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Abstract
A laser-based maintenance system, which includes the laser-ultrasonic testing as a non-destructive testing
technology, the laser-peening as a surface stress improvement technology and the laser welding as a
repair technology, for the in-service maintenance of nuclear reactor internal components is presented.
Regarding the laser-ultrasonic testing, surface acoustic wave generated and detected by lasers is used to
detect surface-breaking cracks. As the benefits of broad-band feature of the laser-ultrasonics, this method
allows to detect very small cracks having the depth of less than 0.1mm. Also, a frequency response
analysis technique of the surface acoustic wave, which propagates through the crack, is developed to size
the depth of the crack. The error of this depth measurement method is estimated at less than 0.2 mm
through a series of experiments using stress corrosion cracking. A part of the laser-based maintenance
system has been already applied to the actual maintenance works in Japanese nuclear power plants. The
developed system and its operation are presented. Finally, more recent work to detect and visualize small
defects on the weld bead by using leakly-Rayleigh waves is introduced.
Keywords: Laser-ultrasonic testing, laser peening, laser welding, stress corrosion cracking, surface
acoustic wave testing, leakly-Rayleigh wave testing, crack depth sizing, nuclear reactor internal
component

1. Introduction
In aged nuclear power plants, particularly reactor internal components, initiation of
stress corrosion cracking (SCC) is one of the typical deterioration. As countermeasures,
it is important to use following technologies properly:
(1) Non-destructive testing (NDT) technology to detect initiation of SCC and to
measure detailed information (e.g. depth) of the SCC,
(2) Preventative maintenance technology to prevent initiation of SCC in the future
operation,
(3) Repair technology to restore the cracked materials/component.
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laser peening, which uses pulsed power laser beam to improve surface residual stress of
materials to prevent SCC initiation [1].
As the next attempt, we have developed a laser-ultrasonic testing, which realizes NDT
of SCC by using laser beams. The laser-ultrasonic uses two lasers, one of which emits
short pulse to generate ultrasound in the material and another coupled with an optical
interferometer is used to detect ultrasonic signals [2,3]. Using the laser-generated and detected surface acoustic waves, some pioneer studies to detect surface-breaking cracks
in metal have been done from 1980’s [4]. Referring these former achievements, we
developed an accurate measurement method of crack depth using a frequency response
analysis of the surface acoustic waves [5]. To apply this method to the actual industrial
reactor internal components, a laser-ultrasonic testing system was developed based on
optical fiber delivery function and compact optical head [6,7].
In this paper, we first review the method and performance of the laser-ultrasonic testing.
A combined system of the laser-ultrasonic testing and the laser peening, which has
already been in practical use in Japan since 2004, is introduced.
Then, as a more recent work, an improved laser-ultrasonic testing method to detect and
visualize small defects on the weld bead by using leakly-Rayleigh waves is introduced.
This method will be used in the next generation laser-based maintenance system, which
includes the laser-ultrasonic testing function, the laser peening function and the laser
welding function, in the near future.

2. Laser-ultrasonic testing
2.1 Fundamental Process of Laser-Ultrasonic Testing
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It is well known that SAW travels only through the surface layer which is as thin as one
wavelength of itself. As shown in Fig.2 (a), most energy of SAW having higher
frequency (shorter wavelength) is reflected according to the geometry of a small crack.
It means that the SAW containing higher frequency components is a suitable tool to
detect micro surface-breaking crack. Result of the laser-ultrasonic detection of
microcracks having depths of 0.1 and 0.2 mm and lengths of 1 to 3 mm machined on
stainless steel plate can be detected. Crack indication is clearly observed even against
the smallest cracking (1mm
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response is determined by the crack depth. Based on this principle, a signal analysis
process in frequency-domain is developed to obtain the absolute crack depth.
2.2 Performance of Laser-Ultrasonic Testing

Measured Crack depth (mm)

To confirm the performance of this crack sizing method, a series of experiments was
performed on sample test pieces (T/P). As the basic performance confirmation, 8
machined test pieces, each of which includes 3 electrical discharge machined (EDM)
slits having depths of 0.5, 1.0 and 1.5 mm and width of about 0.2 mm, made of stainless
steel, welded stainless steel, nickel alloy
2
and welded nickel alloy were prepared.
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3. Application to nuclear reactor internals
3.1 Summary of the application
As an example of the laser-ultrasonic testing, application to the bottom-mounted
instrumentation (BMI) in pressurized water reactor (PWR) is introduced. The BMI
consists of dozens of tube-shape structures to guide neutron detectors. The tubes are
made of Alloy 600 and are welded at the bottom of the reactor vessel. Since inner
surface of the each welded part has the potential of SCC initiation, proper inspection
and preventive maintenance techniques are expected.
A laser-based maintenance system, which works as both the laser-ultrasonic testing
system and the laser peening system, is developed to perform both inspection and
preventive maintenance on the inner surface of BMI tubes. The generation laser in the
laser-ultrasonic testing system can be identical to the laser source of the laser peening.
As an example operation of the laser-based maintenance system, the laser-based
maintenance system firstly works as the laser-ultrasonic NDT mode and tests the inner
surface of the BMI tube. If no cracks are detected, the laser-based maintenance system
then changes its work mode to the laser peening and improves surface stress to prevent
SCC initiation in future operation.
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Figure 4. Laser-based maintenance system for inner surface of BMI

3.2 Laser-Based Maintenance System for BMI
The laser-based maintenance system is composed of laser system, beam delivery system
(optical fibers), optical head, remote handling equipment, work platform and control
system as shown in Fig.4. The laser system and the control system are placed on the
operation floor. The laser beams are delivered by the optical fiber having a length of
about 40 m. The remote handling equipment is hanged under the work platform and is
fixed on the top of the BMI tube. The optical head is inserted into the BMI tube and is
scanned helically with irradiating inner surface. The axial scan rate was about 8 sec/mm
in this experiment. Since the inner diameter of the BMI is very narrow, 10mm-ID for
example, a small optical head is required. The developed optical head equips with two
mirrors in one housing; one reflects and collects detection laser to detect ultrasonic
signals and another is used to irradiate generation laser to the tested surface, as shown in
Fig.5. The generation laser and the detection laser are split at the first mirror (dichroic
mirror) by their wavelengths. It is noted that the most of these components are shared
between the laser-ultrasonic NDT and the laser peening.
The first laser-based maintenance system is produced and tested its performance
through full-scale mock-up facility. Four EDM slits, having depths of 0.4 mm, 0.8 mm,
1.2 mm and 1.6 mm respectively, are introduced on the inner surface of a BMI tube
mounted on the full-scale test piece. Crack depths measured with the laser-based
maintenance system are plotted in
Optical fiber
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4. Multifunction laser welding system
As a recent work, we attempt to install the laser welding function into the laser-based
maintenance system. In this case, the laser-ultrasonic testing is required to perform
small weld defects detection on the rough surface as laser weld bead.
4.1 Improved Process of Laser-Ultrasonic Testing
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the changing of laser path length. As a result, proposed method can detect ultrasonic in
water without effect of inspection surface conditions.
4.2 Summary of multifunction laser welding head
A multifunction laser welding head, which works as the improved laser-ultrasonic
testing system, the laser peening system and the laser welding system, is developed to
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Figure 7. Result of feasibility study by drill holes

perform all aspect of maintenance tasks listed in the first section. The appearance of the
head is shown in Fig.6.
To confirm detectability of the improved method, we visualized artificial 4 holes having
diameter of φ1.0mm and depth of 1.0mm. The holes were drilled on type304 stainless
steel apart from 5mm each other (shown in Fig. 7 (a)). Inspection area (40x40mm) was
scanned at 0.2mm intervals. In order to visualize the inspection result, acquired
ultrasonic data is reconstructed to 2-dimensional surface information by signal
processing. The SAFT processing is well-known technique and several studies have
been attempted with laser-ultrasonics, too [8,9]. However, in our case, the SAFT
processing should be implemented on 2-dimentional surface under combining SAW and
water velocity. As a result, four indications are successfully visualized shown in Fig. 7
(b).

5. Conclusions
Laser-ultrasonic testing technologies developed as NDT tools for nuclear power plants
are introduced. We have reported that the laser-ultrasonic testing is capable of providing
very accurate depth of micro cracks including SCCs. Also, the laser-ultrasonic testing
system for the inner surface of BMI tubes is developed and its performance is verified
through some feasible tests and full-scale mock-up experiments. The system has been
already industrially used in Japanese nuclear power plants. As more recent work, the
improved laser-ultrasonic testing technique, performance of which is more robust
against the surface condition, is suggested.
References
1. Y. Sano et al., “Development and application of laser peening system to prevent
stress corrosion cracking of reactor core shroud”, in 8th Int. Conf. on Nuclear
Engineering, ICONE8-8441, April, 2000, Baltimore
2. C. B. Scruby, and L.E. Drain, “Laser-ultrasonics: techniques and applications,”
Adam Hilger, Bristol, UK (1990).
3. J.-P. Monchalin and R. Heon, “Laser ultrasonic generation and optical detection
with a confocal Fabry-Perot interferometer,” Mater. Eval., 44 (1986) 1231-1237
4. J. A. Cooper et al., “Characterization of surface-breaking defects in metals with the
use of laser-generated ultrasound,” Phil. Trans. R. Soc. Lond., A320 (1986) 319-328
5. M. Ochiai et al., “Sizing of micro cracks using laser-induced broad-band surface
waves,”J. At. Energy Soc. Japan, 43, No.3, 275-281(2001) (in Japanese)
6. M. Yoda et al., “Fiber delivery of 20MW laser pulses and its applicationns,” Rev.
Laser Eng., 28, No.5, 309-313 (2000) (in Japanese)
7. M. Ochiai et al., “Laser-ultrasonic study of micro crack sizing and its application to
nuclear reactor internals,” Maintenology, 4, No.4, 41-46 (2006)
8. A. Blouin et al., “SAFT data processing applied to laser-ultrasonic inspection,” Rev.
Prog. Quant. Nondestru Eval., 17 (1998) 611-617
9. M. Ochiai et al., “Detection and characterization of discontinuities in stainless steel
by the laser ultrasonic synthetic aperture focusing technique,” Mater. Eval., 62,
No.4, 450-459 (2004)

