
that is necessary to establish the diagnostic technique for evaluating the structure integrity caused by
damage was established through this study. It can be concluded that:

1. When ultrasonic waves transmit through or reflected from cavitation damage, there was
attenuation and induced nonlinearity of transmitted or reflected waveforms. The attenuation was
mainly caused by the scattering from the cavitation damage; the induced nonlinearity was
caused by the “Clapping” and “Friction” of interfaces of micro cracks at the bottom of the
cavitation damage. Higher harmonic components were generated due to the nonlinearity of
transmitted or reflected waveforms. By making use of the attenuation and higher harmonic
components, the established novel evaluation procedure successfully evaluated tiny pits
combined with micro cracks.

2. For the laser ultrasonic evaluation, the amplitude of converted shear waves and the attenuation
of transient resonance vibration caused by longitudinal waves were closely related to the pitch
and depth of pits in the cavitation damage. It was considered that the cavitation damage reduces
the effective thickness of specimen. The propagation distance of converted shear waves from
source to detector was shortened due to the reduction of effective thickness of specimen.
Cavitation damage with peak-to-peak roughness of at least 15 pm was successfully evaluated by
the laser ultrasonic technique.

3. The vibration behavior of target vessel was dependent on the cavitation damage. In the case of
micro-scale damage, the vibration behavior of target vessel was related to the reduction of
effective thickness of specimen due to the cavitation damage; while in the case of macro-scale
damage, the vibration behavior of target vessel was related to the pressure waves that
propagated through the penetrated damage.
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