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ABSTRACT 

The Nuclear Fuel Complex (NFC), an industrial unit of Department of Atomic Energy, 

Government of India supplies nuclear fuel bundles and reactor core components to the nuclear 

power reactors. Fuel bundle employed in Indian Pressurized Heavy Water Reactor (PHWR) is a 

cluster of 19/37 fuel elements comprised of Zircaloy-4 thin walled tubes, loaded with UO2 

pellets, hermetically sealed with end caps by resistance welding. This is the most critical 

operation in entire bundle manufacturing as the welding process is complex.  It is observed the 

world over that most of the fuel failures examined by PIE (Post Irradiation Examination) indicate 

defects in end cap welding.  Hence it is essential to check and ensure the weld quality.  

Till 1990’s Metallographic examination was used to check weld integrity which is destructive in 

nature and hence can be used only on sample basis. Ultrasonic testing (UT) is developed as a tool 

to evaluate welds Non-destructively. Since 20 years, lots of improvements are made to the 

original system. The journey from a simple manual A-scan testing to the present trials for 

automatic line testing has the following important mile stones like Manual testing with rotation 

of elements, semi automatic testing with A, B, C scan facilities  and simultaneous testing of both 

end cap welds on either end of the elements. 

This paper describes the salient features of the above improvements including UT standards and 

various efforts to increase the reliability of testing.  

INTRODUCTION 

End closure weld integrity forms the prime quality characteristic during fabrication of PHWR 

fuel. ( Fig 1 & Fig 2 shows before and after welding of End cap and tube joint)) Any failure in 

end closure weld zone during the reactor operation will lead to release of Iodine 131 and 

contamination of the primary coolant circuit. 

The integrity of the weld quality is checked by metallographic examination, Helium leak testing 

and Visual inspection. Metallography is destructive technique and hence can be applied on 

sample basis, and defects can be viewed only in the plane of sectioning. Helium leak testing is 

effective only for through and through defects and also further tests are required to locate the 

failed/ leak area. Visual inspection is a surface inspection method and weld integrity cannot be 

ascertained.. Hence in order to improve the confidence and to inspect 100% of the weld an NDT 
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method, Ultrasonic testing was introduced. Over the past 20 years many improvements are made 

to the system. 

 

MANUAL TESTING WITH ROTATION OF ELEMENTS 

The test system is an immersion type unit, facilitating the movement of the probe  

in three mutually perpendicular directions. The probe can be tilted to any angle between  

zero and 45° with reference to the normal of tube axis. The flaw detector has a maximum  

frequency range up to 100 MHz with one-micron resolution. Testing is carried out by  

using pulse echo shear wave technique. 20/25 MHz point focused probe is positioned at 27°  

to the normal, considering the outside upset as the reference point (Fig 3 shows beam path). An 

element with 0.1 mm laser drilled hole at 45 ° in the weld region and an element having 1 x l0
-8

 

std cc/sec leak rate are used for calibration. The equipment is calibrated by setting the signal  

amplitude to 70% of FSH (Full Scale Height) for the above standards. The entire weld zone, 

spanning around 0.8 mm in width is scanned by rotating the element at slow speeds at graduated 

intervals of 0.1 mm. later one more standard was made with transverse notch (inside the 

tube) as a reference notch. This standard is found to be more sensitive and highly 

reproducible.   

 

The above equipment has been used for carrying out tests on shop floor. Over 1,00,000 welds 

were scanned so as to obtain correlation between ultrasonic signal metallographic defects and 

Helium leak defects. It has been observed that no defects were missed in all these cases. The 

following are the results obtained with respect to various defects.  

Lack of fusion line: Approximately 25,000 welds have been scanned by UT equipment and 

subsequently subjected to metallographic examination in the defective region. These defects are 

characterized with a very sharp single defect peak, whose height exceeds often 70% FSH. After 

analysis it was concluded that welds resulting in defect signal amplitude of more than 70% FSH 

does not meet acceptance criteria. 

 Weld sparking: In case of weld sparking, which is not acceptable, broad signal is observed. 

However the signal height is more than 100% FSH. 

Incomplete weld: This defect is identified when amplitude varies between 70% FSB to >100% 

FSH when the element is rotated by an angle of +/- 60 °. The defect is confirmed by changing 

the angle of incidence to 32
0
, in which case the peak height shoots up beyond 70 % though the 

peak position remains unaltered. 

Leaky Element: In this case a sharp signal is obtained which does not diminish even after 

rotating the element by +/- 5°.  

Sheath Folding: This defect gives rise to wide signal near surface region. The  

signal height is generally less than 70%. 



Based on the above results, Ultrasonic testing of PHWR end closure welds has been 

implemented on shop floor during regular production. This has minimized the requirement of 

destructive testing. But, the interpretation of the results is subjective and this system requires 

highly skilled man power.  Hence, an automatic PC based UT system is procured. 

 

SEMI-AUTOMATIC PC BASED ULTRASONIC TEST SYSTEM (A, B & C Scan Facility) 

This Ultrasonic flaw detection system procured has three channels, customized to End Cap weld 

inspection (Fig 4). Two are high frequency channels for testing and the third   is trigger channel 

to activate the scan. Probes for trigger and flaw detection are mounted on a 6-axis manipulator 

(Fig 5). Each testing channel has built in power supply for activating tuned pre-amp modules for 

improved signal to noise ratio and signal shape. Each unit has TDS 2002 scope for displaying RF 

or gated amplified signal. For the test channel, noise reject circuit is used on rectified signal for 

removal of unwanted machine or electronic noise. Threshold for reject level can be selected 

separately for all the channels as well as for the interface gate on the 3
rd

 channel. The system has 

an ability to scan circular and flat objects / products of 500mm length.   

6-Axis manipulator is provided for controlling the movement of focused probes in the water 

tank. It consists of motorized X, Y and Z-axis movements corresponding to the probe 

movements along the length, width and depth of the water tank. The scanning sequence can be 

programmed and probe can be positioned at any location in the tank. The rotary movement of the 

tubes is motorized in steps from 0.1rpm to 100 rpm. Probe angulations can be adjusted The 

signal, from trigger probe activates the B & C-scans, trigger probe measures the water path 

distance between the Probe and tube surface and automatically displays the water path distance 

on screen. Probe alignment and system calibration is done with help of water path distance. 

Whenever, water path changes due to ovality or oblong rotation of element flaw gate moves in 

tandem with the trigger gate.  Probe position, scanning distance and tube rotation are 

programmed. Once setup is over, the system is designed to operate automatically with minimum 

operator assistance. The system has the facility of “Return to Defect” which helps in bringing the 

probe on to the defect position if required, and the defect can be analyzed in detail.  

This High Frequency Ultrasonic scanning system has helped in improving reliability in defect 

detection eliminating the subjectivity and also it has helped in reduction of testing time by 

identification of defect spot by ‘Return to Defect’ program. The A, B & C scan facility was 

useful in analyzing defect signal. This was mainly used for 100% inspection of suspected weld 

lots and also as a study tool for characterization of weld signal as knowledge data bank. 

A further improvement in reducing the time is made possible by simultaneous testing of both end 

cap welds at a time. 

AUTOMATIC SIMULTANEOUS TESTING OF BOTH WELDS 

The automated unit was designed to scan both end of the fuel pin simultaneously (Fig 5). 

A prototype setup was made by carrying out alterations in existing machine (Fig 6). The 

fuel element is placed on rollers and rotated using an electric motor coupled with a 

variable frequency drive. The probes are mounted on probe holders having two axis of 

rotation. The probe holders are mounted on a plate which is in-turn mounted on a 



precision ball screw. The probe movement is obtained by rotating the ball screw using 

servomotor. The ultrasonic test signals are fed from the probes to flaw detector which is 

connected to a computer for further analysis. (Fig 7 shows A scan image of element 

having defective weld at one end) 

Again to get more confidence in ultrasonic testing a new defect standard having flaws on  

both ends of the fuel pin was made. PHWR fuel elements were successfully tested using 

this new setup. Inspection speed of 1 element per minute has been attained, which is three 

time faster than that in the manual setup. 

CONCLUSION 

Presently there is a high confidence in UT of end cap weld which resulted in good 

outgoing acceptable product. The bundle failure rates of late in reactor is low. This is the 

result of high automation in end cap welding process and also the reliability of UT of the 

welds.  

FUTURE WORKS 

Since the simultaneous end weld testing is made possible, the system is amenable for the 

automated UT testing wherein loading/unloading and accept/reject of tested elements can 

be incorporated with the use of material handling systems. This will further enable 

integration with end cap welding and machining as a single line manufacturing with 

online UT testing. 
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Fig 2. After Welding Fig 1. Before Welding Fig 3. Beam path profile 

Fig 5. UT test probe and triggering probe Fig 4. UT A,B &C scan system 

Fig 5. Double probe manipulator 

system line diagram 

Fig 6. Double probe 

manipulator system 

Fig 7. Defect at one end 



 

 

 

 

 

 

 

 

 

    

 

                        

 

     

 

 

 

 

 


