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Welding Zircaloy Thin Tubes to End Plugs 
M. A. Shafy, H. I. Shaaban and F. H. Hammad* 

Abstract : This work aimed at optimizing parameters while welding Zircaloy-2 tubes with end plugs, as 
a simulation of a part of the fabrication of the nuclear fuel pins. Samples were welded by Tungsten 
Inert Gas arc welding (TIG) process under controlled atmosphere of pure argon. Some samples were 
welded using Electron Beam (EB) welding process. 

For samples welded using TIG process both the design of the welding chamber (size and tightness), and 
the purity of the shielding atmosphere were found to have appreciable effect on the quality of the welded 
joint. Increasing the arc length and/or the welding current increases grain growth and extends both fusion 
and heat-affected zones. However, heat input (arc length and welding current) must be high enough to give 
complete penetration welds. Optimum arc length of 1.2 mm was found to give good welds with the 
smallest possible heat-affected zones. 

Optimum parameters of EB welding process (vacuum, welding current and EB amplitude) were determined. 
Welds prepared by EB welding were found to have finer grain size and less extended fusion and heat-
affected zones. 

Welds prepared by both TIG and EB processes were inspected visually, metallographically and by using 
X-ray radiography. Welds integrity were tested using helium leak and pressure tests. 

1. Introduction 

In nuclear installations, high 
safety, which could be achieved by 
high component reliability, is re-
quired. Thus, appropriate produc-
tion techniques have to be selected 
or developed for manufacturing cri-
tical components related to such 
installations. One of the most im-
portant and critical components is 
the nuclear fuel pins in power reac-
tors. Typical fuel pins for light water 
power reactor (PWR and BWR) 
normally consist of 9-14 mm diameter 
thin walled zircalloy tubes filled with 
slightly enriched uranium oxide 
pellets. Two zircaloy end plugs are 
welded to the two ends of the zircaloy 
tubes. Fig. 1 shows the details of 
a typical nuclear fuel pin of light 
water reactors. 

There are more than one welding 
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technique which could be used for 
welding end plugs to Zircaloy tubes. 
Resistance welding have been success-
fully used in many cases.1 Electron 
beam (EB) welding is another alter-
native.2 However the most widely 
used welding technique is the 
Tungsten Inert Gas (TIG) arc 
welding.3 

The gas shielding methods followed 
in welding using standard commercial 
tungsten arc torch is insufficient for 
welding Zircaloy fuel pins. Traces 
of air could be entrapped in the shiel-
ding gas stream and impair the corro-
sion resistance, as well as the ductility 
characteristics of the material. In 
order to retain the properties of the 
material, it is essential to increase 
shielding properties of the inert gas. 
This could be achieved by designing 
the torches with trailing shields, 
where the metal behind the weld pool 
is protected by using an inert gas 
behind the welding electrodes.3 Also 

the back side of the weld can be pro-
tected using an inert gas back up. 
This is achieved by filling the tube 
with an inert gas under slightly posi-
tive pressure. 

In welding nuclear fuel elements 
a welding chamber in the form of 
controlled atmosphere box could 
be used.3-6 The normal procedure7 

is to evacuate the welding chamber 
to a pressure of about 3 x 10-4 mbar, 
then filling the chamber with helium 
or argon to a little higher pressure 
than the ambient pressure. The 
filling time is minimized to reduce 
contamination from microscopic 
leaks when the system is isolated 
from the vacuum pump. The pres-
sure inside the chamber is kept con-
tant during the welding by using an 
oil equalizing valve. 

In the present work, Zry end plugs 
were welded to Zry tubes using both 
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Fig 1. Internal structure of a fuel rod. 

Supporting 
tube 

Zry-2 rods with 10.8 mm diameter 
were used to fabricate the end plugs 
with the dimensions shown in Fig.2. 
The tubes and the end plugs were 
cleaned using acetone and alcohol 
before welding process. 

Fig. 3 shows the apparatus used 
for welding tube assembly by TIG 
welding. The following welding pro-
cedure was used : 

1. The welding chamber was 
evacuated to 4 x l 0 - 4 mbar, 
then filled with pure argon 
(99.997%). The evacuation 
and refilling cycle was repeated 
three times. 

2. 

3. 

The welding speed 
justed to 8 mm/sec. 

was ad-

4. 

The arc length between the 
electrode and the welded tube 
was varied between 0.8 and 
22 mm. 

The welding current was varied 
between 30 and 100 amperes. 

A high voltage triod electron beam 
welding apparatus (supplied by 
Heraus Co.), shown in Fig. 4, was 
used to perform the EB welding, 
Welding conditions are as follows : 

TIG and EB welding. Factors in-
fluencing weld quality were studied 
with special emphasis on the TIG 
welding technique. The effect of 
factors such as welding current, arc 
length and shielding atmosphere on 
the weld quality, was studied. Also, 
various inspection and testing 
methods were performed on the weld 
to determine its quality and integrity. 

2. Experimental Techniques 

Zry-2 tubes with 10.8 mm outer 
diameter and 1 mm thick were used. Fig 2. Zry tube and end plugs for experimental work. 
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1) Welding chamber 2) Pressure 
gauge 3) Tungsten electrode 
4) Chuck 5) Specimen tube 
6) Var. speed motor is engaged 
with the chuck 7) Glove port 
and window 8) Vacuum valve 
9) Vacuum system 10) Transfor-
mer with H. F. Unit 11) Argon 
gas cyl. 

Fig 3. TIG welding system with controlled atmosphere chamber 

1. Vacuum: 8 x 10 - 4 to 6 x 10 -6 

mbar 

2. Welding speed: 12-15 mm/sec 

3. Welding current: 2.75 mA for 
the first pass and 1.8 mA for 
the second pass 

4. Cooling times : the specimens 
left in chamber after comple-
ting the welding process were 
prolonged up to 30 min. 

All welded specimens were inspec-
ted visually and radiographically. 
Some of them were subjected to pres-
sure test and helium leak test. 
Macro and microscopic metallo-
graphic examinations for some 
metallographically prepared samples 
were performed. 

3. Results and discussions 

3.1 TIG Welding 

The black oxide layer formed 
during welding was easily distin-
guished when the welding chamber 
entrapped any gas impurities. To 
obtain oxidefree welds, the welding 
chamber was evacuated to 4 X 10~4 

mbar before filling in the inert gas. 
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Fig 4. High voltage triode electron-beam welder with co-axial optical 
viewing. 
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Zry-2 is known to react rapidly at 
elevated temperatures with nitrogen 
and oxygen. It was reported that 
small amounts of both gases in-
creases hardness and tensile strength, 
and lowers ductility.7 Also, traces 
of nitrogen can affect the corrosion 
resistance of the metal. Joints welded 
in a shielding atmosphere with 0.1 % 
volume percent nitrogen were con-
taminated sufficiently to decrease 
their corrosion resistance drastically 
at 315° C.3-1 0 

The change of the arc length was 
found to affect the micro-structure 
and extend the fusion zone 
as well as the heat-affected 
zone (HAZ). It was observed that 
a longer arc length yielded extensive 
grain growth. Also, increasing arc 
length from 1.2 mm to 2 mm was 
accompanied by an increase in the 
length of the fusion zone from 3 mm 
to 4.8 mm. 

Also, the evacuation and refilling 
cycle (cleaning cycle ) was found to 
be importantly repeated for three 
times before the welding process 
is performed. One cycle at the 
mensioned vacuum level was found 
to be insufficient to get oxide-free 
welds. In general, the reliability of 
the welding chamber atmosphere de-
pends on the purity of the shielding 
gas, the vacuum obtained and the 
design of the welding chamber.8 

Moreover, welding in vacuum is not 
recommended, since filling with inert 
gas is important for arc stabiliza-
tion.9 

welding current of 40-45 A was found 
to be the optimum current that gave 
a good weld with the smallest HAZ. 

Visual inspection was found to be 
a good tool to inspect the welded 
joints and to control and optimize 
welding parameters. Discoloring of 
the welded joints could be due to 
either high impurities in the shielding 
gas, insufficient cleaning cycles or 
leakage in the welding chamber. 
Distortion of the joint could be due 

to either high welding current or 
long welding arc. 

The following welding conditions 
yielded acceptable welds : 

Cleaning cycles 3 cycles 
Welding current 40-45 A 
Arc length 1.2 mm 
Welding speed 8 mm/sec 

3.2 Electron Beam Welding 
The EB welding process was per-

formed in two passes using a voltage 

Also, increasing the welding cur-
rent which increases the heat input 
affects the microstructure of both 
fusion and heat-affected zones. 
Welding at 100 A yielded a severely 
distorted welded junction. Excessive 
grain growth was also observed in 
the welds performed at this high 
current (Fig. 5a). Decreasing the 
welding current from 50 A to 40 A 
showed a decrease of the length of 
the HAZ from 5 mm to 2.5 mm. The Fig 5. Effect of Heat Input on the HAZ and Grain Size. 
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of 120 KV. Table 1 summarizes the 
welding parameters at which three 
joints were prepared. 

Table 1 

Joint Vacuum Speed, 
No. mbr, mm/sec 

1 8 x 10~4 12 
2 6X10"6 15 
3 6 x l 0 " 6 15 

Amplitude, Current, 
X 100 mA 

1st pass 2nd pass 1st pass 2nd 

1. 0.5 10.7 2.75 
2 J) s? 59 
3 J 99 99 99 

Specimen No. 1 showed the pre-
sence of an oxide layer. Increasing 
the vacuum level to 6x lO = s mbar 
(specimens 2 and 3) decreased weld 
discoloring. The welded joint with 
the best quality was obtained 
when the welded sample (No. 3) was 
cooled down after welding for 30 
min. under the vacuum in the welding 
chamber. 

Kalish2 found that the strength 
and ductility of EB welded joints are 
relatively higher compared with joints 
prepared by TIG welding. In addi-
tion, EB welding gave the advatanges 
of smaller width of the weld bead 
and HAZ, deep weld penetration 
and minimum distortion of welded 
joints. 

3.3 Inspection of Welded Joints 

As mentioned previously, visual 
inspection could be considered as 
a reliable tool to control welding 
parameters of both welding processes 
used, namely TIG and EB welding. 
This could be attained by the visual 
assessment of the weld color, width 
of the weld bead and width of the 
HAZ. Moreover, in some practices10 

together with visual inspection, a 
specific percent of the welded fuel 
rods, may be checked by any of the 

oxidizing treatments, e.g., autocla-
ving treatment at 400°C in steam.7 

This treatment should result in an 
uniform shiny black skin of oxide 
after 1-2 days of treatment. Excessive 
nitrogen content in the weld may 
result in grey discoloring. 

X-ray radiography is recommen-
ded as a good inspection tool for 
inspection of welded fuel pins.10 

Welded fuel pins with their small 
diameter and thin clad requires a 
high resolution radiographs.11 In the 
present study, radiographs with high 
resolution were obtained using the 
following parameters : 

Tube voltage 142 KV 
Filament current 15 mA 
Exposure time 2 min 
F.F. distance 800 mm 

Blind end plugs raised problems 
in X-ray radiography due to the 
variation of the penetrated thickness 
at the middle of the weld and at the 
outer ends. To avoid this thickness 
variation end plugs with drilled holes 
in centerlines were developed (see 
Fig. 2), Predominant defects found 
in the fusion zone were lack of pene-
tration, porosity and cavity forma-
tion. Most of these defects were 
found in welds prepared by TIG 
welding. 

Helium leak measurements were 
performed on welded samples pre-
pared by TIG or EB welding. It was 
found that the leak rate is 1.3 XlO-10 

mbar lit/sec. This is in the range of 
acceptable limits according to some 
practices.8 

Pressure test using high water pre-
sure pump was performed on one 
random TIG welded specimen. 600 
kg/cm2 was applied to the welded 
joint without any appreciable defor-
mation. Afterwards, the specimen 
was subjected again to the helium 
leak test. The leak rate was the 
same as obtained before (1.3 X10-10 

mbar lit/sec). 

Macroscopic and microscopic 
examination of the longitudinal 
section of welded assemblies was 
performed. Fig. 5 shows 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. 5a). 
The HAZ is much less extended in 
welded joints prepared by electron 
beam welding as shown in Fig. 5d. 

Typical microstructure of welded 
joints is shown in Fig. 6. The struc-
ture of 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 could be 
observed that the grain size of the 
TIG welded specimens is much 
higher than those prepared by EB. 

Fig. 7 illustrates some weld defects 
which were detected by metallo-
graphic examinations. These include 
lack of penetration and void forma-
tion. The same defects were identi-
fied by X-ray radiography. 

4. Conclusions 

4.1 High Quality TIG welded 
Zry-2 tube-end plug joints could 
be obtained upon adjusting the 
following parameters : 

1. The efficiency of the welding 
chamber which depends on the 
purity of the shielding gas, 
vacuum level and the design of 
the welding chamber. 

2. The welding current and arc 
length, to give full penetration 
welds without excessive heat 
input. 

4.2 Visual inspection is a good and 
reliable tool to give an idea 
about weld quality. Even with 
other nondestructive testing 
methods, visual inspection still 
constitutes an important part 
of practical quality control. 
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Fig 6. Microstructure of the HAZ of specimens, welded using (a) TIG and 
(b) EB Welding technique. 

Fig 7. Some defects detected in TIG welding joints. 

4.3 EB welding gives finer grain 
size and less extended fusion 
and heat-affected zones, com-
pared with TIG welding process. 

4.4 Typical defects found in welded 
joints were : lack of penetra-
tion, porosity and cavity for-
mation. 

Acknowledgment 

This work had been performed 
during the delegation of one of the 
authors (M.A.S.) to KFA-Julich, 
F.R. Germany, under a bilateral 
joint research and development pro-
ject between AEE-Cairo and KFA-
Julich. 

References 
1. K. T. Bates, "Resistance Weld-

ing of Zircaloy End Closure 
Joints," Technical Meeting No. 
216, Nuclex 66, Basel (1966). 

2. H. S. Kalish, "Electron Beam 
Welding of Zircaloy-2," Metals-
Eng. Quarterly, 3 (1963) 18. 

3. B. Lustoman and F. J. Kerze, 
"Metallurgy of Zirconium,"Mc-
GrawHill Book Co., N.Y.(1955). 

4. "Welding and Brazing Tech-
niques for Nuclear Compo-
nents," American Society of 
Mechanical Engineers Publica-
tion, 1964. 

5. G. Schnider, "Welding Tech-
niques in the Fabrication of 
Fuel Rods," Kerntechnik, 11 
(1969) 18. 

6. R. H. Sovik, "Programmed 
Welding of End Piugs to Fuel 
Canning Tubes, "VIII Nuclear 
Congress on Fabrication of 
Ceramic Type Powder Reactor 
Fuel Element, Rome, June 19-
20, 1963. Conference Procee-
dings. pp. 209-224. 

7. I. Amota and G. Carena, "Some 
Developments in the End Clo-
sure Welding Technology for 
Zircaloy Cladded Fuel Rods," 
Energia Nucleari 17 (1970) 234. 

8. R. H. Sovik, "A Chamber for 
Welding of Reactive Metals 
Under Controlled Atmos-
phere," Kjeller Report No. 
KR-38 (1963). 

9. G.E. Linnert (Editor), "Welding 
Metallurgy," vol. 1, American 
Welding Society, N. Y. 1967. 

10. K. T. Bates, "Brazing and 
Welding of Zircaloy Clad Fuel 
Assemblies," Canadian Nuclear 
Association Conference, Mon-
treal, May 28-31, 1967, 67-
CNA-417. 

11. Y. Hiroyuki, S. Yukio, S. 
Toshinari, K. Kiyomichi and 
M. Suzuki, "Generation of 
Defects in Zircaloy-2 Welding," 
1973 Annual Meeting of the 
Atomic Energy Society of 
Japan, PNCT-831 (1973) 73. 

INDIAN WELDING JOURNAL, JANUARY 1 9 8 6 


