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ABSTRACT
The work was achieved within the scope of developing Egyptian nuclear
fuel fabrication laboratory in inshas. It showed the results of developing a welding
facility for performing a qualified Zircaloy-2 & 4 thin tubes to end plug weld
joints. The welding chamber design was developed to get a qualified weld for both
PWR and CANDU fuel rod configurations. Experimental works for optimizing the
welding parameters of Tungsten inert gas (TIG) welding and Electron beam (EB)
welding processes were achieved.

The weld penetration deeper than the wall tube thickness can be obtained
for qualified end plug weld joints. It is recommended to use steel compensating
block for radiographic inspection of end plug weld joints. The predominate
defects that can be expected in end plug weld joints, are lack of penetration and
cavity. The microstructure of the fusion zone and heat affected zones are
Widmenstaten

structure and its grain size is drastically sensible to the heat

generation and removal of arc welding.

1. INTRODUCTION

Nuclear installtions demand highly qualified technology and production
techniques for manufacturing and operating equipment Special equipment and
components for safe and long term operation under extreme conditions such as
accident conditions are required. On of critical components that plays an
important

rule for integrity of nuclear research and power

reactors is fuel

elements. For PWR, CANDU and B*WR reactors the fuel element clad is zircaloy
(zry) tube sealed with end plugs (1). Fig.l shows the typical internal structure of
fuel elements for PWR reactors. Two zry end plugs are used for sealing the fuel
element, normally by welding process. There is more than one welding process
that could be used for welding clad tubes with end plugs. Resistance welding
(2&3), Magnetic welding (4), TIG welding (5-10) and electron beam welding (11)
processes was surveyed for selecting a proper welding technique for experimental
facility for fuel element fabrication laboratory in EGYPT Atomic Energy
Authority. Resistance welding process is successfully used for mass production in
fuel element plants for feeding power reactors of the Canadian and German type
(9). However for experimental facilities in fabrication lab, it could be convenient to
employ a TIG process.

The present work is within the scope of the Egyptian nuclear fuel
fabrication programme and shows some of the results of experimental works of
welding end plugs with zry-2& 4 tubes by TIG process. It showed the developing
of the welding chamber design to be adapted with the PWR and the CANDU type
fuel element configurations. Also some samples were welded using electron beam
welding process (EB) for comparison purposes.
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2 .Experimental work
2.1 Using preliminary design facility:
The welding facility for laboratory works is shown in Fig. 2 &3. It consists of
welding chambers, vacuum system and welding machine with high frequency unit
and inert gas supply system.
The design of the used welding chamber for Zry welding is based on:
1. controlling the atmosphere inside the welding chamber
2. A minimized volume of the welding chamber needed for the sample dimensions,
electrode holder, support and drive unit for tubular specimens
3. A pumping system with rotary and a mechanical pump for getting a low pressure
below 0.0005 mbar
to decrease the contamination arising from the impurity
content of the welding atmosphere after back filling.
The welding machine has a transformer, a rectifier and a high frequency unit for
ignition the arc. The ampere range can be divided into fine steps. The voltage of
the open-circuit is within 80 V. The atmosphere inside the welding chamber was
controlled by evacuation to a recommended value of 0.0004 mbar and back filling.
This cleaning was repeated at least three times for demonstrating the effect of
this procedure on the welding feature. The welding process was performed in
Argon atmosphere at 1 bar and kept constant during the welding.
Cladding
tubes of Zry -2 & 4 that are using in fabricating fuel rod of PWR were
used for the present experimental work. Tubes 10.8 mm diameter and 200 mm long
were used for preparing dummy fuel rods.
Dummy as well as PWR type and CANDU end plugs were prepared as shown Fig. 4.
Both the two end plugs and the welding zone of the tubes were cleaned by Acetone
and Alcohol before welding .
TIG welding procedure
The plugs are pressed into the tube and the assembly is inserted the welding
chamber,
The Tungsten electrode should be grounded to a pencil point over a length of
approximately 2D,
The arc gap between the electrode and the tube is adjusted,
The welding chamber is evacuating to the proper vacuum pressure and period of
evacuation .
The chamber is filled with Argon until atmospheric pressure is attained.
This is followed by adjusting the welding speed , the current and the welding time.

2.2 Using Welding facility (supplied by KWU ):
Within the frame work of fuel fabrication program in Egypt, the Atomic Energy
Authority did contract with KWU to supply a fuel element fabrication laboratory.
One
item of this laboratory is an experimental welding facility to weld the fuel
rods with end plugs ( Fig. 5&6 ). The main constituents of this facility are :
TIG welding machine , a weld chamber ( vessel, electrode holder , chuck for clamping
the workpiece ,electrical motor for rotation of rod ,microscope aids , micro switch ,

- 3 cam for controlling the down slope welding currant, and pressure and vacuum
indicators), an oxygen -testing device, an argon or helium bottle and a vacuum pump .
A reactor grade zry-2 and 4 tubes were used for experimental work with the
following dimensions : 500 mm length 10 mm diameter . Typical end caps (end
plugs) were used . For circumferentiol welding the caps are pressed into prepared
fuel rods . An interference fit of 0.02 to 0.12 mm is required between the cap( end
plug)
and the tube . The portion of the end plug that inserts into the fuel rod is
machined with a 2 degree and 30 minutes taper and a short cylindrical end , which
secures the interference fit. The tube end is also tapered with a 1 degree and 30
minutes.
TIG welding procedure
A weld
is made by applying the arc heat so that the adjacent edges of the
workpieces are melted and joined together as the weld metal solidifies .
The electrodes used for TIG welding are tungsten with 1 to 3% thorium . Their tips
were tapered by grinding on a diamond desk.
For circumferential welds
After pressing the end plug the rod is clamped in a chuck . The electrode is then
adjusted to the welding gap in vertical and horizontal direction by screws in the
electrode holder .The fuel rod rotation is initiated after arc build up. The welding
current , a holding time and down slope are programmed in the welding machine
.The beginning of the down slope is controlled by a micro switch actuated by a
cam on the spindle. Different degrees of weld overlap can be achieved by setting the
starting
point of operation using the motor drive starting by hand. Welding the
first
end plug of a fuel rod, evacuation of the weld chamber is not necessary .
Argon purging
is performed by opening the housing screw at the top of the
chamber , a gas inlet is at the bottom of the chamber.Repeat the same above
mentioned procedure to perform the other circumferential weld of end plug after
assembly of the fuel rod .
For Top welds
The electrode holding device must be moved from the top site to the front site.
The chamber should be evacuated after insertion of fuel rod
Top weld is performed after filling the fuel rod with Helium gas at the specified
pressure( 20 bar) .
To overcome the arc strike problem in helium gas shield , a pilot arc could be
started at low pressure , or inject some argon through the electrode holding
device.

2. 3. Welding chamber
plugs:

modification

for welding CANDU fuel rod end

The welding facility which was supplied KWU was adapted to use for welding fuel
rod end plugs. The dimensions and the configurations of the rods of CANDU type
reactor is different from those of PWR type. Fig . 4c. shows the configuration and the
main dimensions of end plug and fuel rod tube of CANDU type . Its fuel rod tube is

distinguished with fins attached at the outer surface of the tube and bigger outer
diameter of tube and end plugs. Consequent!}', the welding chamber that designed
for welding fuel rod end plugs of PWR was subjected to some modification in the
design of chamber to be adapted with fuel rod configurations of CANDU . Fig. 7
showed the design modifications that were executed..

2.4 Electron beam (EB) welding:
This welding process is based on fusion of two edges of pieces to be welded by
the energy which is supplied by the impact of a focused beam of electrons .
The electron-beam welding equipment is composed of electron gun in which a stream
of electrons is produced and accelerated, focusing system, beam control system and
working chamber that may operate at low pressure (Fig.8).

Electron beam of welding gun is focused
using electron magnetic fields . The
accelerating voltage may range from 16 to 150 kv. The current carried by beam up to
0.5 A.
Electron Beam welding procedure and welding parameters: This involves the
followings:
Pressing the plugs into the tube and put the assembly in the welding chamber
Evacuating
the welding chamber with proper vacuum pressure and period of
evacuation,
Adjusting the welding speed,
Adjusting the amperage of welding (raA),
Adjusting the voltage of weld,
Determining the proper no. of welding pass.
Preparation of Materials : Cladding tubes of Zry-2 that are using in fabricating fuel rod
of
PWR were used for some of the present experimental work. Tubes 10.8 mm
diameter and 200 mm long were used for preparing dummy fuel rods. Dummy end
plugs were prepared as shown Fig. 4a Both the two end plugs and the welding
zone of the tubes were cleaned by Acetone and Alcohol before welding.
The expremental work of this process was performed using EB equipment which was
avialble in German research center KFA in Julich.

3.Testing and inspection of welded specimens
The welded specimens were subjected to the following tests :
Nondestructive testing
3.1.
Visual Inspection
3.2.
Helium leak test
3.3.
Pressure test
3.4.
Radiographic examination

Destructive testing
3.5.

Metalographic examinations

- 5 4. Results and discussions
4.1. Visual inspection
For TIG welded specimens
The TIG welding process is commonly used for welding plugs to cladding tubes(510) . This method with an argon or a helium Arc presents the advantage of
substantially lower cost and of a distinctly more advanced stage of development.lt
does satisfy to a sufficient degree of the fuel rod sealing requirements for Zry tubes
The influence of the welding atmosphere is shown in Fig. 9 . After one cleaning
cycle, a black layer of oxide was formed on the welded specimens no. 1. The
specimens no. 2&3 were welded after two cleaning cycles while the specimens 4 to 5
were welded after three cleaning cycles. The later specimens showed a good quality
surface and had surface free from oxide layers.
The major problem encountered in
the welding of Zry-2 or Zry-4 is the
contamination by oxygen and nitrogen that entrapped in the welding chamber. Zry
reacts rapidly at elevated temperature (12). It is believed that the effect of welding
thermal cycle will increase the rate of oxidation. Small amounts of Nitrogen and
Oxygen can increase the hardness and tensile strength and lower the ductility of
the fusion zone and Heat Affected Zones. Also Nitrogen has a drastic effect on the
corrosion resistance in Zry tubes in pressurized water and steam . The contamination
can be eliminated by applying a proper no. of cleaning cycles in the welding cycles
The recommended value of vacuum is 0.0004 mbar that gives acceptable limits of
residual Oxygen and Nitrogen (5). Also the filling with inert gas is very important
in point of view of arc stabilization. In
general the welding chamber
atmosphere depends on
the degree of purity of welding inert gas, the vacuum
and the design of welding chamber. One mole of high grade gas (99.995) contains
3x1019 atoms of impurity. The impurity's content decreased with increasing the
vacuum.
Therefore if the impurity contents of the welding atmosphere do not rise more than
1% of the impurity content of the bottle gas, the pressure inside the welding
chamber must be below approximately 0.0004 mbar before back filling.
The effect of the arc length on the quality of welds was also studied. It was observed
that the decrease in the arc length from 2 mm to 1.2 mm was accompanied by a
decrease in the width of fusion zone. This is shown in fig. 10. Specimens 1 and 2
were welded with
a longer arc length than specimen 3. The relationship between
changing of arc length
and weld heat input was shown in arc characteristic curve
(13) .The arc characteristics were studied for Zry-2 welding with the TIG process.
A typical potential distribution obtained during the welding process is shown in fig.
11. The characteristic of the welding power supply is normally of two types , flat
and drooping ( 5) . In the critical work such as end plug welding, a power supply
with drooping characteristics is required.

- 6 It was observed that the change of arc length will affect the microstructure and
the size of the fusion zone as well as the heat affected zone.
It was
observed that excessive heat input as a result of using high welding current
distorted the fusion zone at the end plug ( Fig. 12)
It can be concluded that the visual inspection of welded end plug with tube at the
fusion welding and heat affected zones give a good idea about the quality of the
weld.
The study of the welding parameters of end plug welding with tube showed that it
can be obtained visually qualified weld at the following conditions 40-45 A current
ampere, 1-1.3 mm arc length and 8 mm/sec welding speed.
The following results were obtained when
fabrication lab. which was supplied by KWU.

Table 1 Results of studying welding
fabrication lab.(circumferential wells) :

using

parameter

the welding facility of fuel

using

welding facility of fuel

welding
down
welding
current A slope
current
time
rotation
sec
355
25
1
20
1
355
30
2
20
1
355
35
3
20
1
355
35
4
20
2
340
35
5
20
2
355
35
6
20
1
340
35
25
7
2
340
35
25
8
2
340
35
25
9
4
340
35
25
10
4
320
35
30
11
4
340
35
30
12
6
355
35
25
13
6
355
40
25
14*
4
355
40
25
1-5*
4
355
40
25
16*
4
355
40
25
17*
3
355
30
20
18**
4
355
30
20
6
355
30
20
20**
6
* These specimens were welded using dummy fuel pellets and spring inside.
** These specimens had dimensions and configuratiuon of CANDU fuel pins.

speed
specierpm
-men No.
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Table 2 Results of studying
fabrication lab. (top welds ) :

welding

parameter

using

sample

welding amp.

no.
3

holding time
sec.

20

0.6

down slope
time sec.
1

6
12
20

20
20
20

0.6
0.6
1

0.5
0.5
0.5

welding facility of

fuel

remarks
Helium atm. at 20
bars
S3

>•>

Tables 1 and 2 showed some specimens that were welded using the welding facility
of fabrication lab. This welding facility was well equiped and provided with well
developed chamber. The welding chamber of this welding facility had good design
feature than
that of preliminary welding facility. Also it was provide with several
control devices to obtain a qualified welds . By adjusting the welding parameters,
the specimens had colourless outer surfaces and satisfactory weld seams . The oxygen
and nitrogen content was eliminated . Generally , both circumferential and top
welds were visually accepted .
For EB welding:
The
electron beam welding (EB) process was performed in two passes using a
voltage of 120 KV. Table 1 summaries the welding parameters at which three joints
were prepared
Table 3: EB welding parameter
joint

1
2
3

Vacuum
mbar

4

8x10"
6x10-6
6xlO"6

Speed
mm/sec

12
15
15

Amplitude
xlOO
1st pass
0.5
0.5
0.5

Amplitude
xlOO
2nd pass

10.7
10.7
10.7

Current

Current

mA

mA

1st pass
2.75
2.75
2.75

2nd pass
1.8
1.8
1.8

Specimen No. 1 showed the presence of an oxide layer. Increasing the vacuum to be
6xlO"6 mbar decreased weld discoloring (specimens 2and 3). The welded joint with
the best quality was obtained when the welded specimen 3 was cooled down after
welding for 30 min., under the vacuum in the welding chamber.
Kils found that the strength and ductility of EB welded joints are relatively higher
compared with joints prepared by TIG welding ( 11 ). In addition EB welding gave the
advantages of smaller width of the weld bead and HAZ, deep weld penetration and
minimum distortion of welded joints (Fig.9).

4.2. Leak Tightness
Neither the fuel nor highly radioactive fission products should escape into the
cooling circuit. The leak rate must be less than 10'6mbar.l.s"!. In fuel rod fabrication
the fulfillment of this requirement is ensured by a 100% check with a helium leak
detector probe, the criterion for leak tightness being in the range of 10"9mbarls"!.

4.3. Pressure test
A visually qualified welded rods from one end are subjected to the pressure test
using high water pressure pump. The maximum allowable pressure for the system
(600 kg/ cm2) was reached without any observed deformation at welded rods. After
the pressure test, the welded rods were subjected to Helium leak test for determining
the leak rate. The result showed that the leak rate was in order 1.3x10"!0 mbar.I.s"1
The main problem in such test is joining the tube to be tested with the pump .
The joint should have enough tight and strength to withstand the applied pressure.
The end tube of the pump is made of Stainless while the tube to be tested is Zry
tube . Experimental trials had been done to do a mechanical or welding welding joining
with conventional processes. The results of these trials were not qualified enough to
perform the pressure test without leakage. Attempts were done to join Zry with
Stainless steel
using diffusion process without using filler metal, but they did not
give an efficient joint. The weld zones showed less strength and brittle structure due to
formation of intermediate phase between Zry and stainless steel. An efficient welding
process using an intermediate layer of copper and vanadium. A vanadium layer was
used
as an intermediate metal at the side of zirconium and a copper layer was
used at the side of stainless steel. The detail of such welding is described in
elsewhere (18 ) .
4.4 Radiographic examination
Radiography techniques can be used for detecting weld flaws. A shadow graph of
many types of weld flaws can be obtained . Radiographic inspection can be
employed as a short wave length penetrating radiation from x-ray machines.
Radiographic inspection of welding joints of fuel elements is mainly performed by
using x-ray machines. Since fuel elements have a small diameter and thin clad, a
radiograph with high resolution is required.
In the present work , first dummy blind end plugs were used , and the joints were
inspected by X-ray machine to detect the flaws in the fusion zone of welds . The

9 image of welds did not give considerable results due to the big difference thickness
between the end plug and thin clad tubes.
So the design of dummy end plug was modified by drilling a hole in the side of end
plug to be welded. The obtained radiographic images of these joints showed rather
better
results at 15 raA, 142 KV, 2 min and FFD = 800 mm . However further
works were done to study the parameters that affected on the quality of
radiographic image as follows.
Radiographic examination of welded specimens was performed. A 250 KV X-ray
machine
with 3x3 mm focal spot was used for these specimens . The welds were
radiographed at 700 mm source to film distance. D4 films with 0.1 mm lead
intensifying
screen and 0.25 mm lead back screen were used. An intensive study
was achieved for getting the best contrast and sensitivity of the possible defects in
fuel rod end plug welds.
Inspection of these welds problems in detecting extremely small defects of such
special configuration and dimension of real design of end plug was studied by
Fisherman et tal (16). The acceptance criteria , according to International Atomic
Energy Agency (IAEA) guide book (17), for such fuel end plug welds is as follows : any
tungsten inclusion or/and cracks is not allowed, porosity greater than 0.3 of the tube
thickness is not permitted . To comply with this acceptance criteria, a high degree of
sensitivity for radiographic image of such welds is needed. The cylindrical shape of
these welds represents a problem upon interpreting the image of radiographs as a
result of variation of material thickness penetrated by x-ray photons. This cause a
significant variation film density. To solve this problem, it is recommended to use a
proper compensating method. The suggested methods of compensating is as follows :
use a liquid absorbent such as a saturated solution of lead acetate plus lead nitrate ,
or use proper shim stock , or use of compensating block or shape correction block
having radiographic absorption characteristics equivalent to the configuration of end
plug weld.
The results of these experiments showed the following. The radiographs of welds using
liquid absorbents did not give good results due to the high scattering cross section of
the solution. Also using various copper of strips as compensating shim did not succeed
due to the scattering of the X-rays on the surface of the various copper layers. Using
steel compensating block ,the radiographs of such welds at 200 KV and 15-20 mAmin
showed a detectable zone which is 1.2 mm starting from the two edges of the weld
towards the center line . So , a minimum 3 shots with 60 degree apart are required to
inspect the whole area of the end plug weld.
4.5. Metalographic Examination
Metalographic
examination of the longitudinal section of welded rods was performed.
Fig] 2. showed the effect of the welding current on the grain size and the extent of
the HAZ . Deformation of the end plug was also observed upon welding at high
welding current (Fig. 12b). The HAZ is much less extended in welded joints prepared
by electron beam welding, as shown in Fig. 13.

xo Typical microstructure of welded joints is shown in Fig.(13and 14). The structure
of the specimens welded by either TIG or EB is typical Widmanstaten structure of
quenched beta phase which is a result of rapid cooling from the molten phase. It
was observed that the grain size of the TIG welded specimens are much bigger
than those prepared by EB.
T. E. Perez etal(19) studied the welding structures of zry-4 end cap to tube of fuel
elements. They found that the structure after welding is Widmanstaten, varying from
a parallel-plate to a basket wave pattern through the fusion and heat affected zone.
Welding thermal cycles which were inherently inhomogeneous , were affecting both
plate width and beta primary grain of structure.
Fig.(15) illustrates . some
weld defects
that
are detected by metallographtc
examinations. These include lack of penetration , void formation and shrinkage.
Some of these defects were
identified by X-ray radiography, however these
experimental work was considered as preliminary work using dummy end plugs .
Specimens that were welded in experimental facility of the fuel fabrication lab.
showed typical weld defects that were detected in the preliminary welding facility.
This was detected in specimens 1 to 5 of table 2. However the frequency of
occurring these defects is less than of the preliminary facility.
All the above specimens either were welded by TIG process and EB process showed
that different
welding current means different heat input for the welding process
and different width of the molten pool and heat affected zone. The separation of
molten pool from heat affected zone is for Zry-2 and 4 quite difficult because the
molten pool undergoes recristalization during the cooling as shown in fig( 12 to 14 )
. Also the peripheral rotation velocity is one of the most important parameter to avoid
shrinkage defects as shown in Fig. 15. Also it can be observed that there is porosity
exist at molten metal of some weld joint sections that were examined. It can be
attributed to the presence of some dissolved gases utilized in arc welding Fig. 15d.
Also undercut defects were
also detected in some welded specimens. When using
excessive heat input and in the presence of gaseous impurities particularly oxygen , the
welded specimen could have excessive grain growth and can be subjected to cracking
as shown in Fig,15e. However presence of porosity, undercut or cracks of welded
specimens was less frequently generated than the other mentioned defects.
Hiroyuki Yoshino et al. (10) studied the generation of defects of zry-2 fuel end plug
welding . They classified the defects of such weld joints into porosity, under cut on the
tube inside surface, cavity and lack of penetration. They concluded that the
suitability between a cladding tube and an end plug and the condition of welding heat
generation and removal during welding were found to affect the generation of defects
in welding. Also the purity of atmospheric gas for welding is of little significance as a
cause of inner defects in
weld metal. Based on these results, a comparison and
evaluation were being carried out of the process conditions in actual pin fabrication
process (10).
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For

qualified welds it can be observed that the weld penetration deeper than the

wall tube thickness. Such penetration is acceptable for fuel end plugs weld joint
This was also observed clearly from the metalographic sections cited in ref.lO.
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5. conclusions:
1.Controlling
aspects for getting a qualified welds of fuel rod can be summarized
as following:
Use shield gas bottle with purity no less than 99.996% . Approved certificate is a
must.
Check the tightness of the connecting pipes and valves otherwise they may spoil the
shielding gas which could influence the corrosion resistance of weldments .
Control the oxygen content inside the chamber using an oxygen content measuring
device .
welding current and voltage of welding cycles should be recorded using a chart
recorder.
100% visual examination should be done for fuel rod welds.
Metalographic examination for some samples of fuel rod welds should be done.
100% radiographic examination of fuel rods should be done.
All apparatus should be checked individually .
check the copper jaw
and may be turned to the diameter of the tube to be
welded
2. A weld
penetration deeper than the wall tube thickness should be obtained for
qualified end plug weld joint.
3. For radiographic inspection of end plug weld joints , using steel compensating block
is recommended , a minimum 3 shots with 60 degree apart are required to inspect the
whole area of the end plug weld.
4. The predominant defects that can be expected in end plug weld joints, are lack
of penetration and cavity .
5. The micro structure of the fusion zone and heat affected zones is Widmenstaten
structure and its grain size is drastically sensible to the heat generation and removal
of arc welding.
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Fig.3: Tig welding system with controlled atmosphere chamber
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Fig.9a:

influence of welding atmosphere
nr. 1-2 high impurity, 4-5 low impurity
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Fig.9b:

End plugs welded with clad tubes by EB, influence of impurities.
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Longitudinal section of Zry_2end plugs welded to clad tubes (Tig welding),
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Fig.15:

Longitudinal section of clad and end plug welded
at 40-45 A and 1,2 mm arc length macrostructure (a,b)
microstructure of fusion zone and HAZ (c,d) , Zry^-2. ,
Tig welded.

^rVr' '*;' .

O : •/-'• ^ >

Pig

; Longitudinal section of end plug welded with clad tube (Zry-2)5O amp.,
1,2 mm arc length.
Fusion zone and HAZ.
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