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ABSTRACT

Various welding processes are now available for end cap closure of nuclear fuel element

such as TIG(Tungsten Inert Gas) welding, magnetic resistance welding and laser welding.

Even though the resistance and TIG welding processs are widely used for manufacturing of

the commercial fuel elements, it can not be recommended for the remote seal welding of fuel

element at PIE facility due to its complexity of the electrode alignment, difficulty in the

replacement of parts in the remote manner and its large heat input for thin sheath. Therefore,

Nd:YAG laser system using the optical fiber transmission was selected for Zircaloy-4 end cap

welding.

Remote laser welding apparatus is developed using a pulsed Nd:YAG laser of 500 watt

average power with optical fiber transmission. The laser weldability is satisfactory in respect

of the microstructures and mechanical properties comparing with the TIG and resistance

welding. The optimum operation processes of laser welding and the optical fiber transmission

system for hot cell operation in remote manner have been developed.

INTRODUCTION
Various studies have actively been conducted for developing a new nuclear fuel and

manufacturing a capsule for its irradiation test. In such studies, a remotely controlled welding

work have been required to be performed in a highly radioactive hot cell for manufacturing

the nuclear fuel. [1,2] Meanwhile, the laser has been considered for the remotely controlled

welding work since the optical fiber transmission system is easy for the laser welding in the

shielded facility, but there is also a technical challenge of securing higher welding quality in

the laser welding work. According to the process of manufacturing the nuclear fuel, the end

cap welding of the fuel element is to weld Zircaloy-4 cladding tube which is charged with

pellets with the end cap. Such end cap welding requires high reliability since if there is a

defect in only one single point on the circumference of the fuel element welding, it will cause
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the radioactive fission products to leak therefrom during combustion of the nuclear fuel, and

consequently bring about a serious safety problem. [3] This study was conducted to develop

optimum conditions for the laser welding system and to evaluate the performance of the weld

zone in sealing the Zircaloy-4 end cap of the PHWR nuclear fuel element.

Development of Laser Welding Device &

Optical Fiber Transmission System

1. Schedule of Development
The schedule of development is shown in Table 1. There are two phases in development

period, of which the first phase is to fabricate welding devices, and its installation and cold

test from 1998. The second phase is to conduct the end cap welding of the nuclear fuel

element utilizing spent nuclear fuel in the hot cell from the second half of 1999.

2. Laser Welding Equipment

The remotely controlled welding chamber was manufactured as shown in Fig. 1 utilizing

Nd:YAG laser system with optical fiber transmission system in order to welding of the end

cap of the nuclear fuel element in hot cell. The welding chamber comprises of a body, a rotary

driving section, an end cap inserting section, an optical fiber and a coupler section. When the

beam oscillating from the laser system is transmitted, the optical fiber which is very flexible is

utilized for the transmission. Since the distance between the welding stage in the hot cell and

the laser system outside the hot cell was about 20M, an optical coupler was required for

connecting the welding chamber with the optical fiber, As illustrated in Fig. 2, the optical

coupler was manufactured in such a way that it enable the optical fiber, the optical fiber

connector and the coupler to be replaced easily.

3. Fiber Transmission System

In case the beam oscillating from Nd:YAG laser system is directly casted, its degree of

positional freedom becomes poor and it is inconvenient to use the beam in a narrow space.

Therefore, the optical fiber, which is very flexible, thin and long, is used. The optical fiber

transmission system comprises of an optical inlet coupler, an optical fiber and an optical

outlet coupler. The optical inlet coupler is a section where the beam is connected with an

internal part of the core of the optical fiber by an incident lens. The optical fiber, which is

quartz glass of pure SiO2, comprises of a core part having a wide refractive index and a

cladding part having a narrow refractive index, where diameters of the core are 600, 800 and

1000 jM, respectively, This is SI (Step Index) multi-mode type, and its NA (Numerical
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Aperture) of the optical fiber is 0.22. The focusing lens of the coupler used is UV grade fused

silica.

RESULT AND DISCUSSION

1. Test of Remotely Controlled Laser Welding

1.1 Evaluation of Welding Performance

The geometric joint configuration has a significant effect on the end cap welding. Any

improvement in the geometry of the welding joint is of advantage to the autogenous process.

If coagulation is brought about only in one direction while welding, it can be easy to melt it.

Usually, laser welding causes a molten pool in the material more easily than TIG welding,

and a deep weld penetration can be made by laser welding. Fig. 3 shows typical sectional

view of TIG welding and laser welding in the end cap welding of the Zircaloy-4 cladding tube.

As shown in Fig. 3, laser welding was found to have HAZ(Heat Affected Zone) much smaller

comparing with TIG welding. Moreover, TIG welding usually had the larger melting volume

comparing with laser welding, which melt by the focusing energy.

1.2 Characteristics of Laser Beam Transmission by Fiber Connector

Considering the high radioactivity in the hot cell, the optical fiber connector was

developed to be installed in the upper part of the welding chamber so that any contaminated

optical fiber could be immediately replaced with new one by the remote control. Moreover,

the optical fiber from the optical inlet coupler outside the hot cell to the optical fiber

connector inside the hot cell is can be replaced when it is contaminated. In this study, the

optical fiber of dia. 600 fM was used from the laser head to the optical fiber connector, and

then the optical fiber of dia. 800 pm or another optical fiber of dia. 1000 im was used from

the optical fiber connector to the optical outlet coupler because the beam focused on the

collimatng lens had to be within the largest allowable range in consideration of the

characteristics of the law of the beam quality preservation. The welding experiment was

conducted under the following conditions of the optical outlet coupler representing the optical

fiber of dia. 800 pm, F#=2, focal length of the condenser (FL) = 95 mm or 120 mm, the

optical factor = 1.35 or 2.1. In case the optical factor is 1.35, the weld penetration was found

to be greater at FL = 95 mm than at FL = 120 mm. In case the optical factor is 2.1, the bead

was found to be 1.8 mm at FL = 120 mm, which was wider than that of FL = 95 mm by 0.3

~ 0.4 mm. In case FL is 95 mm and the optical fiber of dia. 600 [m, the weld penetration

- 202 -



JAERI-Conf 99-009

was found to be deep. In case FL is 120 mm and the optical fiber of dia. 1000 pm, the width

of the bead was found to be 2.2 mm, i.e., the greatest width.

1.3 Influence of Protective Gas and Nozzle of Optical Outlet Coupler

When the laser beam reaches the material surface, plasma is formed causing the plume to

be generated. Moreover, when the laser beam irradiates the material surface, metal

vaporization reaction generated on the surface. Therefore, it has to be considered in the laser

welding that such reaction is likely to cause some damage to the condenser. This reaction

causes serious consideration on the pressure of the protective gas to be used, the diameter of

the nozzle of the optical outlet coupler, the angle of incidence of the coupler and the distance

between the material and the nozzle. Also, the protective gas and the plume phenomenon have

a very close relationship in the welding process, and have great influence on the welding

qualities. This laser welding experiment was conducted under the following conditions of the

optical outlet coupler representing 50 LPM(Liter/Min.) of primary flowrate of helium (the

flowrate of helium inside the nozzle), 12 mm of the distance between the material and the

nozzle, and 7 mm of the nozzle diameter. When the secondary pressure of helium (gauge

pressure), while helium was blown horizontally from the nozzle inlet, was increased from 0.3

atm to 1.4 atm, oxide zirconium was found to little cling to the condenser. However, when it

exceeded 2 atm, the bead of the material surface was found to be rough due to the boiling

phenomenon. Accordingly, it is judged that, in case primary flowrate of helium at the optical

outlet coupler is 50LPM, the secondary pressure thereof shall be at least in the range of 1 atm

to 1.4 atm.

2. Evaluation of Welding Quality

2.1 Microhardness Test

The hardness test was conducted at the base metal, HAZ and the weld metal by Vickers

hardness tester. Fig. 4 shows comparatively the results of the specimen welded by TIG and

laser. In TIG and laser welded specimen, the hardness of the weld metal was found in the

range of 180 to 210, and the hardness of HAZ between the weld metal and the base metal was

found to be in the range of 160 to 180. The difference of the hardness of the weld metal

between laser and TIG welded specimen was not so great, but in the hardness of HAZ, TIG

welded specimen was found than laser welded specimen by about 10 to 20. And, in both TIG

and laser welded specimen, the closer the test zone of the end cap sample was to the edge the

higher the hardness was found to be a little higher than that of the cladding tube. It is,

therefore, judged that the hardness was increased because the weld zone of the end cap
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became abruptly cold from the overheating condition during the heat cycle. Also, the weld

metal and HAZ area of laser welded specimen was found to be narrower, comparing with TIG

welded specimen.

2.2 Tensile & Burst Test

Table 2 shows comparatively yield strength, tensile strength and elongation obtained from

tensile tests conducted in respect of respective geometrical configurations of TIG and laser

welded specimen, i.e., A geometry (specimen with filler part) and B geometry (specimen

without filler part). The tensile strength of both TIG and laser welded specimen were higher

than that of the base metal. The tensile strength of TIG welded specimen was higher than that

of laser welded specimen. However, the elongation of laser welded specimen tended to be a

little higher than that of TIG welded specimen. And, there was little difference in yield

strength and elongation between A and B geometry samples, and their tensile strengths were

found to be similar. When the burst tests were examined, the ultimate burst elongation of laser

welded specimen was found to be 36% in average, which was much higher than that of TIG

welded specimen. Also, in the geometrical configuration of the welded zone, the mean value

of ultimate burst elongation of A geometry sample was found to be high. Table 3 shows

comparatively the ultimate burst strength and the ultimate burst elongation obtained from the

seal burst test.

2.3 Microstructure Observation

Since the weld zone is locally heated and cooled to the extent of its phase area or even

beyond the phase area according to welding parameters, the weld zone experiences different

phase transformations to have various microstructures.[4] It was observed that while the a

grains in the microstructure of the base metal cladding tube were elongated longitudinally, the

microstructure of base metal region of the end cap was of an irregular structure with the

equiaxed a grains being recrystallized.

While weld metal region of TIG welding appears to be very similar to quenched

structure where prior grains typically grew greatly, weld metal region of laser welding

appears to have a relatively small size of prior grains therein. This phenomenon seems to

result from the fact that in case of laser welding, the absorbed heat energy was locally less

than that of TIG welding, because the laser welding time was short and the cooling rates were

very fast. Accordingly, weld metal region of the weld zone of the Zr-4 end cap appears to be

of mixed structure, that is, the martensitic a' structure and the Widmanstatten a phase in

the prior fi -grain are intermixed because of the relatively fast heating and cooling rates.
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CONCLUSIONS
The study was conducted to develop the Zircaloy-4 end cap welding, utilizing Nd:YAG

laser system including the optical fiber transmission, and the performance of the welding is

evaluated as follows.

1. From the result of examining the characteristics of the laser welding by optical fiber

transmission, in case of the optical factor = 1.35, the weld penetration was found to be greater

at FL = 95 mm than at FL = 120 mm. In case of the optical factor = 2.1, the bead width was

found to be 1.8 mm at FL = 120 mm, which was wider than that of FL = 95 mm by 0.3 ~

0.4 mm.

2. When the secondary pressure of helium (gauge pressure) at the optical outlet coupler

during laser welding, is performed, was increased from 0.3 atm to 1.4 atm, oxide zirconium

was found to little cling to the condenser. In case the primary flowrate of helium at the optical

outlet coupler is 50LPM, the secondary pressure thereof shall be at least in the range of 1 atm

to 1.4 atm.

3. When the Zircaloy-4 end cap weld zone was observed, laser welding zone has been smaller

than TIG welding zone. The microstructures of the weld zone in both TIG and laser welded

specimens, appeared to be of mixed structure, that is, the martensitic a' structure and the

Widmanstatten a phase in the prior fi -grain were intermixed.

4. In the mechanical test of the Zircaloy-4 end cap weld zones, both processes were found to

show good results, but the weld zone utilizing laser welding process was found to mostly have

greater weld penetration than the one utilizing TIG welding, and further to have good

weldabilities with fine grains.
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Table 1 Schedule of development of remote welding technology.

Phase Items 1998 1999 2000 2001 2002

- Fabrication of welding device m*****?*,
I - Installation and cold test of laser — .

welding device
- In-cell demonstration test — i — • .

II - In-cell endcap welding performance —• » » — — » . _ .

Fig. 1 Photography of welding chamber using optical coupler.



Fig. 2 Schematic illustration of optical fiber delievery system in hot cell.
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Fig. 4 Microhardness variations along sheath-HAZ-endcap
in TIG and laser welding.

Table 2 Mechanical properties of TIG and laser welded specimens.

0.2% YS UTS % E

Specimen Type Dimension (ksi) (ksi) in 50mm

Each Ave. Each Ave. Each Ave.

62.5 78.4 37.2

A 65.5 62.9 80.1 78.4 35.6 37.1

TIG 13.08x12.24 6 0 8 Z 6^ ^1

welding (O.D) (l.D) 5 8 9 75.4 35.7

B 61.4 59.2 77.1 76.7 36.5 36.3

57.4 TL6 36/7

57.5 75.3 40.2

A 65.1 61.3 77.1 75.4 39.4 39.7

61.3 73.8 39.4
Laser

welding 57.7 77.6 36.2

B 66.3 61.9 78.3 77.5 35.8 37.3

6L8 76J 39J)
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Table 3 Burst properties of TIG and laser welded specimens.

Specimen Type

TIG welding

Laser

welding

A

B

A

B

Dimension

13.08x12.24

(O.D) (I.D)

UBS (MPa)

Each

530

527

528

532

524

525

524

526

528

530

520

522

Ave.

528

527

526

525

UBE (%)

Each

28.8

26.4

30.2

28.9

27.5

28.1

39.9

36.2

37.2

30.7

37.6

37.8

Ave.

28.5

28.2

37.8

35.4
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