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NEUTRON RADIOGRAPHY FOR QUALITY ASSURANCE

OF PHWR FUEL PINS

K.N.Chandrasekharan, B.P.Pati1, J.K.Ghosh and C.Ganguly

Radiometallurgy Division
Bhabha Atomic Research Centre

Bombay - 400085, India.

ABSTRACT

Neutron Radiography was employed for quality assurance (QA)
of advanced PHWR experimental fuel pins containing mixed
uranium-piutonium dioxide and thorium-plutonium dioxide pellets.
Direct, transfer and track-etch techniques were utilised. The
thermal neutron beam facility of APSARA research reactor, at
Bhabha Atomic Research Centre, was used.

INTRODUCTION

Neutron radiography, a relatively new NDT technique, is
emerging as a unique tool for characterization of materials with
wide range of applications in nuclear industry, metallurgy and
materials science and biology. Neutron radiography has been
extensively used for NDT of as-fabricated and irradiated
nuclear fuel elements to evaluate the internal components and
their in-pile performance c 1- 2).

At Bhabha Atomic Research Centre (BARC), Bombay,
irradiation-testing of zircaloy-2 clad UO2-PUO2 and ThO2-PuO2
experimental fuel pins are underway as part of the advanced fuels
development programme for pressurised heavy water reactors
(PHWR), the backbone of nuclear power projects in India. The
experimental fuel pins were fabricated in two steps. First, the



mixed oxide fuel pellets were prepared by the conventional
"powder-pellet" route involving co-milling of oxide powders
followed by cold-pelletisation and sintering. Next, the
pellets were stacked to form a fuel column with natural UOz or
ThO2 thermal insulation pellets at the extremities. The fuel
stack thus formed were encapsulated inside zircaloy-2 cladding
tubes to form the fuel pins. These fuel pins would be irradiated
in the pressurised water loop (PWL) of CIRUS reactor and later
subjected to Post Irradiation Examination (PIE) in the hot cells
of BARC. For critical evaluation of in-pile performance and
analysis of PIE data, comprehensive pre-irradiation documentation
of fuel pins, including the details of the internal components,
was absolutely essential.

Since the UO2-PUO2 & ThO2-PuO2 fuel pellets and UO2 and
ThO2 insulation pellets have similar size, shape and density,
there was likelihood of mix-up of these fuel pellets during
formation of the fuel stack. Also, during encapsulation of the
fuel pellets and in the subsequent steps of end plug welding,
decontamination of fuel pins, helium leak testing and X-ray
radiography (for weld integrity check), there was a possibility
of the fuel pellets getting damaged. Hence, as part of quality
assurance of fuel pins it was essential to check the physical
integrity of the fuel pellets, to identify the presence of the
thermal insulation pellets at the extremities of the fissile fuel
column and to ensure no mix-up of fuel pellets of different
species. For this purpose, neither X-ray radiography nor
passive gamma scanning was found to be adequate. X-ray
radiographs of the fuel pins provided only a shadowgraph of the
fuel pellets and the components since X-rays from conventional
industrial radiography unit cannot penetrate dense UO2, ThO2 or
mixed-oxide pellets of 14.20 mm diameter. Likewise, passive gamma
scanning is not effective in identifying any damaged pellet or
dishing in pellet.

Neutron radiography is a unique NDT method which provides
full penetration radiographs of dense fuel pellets inside the
fuel pins and discriminates between neighbouring elements of
similar atomic number. This paper presents the details of neutron
radiography experiments carried out at BARC, for NDT & quality
assurance of plutonium and thorium bearing advanced PHWR
experimental fuel pins for: (i) checking the physical integrity



of the fuel pellets, (ii) checking the homogeneity of PuO2 in
sintered UO2-PUO2 and ThO2-PuO2 pellets, (iii) identifying mix-up
of non standard pel lets,if any, in the fuel column and
(iv) identifying the insulation pellet (ThO2 or depleted UO2) at
both ends of the fissile fuel column.

EXPERIMENTAL

Fabrication of experimental fuel pins

Natural UO2 & ThO2 insulation pellets and UO2-3%PuO2 &
ThO2-6.75*PuO2 fuel pellets were fabricated by powder processing
route involving cold compaction of milled oxide or mixed-oxide
powders followed by high temperature sintering <3>. The sintered
pellets were subjected to centreless grinding to required
diameter (14.20 mm. nominal). Cylindrical pellets with a dished
end or chamfered ends or dished ends with chamfer were
fabricated. The fuel pellets were encapsulated in thin-walled
zircaloy-2 cladding tubes (0.40mm nominal wall thickness and
15.20mm nominal outside diameter) used for regular PHWR type fuel
pins and hermetically sealed by tungsten inert gas (TIG)
welding of end plugs (Fig.1). Since the encapsulation and welding
operations were carried out inside a sealed (alpha-tight) glove
box the fuel pins were thoroughly decontaminated prior to
handling for neutron radiography.

Neutron radiography

Neutron radiography was carried out at APSARA, a 500 kW
swimming pool type research reactor at BARC <4>. The thermal
neutrons from the reactor were collimated by a divergent, cadmium
lined aluminium collimator with a length/inner dia. (L/D) ratio
of 90. A cadmium shutter facilitated opening and closing of the
beam. The object was mounted at about 60 cm, from the collimator
followed by the cassette containing x-ray film and/or converter
screen. The whole set up was properly shielded to avoid any
radiation exposure to the operating personnel. Table I presents
the important parameters of the neutron radiography facility.
Radiography was carried out in batches of 3 pins using a special
fixture with a translation mechanism so that the full length of
the fuel pin (~500 mm) could be covered in five segments.



Direct, transfer and track-etch techniques were employed for
generating neutron radiographs. In the direct technique, 25
microns thick gadolinium (Gd) screen was used in close contact
with the x-ray film. In the transfer technique, 100 microns thick
dysprosium (Dy) converter screen was used for the activation and
the activity was later transferred on to x-ray film to get the
image. Kodak CN85 type B coated cellulose nitrate films were used
for generating track-etch image. Typical exposure parameters used
for neutron radiography of as fabricated nuclear fuel pins
containing UO2-PUO2 and ThO2-PuO2 fuel pellets are presented in
Table II. The optical density of the radiographs were measured
using a scanning mi crodensi tometer (Joyce l.oebl-3CS).

RESULTS AND DISCUSSION

Representative neutron radiographs of UO2-PUO2 and
Th02-PuO2 fuel pins are presented in Figures 2-5. Fig.2 shows
damaged UO2 insulation pellets inside the three UO2-PUO2 fuel
pins. In one particular pin, there was mix-up of UO2-PUO2 fuel
pellet with UO2 insulation pellet. This was intercepted by
neutron radiography as shown in Fig.3. Fig.4 presents the single
dished pellets inside the fuel pins. The macro inhomogeneity of
Pu02 in mixed ThO2-PuO2 fuel pellets is presented in Fig.5. The
microdensitometer traces of a typical ThO2-PuO2 fuel pin across
the zircaloy-2 end plug, insulation pellet and mixed oxide fuel
pellet are presented in Fig.6.

It was observed that during the end plug welding of the fuel
pins (circumferential TIG welding while the fuel pin rotates), in
a few cases the end pellet near the zircaloy end plug was getting
damaged due to excessive heating (thermal shock). The penetration
of thermal neutrons through dense material like UO2
(density=10.96 g/cm3) revealed cracking in the fuel pellets. It
may be noted that addition of small amounts of PUO2 in ThO2
resulted in an increase in the absorption of thermal neutrons
when it is passing through the mixed oxide fuel pellet. The
mixed-oxide fuel pellets containing PuO2, having a higher total
absorption cross-section for thermal neutrons, provided good
contrast in the radiograph enabling the detection of UO2 or ThO2
end pellets in the mixed-oxide fuel stack and macro-inhomogeneity
of PuO2 in the mixed-oxide fuel pellets.



Direct technique using gadolinium screen was found to be
most suitable for quick imaging of the entire length of the
encapsulated fuel pins. Anomalies, if any, could be detected at
this stage and properly documented. Though the track-etch imaging
technique resulted in a poor contrast image, it provided a high
spatial resolution enabling dimensional measurement from the
radiograph. Scanning micro densitometer traces of the neutron
radiograph of fuel pins could be effectively used for extracting
the dimensions of fuel pellets and its structural details <s>.

SUMMARY

The effective use of thermal neutron radiography for quality
assurance of as-fabricated experimental nuclear fuel pins has
been demonstrated. Damaged insulation pellets, mix-up of fuel and
insulation pellets and macro-inhomogeneity in mixed oxide
sintered fuel pellets could be easily intercepted.
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Figure 1. Typical PHWR experimental fuel pin (Schematic)
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Figure 2. Neutron radiograph showing damaged UOj insulation
pellets inside UO2-PuO2 mixed oxide fuel pins.
(Track-etch neutron radiograph).
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Figure 3. Neutron radiograph showing mix-up of fuel pellets
(Direct technique).

Figure 4. Central section of the fuel pins showing dished end
pellets (Direct technique).



Figure 5. Neutron radiograph showing macro-inhomogeneity of
PuO2 in ThO2-6.75XPuOz mixed oxide fuel pellets.
(Direct technique)
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Figure 6. Microdensitometer traces across a typical
ThO2-PuO2 mixed oxide fuel pin; (1) Trace across
zircaloy end plug, (2) Trace across UO2 fuel pellet,
(3) Trace across ThO2-6.75XPuO2 mixed-oxide fuel
pel let.



TABLE - I

APSARA REACTOR NEUTRON RADIOGRAPHY FACILITY

Useful beam area
Thermal neutron flux
Gamma radiation level
Cadmium ratio
Neutron to gamma ratio

15 cm d i a.
1 x 106 n/cmz/s
4 R/hr
6.3
9 x 10' n/cm2/mR

TABLE - II

EXPOSURE PARAMETERS

Direct technique:

Screen
X-ray film
Neutron fluence
Exposure time
Developing

Transfer technique:

"creen
/\-ray film
Neutron fluence
Exposure time
Transfer time
Developing

Track-etch technique:

Film
Neutron fluence
Exposure time
Etching solution
Etching time

Gd 25 M thick
Agfa structurix D4
3 x 10' n/cm*
8 min.
5 min. at 20 °C

Dy 100 M thick
D4
4.2x10e n-cm-2

70 min
70 min
5 min.at 20°C

Kodak CN85 type B
1.5x10s n-cm-2

25 min.
NaOH(6N) at 55°C
40 min.
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