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Abstract
Hot facilities were developed at the South African Nuclear Energy Corporation (Necsa) as part of its former PWR
fuel development and reactor surveillance programme.  Specific technical results are highlighted.  At present the
hot cells are employed in medical and industrial isotope production.  The current leading role being taken in
PBMR development in South Africa necessitates planning for a new national hot cell facility tailored to the needs
of High Temperature Reactor development programmes.
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1. INTRODUCTION
A medical and industrial isotope production centre consisting of 11 small hot cells was commissioned at the
former Atomic Energy Corporation (AEC, now Necsa) in 1981 in close proximity to the SAFARI-1 research
reactor.  This facility is still in operation.

A separate 21 cell post-irradiation examination (PIE) facility for PWR (Pressurised Water Reactor) fuel
manufactured at the AEC for the Koeberg Nuclear Power Plant was constructed and fully commissioned by 1991.
Successful post-irradiation examinations were carried out on 12 fuel rods and two sets of surveillance samples in
the period 1992 to 1994.  Although South Africa only signed the Nuclear Non-proliferation Treaty in July 1991 and
the Additional Protocol in September 2002, the facility was at all times subject to IAEA safeguards oversight.

The PIE facility was decommissioned starting in 1994 due to the abatement of strategic considerations and
subsequent import of fuel assemblies for Koeberg.  The hot cell facility was converted to a second successful
medical isotope production centre which is currently operated by the Necsa subsidiary NTP Radioisotopes (Pty)
Ltd.

2. FACILITY DESCRIPTION
For the purpose of PIE on PWR Lead Test Assemblies the 21 cells were divided into 5 groups.  The first consisted
of three concrete cells.  Of these, the first cell was devoted to receiving the fuel pins and basic NDE (Non-
destructive Examination), the second to gammametry and further NDE, while the third was utilised for sample
cutting and waste handling. Cell 4 was used for sample distribution.

The second group of cells (5-8) was devoted to mechanical testing and the third group (9-11) to chemical
analyses.  Group 4, consisting of cells 12-19, constituted the metallographic suite.  The SEM, contained in cell 19,
however, never entered service.

The final group consisting of cells 20 and 21 were intended for physical property determination including density
and porosity measurements.

The rest of the hot cell complex contained all the standard infrastructure including receiving bay with dry and wet
pools, workshops, manipulator repair workstation, ventilation system and stack.  Figure 1 depicts the floor plan of
the facility while Figure 2 shows a photograph of the operator area.
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Fig. 1: Floor plan of hot cell complex Fig. 2: Operators at work in front of cells

3. POST-IRRADIATION EXAMINATION OF PWR FUEL
Two of the locally produced fuel assemblies – each consisting of 17 x 17 fuel rods – each contained 6 removable
rods for the purpose of post-irradiation examination.  Two rods were removed from each assembly at the end of
each of three operational cycles spaced approximately 6 months apart.  Thus a total of 12 rods were extracted in
three batches of four rods.  Table 1 lists the assembly and rod designations and indicates the types of
examinations applied to each fuel rod.

Table 1: Table of examination methods applied to rods

* Only gas extraction and analyses

A complementary set of NDE (Non-destructive Examination) and DE (Destructive Examination) techniques were
implemented, some of which are summarised below.  While NDE results guided DE by identifying areas for detail
investigations and specifically guiding the cutting of fuel rods, NDE tests relied strongly on DE for clarification and
calibration [Jonker 1, 2].
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The reader is reminded that the studies on PWR post-irradiation examination were conducted in the period 1992-
1994 with direct involvement of De Beer, Labuschagne and Van Greunen.

3.1 NON-DESTRUCTIVE EXAMINATIONS
The NDE programme included mass measurement, visual inspection, crud collection, leak detection, dimensional
measurement, neutron radiography, investigations of oxide layers and clad defects as well as gammametry.
Length measurements on rods from the three cycles indicated a growth rate of 0.6 mm/GWD.

Isotope distributions were measured by gamma scanning for 6 isotopes, the direct fission products: 95Zr, 106Ru,
137Cs, 144Ce and the indirect products 134Cs, 154Eu.  Fuel rods were traversed in front of a collimator and detector in
60 mm steps.  The resultant distributions are captured on the graph in Fig. 3.

Gammametric determination of the axial distributions of the 235U burn-up was made from the 134Cs/137Cs ratio.
The calculated burn-up along the length of six rods is shown in Fig. 4.  Note that the unit of MWD/MTU refers to
megawatt days per metric ton of uranium metal.

Fig. 3: Typical axial isotope distribution Fig. 4: Final burn up distributions of six fuel rods

3.2 DESTRUCTIVE EXAMINATIONS
3.2.1 BURN-UP
The values obtained from gammametry were calibrated by the destructive chemical ion chromatography (IC)
technique.  Average burn-up values in MWD/MTU determined by IC are found in Table 2.  The plateau values for
the three cycles were respectively around 18 000, 31 000 and 41 000 MWD/MTU.

A macro photograph of a longitudinal cross-section across two fuel pellets is shown in Fig. 5.   Brighter areas in
the fuel pellets correspond to higher burn-up.

Table 2: Average burn-up from IC for three cycles

# Samples taken on burn-up plateau Fig. 5: Macro photo of fuel rod section
* Distance from inside of bottom plug
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3.2.2 PELLET-CLADDING GAP
A continuing decrease in the gap was measured with increasing burn-up.  Before irradiation the gap typically
measured 85 m on a side.  After the second cycle the gap varied between 2.3 and 87.6 m while this reduced to
the range of 6.5 – 32.7 m after the third cycle.

3.2.3 MECHANICAL PROPERTIES
Vickers hardness values of the Zircalloy-4 cladding were determined in accordance with ASTM-E92-82.  From an
un-irradiated value of 234.4 HV the hardness increased by 37.3, 46.8 and 47.8 HV after the first, second and third
cycles respectively.

Tensile strength measurements were performed at room temperature according to AFNOR NF A03-151 (1978).
Total elongation, yield strength and maximum tensile strength were determined.  The average maximum tensile
strength of the cladding increased from 1011 MPa after the first cycle to 1040 MPa after the third cycle.  The value
before irradiation was 842.4 MPa.  The material thus hardened and became more brittle as a result of irradiation.

The burst pressure of the irradiated cladding at 385 oC was measured after drilling the pellets out of tube sections.
Burst pressure was determined in accordance with a modified ASTM-B-353-91 procedure with gas instead of oil.
The average burst pressure of the cladding was 62.6 MPa before irradiation and increased by 31.8, 33.8 and 36.3
MPa respectively after the first, second and third cycles.  Similarly the average burst tension of the cladding was
492.2 MPa before irradiation increasing by 252.3, 255.0 and 287.3 MPa after each of the three cycles.

Other mechanical properties investigated included creep and impact testing.

3.2.4 MICROSTRUCTURAL EXAMINATIONS
Figure 6 contains a micrograph of UO2 grains from a fuel pellet after the third operational cycle.  Grain sizes were
determined in accordance with ASTM E112-1974 and clearly increased with increasing burn-up.  No significant
difference were found in grain size based on the radial position of grains in a pellet.

Fig. 6: UO2 grains in pellet from third cycle

Figures 7 and 8 show macro photographs of cross sections through the top end cap of a fuel rod after the third
operational cycle.  These were taken as part of a study into weld seam integrity. The seams were investigated for
penetration, porosity, cracking, impurities, corrosion and homogeneity of the microstructure. No physical defects
were found and no weld seam degradation compared to the first or second cycles detected.

      Fig. 7: Cross section of top end cap, segment 1 Fig. 8: Cross section of top end cap, segment 2
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3.2.5 OXIDE LAYERS
Oxide layer thickness was measured on radial cross sections of the clad using an optical microscope and image
analyser.  A distinct increase in oxide layer thickness was measured with increasing burn-up and towards the tops
of the rods as demonstrated in Fig. 9.  These trends were confirmed by eddy current measurements.  An average
thickness of 21.5 m was measured on rods extracted after the third operational cycle.   A micrograph of the oxide
layer can be seen in Fig. 10 (grey line between clad and black mounting resin).

        Fig. 9: Comparison of average oxide layer thickness     Fig. 10: Cross section through oxide layer

3.2.6 GAS ANALYSES
Gas was extracted from all twelve fuel rods, however, not all gas from rod bHI was obtained.  The aim was to
determine the gas pressure inside the rods and supply samples for gas composition analyses.  The volumes and
pressures measured are shown in Table 3.  The molar quantity of gas was calculated and found to range between
0.02150 and 0.02286 for the first two cycles.  An increase of up to 50% in mole quantity was measured in the third
cycle rods, attributed to accumulation of fission gases.

Gas analyses by mass spectrometry were used to determine partial gas compositions as well as the isotopic
composition of Kr and Xe.  The expected increase in the percentage of the fission gases Kr and Xe with burn-up
is seen in Table 4. Impurities in the form of oxygen, nitrogen and Ar were detected in five rods.  Further
investigation showed that these did not occur at the expense of the molar quantity of He.  A number of cross
checks ruled out contamination during gas extraction or analysis and the origin of the impurities could not be
explained.

No anomalies were found in the Kr and Xe isotopic ratios as the measured ratios agreed very well with that
predicted by the code Origen2.

Table 3: Gas extraction results Table 4: Partial composition of gas samples
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4. COMMERCIAL ISOTOPE PRODUCTION
Utilising both hot cell facilities at Necsa, its subsidiary NTP Radioisotopes (Pty) Ltd produces various sealed
radioactive sources, isotopes and radiopharmaceutical products.  The range of radiochemicals include fission
99Mo, 131I, 32P and 35S with applications in the medical, industrial and agricultural industries. Radiation technology
is applied in neutron transmutation doping of silicon and radioluminescent light source products.

NTP uses the irradiation services of Necsa's SAFARI-1 Research Reactor, the only reactor in the world supported
on site by the entire production life cycle - from the supply of fuel, through to the safe treatment and storage of
radioactive waste.   Isotope extraction and processing takes place in the hot cell facilities.

5. PLANNING FOR NEW HOT CELL FACILITIES
5.1 PURPOSE

While consisting for the most part of graphite, the spherical fuel elements for the Pebble Bed Modular Reactor
(PBMR) contain ~15 000 coated fuel particles of nominally 0.92 mm diameter.  Apart from two 40 µm thick
pyrolytic carbon layers, each coated particle has a 35 µm thick SiC barrier coating and at its centre a 0.5 mm
diameter UO2 fuel kernel covered in a porous carbon buffer layer.  This fuel design is depicted in Fig. 11.

Fig. 11: Fuel element design for PBMR

The main purpose of the new hot cell facility at Necsa will be to perform PIE (Post-irradiation examination) on
HTR (High Temperature Reactor) fuel elements such as that of PBMR. This requirement can be divided into
investigations for Licensing, Condition monitoring and R&D [Klopper 1].

The relevant licensing authorities require post-irradiation examination as part of the testing regime before fuel
can be authorized for use in a new reactor system.  Present planning calls for the first fuel licensing exercises
to be conducted abroad as no suitable PIE facility is available in South Africa.  However, a number of future
fuel licensing programmes are anticipated.

During normal reactor operation a fuel sphere sampling programme is planned which will provide spheres at
known burn-up for fuel performance monitoring.  The purpose in this case is monitoring of the continued safe
operation of the fuel in the reactor.

As part of fulfilling its mandate of developing nuclear technology through scientific research, Necsa is
committed to conducting research and development with the aim of improving the performance of the current
PBMR fuel design. An essential part of verifying the success of any modifications to the fuel will be irradiation
in the SAFARI-1 Research Reactor with subsequent post-irradiation examination.

5.2 TECHNICAL REQUIREMENTS
The technical investigations to be conducted on PBMR fuel spheres will for the most part follow the processes
initiated at the Forschungzentrum Jülich and further developed at the JRC-ITU in Karlsruhe.  The Gen-IV Fuel
and Fuel Cycle Project recommendations for PIE-techniques on HTR fuel will be implemented [Ruggirello].

A breakdown of the planned tests on PBMR fuel include [Klopper 2]:
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- Treatment before PIE
o LOCA (Loss of Coolant Accident simulation by the Küfa device)
o Corrosion testing (Exposure to water vapour and air at elevated temperatures by the KORA

device)
- NDE (Non-destructive examination)

o Visual inspection
o Dimensional measurements
o Weighing
o Gammametry (including coated particle sorting based on activity-IMGA)

- Fuel deconsolidation
- DE (Destructive examination)

o Mechanical (Tensile, impact, micro-hardness)
o Ceramography
o Physical (Density, conductivity, thermal expansion, PyC-anisotropy)
o Chemical (Molecular, atomic and isotopic identification)

5.3 STATUS
The detail user requirement specification for the new hot cell facility is well-advanced.  Once completed the
concept design will be initiated leading to the basic and ultimately detail designs.  Work has been started on
setting up a cold training and demonstration laboratory in which the required materials investigations techniques
can be mastered and adapted for application inside hot cells.

6. CONCLUSION
Although terminated before full implementation, the PWR post-irradiation examination programme at Necsa
managed to provide a good overall picture of locally produced PWR fuel behaviour through the judicious
application of NDE and DE techniques.  Confidence in the results obtained is high due to thorough preparatory
literature studies and the quality processes implemented.  In all, very few surprises came to the fore, rather points
of interest for further investigation.

Highly productive use could be made of the hot cell facilities developed for PIE by converting it to a radioisotope
production facility.  Now, at the dawn of the nuclear energy renaissance, the expertise base in hot cell facility
construction and operation at Necsa will facilitate the development of Hot Cell Facilities for a new generation of
reactors.
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