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affected zone and fast cooling rate. In PHWRs, fuel assemblies involve large number of welds.
Resistance welding is extensively used in their production.

i) End Closure Welding: Clad tubes of fuel elements are welded at both ends with plugs. First
end plug may be welded under argon gas. But for second end, welding is done in a chamber
under helium atmosphere at specified positive pressure. The gas content (helium) in elements
has to be rigidly controlled to maintain a predetermined pressure, which is achieved by stan-
dardising the vacuum / gas pressure cycle.

Ends of 0.4 mm thick and 15.3/13.0 mm dia. Zircaloy-4 tubes are closed by welding using

thick end plugs in a small chamber under helium after evacuation of clad tubes. Welding is
done using resistance welding technique. In end closure welding by resistance welding, quality
and consistency are very sensitive to tube and plug geometry and end preparation. Different
types of weld geometries have been considered for development.
Power sources: Both types of power sources e.g. direct energy and stored energy types are in
use for above welds. End closure welds are made using 100 KVA unit. For direct energy
sources, synchronous controls are used with thyristors. Microprocessors are used for .
programming and data processing. Records of important parameters are kept for all welds.
Analysis of data is carried out to assess the performance of welding machines. Inverter
technology and D.C. current have also been considered for welding. Other techniques explored
for this type of joint are described below:

a. Gas Tungsten Arc Welding (GTAW): This technique is being used widely for BWR fuel
and PHWR Control rods. For welding either job is rotated or the torch i.e. by orbital welding.
Welds are made by autogenous welding. The heat input is large and temperatures are high,
thus a large area gets heated. Components have to be protected adequately by elaborate
techniques such as welding in enclosed chamber, providing backing and trailing shields.
Variation in power supply, poor tolerance in components and misalignment in rotators etc
cause unacceptable variation in the parameters leading to poor welds. Process is slow and
automation is essential for large scale production. During mechanisation and automation, many
problems are faced causing non-uniform and defective welds. To overcome these problems, arc
voltage control (AVC) is employed in which a feed back system is utilised to maintain the gap
between the job and welding electrode. Some of the adaptive system incorporated in advanced
power sources are short circuit detection, wire feed AVC and frequency AVC. The control
should have adequate response to correct any deviation in time. Development of equipment for
arc voltage control is carried out in BARC.

TIG welding using modern power sources meets most of the joint requirements. TIG
welding of PHWR end plug to clad tube is carried out successfully for experimental assemblies
and irradiation tests elements. GTAW is a conventional technique and is simple and economical.
However, for large quantity, resistance welding is used in large scale production since it has very
short weld cycle.

b. Electron Beam Welding: Historically, first application of EB welding, when it was invented,
was in nuclear fuel elements welding. In EB welding, heat input is less and heat affected zone
is narrow. The welds are made in vacuum. These are suitable for Zircaloy welding. Welding is
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done inside chamber. There is depletion of tin and chromium in the weld zone of Zircaloy joint
which adversely affects corrosion resistance. The operations are slow and costly. For the -
second end closure welds, filling plenum gas require special arrangements. Filler material is not
normally used.

c. Laser Welding: Laser beam is an attractive source of heat for fusion welding of nuclear
components. It does not require vacuum or protective atmosphere. Deeper penetration is
achieved and excellent beam maneuverability is available. Laser beam can be focused to a
very small spot and energy density can be as high as 1000 MW per sq. cm. Deep penetration,
similar to EB, is achieved.

Laser beams can penetrate through transparent windows and so welding can be carried out
inside chambers. Components containing plutonium which is toxic and radioactive, can be
processed in a glove box by a Laser beam while the Laser gun remains outside. We have studied
laser welding for end closure welding application. Welds of acceptable quality have been made
by Laser for these joints. Cost is a limiting factor in its use in production. However, it has been
used to repair defective resistance welds.

d. Pulsed Magnetic Welding: This process utilizes high frequency high intensity pulsed
magnetic fields to produce a joint. It is a cold welding process. The pulsed magnetic fields are
produced by switching electrical energy stored in capacitors into specially designed coils. The
operating frequency is a few hundred KHz. This process has been used in some countries for
end closure welding of Zircaloy cladding tubes for thermal and stainless steel for breeder reac-
tors. High magnetic fields are applied in a very short time to the coil in which the tube end with
plug is held. The tube end collapses rapidly on the plug and get closed to form the joint. The
process is very rapid. Temperatures are low. Process is feasible for end closure welding of
Zircaloy tube. Efforts are being made at BARC to carry out development work in this field.

ii) Spacer to clad tube welds: Thick spacers of varying thickness up to 1.6 mm are to be joined
to 0.4 mm thick clad tube at various precise axial and radial locations. The spacers are skewed
and require proper fit up. Bearing pads have to withstand drag force and higher joint strength is
required. Different possible joining processes are given below:

a. Vacuum Brazing: Vacuum brazing is being employed in most countries for joining
Zirconium alloy components for appendage joining of PHWR fuel assemblies. In India,
extensive work has been carried out in BARC in this field. Amongst several possible filler
materials, a suitable alloy is to be selected which offers adequate wetting properties, gives
sufficient strength and forms a corrosion resistant joint. Zr-5% Beryllium alloy is suitable for
this application. Brazing is done by induction heating the joints in a vacuum chamber. The
components are pre-placed by resistance tack welding. Vacuum deposition and induction
brazing processes have been developed and acceptable joints are obtained. However, brazing
technique does not find favour with fabricators due to toxicity of beryllium and high cost of
process. Brazing cycles adversely affect clad properties in large heat affected zones which is
undesirable.



209

b. Resistance Welding: Resistance welding is a superior technology for appendages welding
which we have developed and perfected after extensive trial work. Technique of welding of
appendages in loaded fuel elements 1s already in regular production. Large number of assemblies
have been irradiated to required burn-up with excellent performance.

Further work has been carried out to improve technology for welding appendages on empty
clad tubes as an alternative technology to brazing, which complex and involve toxic beryllium .
The process is developed and equipment designed. The process has been tested by making large
number of welds and destructively determining weld strength. Clad I.D. has been checked for
any collapse. Corrosion test is also done. Results of the tests are shown in Table 2 and Table 3.
Joints were found acceptable in all the tests. Technology is available for production. The
technique is very attractive for large scale production. It meets the required strength criteria.
Technology is simple. It offers improved recovery and reduced production costs. A
metallograph of appendage weld is shown in Fig. 1.

c. Laser Welding: Lasers are particularly attractive for beam maneuvering through optics. In
conjunction with numerical controlled movements, it is a feasible technique for appendages .
welding. Possibility of manipulation of the beam using fibre-optics, with remote devices greatly
enlarges the scope of Lasers for appendage welding. We have carried out the development and
acceptable laser welds of both types ( spacer and bearing pads) were obtained. Parameters were
optimed and specifications for suitable Laser welding equipment was drawn. Laser welding is a
technically feasible and commercial viable process for large production. A laser weld is shown
in Fig. 2.

d. Ultrasonic Welding: Ultrasonic welding is a solid state welding process and welding is
carried out at low temperatures. Zircaloy can be welded by this technique. Normally lap
joints can be made by it. Some Zircaloy spacer to clad joints have been made by ultrasonics.
The welds are made with very low heat input and application of force is less than that in
resistance welding. The heat affected zone is very narrow. We have carried out limited
ultrasonic welding trials. The results were incoclusive. A metallograph of weld made in Zircaloy
sheet by ultrasonics is shown in Fig. 3.

iii) End plug to end plate welds: Elements (19, 22 or 37 elements, depending on fuel assembly
design) are joined together, by welding their ends to two 1.6 mm thick end plate at each end to
form an assembly. Resistance projection welding is used to weld the elements ends to end plates.
Welding can also be done by Laser, GTAW and EB. However, the resistance welding has been
found most satisfactory.

Resistance welding Power Source: Recently, considerable work has been done in inverter
technology and D.C. power sources. Medium frequency supply offer advantages in specific
areas. They are being evaluated for our applications. These systems are not yet standard and
are costly. Benefits like compact size, precise feedback control and better performance are
useful in our application. For robots, medium frequency units are very attractive as they bring
down the cost of robot considerably due to their reduced size and weight.
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4.0 EQUIPMENT DEVELOPMENT:

Equipment development has been undertaken simultaneously with process development.
Endeavor has been made to select and develop the process in such a way that it is amenable to
large scale production. The following equipment have been designed:

4.1 End Plug Welding Equipment based on resistance ring projection welding has been
designed. Several improved features have been included in the design.

4.2 Equipment for resistance welding of appendages to loaded fuel elements has been
designed based on the development carried out. Equipment is fabricated commissioned and used
in regular production.

4.3 Development of welding of appendages to empty clad tubes, similar to brazing route is
completed. An equipment has been conceptualised and details worked out for production.

5.0 QUALITY CONTROL AND WELD MONITORING:

GTAW and EB welds are evaluated using standard non destructive tests. But these tests are
not readily applicable to resistance welds. Therefore quality control largely depends on
destructive tests such as weld strength and metallography on sampling basis. In addition,
statistical quality control is applied. Fuel performance over the last few years has been
satisfactory and fuel failure rate has been considerably reduced.

5.1 On-line Monitoring and Feedback Control: Types of resistance welds discussed earlier
are not amenable to normal non-destructive tests. For end plug welding of fuel elements, 100
% helium leak tests are carried out. This is not adequate for ensuring integrity of welds.
Developments have been carried out for ultrasonic testing of this geometry. In addition strict
quality control measures are taken to ensure compliance to specifications. Weld defects can be
located by using UT of end plug welds. Spacer welds are in very large number and there is no
satisfactory technique to ensure their quality through NDT routes. Weld monitoring is
developed e.g. displacement measurement during resistance welding and dynamic resistance
monitoring.

Considerable work has been carried out in on-line monitoring of resistance welding. We
studied several weld monitoring schemes for increasing the reliability of the welds. Initially,
attempts were made to control several weld parameters, but they were not found adequate.
This led to the requirement of measuring the parameters dynamically . A weld monitor based
on dynamic resistance (DR) was connected to the system and DR curves were obtained for a
large number of welds. Unlike spot welds, it is difficuit to charecterise DR curve for projection
welds. Welds were destructively tested and results were correlated with the curves. Very good
interpretations were obtained and a DR window was identified for acceptable welds. For a feed
back control to be incorporated with DR monitor, data is to be collected for more than half
cycle period. A study of weld upset as measured by electrode movement was also made. The
work indicated that for effective quality control, multiple monitoring system is essential.

















