Proceedings of LAMP2009 - the 5th International Congress on Laser Advanced Materials Processing

Development of Inspection and Repair Technology for
Heat Exchanger Tubes in Fast Breeder Reactors

Akihiko NISHIMURA™, Takahisa SHOBU, Kiyoshi OKA, Toshihiko YAMAGUCH],
Yukihiro SHIMADA, Obideu MIHALACHE, Akihiro TAGAWA and Takuya YAMASHITA
“! Japan Atomic Energy Agency, 8-1 Umebidai Kizugawa, Kyoto 619-0215, Japan

E-mail: nishimura.akihiko@jaea.go.jp

A prototype probe system with a hybrid optical fiber scope was designed for inspecting and re-
pairing heat exchanger tubes in fast breeder reactors (FBRs). It comprises a laser processing head
combined with an eddy current testing unit. Ultrashort laser pulse ablation is used to remove work-
hardened layers. And spot laser welding is used to repair cracks. This system is both a safe and eco-
nomical option for the maintenance of FBRs because it extends the lifetime of the heat exchangers.
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1. Introduction

At present, laser material processing is widely used to
fabricate precision industrial products such as electronic
devices and mechanical parts on actual industrial lines.
Laser material processing can also be applied in the main-
tenance of large structures such as nuclear reactors and
chemical factories [1]. Internal access to a blanket cooling
pipe with a bend section is inevitably required in D-T burn-
ing reactors such as the International Thermonuclear Expe-
rimental Reactor (ITER). At the JAEA, an internal-access
pipe welding/cutting/inspection tool for manifolds and
branch pipes was developed for this purpose [2,3]. Here,
the design concept of the welding/cutting/inspection
processing head with a composite-type flexible optical fi-
ber was presented for welding, cutting and close observa-
tion. This tool allowed effective inspection in observation.
Then, it succeeded to cut and weld branch pipes up to 50
mm in diameter.

Laser peening has been found to be effective in main-
taining nuclear reactors. The second harmonic pulses of
nanosecond YAG lasers can induce compressive residual
stresses at the surface layers in water. This has become an
indispensable technique for better prevention of stress cor-
rosion cracking (SCC) in reactor core shrouds and con-
tainment vessels [4]. In a more recent investigation, it was
demonstrated that ultrashort laser ablation also results in
good prevention of SCC in stainless steel [5]. The ablation
experiments were carried out in a shield of argon gas. In
this study, hardened thin layers mechanically induced by a
milling machine were successfully removed by ultrashort
laser ablation without thermal damage.

In order to detect SCC or any other defects on the inner
surface of heat exchanger tubes, eddy current testing (ECT)
probes have been developed [6]. At the JAEA, the ECT
probe used to detect defects in helical heating tubes in the
fast breeder reactor (FBR) “Monju” was specially designed
and tested using a mock-up heat exchanger facility [7]. The

present ECT probe is limited to the detection of cracking
on the helical heating tubes. After detection, the cracks in
the tubes are regularly plugged. Hence, the development of
inspection and repair technologies to extend the lifetime of
FBR heat exchanger units is indispensable.

This report describes a new probe system with laser
processing, which is able to access heat exchanger tubes for
maintenance. First, ultrashort laser ablation was tested on
stainless steel for residual stress measurement in order to
examine its validity. Second, the original concept, combin-
ing a composite-type optical fiberscope and a laser
processing head with an ECT unit, is presented. This sys-
tem was designed to be inserted into FBR heat exchanger
tubes for inspection and repair.

2. Laser ablation experiment

In previous work, ultrashort laser pulses were typically
irradiated to ablate a 2-mm-square cubic sample surface [5].
The cubic sample was cut into two pieces to measure hard-
ness distribution along the depth with a Vickers hardness
tester. The following experiment uses a larger area of 1 x
10 cm, where the number of scanning cycles and the laser
spot diameter were tested. The area of 1 x 10 cm is equal to
the circumference length of the laser-welded joint sections
of FBR heat exchanger tubes.

2.1 Sample preparation and laser system

The sample material was 304L austenitic stainless steel.
After a steel plate had been annealed, a milling machine
artificially reproduced work-hardened layers on it. Then the
steel plate was cut and sliced into samples of 200 x 100
mm in size with a thickness of 5 mm. Laser ablation was
carried out on the surface of each sample. A Ti:Sapphire
Chirped Pulse Amplification laser (Thales Laser a10) was
used. A laser pulse duration of 50 fs with pulse energy of
27 mJ was focused by a 50 mm focal length plane-concave
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lens on the plate in air. During laser irradiation, the sample
was fixed on a holder having a 3D motion-controlled stage.

Start End

y Sample

Fig. 1 Scheme of laser pulse scanning

The relation between the laser scanning directions is
shown in Fig. 1. One scanning cycle means that the scan-
ning in the x-direction begins from “start” and then the
scanning in the y-direction returns to “end.” Each scan has
a 1 mm shift at the return. One scanning cycle takes 131
seconds. Table 1 shows the combination of the number of
scanning cycles and the spot diameter on the sample sur-
face. Nine laser-processed samples and one reference sam-
ple without laser processing were prepared.

Table 1 Conditions for laser ablation.

Number of scanning cycles
0 1 3 7

Spot 0.3 No.0O | No.1 | No.2 | No.3

diame-
ter, 0.6 No.4 | No.5 | No.6
mm 0.9 No.7 | No.8 | No.9

2.2 Microscopic observations

Figure 2 shows selected pictures of the sample surfaces,
measured by an optical microscope. Machining has left its
traces on the sample surface shown in Fig. 2(a). The picture
area is 2 x 1.5 mm. The horizontally machined traces have
spacings of approximately 0.6 mm. The traces were like
grooves on optical gratings, which were exposed to laser
irradiation.

(b) No.2
Fig. 2 Microscopic views of SUS304 sample surface

(@ No.0

The scheme of the laser pulse scanning created a zebra
pattern. Figures 2(b) and 2(c) show the sample surfaces
after laser irradiation. Each one has the area of 11 x 7 mm.
In Fig. 2(b), the number of scanning cycles is 3. The cha-
racteristic zebra pattern appears in the case of a spot diame-
ter of 0.3 mm. This is because the periodic scanning has
induced repetitive oxidization and ablation with deposition

of oxide microparticles. In Fig. 2(c), the number of scan-
ning cycles is 7 with a spot diameter of 0.9 mm.

As the spot diameter increases, the zebra patterns be-
come wider and more obscure. The depths of the initial
traces gradually become shallower as the number of scan-
ning cycles increases.

3. Design concept of a new probe system for FBR heat
exchanger tubes

In order to apply the abovementioned laser processing
for the maintenance of the heat exchanger units, it is very
important to be able to access the inner walls of the heat
exchanger tubes. The heat exchanger consists of an evapo-
rator and a superheater. In the evaporator, the outer diame-
ter of the tubes is 31.8 mm. The material used for the eva-
porator is steel with 2.25% chromium and a thickness of
3.8 mm. In the superheater, 3.5-mm-thick stainless steel
321 is used. The length of the evaporator is 85 m and that
of the superheater is 47 m. The tube has a helical shape
with a radius of 1.2-2.7 m. The minimum radius around the
inlet/outlet is 0.16 m.

In the evaporator, there is both boiling water and steam
in the heat exchanger tubes. The transit position from water
to steam depends on the operational temperature of the
liquid sodium coolant. The inner surface of the tube turns
into an oxide layer of magnetite that can prevent further
erosion. The steam generated in the evaporator is supplied
to the superheater where it is heated under dry conditions.
If even a tiny amount hot water leaks and comes into con-
tact with liquid sodium, it could seriously damage the heat
exchanger unit; this would result in immediate suspension
of the power plant operation. From the perspective of risk
assessment, more attention should be given to the detection
of erosion symptoms in the evaporator than in the super-
heater.

The prototype probe system should be able to inspect
the inner wall of a l-inch-diameter tube that is covered
with a magnetite layer. The prototype system was designed
to use a composite-type optical fiberscope, which delivers
processing laser pulses and provides images of the repaired
inner wall.

3.1 Composite-type optical fiberscope

Endoscopic techniques have been widely used in mini-
mally-invasive abdominal surgical procedures because only
a few keyhole incisions are required. The use of a compo-
site-type optical fiber reduces the risk of a surgeon perceiv-
ing a gap between the center of his view and the direction
of the laser beam.

(b)
Fig. 3 Composite-type optical fiber
(a) telescope section, (b) image view of 0.15 mm mesh
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Figure 3(a) shows the telescope section of a compo-
site-type optical fiber. The telescope, which relays images
from the inner surface to the edge of the optical fiber, con-
sists of quartz lenses in a stainless steel sleeve. The fiber is
made of synthetic quartz with three cylindrical structures.
Each structure has its own function. A 0.2-mm-diameter
center fiber delivers the processing high-energy laser beam.
Image fibers, which deliver the visible image for the en-
doscope, surround the center fiber. The picture elements of
the endoscope are laid parallel like a honeycomb and can
directly send images from one end to another. There are
20,000 image fibers, so the processing images are transmit-
ted with high clarity and resolution. Light guide fibers,
which supply illumination intensity, are located on the out-
er side of the image fibers. The total length of the compo-
site-type optical fiber is 10 m. Figure 3(b) shows a view of
0.15 mm mesh through the telescope.

The composite-type optical fiberscope was originally
developed for inspecting and repairing the robot system for
tritium breeder blankets in an ITER project. It was im-
proved for application as a surgical device for low infesta-
tion treatment [8].

3.2 Laser processing head

The laser processing head was specifically designed to
access the inner walls of heat exchanger tubes. It comprises
a movable sleeve that is driven by two pulse motors. Both
rotational and longitudinal motion are possible on the
sleeve, which has a 45° tilted mirror at the inside end and
an oval hole where a high-energy laser beam and images
are transmitted. Figure 4 is a photograph of the laser
processing head inserted in a 1-inch acrylic pipe. The outer
diameter was designed to be less than 20 mm. The movable
sleeve is supported by ball bearings in a housing, which
make it possible to move the processing head 5 mm in the
longitudinal direction and rotate it by +185°.

Fig. 4 Laser processing head

3.3 ECT sensor and measurement system

ECT is now widely used in many manufacturing and
service environments that require inspection of thin metal
for safety-related problems. In the nuclear engineering in-
dustry, ECT can be used for certain metal thickness mea-
surements to determine the existence of cracks in metal
sheets and tubing. ECT has several advantages over ultra-
sonic transducer testing. For example, ECT can examine
large areas very quickly and it does not require coupling
liquids between the sensor and the specimens. Since hun-
dreds of heat exchanger tubes in the heat exchanger units of
nuclear power plants require inspection, it is very important
to reduce the time of each examination.

Fig. 5 ECT sensor units

Figure 5 is a photograph of the ECT sensor units. To
increase the resolution and penetration of this ECT probe
system, both a center coil and a pair of induction coils were
prepared. The multiple detection coils were placed close to
the inner wall of the center unit. Here, 20 detection coils
were molded in a plastic hollow mount. One channel con-
sists of a pair of coils so that 10 channels can be applied.
When a crack in the inner wall disturbs the eddy current
circulation, the magnetic coupling with the detection coils
is changed and a defect signal can be read by coil imped-
ance variation. The detection signals are amplified by lock-
in amplifiers and are transferred to analog/digital (A/D)
converters. In addition, a pair of induction coils induces an
intense eddy current with low frequency. The use of the
center coil and induction coils is called “remote field,” and
is provided for detecting cracks in the outer side of the heat
exchanger tubes.

3.4 Coupling device

The function of the coupling device is to axially com-
bine the processing laser beam and the images of the inner
tube walls. Figure 6 shows the inside view of the coupling
device housing. A laser beam supplied with a QBH connec-
tor goes into a laser beam collimator. The collimator was
specifically designed for the NA value of the laser beam. A
dielectric costing mirror at a 45° angle reflects the 1.07-um
collimated laser beam to a focusing lens. At the end of the
composite-type optical fiber, the collimated laser beam is
focused on its center core fiber at a 0.2-mm diameter. Visi-
ble light coming from the composite-type optical fiber fac-
es in the opposite direction and goes through the dielectric
coating mirror to a charge-coupled device (CCD) camera.
Reflection loss on the optical components in the coupling
device was designed to be less than 10%. Temperature rise
is monitored by thermocouples. The housing of the coupl-
ing device is sealed and the micro particle density is moni-
tored.

QBH
connecter Composite-
type
CcCD optical
camera fiber

Fig. 6 Inside view of the coupling device housing

4. Results and discussion
4.1 Laser ablation and peening

A milled surface has a hardened thin layer with residual
tensile stress, which is sensitive to SCC susceptibility. Ul-
trashort laser ablation is useful to remove the hardened thin
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layer [4] and can be applied for mitigation against SCC.
However, improvement of internal residual stress has not
yet been clarified. In the present study, stress measurements
were performed on the laser ablation samples. The syn-
chrotron radiation X-ray in BL22XU at SPring-8 was ap-
plied [9]. The energy of the X-ray was 66.84 keV, which is
capable of detecting internal residual stress distribution.
The stress distribution from the surface to the depth of 0.15
mm was observed using a strain scanning method with a
Ge (111) analyzer [10].

Figure 7 shows that the surface to the depth of 0.05 mm
has high tensile residual stress. The improvement for resi-
dual stress is not significantly effective, as shown in the
plots of No. 2 and No. 5. However, the improvement for
residual stress becomes effective in the plots of No. 8 and
No. 9. For No. 2 and No. 5, the laser spot diameter is equal
to or less than the trace spacing of 0.6 mm or the scanning
shift of 1 mm. The residual stress distribution was im-
proved at the laser spot diameter of 0.9 mm at No. 8. Fur-
ther improvement was achieved as the number of scanning
cycles reached 7 at No. 9. It shows the compressive resi-
dual stress condition at the depth of approximately 0.05-
0.07 mm. Most of the hardened layers were ablated by ul-
trashort laser irradiation. During free expansion, the solid
density plasma compressed the target on the order of tens
of GPa. High pressure with ultrashort time duration enables
the generation of intense shockwaves and freezes the iron
phase in the nonequilibrium state [11]. Here, the residual
compressed stress is also apparent evidence of high pres-
sure. For laser peening in industrial applications, frequency
doubling Q-switched YAG laser pulses in water have been
commonly used. The ultrashort laser ablation has similar
effects even in dry condition.

BO0
500, 304 o No.2 —7 No.8
—o—No.5 —®—No.9
& 400
=
- 300

200y

o

Residual stress
'_\
o

1100
200
0 0.05 04 0.15
Depth z, mm

Fig. 7 Distribution of residual stress

4.2 Crack detection

The ECT method was improved to survey the heat ex-
changer units of FBR “Monju” which has three independ-
ent cooling loops within the heat exchanger units. At the
present time, there are no defects or cracks on the heat ex-
changer tubes of any of the loops. Careful inspection will
continue into the future. The following paragraph refers to
ECT performance using an artificial crack.

Figure 8 is a demonstration of a detection result by the
ECT sensor unit. The artificial crack was 0.5 mm wide with
a 10% tube thickness, fabricated by electrical discharge
machining. ECT signals from a 10-channel A/D convertor
created an original waveform. Noise filters were applied to
the original signal. A low pass filter reduced spiky noise
and a band cut filter suppressed the periodic pattern in
space. A band cut filter successfully extracted the artificial
crack, as indicated by the red color in Fig. 8(a). The peri-
odic pattern, the yellow colour, was suppressed, which was
supposed to indicate the initial deformation on the heat
exchanger tube. Generally speaking, the hot rolling process
sometimes causes slight deformation. The software also has
a function to indicate stereoscopic effect, which is shown in
Fig. 8(b).

10 - 0.05
8 ’

-0.05

Fig. 8 ECT detection for a crack on a 1 inch diameter tube
(&) noise filtered signal, (b) stereoscopic view

4.3 Heat source for welding

High-energy electron beams have been used for melt-
ing, welding, and vaporization in nuclear energy research.
For example, in Atomic Vapor Laser Isotope Separation, a
high-energy electron beam successfully evaporated ura-
nium or gadolinium metal, which had been charged in a
water-cooled crucible [12]. In nuclear fusion research,
plasma disruption on a diverter of JT-60 was also demon-
strated by electron beam heating [13]. On the other hand,
several type lasers have been used for laser welding. Re-
cently, compact fiber lasers have been available for various
material welding. They can produce high-focused intensity
with a good beam profile on targets in air close to electron
beam heating, which will expand the application of the
laser welding [14]. In the present research, a rare earth
element doped fiber laser was chosen for the new probe
system. In-process monitoring and adaptive control in con-
tinuous wave laser welding was studied by a fiber laser
[15]. A 100 W fiber laser carried out micro bead-on-plate
welding on 0.1 mm thick stainless steel sheets on an alumi-
num heat sink. The bead width was 320 um on the average
10 mm/sec welding speed. It seems that this micro welding
scale is similar to that by the probe system.

Figure 9 shows a laser welding demonstration by a
high power fiber laser. An ytterbium fiber laser and the
composite-type optical fiberscope were connected in the
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coupling device. The laser output was increased to 1 kW.
The target was a STBA24 tube containing 2.25% Cr. The
working distance from the fiberscope to the target was 19
mm. A shielding glass plate was set to protect the fibers-
cope lens. An input power of 300 W with 1 second irradia-
tion had sufficient heat-load for spot welding. The target
surface had a shallow dimple of 0.52 mm in diameter and a
surrounding molten zone with a diameter of 0.87 mm.
Oxide particles were deposited up to a diameter of 1.5 mm.
As the input power was increased over 400 W, surface eva-
poration and fume generation at the molten pool became
strong. Contamination on the shielding glass plate pre-
vented a laser power of over 400 W from reaching the tar-
get surface. Therefore, it is determined that a high brilliant
fiber laser of 300 W is satisfactory for spot laser welding.

Fig. 9 Molten pool on a heat exchanger tube

Some of Japan's oldest nuclear power plants are now
entering their 30th year. To extend their designed lifespan
up to 60 years, in-situ flaw sizing and repairs are needed
[16]. The probe system for a FBR heat exchanger here pre-
sented could be useful for anti-aging mitigation on present-
ly-operating nuclear generation plants.

5. Conclusion

A new probe system was proposed to maintain FBR
heat exchanger tubes. Ultrashort pulse laser ablation was
applied to the shroud material. Work-hardened layers of 1
x 10 cm SUS304 were successfully removed with reduc-
tion of tensile residual stress. A composite-type optical
fiberscope was used as the backbone of the newly proposed
probe system. ECT units, a laser processing head, and a
coupling device were combined in the system. ECT clari-
fied the size of the cracks for repair. A laser welding dem-
onstration decided the output power of the fiber laser. This
system will be tested at the mockup facility for heat ex-
changer units. This new probe system will demonstrate
laser peening for the laser-welded sections of heat ex-
changer tubes.
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