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FOREWORD

The growing operational requirements for nuclear fuel, such as longer fuel cycles, higher burnups and
wider use of transient regimes, require more robust fuel designs and more radiation resistant materials.
Development of such advanced fuels is only possible with testing and analysis of their performance
and application of adequate post-irradiation examination (PIE) methods and techniques. In addition,
operational feedback data from poolside and PIE facilities are absolutely necessary for verification of
fuel modelling codes and analysis of fuel failure mechanisms. For these reasons, the International
Atomic Energy Agency (IAEA) has supported the international exchange of knowledge and sharing of
best practices in the application of modern destructive and non-destructive methods of investigation of
highly radioactive materials through a series of technical meetings (TMs), the last of which was held
in 2006 in Buenos Aires.

Since 1963, similar meetings, initialy at the European level, have been organized by the Hot
Laboratories and Remote Handling Working Group (HOTLAB), a partner in the development of the
IAEA’s Post Irradiation Examination Facilities Database (PIEDB), part of the IAEA’s Integrated
Nuclear Fuel Cycle Information System.

With this successful partnership in mind, in 2010 the IAEA Technical Working Group on Fuel
Performance and Technology recommended that a joint IAEA-HOTLAB TM be held on “Hot Cell
Post-Irradiation Examination and Pool-Side Inspection of Nuclear Fudl”, covering questions relevant
to the IAEA sub-programmes on “Nuclear Power Reactor Fuel Engineering” and “Management of
Spent Fuel from Nuclear Power Reactors’. The TM was held on 23-27 May 2011, in Smolenice,
Slovakia, with the participation of a large number of interested organizations and comprehensive
coverage of major PIE and poolside inspection issues relating to both operation and storage of fuel for
nuclear power reactors. The proceedings, summaries and conclusions of that joint TM are included in
this publication and have been reviewed by both IAEA staff and members of the HOTLAB steering
committee, the latter acting as co-chairs of the meeting sessions.

The IAEA wishes to thank the hosts and all the participants for their contributions to the meeting,
particularly V. Chrapciak and A. Leenaers. The IAEA officers responsible for this publication were
A. Bevilacquaand V. Inozemtsev of the Division of Nuclear Fuel Cycle and Waste Technology.
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undergone rigorous editorial review by the |AEA.

The views expressed do not necessarily reflect those of the |AEA, the governments of the
nominating Member Sates or the nominating organizations.

The use of particular designations of countries or territories does not imply any judgment by
the publisher, the IAEA, as to the legal status of such countries or territories, of their
authorities and institutions or of the delimitation of their boundaries.

The mention of names of specific companies or products (whether or not indicated as
registered) does not imply any intention to infringe proprietary rights, nor should it be
construed as an endorsement or recommendation on the part of the IAEA.

The authors are responsible for having obtained the necessary permission for the |AEA to
reproduce, translate or use material from sources already protected by copyrights.



CONTENTS
SUMMOARY .ottt e R e e Rt e e R R AR R R e R R et R et R n et e ne e nns 1

INSPECTION (Session 1)

Gamma spectrometric Measurement Of DUIMNUP. ..o 19
V. Chrapciak, M. Listjak, V. Friedrich, P. Simon

Studies on the sintering behaviour of UO,—Gd,O3 fUEl PEITELS.......cceieiiciceceecc e e 25
G. Ruggirello, R. Mizrahi, H. Calabroni, R. Perez, J.M. Frediani

Gamma spectrometry for burnup determination of spent fuel assemblies at the Paks NPP...........ccccccoeivvinivinnene 37
L. Alma, Z. Hlavathy, C.T. Nguyen, P. Nagy, L. Lakosi, T. Parko, I. Pos

Therole of CVR inthefuel inspection a TemMEin NPP..........cco et 45
M. MikloSa, M. Mala, D. Ernst

Spent fuel attribute tester realization and aPPIICALTON .........co.ieiiiiieieee e e 53
I. Hlavathy, I. Almasi, C.T. Nguyen, L. Lakosi, N. Bugly6, M. Beier

The poolside inspection of post-irradiation fuel assembly in Qinshan NPP ..o 59
Shiwei Wang

HOT LABORATORIES EXPERIENCE AND CAPACITY (OVERVIEW) (Session 2)

Treatment and disposal of problematic and poorly characterized nuclear fuelsin a post-irradiation

LG Tz Lo N = o T 1 67
D.M. Willey

Current status of the refurbishment of five semi-hot CallS at NRI REZ .........o.coiviceeieieeieseeeeeeeeeee et 75
R. Kopriva, M. Kytka

Hot cells post-irradiation examination at JRC-ITU ....cc.eceeeeieiine i see e 79
V.V. Rondinella, C.T. Walker, P.D.W. Bottomley, D. Papaioannou, S. Bremier

Post-irradiation examination of fuel and core structural materialsirradiated in fast breeder test reactors............. 91

N.G. Muralidharan, C.N. Venkiteswaran, V. Karthik, V. Anandraj, J. Joseph, K.V. Kasivswanathan,
S. Venugopal, T. Jayakumar, B. Raj

Status and activities of post-irradiation examinations on nuclear fuel in the
Nuclear POWer INSHTULE OF ChiNaL.........coueiiiieiiieeetseeee bbb e sn e enesre e 105
G. Li, M. Feng, F. Wang

HOT LABORATORIES EXPERIENCE AND CAPACITY (ADVANCED TECHNOLOGIES)
(Session 3)

Post-irradiation capabilities at the |daho National Laboratory...........ccevverereeieeerene e e e 113
J.L. Schultess, K.E. Rosenberg

Mechanistic Fuel Failure Evaluation System (MEFES).........cccooiiiiiiiecseeeeee e 123
F. Rice

Installation of a scanning electron microscope in the hot cell laboratory of NRG Petten..........cccoocvvevvvvvinenenne. 131

J.A. Vreeling, F.A. Van Den Berg, P. Van Den Idsert, T.V. Pham, O. Wouters

Development and design considerations for a suite of new post-irradiation examination hot cellsto be
constructed at MCMastEr UNIVEISITY........cccciiieiiiiieceeeereesie ettt e e e e e ae e st besaeere e e e e e ae e enteseestenseens 139
J. Luxat, D. Novog, G. Botton, V. Walker, S. Shaw, G. Pierce, W. Granger, M. Wade

PIE METHODSAND RESULTS(METHODS) (Session 4)

Eddy current detection of cladding defects due to fuel pellet imperfections ..., 147
D. Papaioannou, R. Nasyrow, N. Niagolova, V.V. Rondinella, W. Goll



Scanning acoustic microscope: An advanced technique for the mechanica characterization of
Irradiated NUCTEE FUEL ..ottt ettt b et ae s 153
W. De Weerd, G. Despaux, D. Laux, A. Kellerbauer, V.V. Rondinella, C.T. Walker,
D. Papaioannou, F. Augereau

Non-destructive fission gas rel ease determination of irradiated experimental fuel rods using

JAMMEA SPECIIOMIELTY ....teeteete ettt ettt ettt eae e et e et e e beeaeesae e saeesaeeeeeaseeaeeeae e beeabeeabeeaeesheesbeereeeeesanesanesneanseanns 161
H.K. Jenssen, B.C. Oberlander

Pulsed eddy current defectoscopy of irradiated WWER fUEl rO0S..........coereririiiiiiie e 169
S.S. Sagalov, E.A. Zvir, D.V. Markov, S.V. Pavlov, A.V. Sukhikh

Possihilities and features of €lectron backscatter diffraction for reactor materialsinvestigation.............cc.c....... 177

Y.D. Goncharenko, L.A. Evseev, V.K. Shamardin, T.M. Bulanova

PIEMETHODSAND RESULTS(RESULTS) (Session 5)

Defective fuel examination using coulometric titration and analytical electron microscopy at
Chalk RIVEr LADOTBIONES .....ecviiveuietiiieietesieiete sttt sttt ste et et e s ss et esesb e e esesse s esessesese st ensesesseneenessenes 185
Z. He, J. Mouris, R. Ham-Su

Post-irradiation examination of thoria—plutonia mixed oxide fuel in Indian hot cells.......cccecvvevevevvcceveceene. 199
J.L. Singh, P. Mishra, E. Ramadasan, K.S. Balakrishnan, S. Kumar, G.K. Mallik, J.S. Dubey,
H.N. Singh, P.M. Ouseph, V.D. Alur, P.B. Kondejkar, P.K. Shah, V.P. Jathar, A. Bhandekar,
K.M. Pandit, R.S. Shriwastaw, A. Sharma, P.M. Satheesh, N. Kumawat, S. Anantharaman

Destructive examination of experimental CANDU fuel elementsirradiated in TRIGA-SSR reactor ................. 207
S. lonescu, O. Uta, C. Gentea, M. Mincu, M. Parvan, L. Dinu
The main results of investigation of modified dispersion LEU U-Mo fuel tested in the MIR Reactor ............... 217

V.V. lakovlev, A.L. Izhutov, V.V. Alexandrov, 4.E. Novoselov, V.A4. Starkov, 4.4. Sheldyakov,
V.Yu. Shishin, 1.V. Dobrikova, 4.V. Vatulin, V.B. Suprun, G.V. Kulakov

Examination of an irradiated fuel pin segment by laser scanning profilometry, gamma spectrometry and

QLB igo el r="o (oo [="o] Y NSRS 225
H. Wiese, P. Vontobel

Post-irradiation examination of the fuel rods operated in WWER-1000 miXed COreS........covveverereseesernsrnnnes 231
V.S. Krasnorutskyy, V.I. Kuznetsov, D.A. Sokolov, V.M. Grytsyna, A.M. Abdullayev, M.V. Tretyakov

The development of xenon diffusivity measurement for irradiated ceramic fuels with low burnup.................... 241

H.-M. Kim, K.-H. Park, M.S. Cho, K.H. Kang, S.H. Na, J.W. Lee, C.J. Park, K.S. Kim

IRRADIATED FUEL AND RADWASTE MANAGEMENT (Session 6)

Estimation of hydrogen production rates from radiolysable material in contact with various irradiated

(0= PSPPSR PSR 251
D. Bottomley, P. van Belle, D. Papaioannou, R. Nasyrov, V.V. Rondinella
CEA Strategy for CiVil SPENT FUEIS ..ot s b e s eb e 263

J.-Y. Blanc, M.-H. Lacire

BEFAST and SPAR from 1981 to present: Thirty years of spent fuel behaviour, performance and research.....271
A. Bevilacqua

Development of a set-up for the detection of failed fuelsin TAPS BWR spent fuels storage bay ..........c.c....... 283
J.L. Singh, N. Kumawat, A.K. Sinha, S. Bhat, K. Jayarajan, C. Dey
Establishment of the disassembling technique of the driver fuel assembly irradiated in JOYO..........cccccevennenee. 287

S. Ichikawa, H. Haga, K. Katsuyama, K. Maeda, T. Nagamine

Reassembling procedure of the fuel assemblies for the nuclear power ship “MULSU” ........ccoeeeeeereerereriereneennn 295
H. Matsui, N. Kaminaga, K. Kitahara



PAPERSTO THE POSTER SESSION

Status of the joint IAEA-HOTLAB Post-irradiation Examination Facilities Database (PIEDB).............cccu....... 303
A. Agrawi, V. Inozemtsev, H. Jenssen, A. Leenaers, H. Tulsidas

APPENDIX: EXAMPLE LETTER ‘OFFICIAL NOMINATION OF CONTACT PERSONS .......ccccocvviinennae 313

New irradiation device at the Budapest Research REACION ..........cccceveie v e 315

R. Székely, A. Horvéath, F. Gillemot, G. Uri, D. Antok, M. Horvéth

ADDIEVIBLIONS. ..ottt ettt ettt e et e et e ebee s be e s beebesasesaeesaeeabeenbeeabeebeenbeeabesaeeebeebeenbesnbesraesrees 323
LiSt Of PaITiCIPANTS ... ettt sttt et et b et b e s et b e s e bt b e s bt b e s b et et e neeae s be e ebenbe e es 327






SUMMARY

Session 1: Inspection

Chairmen: F. Flachet (ELECTRABEL) and R. Zgjac (VUJE)

1. BACKGROUND

Poolside inspections can give a lot of information on the behaviour of a fuel assembly without the
need to withdraw and transport fuel pins to a hot lab. This makes the inspection quicker and can
reduce the costs of the investigations. Some operators have installed the equipment in their own pools,
while other operators have independent companies performing the inspections at their plant.

The inspection of a fuel assembly can be the initial step to defining the cause of a leaking fuel
assembly. On the other hand regular inspections can be used in the frame of a surveillance program.
The inspections can also give information on the reliability and the performance of afuel assembly.

Poolside inspections have a strong advantage compared to hot cell examinations because the number
of the high fuel rods that can be examined, i.e. a whole assembly can be checked, whereas hot cell
post-irradiation examintaion (PIE) is only undertaken on few, most relevant fuel rods.

Different techniques are being used at the power plants around the world; the most common are visual
inspection, ultrasonic testing (UT) measurement and corrosion layer measurements. Burnup measures
seem to be used by many operators for different purposes. The measurements can be used to check the
core calculations, or reduce the margins used in the safety evaluations.

2. SUMMARIESAND COMMENTS
Presentation: Gamma spectrometric measurement of burnup, V. Chrapciak, VUJE, Slovakia.

An inspection stand is under construction at the wet pool for interim storage of Bohunice. This
inspection stand will make it possible to inspect VVER 440 assemblies and control rods. It is of a
modular design and capable of different methods of inspection: visual inspection, UT inspection,
cleaning brushes and sampling of oxides, gamma spectrometry and clad to fuel gap measurement.

On the other hand burnup (BU) measurements are also performed by gamma spectrometry. The ratio
of caesium-134 and caesium-137 activity is measured. This ratio has a linear dependence on BU. It
works best for spent fuel which has cooled down for 14 years. For longer cooling times the caesium-
134 signal gets very weak. The analysed assembly has a radial profile of enrichment, average
enrichment is 3.82%. In the case of Bohunice this measurement is also used to find the spacer grid
positions. Comparisons were made with calculated BU by the 3D pin wise PERMAK 3D Code.

Presentation: Studies on the sintering behaviour of UO,Gd,O; fuel pellets, G Ruggirello, CNEA,
Argentina.

At the PHWR of Atucha-1 inspections are performed on the cooling channels. This is needed since
irradiation growth has caused the coolant channels (CCs) to bend in the past. The Zr channels have
been replaced with Zr-4 with different structure and lower tin for better dimensional and corrosion
behaviour but the results are still not as good as was hoped for.

First aremote visual inspection of the cooling channels was performed in the core. Then a dimensional
control was executed in the SFP. Finally destructive testing was carried out in a hot cell.



A laser distance meter is mounted on the mast of the refuelling machine to measure the height of the
assemblies and hence the elongation of the fuel assemblies.

Not only the cooling channels were modified, Atucha NPP also made changes to their fuel assemblies.
The enrichment of the fuel has been increased to increase the discharge BU. By an increase to 0.85%
of the enrichment the BU could be doubled from 5.8 MW-d-kg™ to 11.1 MW-d-kg™* U. Underwater
inspection and metrology techniques are being applied for the monitoring of cooling channels, as
useful tools to assure the operational safety of Atucha-1 NPP.

Presentation: Gamma spectrometry for burnup determination of spent fuel assemblies at the Paks NPP,
I. Almasi, KFKI, Hungary.

At Paks NPP BU measures are performed: to decrease of the BU margins in the safety studies, to
check for anomaliesin the core and for safeguards.

By taking the ratio of caesium-134 and caesium-137 activity the geometry dependence disappears
from the measurement. Activity ratios were evaluated by intrinsic efficiency calibration. In total 28
fuel assemblies were measured with a coaxial germanium detector. Burnup differences were clearly
observable between assembly sides looking at the centre and in opposite directions. The uncertainty
was found to be 4%. This could be decreased by longer measuring time. The best results were obtained
for decay times of 24 years.

Presentation: The role of CVR (Research Centre Re?) in the fuel inspection at Temelin NPP,
M. Miklog, NRI Rez, Czech Republic.

Different problems which were encountered at Temelin were presented. These included incomplete rod
insertion due to fuel assembly bow and twist, elongation of the fuel assemblies and leaking fuel rods.
From 63 leaking fuel assemblies only 23 were repaired, however the effectiveness of the leaking fuel
rod extraction from the fuel assembly is quite high, 93%.

Fuel inspections and repair were performed to find the root cause. The causes of different leakers were
identified as being due to grid to rod fretting, secondary hydriding, and upper weld leakers. Design
changes have been made to the fuel as a consequence. The most drastic solution was changing the full
core with fuel from anew vendor. This new vendor will also perform inspections of the fuel.

The fuel repair and inspection equipment (FRIE) designed by Westinghouse was presented. This tool
makes it possible to do a visual inspection, an ultrasound and eddy current inspection. NPP Temelin is
afirst VVER-1000 reactor, where the Russian reactor design meets the US fuel inspection design.

A fuel rod was broken during an inspection. This was probably caused by secondary hydriding. No
fuel pellets were lost.

The research centre ReZ has a research reactor that can simulate loops of PWR, BWR, and VVER for
corrosion research. The measurements of Temelin will also be used to compare the results.

Presentation:; Spent fuel attribute tester realization and application, Z. Hlavathy, KFKI, Hungary.

The spent fuel attribute tester was developed in a programme for the IAEA. Thistool allows the fissile
material to be identified. It consists of a CdZnTe medium resolution detector which is used to detect
the 662 keV peak of caesium-137. This detector can be mounted on the railings of the refuelling
machine. A measurement takes around five minutes and can also detect fissile material in the lower
layer when two layers of assemblies are present. The cobalt-60 sources method for revealing
undeclared irradiation was also verified.



This technique can be used when Cherenkov light viewing device would be difficult due to use
geometry

Presentation: The poolside inspection of post-irradiation fuel assembly in Qinshan NPP, S. Wang,
Qinshan Nuclear Power Company Ltd., China.

Qinshan NPP (QNPP) is the second generation Chinese nuclear power plant with capacity of 310
MW(e), which came into operation in 1991. All of the spent FAs are stored in the pool and will start
transportation to the reprocessing factory in the near future. At Qinshan different inspections are
performed in the pools. These include the sipping of the fuel assemblies, visua testing and
dimensional measurement (verticality, twist, rod spacers, growth).

When a fuel rod is disassembled it can also be used to perform eddy current testing and oxidation film
thickness measurements.

Different reasons were mentioned for the use of these inspections. The first reason was to confirm the
integrity and the reliability of the fuel assemblies. They can aso be used to perform a root cause
analysis. If it can be done and it is considered of interest Qinshan will perform a repair of the fuel
assembly.

PIE is also performed on the fuel assemblies of Qinshan to inspect the structures, performance and
reliability. The non-destructive techniques used are gamma spectrometry, visua inspection, UT
inspection and dimensional measurements. The determination of absolute BU of fuel rods by precise
analysis of the concentration of caesium-137 and neodymium-148 is aso performed. In-core
behaviour analysis and performance evaluation of fuel rods is done by comparing the results of hot
cell examination with computer code calculation. Destructive measurements performed are the release
rate of fission gas, axial tension of the cladding, followed by microstructure and scanning electron
microscope (SEM) of the tensile samples as well as macro and micro structure determination of the
UQ; pellets.

A new device allows performing an ultrasonic measurement of deformation in the pools. It has a high
accuracy (0.3 mm) and low measurement time (5 min/FA). The information from this measurement is
used as guide to fuel loading.

3. PROBLEMS, CHALLENGESAND PERSPECTIVES

The different burnup measurement devices described in the presentations were difficult to move. They
used fixed collimators and needed cooling. Therefore it would be useful to look into techniques that
are easier to move.

The accuracy of the measurements is also important, especially when the BU measurements are used
to check core calculations or to reduce margins in the safety evaluations. Therefore some effort should
be put in reducing the uncertainty of the measurements.

Growth of irradiated materials also seems to be a concern for the operators. On the one hand the fuel
assemblies tend to grow, but it was also seen that coolant channels at Atucha-1 showed significant
growth after irradiation. Therefore investigations should be performed to look into the material
characteristics which cause this growth and look for adequate materials to minimize the effects.

4, RECOMMENDATIONS FOR FUTURE WORK
Burnup measurements seem to be used quite often, for safeguard purposes but aso for the core

monitoring. Therefore it might be worthwhile to give specia attention to this kind of measurement.
The burnup measurements is very important and useful for calibration, validation of operational and



scientific computer codes and also for verification of the United States of America (ENDF/B-V11.0),
the European Union (JEFF-3.1), Japan (JENDL) and the Russian Federation (ROSFOND) data files.

Some recommendations could also be made on the content of a surveillance programme for the fuel.
This could include the measurements to perform and the frequency to do this.

Session 2: Hot laboratories experience and capacity (Overviews)
Chairwoman and Chairman: A. Leenaers (SCK-CEN) and M. Wade (Merrick Company)
1. BACKGROUND

To keep up with the growing demands from the industry, regulators and safety authorities, it is
necessary for the hot laboratories to continuously upgrade, refurbish and even reorientate their
activities.

The five papers in the session are dedicated to overviews and status updates of hot laboratories,
including their capacity, current experience and activities, or future activities. The papers focused
primarily on PIE activities in the NNL Windscale facility (UK), JRC-ITU (Germany); IGCAR (India),
NPIC (China), aswell as the refurbishment status of semi-hot cells at NRI ReZ (Czech Republic).

The session was opened with an |AEA address by A. Bychkov, IAEA Deputy Director General and
Head of the Department of Nuclear Energy.

2.  SUMMARIESAND COMMENTS

A. Bychkov talked about the Fukushima incident and how important it would be if coalitions between
hot laboratories would be formed when PIE on the Fukushima fuel is requested. Such extensive PIE
would give great input for the safety studies on fuel performance under accidental conditions. He
furthermore emphasized the importance of educating a new generation of nuclear scientists and
engineers.

Presentation: Treatment and disposal of problematic and poorly characterized nuclear fuels in a post-
irradiation examination facility, D. Wright, NNL Sellafield, UK, presented by D. Wright NNL
Sellafield, UK.

The paper by D.M. Willey focuses on the role of the Windscale PIE facility operated by the National
Nuclear Laboratory (NNL). These facilities are well equipped for the treatment and disposal of
problematic fuel. A flexible flasking, material handling and PIE systems combined with lots of
experience, allows them to handle larger quantities of historic fuel.

Historic material is often degraded and without treatment, one is often left with pessimistic
assumptions. A typical procedure to handle problematic fuel is to first assay the type of fuel
(enrichment), analyse the material and try to confirm the assumption. The facility can assay various
types/quantities of isotopes; sample and analyse wastes; perform size reduction, segregation, and
packaging of wastes; decontaminate items and treat stable waste.

Presentation: Current status of the refurbishment of five semi-hot cells at NRI ReZ, R. Kopriva, NRI
Rez, Czech Republic.

R. Kopriva presented the current status of the refurbishment of five semi-hot cells at NRI ReZ, Czech
Republic, and also focused on safety lessons learned. The goal of the recent refurbishment was to
increase the mechanical testing capacity in the scope of testing for the surveillance programs of Czech



and Slovak commercia nuclear reactors. Considerable attention was paid to planning and continuous
photo documentation. For each work, a detailed assignment procedure was prepared.

The refurbishment started in 2009 with a feasibility study and obtaining safety approval. The activities
started with the construction of a sealed area for dismantling works, removing the old glove boxes and
their supports as well as dismantling of the shielding concrete wall of the transport system. The
reconstruction phase included the construction of a new supporting structure, mounting of shielding
stedl plates and constructing a welded inner SS layer. The inner surfaces were sanded and the shielded
wall was painted.

The current status of the refurbishment project is to install manipulators and the test equipment. The
facility is on schedule for October 2011 start up.

Presentation: Hot cells post-irradiation examination at JRC-ITU, V. Rondinella, JRC-ITU, EC.

The paper of V. Rondinella highlights the main PIE capabilities of the ITU hot cells. These primarily
revolve around the safety of nuclear fuels and cycles from conventional to advanced concepts. For the
hot cell facility it is a big technical challenge to be able to cover such a wide range of fuel concepts,
which are characterized by having different compositions, physico-chemical properties, geometries
and configurations. In addition to basic techniques for non-destructive and destructive examination of
fuel rods and other configurations, more "in-depth" examination tools are needed for the measurement
and analysis of specific physical, thermomechanical and micro-analytical properties. In many cases
additional information can be gained by combining different techniques. The challenge thus lies in
having suitable facilities, measurement techniques, irradiation facilities, suitable analytica and
modelling tools and continuous renovation of equipment and facilities.

Presentation: Post-irradiation examination of fuel and core structural materials irradiated in FBTR,
N.G. Muralidharan, presented by C.N. Venkiteswaran, IGCAR, India.

C.N. Venkiteswaran presented the PIE capabilities of the hot cell facility in the radiometallurgy
laboratory at IGCAR. Performance assessment of various in-core materials of the Fast Breeder Test
Reactor (FBTR) at Kalpakkam has been carried out. FBTR uses mixed uranium—plutonium carbide
(U0.3 Pu0.7)C as fuel and 20% CW 316 stainless steel as the material for clad and wrapper.
Performance evaluation of carbide driver fuel subassemblies through PIE at various burnup levels lead
to extending the fuel burnup safety margin from the initial design burnup limit of 50-165 GW-d-t™.
The irradiation behaviour of various other core materials like the control rod (B4C pellets with
stainless steel clad) and the Nickel reflectors were aso presented. Mechanical properties of the
cladding were obtained as well as the microstructure evolution at different DPA levelsby TEM.

Presentation: Status and activities and status of PIE on nuclear fuel in NPIC, M. Feng, Nuclear Power
Institute of China, China.

M. Feng presented the activities and status of PIE for nuclear fuel in the Nuclear Power Institute of
China (NPIC). Two research reactors are operated by NPIC, one of which is the High Fux
Engineering Test Reactor (HFETR). Since 1980 various kinds of testing fuel assemblies had been
irradiated in HFETR and subsequently examined in the hot |aboratory. The purpose of the PIE is the
qualification of new fuel assembly design technology and demonstration of properties to finally obtain
permission from the safety authorities.

The facilities are recently refurbished and NPIC also provides the poolside inspection of the HFETR.
3. PROBLEMS, CHALLENGESAND PERSPECTIVES

The Windscale laboratory shows that a post-irradiation examination facility can be used to support
decommissioning projects. However the characterization, treatment and disposal of problematic and
poorly documented experimental fuels located in storage ponds characterized nuclear fuels remains a
challenge. For the refurbishment of the five semi hot cell at Nuclear Research Ingtitute (NRI) ReZ, one
has profited from the experiences from previous campaigns. The modular design and the used of an
inner stainless steel layer will simplify future decommissioning. Precise preparation of the work



assignments and documentation has shown to be crucial in this project. The activities at the Institute
for Transuranium (ITU) show that one not only needs suitable facilities to perform thorough PIE in
nuclear materials, but also suitable measurement techniques should be available as well as suitable
irradiation facilities.

PIE is needed to evaluate the stability of materials under irradiation. This has led to lifetime extension
of the FBTR structural materials or higher burnup of the nuclear fuel.

NPIC isin the process of renewing some of the hot cells, to keep up with the growing demand for PIE.
AsaPIE facility, they are also reorienting towards becoming NPP poolside inspection experts.

5. RECOMMENDATIONSFOR FUTURE WORK

The TM highlights the growing deficiency of trained professional staff and irradiation/PIE facilities
ableto carry out research on nuclear fuel and materials at the necessary level of detail. That iswhy it is
recommended that IAEA facilitates collaboration of national research and development (R& D) centres
in possible forms of coalitions, centres of excellence and user facilities, aiming a more efficient
utilization of facilities and harmonization of material testing, material irradiation, PIE methodologies
and practices.

Session 3: Hot laboratories experience and capacity (advanced technologies)
Chairmen: D. Bottomley (JRC-1TU) and P. Thijssen (NRG)
1. BACKGROUND

This session included various examples — installing new equipment in old facilities, constructing new
cells and aso whole new installations. In all cases, the main problems remain the same. New
installations need to be designed both for specific research requirements at the same time the restraints
of the (particularly older) facilities limit the possibilities.

2. SUMMARIESAND COMMENTS

Presentation: Post-irradiation capabilities at the Idaho National Laboratories (INL), A.B. Robinson for
K.E. Rosenberg, INL, USA.

This was a short presentation that consisted of a video showing the new post-irradiation examination
laboratories under construction at INL. The facilities being installed have been the subject of a
thorough reflection on the future PIE needs of the US nuclear research and technology. In particular
the example was given of the new SEM and specifications of the associated EDS and WDS systems
adapted to those future requirements.

Presentation: Mechanistic fuel failure examination system (MFFES), A.B. Robinson, INL, USA.

Robinson gave a second presentation of behalf of a colleague. This reviewed the construction of a new
facility to examine the degradation and fission product release during annealing tests, and indicated
how research requirements had directed the construction details This consisted of a water cooled
vertical tube furnace with direct electrical heating by graphite rods of a gas-tight system containing the
sample under vacuum conditions up to 2000°C or inert gas (argon) conditions up to 2200°C. The tube
was 10 cm diameter by 30 cm long and had a large crucible to contain the fuel pieces. Alternatively
there was an open sample holder, to allow sample photography.

The facility was also equipped with a collimated HPGe detector aimed at the sample position to
monitor the loss of total and of individual fission product activities. There was also athermal gradient



tube directly above the furnace and an enclosing 6 heating zone furnace to control the temperature
gradient.

Two shielded video cameras could be placed on supports of the main furnace to monitor the samplein
the open crucible up to 550°C. Beyond this temperature it was necessary to stop the furnace, dismount
the cameras and restart the test with the samples in a closed crucible continuing up to 2000°C
(maximum). The annealing could be with either a ramp or a step-wise temperature profile. The
thermal gradient tubes will also be scanned with a CdZrTe detector and so can offer a real time
deposition profile of the volatilized fission products. The samples will be either plate-like or
monoalithic samples of research reactor fuel (such as U-Al or U-Si metallic fuels). Thetest will goina
first ramp to 550°C to monitor blistering on the surface of the fuel plates in replication of older work
in this field. There was a second ramp of these samples beyond 550°C to see the fission product
release from these fuels up to their melting point and the fission product deposition on the thermal
gradient tubes.

The final part of this presentation looked at the lessons learned from the construction in the hot cell.
Particularly the positioning of the equipment off-centre from a window and its manipulators in the
facility caused alot of problems (because of an existing immobile piece of equipment). This required
design improvements with associated time delays and increased costs; however they could aso draw
on existing experience from other constructions. The facility should go into operation in 2012.

Presentation: Installation of a scanning electron microscope in the hot cell laboratory of NRG Petten,
JA. Vreeling, NRG, Netherlands.

NRG in Petten have a hot cell chain where the final hot cell has an SEM. The challenge was to fit the
SEM into the existing hot cell. The hot cell was a Pb-shielded a-tight glove box. This had already
been decontaminated and the Pb-shielding removed for installation of a new glove box containing the
new SEM. The SEM purchased was a high resolution (3 nm) JEOL 6490 with a W-filament (W was
considered as more robust) working under low vacuum with adapted shielding and 5-axis motorised
stage (3-axes, inclination and rotation). Energy and wavelength dispersive units were from Oxford
Instruments and an EBSD (electron backscattered diffraction) unit was from HKL Nordlyss.

The first consideration was to ensure the microscope fitted within the existing dimensions of the glove
box (a mock-up of the glove box was used), the next was the removal of all hon-essential electronics
to the outside. The 10 m cable connections to the operator required testing both after fabrication and
finally when in position (the design of the Pb-shielding feedthrough was difficult). The essential
electronics especialy the emitted electron and EDS detectors needed shielding from irradiation by
specialy-made dense W-based alloy components. Some irradiation-testing of the electronic
components to failure was carried out up to a 25000 Gray limit. Further design modifications were
necessary to ensure replacement or repair of key components (eg. specific positioning of extra glove
rings to enable changing the W-filament). The SEM door was redesigned to facilitate the sample
insertion/removal using the simple tong manipulators of the glove box. Further features included
angled lead glass windows to permit easier viewing of the sample.

Presentation: Development and design considerations for a suite of new post-irradiation examination
hot cellsto be constructed at McMaster University, J. Luxat, McMaster University, Canada.

McMaster has obtained a grant to examine non-fuel containing irradiated materials for basic materials
research and applications to support McMaster’'s 5 MW pool reactor which would be part of the
Centre for Advanced Nuclear Reactor Systems (principally involving SCWR). A building with
excellent shielding was found on an existing nuclear research site that had previously housed an
accelerator. The requirement was for mechanical properties, optical and micro-analytical examination
(OM, FIB, SEM, TEM). A design and cost estimate from the Merrick& Co was obtained. This was for
6 cells with 12 inches of steel protection which had to be organiszed (for reasons of space) in two
zones; this was designed for operating limits of 2.5 pSv-h™ for operating staff and 2.5 uSv-yr* for
non-operating staff. The design has a shipping and receiving cell at the entrance to be able to take an



AECL flask. Small transport flasks will be handled by a fork-lift truck. The receiving cell will be
attached to a machining cell for sample preparation; there was a transfer cell for movement between
the 2 zones of the facility. The SEM/TEM cell was positioned in a corner of the cells which posed
particular design problems. Cameras were needed to overcome the problem of dead zones and an
additional manipulator in the receiving /isolation zone was added to alow for major hot cell
intervention. There was an extra cell for additional equipment in the future. The final design has been
submitted for approval.

3. PROBLEMS, CHALLENGESAND PERSPECTIVES

It is important that some flexibility in equipment operation is maintained (for repair/renovation) and
additional space (or the possibility for extra space) is planned in the facility, to allow for future needs
and optimise the current investment by prolonging the facility's lifetime. In practicaly every case
whether it is a single cell or piece of equipment or a complete new facility, each case has some
specific aspect that requires individua attention and sometimes requires a novel solution. For
example, ultra-high purity dry argon atmospheres result in unexpected material failures (e.g. seals) and
metal specimen stains after etching. Other problems can be resolved with new techniques or simple
innovations. Thus the use of reliable flexibly mounted lighting and angled windows are simple,
effective improvements; while the appearance of cheap video cameras requiring less shielding offer
more possibilities for its use.

4. RECOMMENDATIONS FOR FUTURE WORK

Typical for renovation projects of cells (such as a new SEM in an old cell) is the requirement for the
highest possible performance that the old cell can physically alow, and to mount the best possible
combination of detectors to maximise the analytical techniques. Robustness of design and sensitivity
of atechnique are often contrary aspects. For example, electron backscattered diffraction (EBSD) is a
very useful technique offering crystallographic information on a sample but the closeness of the
detector to the sample and hence the high dose rate resultsin low detector performance or lifetimes.

Session 4: PIE methods and results (M ethods)
Chairmen: D. Gavillet (PSI) and V.V. Rondinella (ITU)
1. BACKGROUND

During the last decade, the research community and the nuclear industry have requested more and
more detailed experimental characterization of radioactive materials. One major goal is to answer the
increasing demand for validation data for computer models and predictive tools. Mostly detailed
knowledge of the material structure but also crystallography and chemical state were requested. The
hot 1ab community has then started to adapt or develop new specific methods for radioactive materials.

The five papers of the session were dedicated to advanced PIE techniques for the analysis of fuel and
other radioactive materials in hot laboratories. These techniques are new developments or adaptation
of well known methods for specific analyses of nuclear materials. They are mostly foreseen as
additional source of information for the detailed analysis of irradiated material properties. These
methods have been developed to answer specific question but will offer the possibility to improve our
understanding of nuclear materials.



2. SUMMARIESAND COMMENTS

Presentation: Eddy current detection of cladding defects due to fuel pellet imperfections,
D. Papaioannou, JRC-ITU, EC.

D. Papaioannou from JRC-ITU, EC presented a new small eddy current apparatus for the detection
and analysis of small defectsin fuel rods.

The system allows a loca measurement at high resolution that brings a notable improvement in
comparison with the standard eddy current systems available in many laboratories. Tests made with
dummy specimens demonstrated the capability of the method to reveal small defects on the fuel rod
with a size resolution of about 0.1 mm. The acquisition and treatment software allow a holographic
presentation of the surface of the specimen.

The instrument was successfully used in the hot cell for the investigation of suspected defective rods.
Defects not detected by standard visua inspection were clearly revealed with this method. It could
define precisely the fuel rod zone to be further analysed by destructive methods (metallography,
electron microscopy analysis). Another application of this technique is for detection and analysis of
the onset of defectsin the cladding during creep tests.

Further development and improvement of the technique could lead to a better characterization of the
defects and possibly the detection of defect under the surface of the cladding (at the fuel pellet—clad
interface).

Presentation: Scanning acoustic microscope: An advanced technique for the mechanica
characterization of irradiated nuclear fuel, W. De Weerd, JRC-ITU, EC.

W. de Weerd from JRC-ITU, EC presented the applications of an acoustic probe microscope adapted
to the hot cell. This development is a collaboration between ITU, an industrial partner and a university.
Acoustic microscopy has been devel oped to determine the elastic moduli (mainly Young's modulus) of
irradiated fuel, but allows also the detection of defects, such as cracks, voids and large precipitation
phase in the subsurface layers of thick materials.

The acoustic microscope had to be modified for the use in the hot cell, removing as far as possible all
electronic parts (control and acquisition) from the "hot" areas. All sensors are interchangeable and
sustain irradiation quite well. Thisinsures areliable service in the hot cell. Best results are obtained on
a polished flat specimen. Usually, the fuel pieces mounted on specimen holder for ceramography and
so can be analysed using the acoustic probe. They are immersed in methanol that provides the
coupling of the ultrasonic lenses with the specimens.

UO, fuel at burnups ranging from ~(35-100) GW-d-t* U has been analysed with the instrument.
Young's modulus has been determined with a precision of about 4%. The capability of the instrument
to detect cracks under the surface enabled suitable areas to be chosen for the determination of the
elastic modulus in defect free zones. This feature is also important to select sampling zones for other
measurements requiring a defect-free volume.

This technique is sensitive to the surface quality of the specimen. Great care must then be taken during
the specimen preparation to insure a stress free flat surface if high resolution is requested (down to 1
micro-meter). The audience showed a great interest for the different capabilities of the instrument,
particularly subsurface defect detection (pores, cracks, precipitation) in fuel but also in cladding.

Presentation: Non-destructive fission gas release determination of irradiated experimental fuel rods
using gamma spectrometry, H. Jenssen, OECD Halden Reactor Project, Norway.



The third paper was a presentation of the non-destructive determination of fission gas release (FGR) in
irradiated experimental fuel rods using gamma spectrometry by H. Jenssen from the OECD Halden
Reactor Project.

Detailed gamma spectrometric measurements of the krypton-85 emission in the plenum of the rod
coupled with collimated measurements in the fuel stack and complex theoretical analyses of the
absorption and efficiency coefficients allow a precise determination of the FGR ratio.

Measurements on test fuel rods with long acquisition time were carried out. The agreement with
standard (mass spectrometry) method is about 0.1-0.2%. The accuracy of the method is linked to the
long acquisition time, the precise geometrical characterization of the rod (spring position that
determines the signal attenuation by the spring itself). This method has the advantage of being very
cheap, but requires a very good characterization of the fuel rod.

Presentation: Pulsed eddy current defectoscopy of irradiated WWER fuel rods, S.S. Sagalov,
SCC-RIAR, Russian Federation.

S.S. Sagalov from SCC-RIAR presented post-irradiation examination of 5-75 MW-d-kg™* U burnup
VVER fuel rods by pulsed eddy current method.

In this case eddy current is used as a first screening tool for detecting defects in fuel rods and to
identify those that must be sent to hot cell for further PIE analyses. The technique used in RIAR
allows not only the detection of the defect, but also the determination of its nature, for example
fretting, bulging, cracks, or missing pellet surface (MPS). This is obtained by use of an annular sensor
connected to dedicated analysis software. The software produces a phase/amplitude plot (A-scan) that
is characteristic for the type of defect. Also inner defects such as strong corrosion of the inner cladding
surface or MPS can be detected.

Presentation: Possibilities and features of eectron backscatter diffraction for reactor materials
investigation, Y. Goncharenko, SCC-RIAR, Russian Federation.

The last presentation of the session was given by Y. Goncharenko from SCC-RIAR. He reported on
the commissioning of a high resolution analytical SEM for irradiated material. In particular the use of
the EBSD technique was presented in detail. This technique allows the detailed characterization of the
grain orientation at the surface of a specimen. This is very effective for deformation analysis in
structural material.

As an example, steel deformation including the formation of sub-grains and change in phase
crystallography was presented in details. Observations of irradiated material have already been made,
but were not presented. The first experience gained with this method stresses the need of an extremely
well prepared specimen surface, which is the main difficulty for its use with radioactive materias. In
particular, the sensitivity of the detector to gamma irradiation requires preparing very small and thin
irradiated specimens. Nevertheless this is an effective method for the characterization of the deformed
materials.

3. PROBLEMS, CHALLENGESAND PERSPECTIVES

The five presentations of the session led to lively discussion showing the interest for the methods
presented. The questions and discussions stressed the need for new investigation tools, but also clearly
pointed out the need of cross-checking and validation of any new methods.

For any new analytical method that is developed in the investigation of nuclear material a validation
program, if possible at international level must be planned. This is the most efficient way to increase
the acceptance of these techniques or methods and assists their further development in particular for
the analysis of materials from power plants.
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Another point that clearly appeared during the discussion is the need of dedicated specimen
preparation methods. In future it will be essential to have the capability to prepare small specimens
that allow the detailed analysis of the material properties. A key factor will be the capacity to extract
micro-specimens at well chosen locations from the bulk of strongly radiating material.

4. RECOMMENDATIONS FOR FUTURE WORK

The rather empiric approach of the past, based on the analysis of extensive, parametric irradiation
campaigns of fuels and materials, is not sustainable today due to lack of resources and of irradiation
and infrastructure facilities. Thus it is necessary to focus on the scientific understanding of
fundamental mechanisms underpinning the behaviour and properties of fuels and materials under
irradiation. Moreover, the experimental outcome must be targeted and coordinated for the validation of
suitable predictive tools, modelling and codes. The development of new experimental and modelling
techniques opens the way to better understanding and prediction of particular nuclear fuel and
irradiated materials. The ultimate goal of these activities is to ensure the safe application of existing
and future nuclear energy concepts.

Two important areas can be singled out for further development with respect to experimental methods
for the characterization of irradiated fuels and materials. the improvement of the spatial resolution
(particularly relevant in the case of highly heterogeneous fuels and materials) and the capability of
analysing bulk properties of a sample using non-destructive methods (thus avoiding artefacts induced
by sample preparation techniques). In addition to the measurement techniques (and their adaptation to
hot lab environments) this trend requires also the development of dedicated specimen preparation
methods that will allow the most effective use of these complex new analytical methods.

Session 5: PIE methods and results (Results)
Chairmen: J.Y. Blanc (CEA) and Y. Goncharenko (SCC-RIAR)

1. BACKGROUND

This session was a continuation of the preceding session on PIE methods and results (Methods). Seven
papers were presented, all of them with the global objective of a better knowledge of fuel after
irradiation. However, some papers were focusing on the examination of spent fuel bundles or
assemblies in normal conditions for a leakage (Chalk River, Canada and NSC KIPT, Ukraine) or a
defect (PSI, Switzerland), whereas other papers were presenting developments of new fuels (BARC,
India and RIAR, Russian Federation). One paper (Institute for Nuclear Research (INR) Pitesti,
Romania) looked at an irradiated fuel for safety purposes and the last paper (KAERI, Republic of
Korea) gave improvementsin fuel models.

2. SUMMARIESAND COMMENTS

Presentation: Defective fuel examination using coulometric titration and analytical electron
microscopy at Chalk River laboratories, Z. He, AECL, Canada.

Z. He from AECL Chak River described some examinations on defective CANDU fuel rods. This
work was performed in order to quantify the extra oxidation on UO, after a leakage of the cladding
and water ingress. This would give results for safety purposes (to model how many uranium can be
found in the primary circuit due to pellet oxidation and leeching) and to improve fuel modelling. Two
different methods were applied: (i) coulometric titration, i.e. extra oxidation by H, to quantify the
quantity of oxide that has been formed on a macroscopic scale and (ii) SEM with WDS analysis to
quantify the same oxidation on a microscopic scale. Both methods gave converging results on the O/M
ratio.
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Presentation: Post-irradiation examination of thoria—plutonia mixed oxide fuel in Indian hot cells, J.L.
Singh, BARC, India.

J.L. Singh from BARC, presented a whole set of PIE on a cluster of irradiated experimental pins.
These analyses were performed to qualify a new fuel (Th + 4% Pu)O, in the frame of developing
thorium fuels. India possesses a lot of thorium reserves and its national nuclear programme is targeted
around three steps: (1) burning uranium in PHWR to create plutonium, (2) burning plutonium in FBR
with thorium blankets to produce uranium-233 and (3) burning uranium-233, thorium and plutonium
in AHWR. The cluster of pins was irradiated to 18.5 GW-d-t™ in a pressurized water loop inside the
CIRUS reactor. The micrographic structure after irradiation was investigated. Results for two of the
experimental pinswere given and considered satisfactory for further irradiation.

Presentation: Destructive examination of experimental CANDU fuel elements irradiated in TRIGA-
SSR reactor, S.I. lonescu, INR Pitesti, Romania.

S.I. lonescu from INR Pitesti, presented the results of non-destructive and destructive PIE on a
CANDU fud rod. The bundle was irradiated in the steady state TRIGA reactor in Pitesti and submitted
to PIE in the adjacent hot laboratory. With the support of |AEA, this laboratory has recently installed a
new tensile machine and a new SEM, and so was able to complete previous optical microscopic
examinations. The tensile test was performed on rings after mechanical defueling and the new SEM
was employed for examining the rupture surface. The results were considered typical for a CANDU 6
fuel.

Presentation: The main results of investigation of modified dispersion LEU U-Mo fuel tested in the
MIR reactor, V.V. lakovlev, SCC-RIAR, Russian Federation.

V.V. lakovlev from RIAR in Dimitrovgrad described some results on the improvement of the U-Mo
fuel. The RERTR programme aims at developing a new fuel with a higher density of uranium atomsto
compensate for poorer uranium-235 enrichment in order to stay below the enrichment limit of 20%,
for non-proliferation purposes. The UMo is a good candidate for a uranium high density fuel for
experimental reactors. Unfortunately, there is some interaction between UMo and the aluminium
matrix. PIE on experimental rods by SEM and EPMA showed that two technical solutions have
significantly reduced this interaction: either adding silicon to the aluminium matrix (Al + 13% Si was
better than Al + 5% Si) or by using a ZrN coating prepared by the Bochvar Institute in Moscow. Rod
BUs were around 60-84%.

Presentation: Examination of an irradiated fuel pin segment by laser scanning profilometry, gamma
spectrometry and neutron radiography, H. Wiese, PSI, Switzerland.

H. Wiese from PSlI in Switzerland showed some investigations performed during the classical
surveillance programme on a BWR fuel rod. Some diameter reduction was detected on a rod and
tracked using three complementary techniques: laser profilometry using a new device, gamma
spectrometry and finally neutron radiography at SINQ neutron spallation source. These techniques
enable the best position for a metallographic cutting to be chosen. The reduction of diameter was
attributed to a bad rectification (ellipsoidal shape) of one pellet during its manufacturing process.

Presentation: Post-irradiation examination of the fuel rods operated in WWER-1000 mixed cores,
M.V. Tretyakov, NSC KIPT, Ukraine.

M.V. Tretyakov from NSC KIPT in Ukraine presented in-pool non-destructive examination results.
Ukraine VVER-1000 units are supplied with Russian fuel assemblies manufactured by TVEL. In
2005, six lead test assemblies, provided by Westinghouse, were inserted in South Ukraine 3 and
examined in 2007, 2008 and after 4 cycles (49 GW-d-t'U). Visual inspections were satisfactory.
Sipping test showed 5 leaktight assemblies and a minor leakage in the 6" but below the operational
limit. Consequently Westinghouse will provide fuel loadings for three Ukrainian units.
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Presentation: The development of xenon diffusivity measurement for irradiated ceramic fuels with
low burnup, H.-M. Kim, KAERI, Republic of Korea.

H.-M. Kim from KAERI presented a study on the release of xenon in small samples irradiated for a
short time (16-20 minutes) in the HANARO reactor. These samples were submitted to a heat
treatment and release of xenon-133 was measured and so the diffusivity coefficient of xenon was
acquired. Samples included UO,, UO, with additives such as Nd,Os, CeO, and Nb,Os, SIMFUEL, UN
and (Th,U)O,. Physical forms included powders and disks as well as single-grained or polycrystalline
materials. This study will give data for improved modelling of the fuel.

3. PROBLEMS, CHALLENGESAND PERSPECTIVES

Concerning the objectives of these papers, they showed the continuous need for surveillance programs
for fuel vendors as Westinghouse in Ukraine, or to check the quality of fuel (for BWR in PSI or for
CANDU in Pitesti). Non-destructive investigations on complete fuel assemblies can be performed in
the reactor pool, but also on afew rodsin hot cells. They give data to the regulatory bodies concerning
limits that can be accepted or not in case of leakage (Chalk River) or after experimenta irradiation
(Pitesti). More comprehensive investigations in hot cells are indispensable in the case of development
of new fuels, such as U-Mo or thorium fuels. They give also data to theoretical models to improve
code qudification (KAERI).

Concerning the techniques, all the papers showed classical techniques (sometimes with clever
improvements, such as image anaysis on neutron radiography), with emphasis on leakage detection
methods and SEM examinations. SEM is a rather basic tool for a hot |aboratory (see also the paper
from NRG, Netherlands in session I11). The use of laser diameter measurement in PSI is rather new,
although EDF Chinon has already used this technique. Another rather uncommon technique described
during this TCM was the acoustic microscopy by ITU (D. Papaioannou) in the preceding session.
Coulometric titration is also a rather unconventional technique athough some similar studies have
been performed by CEA (ADAGIO experiments).

As usual, the combination of several techniques on the same object is very powerful as demonstrated
in the papers from Pitesti, PSI, Chalk River, RIAR Dimitrovgrad and BARC Mumbai.

It is interesting to note both development programs for new fuels: (&) UMo for non-proliferation
purpose and (b) thorium fuels for using this alternative fertile material.

4. RECOMMENDATIONS FOR FUTURE WORK

PIEs represent a constant need for fuel surveillance programs and also provide data to ensure the
safety of current and advanced fuels. It is then recommended to go on with specialists’ meetings, either
under IAEA TCM form or under HOTLAB annual conferences, to provide aforum where:

o Specialists can share their experience on current PIE techniques and about the technical
implementation of PIE devices;

o Specialists can acquaint themselves either with new techniques or new developments on
conventional techniques, e.g. such as the acoustic microscopy presented in thisTCM.

These discussion forums are also a place where hot laboratory staff can set up small workshops on
specific matters. For instance, PSI has organized in 2010 a small workshop on the “analysis of small
incidents in hot laboratories’ using the return of experience in foreign hot labs in order to elaborate a
common response to the safety.
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Session 6: Irradiated fuel and radwaste management
Chairmen: A. Bevilacqua (IAEA) and P. Marty (CEA)

1. BACKGROUND

For more than three decades hot cell examination and poolside inspection play the key role for
assessing the performance of spent fuel particularly as burnup and storage time increase. The safe
management of spent fuel heavily rely on the results of examinations and inspections determining the
physicochemical properties which define the behaviour during storage and transport.

As an unavoidable by-product of the hot cell post-irradiation examinations some quantities of
radioactive waste is generated once the integrity of the spent fuel rod is lost e.g. by chopping, cutting
or puncturing. Furthermore, the use of organic materials e.g. resins for allowing the metallographic
preparation of spent fuel or corium samples for analysis originates a more complex radioactive waste
which generates hydrogen as a result of the interaction of the gamma, neutron, beta and alpha radiation
from the spent fuel or corium with the organic material.

The presentations of Session 6 provide results and analysis directly related with the above mentioned
subjects.

2. SUMMARIES AND COMMENTS

Presentation: Estimation of hydrogen production rates from radiolysable material in contact with
various irradiated fuels, D. Bottomley, JRC-ITU, European Commission.

This paper deals with the estimation of hydrogen (detected by gas chromatography) production rates
from radiolysable material (composites and epoxides resins). It shows that total activity (with the
burnup of UO, fuel) of the spent fuel and more precisely the gamma activity is responsible of the H,
production. Typically gamma power appears to be the main source deposited in resin at about 80% and
shows a slow exponential growth with burnup at a cooling period of 5 years; alpha and beta radiation
are then the next major source at ~20%, but are the most poorly characterized. Finally, the proposed
rate is approximately 0.00217 cm? H,/day/cm? resin for a 23 GW-d-t*UO, sample and is linked with
the burnup (within a factor 1 up to 3.3 for a burnup from 23 GW-d-t*U up to 60 GW-d-t*U). This
allows having calculations before transportation and/or storage. These can assist in transport licensing
and design considerations of storage for irradiated radiolysable material. It could be interesting for
further works to increase the universality of such equation.

Presentation: CEA strategy for civil spent fuels, J.-Y. Blanc, CEA, France.

The French strategy for the spent fuel discharged from the experimental reactors and samples from
post-irradiation examinations in its hot laboratories is presented. For significant spent fuel quantities
discharged from Osiris MTR and Orphées, the priority solution is reprocessing to value their energetic
content. Further contracts should be negotiated with AREVA for Phénix FBR and Phébus. However,
some specific spent fuel assemblies are not easily reprocessed, because quantities are too small for an
economic treatment, or because they are embedded in epoxy. CEA manages spent fuel storage
facilities, such as PEGASE and CASCAD in Cadarache and other facilities (ISAl, STAR) for putting
spent fuel assemblies inside welded canisters. However, wet storage in PEGASE does not comply with
current seismic standards. So the spent fuel assemblies are sent to STAR for new containerization
before dry storage in wells at CASCAD or wet storage in RES canal. Other old spent fuel types are
stored in INB 72 Saclay facility. Phénix spent fuel should be sent to La Hague inside canisters to be
welded in ISAI in Marcoule. Retrieving old spent fuel canisters requires safety demonstrations and
sometimes R&D too. One problem is to demonstrate that no water has penetrated inside the canister.
Another is to find a way to remove the epoxy embedding of former metallographic samples or to deal
with potential hydrogen due to radiolysis of epoxy. Moreover, a stabilization treatment should be
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performed on metallic spent fuel from graphite reactors to avoid a pyrophoric reaction. For very old
spent fuel surveillance of canisters inside dry wells or finding all necessary data before a new
containerization is not easy. The shipment of small quantities of PWR spent fuel remnants to La Hague
has been recently investigated. If this way is opened, it can be extended to other laboratory spent fuel.
Summarizing, the CEA currently manages a quite large quantity of spent fuel with many different
physicochemical characteristics.

Presentation: BEFAST and SPAR from 1981 to present: Thirty years of spent fuel behaviour,
performance and research, A. Bevilacqua, IAEA.

The paper presents a complete overview of two IAEA Coordinated Research Projects (CRPs) and
associated publications related to the spent fuel behaviour, performance and research in the past 30
years. Presenting the main results of all completed phases of both CRPs: Behaviour of Spent Fuel and
Storage Facility Components during Long Term Storage (BEFAST-I, Il and Ill) and Spent fuel
Performance Assessment and Research (SPAR-I, Il and 11l ongoing), the paper shows the considerable
work done by all the participating countries (up to 12). The conclusions of the last phase of BEFAST
(BEFAST-III (1991-1996)) evidence that PWR and BWR burnup was steadily increasing in the last
decade from 40-50 GWd/tU resulting in: increased fuel rod internal pressure, higher Zr alloy
corrosion from longer residence time and increased cladding hydrogen concentration from higher Zr
alloy corrosion. Furthermore, after 14 years cooperation the fundamental R&D questions had been
answered so that licensing of both wet and dry spent fuel storage is possible in most countries. On the
other hand the effects of extended burnup needed to be assessed and the extrapolation to very long
storage times (> 50 years, exceeding the periods covered by the CRP) had to be confirmed. The
subsequent SPAR CRP — currently in its third phase — encompassed the higher burnup and longer
time in its main objectives as: Develop a technical knowledge base on long term storage of spent fuel
from nuclear power reactors through evaluation of operating experience and research, and extrapolate
predictions of spent fuel behaviour over long periods of time.

Presentation: Development of a set-up for the detection of failed fuels in TAPS BWR spent fuels
storage bay, J.L. Singh, BARC, India.

It describes a technique tested at the laboratory to demonstrate its technical feasibility and reliability
for detecting failed fuel rods in leaky fuel assemblies during poolside examination and discusses the
issues associated with the test and approaches to enhance the reliability for detecting failed fuel. Based
on the measurement of the water entered the fuel pin through the breach in the zircaloy clad, that
indicates or confirms clad/weld failure of a fuel pin. A non-destructive (ultrasonic testing technique)
method helps in identifying the failed fuel pin without dismantling the fuel assembly. It was found that
the pitch-catch technique has higher signal to noise ratio. Different positions on the detectors have
been tested and the results, obtained within 3 hours, enable to determine the incriminated fuel pin. The
next step will be to test a real assembly and results are expected next year.

Presentation: Establishment of the disassembling technique of the driver fuel assembly irradiated in
JOYO, S. Ichikawa, JAEA, Japan.

In order to increase the final burnup and neutron fluence of fuel rods of the experimental fast reactor
JOYO itis presented a new approach for the establishment of the disassembling technique of its driver
fuel assembly. This technique made it possible to remove the fuel pins from the driver fuel assembly
without fuel pin sectioning. After disassembling, some selected fuel pins can be reassembled into a
new irradiation vehicle for continuous irradiation in JOYO. This technique allows the irradiation data
of high burnup fuel and high neutron fluence material to be obtained like power to melt (PTM)
examinations using previously irradiated pins.
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Presentation: Reassembling procedure of the fuel assemblies for the nuclear power ship “Mutsu”, H.
Matsui, JAEA, Japan.

It presents the reassembling procedure of the fuel assemblies for the nuclear power ship “Mutsu”. The
Japan’s first voyage utilized by nuclear power was made by nuclear power ship "Mutsu™ in 1990.
After the research voyage in 1992, decommissioning work of the nuclear reactor for “Mutsu” was
started to change it from the nuclear power ship to an ordinary power ship. The presentation deals with
the removal fuel assemblies from the reactor, transportation to the Reactor Fuel Examination Facility
(RFEF) in Nuclear Science Research Institute (NSRI) (JAEA). To avoid contamination of the pool, the
“Mutsu” fuel assemblies were loaded directly into a hot cell of RFEF using the roof-gate as the top
loading procedure. Finally after separation the 34 fuel assemblies were reassembled as six PWR type
fuel assemblies in order to adjust the acceptable specifications of the reprocessing plant in JAEA: the
shape of fuel assembly is the same as the PWR type commercial reactor fuel and the average
enrichment of uranium in the assembly is under 4.0%.

3. PROBLEMS, CHALLENGES AND PERSPECTIVES

Because of the typical timeframe for managing spent fuel which last for several decades the potential
problem of aging of facilities and human capital should be timely addressed. The knowledge should
particularly be carefully managed in order to transfer it between the more experienced generation of
professionals and technicians who approach their retirement and the younger generations that will fill
their vacancies.

As spent fuel storage time extends more assemblies approach a condition that could well be virtually
characterized as ancient spent fuel. In this context, the hot cell post-irradiation examination and
poolside inspection community is challenged by two key issues: spent fuel integrity during long term
wet storage and spent fuel transportability after long term dry storage.

4. RECOMMENDATIONS FOR FUTURE WORK

As a consequence of the Fukushima Dai-ichi accident the immediate and medium term future will be
dominated by the need of a remarkable effort on corium characterization and management at the Units
1-3 as well as spent fuel characterization and management at the Units 1-4. Certainly all currently
available hot cell post-irradiation examination and poolside inspection techniques and methodologies
will sooner or later, in greater or lesser extent, have the chance to contribute to this end. Last, but not
least, methods, techniques, devices, instruments, etc., either novel or adapted ad hoc could be needed
to cope with this unprecedented challenge.

16



INSPECTION

(Session 1)

Chairpersons

F. FLACHET
Electrabel

R.ZAJAC
Vuje






GAMMA SPECTROMETRIC MEASUREMENT OF BURNUP

V. CHRAPCIAK, M. LISTJAK, V. FRIDRICH, P. SSMON
VUJE, as.,

Trnava, Slovakia

Email: chrapciak@vuje.sk

Abstract

The gamma spectrometric measurement of burnup is based on measurement of activity Cs-134 and
Cs-137. Theratio activity Cs-134/activity Cs-137 is linear in dependence on burnup. Fuel assemblies VVER-440
were in |SFSF Jaslovske Bohunice measured. The analysed assembly has radial profile of enrichment, average
enrichment is 3.82%. The burnup was calculated with the PERMAK-3D code. The activity was calculated with
the SCALE 5.1 system (the TRITON module).

1. INTRODUCTION

The gamma spectrometric measurement of burnup is based on measurement of activity Cs-134 and
Cs-137. Theratio activity Cs-134/activity Cs-137 is linear in dependence on burnup.

Fuel assemblies VVER-440 were in |SFSF Jaslovske Bohunice measured. The analysed assembly has
radial profile of enrichment, average enrichment is 3.82%. The assembly is hexagonal.

The measurement of burnup has several steps:

(1) Measurement of activity Cs-134 and Cs-137:
(@  Spectrum acquisition on specific positions;
(b) Analysisand quantification activity of Cs-134 and Cs-137 from spectrums of specific
“cuts’ of fuel assembly.
(2) Caeculation ratio activity Cs-134/activity Cs-137 in dependence on burnup;
(3) Determineratio activity Cs-134/activity Cs-137 by the SCALE 5.1 code system;
(4) Determine experimental burnup according measured activity Cs-134 and Cs-137;
(5) Comparison experimental and calculated (3D pinwise PERMAK-3D code) burnup.

2. MEASUREMENT OF ACTIVITY Cs-134 AND Cs-137

Gamma spectrometric measurement of burnup has been carried out in inspection stand SVYP-440 in
ISFSF Jaslovske Bohunice. Measurement of *****'Cs was performed by HPGe GC2018 detector.
Scheme of measurement is shown in Fig. 2.1. Positioning of fuel rod in front of collimator was
performed by manipulator MAPP-440.

Spectroscopic software Genie2000 was used for acquirement and analysis of spectra. Photon energy
interval from 20-2000 keV was recorded. Dead time of measurement varied from 5% up to 25%
according to measurement point (count rate 9000—48 000 cps). Example of the spectrum is shown in
Fig. 2.2.

Each position (radial and axial) of fuel rod was measured via 1.5 m thick steel rectangular collimator.
Position of measurement was controlled by particular device with appropriate software. This position
was recorded to the spectrum description to meet QA requirements (e.g. traceability). Time of
measurement was set up according to the aim of the measurement from 20 s up to 3600 s. Efficiency
calibration of HPGe detector was done by ISOCS software (generic characterization). For efficiency
calculation some simplifications were accepted like homogeneous material of fuel rod.

After measurement device was calibrated, there were measured more than 200 spectrums in various
positions. It was necessary to decrease the dead time because of high input count rate. The origind
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project included the measurement of construction properties like spacer grid position (and its
comparison with documentation). For declaration of spacer grid position, 20 seconds measurements
were sufficient. Activities of **'Cs round 3" spacer grid arein Table 2.1 and Fig. 2.3.
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3. Wall between shaft 02 and room No. 113 — pool wall 4. HPGe detector
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7. Fud rodin pool of shaft No. 02 A-A Profile of colimator

FIG. 2.1. Scheme of measurement.
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FIG. 2.2. Example of measurement spectrum.

TABLE 2.1. SUMMARY OF SPACER GRID MEASUREMENTS

Order Rotation  Height File A (*'Cs) A (B'Cs) Time Time Dateandtime
[°] coordinate  name  [Bg/section] [Bg/section] [9] [9]
[mm] Nlive/ Ireal/
1 27 1125.00 ’211.cnf 1.21E+11 2.46E+11 20.00 25.73 18.2.2010 9:58
2 27 1127.00 6213.cnf 1.25E+11 2.48E+11 20.00 25.68 18.2.2010 9:59
3 27 1129.00 6215.cnf  1.20E+11 2.48E+11 20.00 25.69 18.2.2010 9:59
4 27 1131.00 6217.cnf 1.23E+11 2.46E+11 20.00 25.71 18.2.2010 10:00
5 27 1133.00 6219.cnf 1.12E+11 2.40E+11 20.00 25.66 18.2.2010 10:00
6 27 1135.00 6221.cnf 1.10E+11 2.27E+11 20.00 25.61 18.2.2010 10:01
7 27 1137.00 5223.cnf 1.11E+11 2.26E+11 20.00 25.59 18.2.2010 10:02
8 27 1139.00 6225.cnf 1.13E+11 2.28E+11 20.00 25.57 18.2.2010 10:02
9 27 1141.00 6227.cnf  1.17E+11 2.27E+11 20.00 25.61 18.2.2010 10:03
10 27 1143.00 6229.cnf 1.19E+11 2.40E+11 20.00 25.67 18.2.2010 10:03
11 27 1145.00 6231.cnf 1.19E+11 247E+11 20.00 25.73 18.2.2010 10:04
12 27 1147.00 6233.cnf 1.20E+11 2.48E+11 20.00 25.71 18.2.2010 10:05
13 27 1149.00 6235.cnf  1.26E+11 247E+11 20.00 25.77 18.2.2010 10:05
14 27 1151.00 6237.cnf 1.21E+11 2.51E+11 20.00 25.77 18.2.2010 10:06
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FIG. 2.3. Spacer grid in the fuel assembly.

3. CALCULATION RATIO ACTIVITY Cs134/ACTIVITY Cs-137 IN DEPENDENCE
ON BURNUP

The measured assembly 138 62894 has profiled enrichment, average enrichment is 3.82%. The
average burnup is 46206 MW-d-t* U. The cooling time was 1328 days. The ratio activity
Cs-134/activity Cs-137 was calculated with the TRITON module (the SCALE 5.1 system)[1]. By the
shroud are pins with enrichment 3.3% and 3.6%, inside with 4.0%. The ratio for pins 3.3%, 3.6% and
4.0%isin Fig. 3.1 shown.

0.52

043

045
—pin11{3,3%)

ratho

e — i 13 {4.0%)

il o
042 pan 14 {3,6%)
— it 15 {3,645

L

033

barnup [MWd/kgl |

FIG. 3.1. Assembly 138 62894, ratio activity Cs-134/activity Cs-137 calculated with the TRITON
module for different pins.
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4. DETERMINE EXPERIMENTAL BURNUP ACCORDING MEASURED ACTIVITY
Cs-134 AND Cs-137

The calibration measurement has been carried out as first step and later measurement of activity
Cs-137 (see Section 2). For calibration measurement we have:

- Ratio measured activity Cs-134/measured activity Cs-137;
- Ratio calculated activity Cs-134/calculated activity Cs-137 for burnup (calculation TRITON).

For measured activity Cs-137 we have “measured” burnup: B = k-activity Cs-137

The measured burnup is shown in Table 4.1. We see that for position Z = 90 cm is strong decreasing.
Hereis aspace grid.

TABLE 4.1. ASSEMBLY 138 62894, MEASURED BURNUP [MW-d-kg™ U]

Z[cm] o° 60° 120° 180° 240° 300°

30 49.68 49.17 50.07 51.9 51.58 51.11
60 56.29 55.09 56.24 58.36 58.55 56.85
90 51.78 51.42 52.01 54.62 53.81 52.78
120 55.97 55.27 57.51 59.66 60.09 58.88
150 55.46 54.8 56.63 59.36 59.59 59.29
180 53.26 52.42 54.69 57.53 57.79 57.23
210 42.28 40.45 43.03 45.9 46.34 44.8

5. COMPARISON EXPERIMENTAL AND CALCULATED (3D PINWISE PERMAK-3D
CODE) BURNUP

The PERMAK-3D code [2] is diffusion, 4 group and three dimensiona pinwise code. With the
PERMAK-3D code is possible to calculate power and burnup distribution in pins (radial and axial). In
Fig. 5.1 is comparison of axial burnup distribution, in Table 5.1 is comparison of radial burnup
distribution (relative value). We see that for position Z = 90 cm is strong decreasing. Here is a space
grid.

The difference between measured and calculated power distribution are less than 5%.

170 200 150

axial pesition fem]

FIG. 5.1. Assembly 138 62894, axial profile of burnup for different pins. Calculated value is fromthe
PERMAK-3D code.
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TABLE5.1. ASSEMBLY 138 62894, RADIAL PROFILE OF BURNUP (RELATIVE VALUE), Z =
120CM

Angle 0° 60° 120° 180° 240° 300°
PERMAK-3D 0.99 0.98 0.99 1.01 1.02 1.00
Measurement 0.97 0.95 0.99 1.03 1.04 1.02

6. CONCLUSION
Gamma spectrometric measurement has wide utilization by checking of spent fuel assemblies:

- To find top and bottom of fuel pin;
- To find space grid;
- To measure burnup.

For burnup measurement gamma spectrometric measurement need theoretical calculation of activity
Cs-134 and activity Cs-137 for some burnup interval and for specific cooling time. The half time of
Cs134 is Ty, = 2.065 vy, therefore the cooling time between end of irradiation in reactor and
measurement should be no longer than four years.

Other very important point is how pins are by shroud. If they have very different enrichment (or Gd
content) the ratio calculated activity Cs-134/calculated activity Cs-137 is very different and is problem
to define calibration constant.

REFERENCES
[1] OAK RIDGE NATIONAL LABORATORY, SCALE 5.1, Oak Ridge National Laboratory,
Oak Ridge (2006).

[2] LIZORKIN, M.P., SAPRYKIN, V.V., Programma PERMAK, Kurchatov Institute of Atomic
Energy, Moscow (1989).
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Comision Nacional Energia Atdmica (CNEA),
Buenos Aires

R. PEREZ, JM. FREDIANI
Atucha-1 NPP,
Nucleoeléctrica Argentina SA,
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Abstract

Atucha-1 NPP is a Siemens-KWU designed PHWR which started its operation in June 1974 and has
accumulated up to December 2010 around 26 fpy, that mean a load factor of above 72%. It began its operation
with natural uranium fuel and since 1995 the core has been converted to SEU (0.85% enriched). Moreover, in the
recent years CNEA Fuel Engineering Branch has developed a programme to increase the U mass, involving a
new structural design of the fuel element (FE), in order to achieve a higher burnup and to reduce the frequency
of daily on-line refueling.On the other hand, this type of reactor design involves the use of coolant channels (CC)
which interact strongly with the FEs. The origina CCs had to be replaced when signs of degradation were
noticed at about 10.4 fpy. The new CCs have an improved design and are made of zircaloy-4 with enhanced
oxidation and mechanical properties. According to these needs a number of activities were planned for the
follow-up and periodic control of the FEs and CCs in service. This presentation describes the poolside facilities
used to perform visual inspection and dimensional measurements as well as the contribution of these results to
both programs.

1. INTRODUCTION

NA-SA and CNEA have performed different activities regarding the follow-up and periodic control of
the behaviour of the FE and their interaction with the CCs under operational conditions. The CCs are
structural components which are characteristic of these type of reactors moderated and cooled by
heavy water.

Being originally a natural uranium prototype reactor, Atucha-1 has undergone constant improvements
in order to get a better efficiency in the utilization of the FEs, as well as concerning safety in
operation. Improved fuel management implies that the FES are now working at a lower linear power
and reach a higher burnup.

In the recent years, our Fuel Engineering Branch has implemented a programme to increase U massin
the FE. Also, NA-SA has replaced al original CCs by ones with an improved new design. The effects
of these modifications were monitored through visual inspection and PIE activities.

2. ATUCHA-1 REACTOR, MAIN CHARACTERISTICS

Atucha-1 is Argentind s first NPP and began its commercial operation in 1974. It isa PHWR designed
by Siemens, with a gross electrical power of 360 MW(€). The reactor core has 250 vertical coolant
channels which contain the FE and separate the coolant from the moderator. Refueling is made
periodically during operation.

Power regulation is made through three absorber rods made of stainless steel for coarse control, three
rods made of Hf for fine control, and additional rods of both types for shutdown. All rods are inserted
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at different angles, thus allowing on-line fuel shuffling by the refueling machine. Up-to-date the plant
has operated with a 72% load factor (26 fpy).

Figure 2.1 shows a schematic view of the pressure vessel which contains the moderator tank and
structural components defined as reactor internals, such as: guide tubes for detector probes, control rod
guide tubes, and coolant channels inside which the FE dwell.

All internals are fixed to the reactor lid and dide into the moderator tank bottom to allow for axial

displacements due to different temperatures and materials. Also dimensional changes such as
irradiation growth have to be considered and continuously monitored.

Internal components

(made of Zircaloy 4):

\ ®  Neutron flux, guide

tube
\ ®  Coolant channel (CC):

®  Control rod, guide tube
Pressure vessel

Consists of the central tube (CT) with

Moderator tank \ thermal insulation foils
(made of SS)

Nozzles dliding in the bottom
of moderator tank

FIG. 2.1. Smplified cut view of Atucha-1 reactor.

The central tube (CT) of CC (also called shroud tube of FE) is made of zircaloy 4 of 1.73 mm thick; it
bears major temperature gradients and undergoes mechanical interactions with the FE. Operating
conditions involve:

- Temperatures above 300°C on its inner surface. The outer surface is in contact with the
moderator water at about 180°C, and an insulation foil is used to minimize heat flux through the
CT wall;

- Fast neutron flux (f ~10"™n.cm?.seg™; E>1 Mev);

- D,0 with controlled chemistry.

Microstructural changes undergone by the CT during service bring about macroscopic effects such us:

- Axial elongation;

- Diameter expansion or shrinking;

- Growth of zirconium oxide layer;

- Increase of hydrogen/deuterium concentration;

- Degradation of mechanical properties (mainly a decrease in ductility).
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In fact, in 1988 (at about 10.4 fpy of reactor operation), signs of degradation were observed on those
CC with the highest fluences [1]. The main features were an excessive axia growth of CT (exceeding
in some cases the design limit), and a high degree of oxidation and embrittlement of the insulation
foils which led to their breaking into pieces. Both phenomena (high axial growth and the presence of
debris) resulted in the restriction of dliding of CC guidance nozzle at the bottom of the moderator tank;
some of them got stuck and underwent bending [1].

Original CCs and guide tubes were then gradualy replaced by ones of a new design. The main
modifications introduced in the improved new CC design were:

- The gap of the CC nozzle at the bottom of the moderator tank was increased and a specia piece
was added to avoid dirt accumulation above the nozzle;

- The original two-foil insulation was replaced by only one foil of 0.4 mm thick;

- The manufacturing process of CT and insulation foil wasimproved. A modified zircaloy-4
(PCA-S) with adifferent texture and lower tin content was used to obtain better properties
regarding dimensional changes and oxidation resistance.

All CCswere replaced by those with the new design between 1996 and 2005. The operator of the plant
(NA-SA) developed consequently a strict surveillance plan of continuous monitoring of reactor
internal components as part of an “Early Alert Program” (early warning failure detection).

3. CONTROL METHODOLOGY OF THE CC

The surveillance plan consists of the following actions, which are being taken during planned outage:

- Remote visual inspection (RV1), inner and outer surfaces;
- Dimensional control of the CT, internal diameter and length;
- Metallurgical evaluation by destructive testing in hot cell.

3.1. Remote visual inspection inside the reactor

During each planned outage about 5% of resident CCs are inspected in situ with an underwater
radiation resistant TV camera mounted on a column with aLED lighting system.

In the first place, the inner surface is scanned in its entire length with an axia lens; any signs of
fretting, wearing or scratches are then further inspected using aradia lens. Documentation is recorded
by image digitalization. A screen editor is used to annotate the position of the feature and other useful
information. Specia care is taken in the observation of marks left by interaction of the FE and the
oxidation layer appearance of the surface (see Fig. 3.1).

3.2. Metrology and inspection in the SFP

During each planned outage about 4 resident CCs are taken out form the reactor and sent to the SFP
for a complete inspection (inner and outer surfaces) and the measurement of the internal diameter (1D)
and length of the CT.

The criteriato choose the CCs for inspection and metrology in the SFP are:

(1) To get datafrom CC with different fluence;

(2) Toalow aremote visual inspection of different internal zones of the moderator tank witha TV
camerainserted through the opening left when the CC is taken out;

(3) Tofollow the evolution of the macroscopic changes, the same CCs are inspected every four
planned outages (approx. 6 years).

Up-to-date, the CCs of the following positions are being measured:

- Eight CC of central zone (without water flow throttle);
- Two CC of maximum dose (throttle #7);
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- One CC of medium dose (throttle #6);
- One CC of peripheral zone (throttle #1).

Figure 3.2 shows the plan view of reactor lattice, the position pointed in black are the CC under
follow-up. For the inspection, the CC is hung vertically from a shelf at the water level of the pool.
Figure 3.3 shows the inspection bay. The remote visual inspection procedure is the same than that used
inside the reactor, but also the outer surface of CC is inspected to check the state of the thermal
insulating foil.

Axia length Measurement of the CT is obtained by direct comparison with a calibrated ruler made of
azircaloy cladding FE skeleton (a column so-called squirrel cage) which have three millimeter rulers
at a 120° angular distance in both ends. The observation of the end position of the CT respect to the
ruler is done by the same TV column used in the inspection. As the ruler column has the same thermal
dilatation coefficient than the CT, the measurement can be done at any temperature condition
(including thermal gradients) and also on a CC inside the reactor.

Figure 3.4 shows the ruler during its introduction into the CC and Fig. 3.5 shows an image captured
from the TV screen showing the upper end position of the CT relative to the ruler.

Internal diameter (ID) measurement is performed using an ad hoc gauging head consisting of an
underwater LVDT sensor which self centers on the CT through aroller pad guide. Calibration of the
head is done with a centesimal micrometer and verified using a reference calibrated tube. Figure 3.6
shows the gauging head during calibration. Axial scans are performed and the maximum and
minimum ID at each 50 cm of length are recorded; in this way the ID profile along the CT is obtained.
Figure 3.7 shows the comparison of measured 1D growth with the theoretical profile predicted by code
calculation.

3.3. Metallurgical evaluation by destructive testingin hot cells

In order to perform metallurgical analysis, it was necessary to extract samples from different zones of
the CT and insulation foil. A practical method was designed and implemented in the SFP to obtain the
desired pieces of both materials by mechanical cutting, without affecting the integrity of the CC
needed for its handling during storage maneuvers.

The device for the extraction of samples consists of a grey H-column supported by underwater
shelves, where the CC is positioned horizontally (see Fig. 3.8). A pneumatic low speed motor driven
by atrolley and diding over the grey performs the cutting and extraction of the sample of CT and
insulation foil at any desired axial position (see Fig. 3.9). The cutting tool is a diamond disk which
performs a clean cut leaving a“window” of approx. 10 x 30 cm on the CT wall and insulation foil.

FIG. 3.1. CC internal visual ingpection. Contact marks |eft by interaction of the FE shoes.
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FIG. 3.3. Shows the inspection bay for the FIG. 3.4. Showstheruler during the introduction
CCinthe SFP. in the CC for the length measurement.



FIG. 3.5. Image captured from the TV screen showing upper end position of the CT respect to the
ruler (resolution 0.5 mm).

FIG. 3.6. Saif centered 1D gauging head, during calibration.
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FIG. 3.7. Comparison of measured ID growth with the theoretical profile predicted by code
calculation. (Values are the average of two CCs with throttle 7, maximum dose).

FIG. 3.8. Allocation of the CC in the grey H beam supported on underwater shelves.



FIG. 3.9. A pneumatic motor driven by a trolley and sliding over the grey is cutting and extracting the
sample of CT and insulation foil.

FIG. 3.10. Tensile specimen is obtained FIG. 3.11. Tensile testing in an environmental
by machining in CAD-CNC mill. furnace at room temperature and 250°C.

The samples are sent to the hot cells facility at Ezeiza Atomic Center (CELCA) [2]. The following

tests are performed sequentially:

- Visual inspection, characterization and measurement of oxide layer by an eddy current
technique on both inner and outer sides;

- Machining of the normalized tensile specimen with a numeric control mill assisted by computer
(CAD-CNC) (seeFig. 3.10);

- Tensiletesting is performed with a universal testing machine (see Fig. 3.11);

- The remaining parts of the sample are cut in an appropriate size to perform destructive analysis,
metallographic studies (by optical microscope and SEM) and the measurement of hydrogen and
deuterium content by hot vacuum extraction (L ECO equipment).
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TABLE 3.1. CHANGES INTRODUCED IN FUEL ELEMENTS

Changesintroduced in fuel elements

Original design New design
Assembly geometry Circular array
Fuel rods 36 37
Structural rod 1 none
Enrichment natural 0.85% (SEUV)
Uranium mass [kg-FE™] 152.5 160.5
Tieplate 1
Rigid spacer grids 15
Active length [mm] 5300
Cladding material Zircaloy-4
Outside diameter [mm)] 10.90 mm
Cladding wall thickness [mm] 0.55 mm
UO, pellet density [g-cm’] 10.60
Elastic pad for adjusting to the CC In structural rod In spacer
Discharge burnup [MW-d-kg™ U] 5.8 11.1
Refuelling frequency [FE-fpd™] 1.4 0.7

4. INSPECTION AND METROLOGY OF THE FUEL ELEMENT

Atucha-1, initially designed for natural uranium fuel, has gradually performed improvements in fuel
discharge BU and consequently in the fuel economy. The first action taken was to increase the
enrichment to 0.85 wt% U235, this programme began during 1993 and concluded when the core was
fully converted to SEU in 2000 [3]. At the same time, a second programme to increase U mass was
implemented through a modification in the design of pellet geometry and a reduction in the inner free
volume of the rod. The result of this programme was an increase of 2.5 wt% in U mass.

The last action in the U mass increase programme is the replacement of the structural rod by an active
one which adds up to 5.3 wt% of U mass to the original design. This modification involved the
redesign of the elastic pad which adjusts the FE to the CC; this pad was originaly fixed to the
structural tube and now it is fixed to the spacer grid. Then, this new FE design consists of a
circumferential array of 37 rods with an active length of 530 cm, assembled by fifteen rigid spacers.
The rod adjusts to each spacer through three rigid pads welded to the rod at specific axial positions.
Figure 4.1 shows the main features and obtained Bu of the new design FE in comparison with the
original one.

For the follow-up of the behaviour of this modification, visua inspection and metrology control of the
rods was implemented at the SFP. Visua inspection is done by viewing directly through a diagona
mirror inverted periscope installed at a bay of the reception pool [4]. This equipment has been working
since the beginning of the operation of the plant and its upgraded version now gives an excellent
image quality. A digital camera can be attached to the telescope for displaying images on the TV
screen and taking pictures. Visual inspection is normally used to check the surface condition of the rod
(oxide layer appearance and crud deposits), and to identify defects or secondary degradation signs.

Regarding the new 37 active rod FE design the main interest is to evaluate the wear condition of the
structural part, the interaction of the elastic pad and rigid pad that are fixed in each spacer with the CC
and any fretting mark induced by vibration. The evaluation of the loosening or relaxation of the elastic
pad fixed to the spacer is done by comparison of its curvature with a reference image taken during
pre-irradiation inspection. Figure 4.2 shows a side view of the elastic pad fixed in the spacer.

The measurement of total and partial elongation along the rod is of interest to assess the possible
effects of U mass increase. Elongation data give information about differential growth caused by any
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hard pellet—cladding interaction at sections of the rod with different linear power. Partial elongation
is obtained measuring the change in length (pre- and post-irradiation) in four sections of one outer rod.
Each section is defined between the sharp edges of the rigid pads of the rod corresponding to spacers
1-4, 4-7, 7-10 and 10-15. Total length is considered between the rigid pads of the rod corresponding
to the spacers 1-15. Length measurements are performed observing the displacement of the mast of
the crane bridge, when the FE is lifted in front of the periscope. A laser distance meter (precision 0.1
mm) attached to the mast measures the displacement while the pad edge level is observed on the TV
screen from the periscope view. Figure 4.3 shows edge levels corresponding to spacers 1 and 15,
between which A length is measured.

FIG. 4.1. Main characteristic of the Atucha 1 FE.

FIG. 4.2. Evaluation of relaxation and wearing from the visual inspection of the side view of elastic
shoes.
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spacer 15

FIG. 4.3. Reference level taken at the rigid pads (central rod) from an image of the periscope to
measure the rod length. Resolution 0.5 mm.

5. FINAL REMARKS

Underwater inspection and metrology techniques are being applied for the monitoring of cooling
channels and fuel elements behaviour, as useful tools to assure the safety in operation of Atucha-1
NPP.

Regarding cooling channels, the inspection methodology provides enough data about the state of
irradiation-induced degradation and consequently preventive actions can be taken in advance of any
incident. The length and internal diameter measurements on the central tube allow the assessment of
the dimensional stability of the CC of new design. The tools and instruments used in the
measurements show a good precision and are easy to operate. Also a novel underwater technique was
developed for the extraction of samples of the central tube, minimizing the costs and risks of material
handling. The samples were then sent to the hot cells for metallurgical analysis.

Concerning fuel element, visual inspection and metrology controls assured the progressive
implementation of the U mass increase program. As aresult of this, nowadays a fuel discharge burnup
of about twice the origina value has been achieved and the refueling frequency has been reduced to
one half of the previous one, which means a huge improvement in fuel economy.
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Abstract

VVER-440 fuel assemblies sunk in the loading pit were measured by gamma spectrometry. The
assemblies were moved to the front of a 1.6 m long collimator built in the concrete wall of the pit in the reactor
block and lifted down and up under water for scanning by the refuelling machine. The HPGe detector was placed
behind the collimator in an outside staircase. The measurements involved scanning of the assemblies along their
length of all the 6 sides, at 5-12 measurement positions side by side. Axial an azimuthal burnup profiles were
taken up in this way. Assembly groups for measurements were selected according to their burnup
(10-45 GW-d-t*U) and special positions (e. g. control assembly, neighbor of control assembly). The ratio of the
activities of Cs-134 to Cs-137 was found to be proportional to the burnup. Activity ratios were evaluated by
intrinsic efficiency calibration. Burnup differences were well observable between assembly sides looking at
center and opposite directions. Also, burnup profiles are different for control assemblies and normal fuel
assemblies. Uncertainty is around 3%. Taking into account irradiation history and cooling time, the ratio
Cs-134/Cs-137 shows good correlation with declared burnup.

1. INTRODUCTION

To validate the calculation of burnup from the reactor parameters an independent measurement
method would be useful. If the results of the measurement correspond with calculated values, the
safety margin could be decreased in the calculation, thus the assemblies could be used for higher
power output. In Paks NPP, each reactor block has a collimator built in the wall of the loading pit. So
a high resolution detector placed behind the collimator and by hanging up a spent fuel assembly in
front of the collimator, gamma spectra can be taken.

2. THEORETICAL BASIS

Production of Cs-137 islinearly proportional to the neutron fluence, i.e. the number of U-235 nuclides
undergoing fission. Cs-134 is produced in two steps: first the fission product Cs-133 is produced, then
Cs-134, by neutron capture. The aternative way (direct Cs-134 production from fission of U-235) is
of lower probability by orders of magnitude. The production of Cs-134 is amost proportional to the
square of neutron flux. If the activity of Cs-134 and Cs-137 is known, the burnup can be calculated as:

BU= k(ACs 134/ ACS— 137)

Why isit useful to follow this complicated way of determining burnup instead of the simpler way of
determining the activity of Cs-137?

Count rate measured by the detector coming from Cs-137 content in the assembly depends on many
coefficients. These are as follows: the gamma yield (l4 factor), self absorption in the loading material
(enriched uranium), absorption of construction materials (zircon tubes, assembly wall), gamma
absorption by the water from the assembly to the wall of the loading pit and by the collimator, distance
coefficient, efficiency of the detector. Some of them are well known or measurable (14 factor, distance
coefficient, efficiency of detector), others can be calculated with acceptable precision and some of
them can be only estimated.
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Cs-134 has two strong peaks at 605 keV, 1,=97.6%, and at 796 keV, 1,=85.5%. Cs-137 has one peak at
662 keV, 15=85.1%. From the two peeks of Cs-134 one can determine the relative efficiency of
detection of the of 662 keV line gamma line by intrinsic calibration. In this way the geometry
dependent parameters will be eliminated. For dependence of the activity ratio on the distance see
Fig. 2.1.

Dependence of Cs ratio on the distance
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FIG. 2.1. Cs-134/Cs-137 activity ratio vs. distance.

This method can be used with linear, logarithmic, or polynomial fitting. The polynomial fitting would
be the best, but more peaks of the same isotope would be needed. Unfortunately, other peaks of
Cs-134 come with much lower yields, so their uncertainties are higher. Thus they do not improve but
reduce the trustiness of the fitting. The remained two methods differ from each other by 3% in
calculating the activity ratio Cs-134/Cs-137. Considering the uncertainty around 1% of the peak areas,
this uncertainty is acceptable now.

3. MEASUREMENTS

The collimator built into the south wall of the loading pit is looking to the centre, its axis is amost
paralel with the axis of the “carriage” of the refuelling machine The field of vision of the collimator at
the measuring distance is about 200 mm horizontal and 15-20 mm vertical. The distance coordinate
does not represent the real distance of the assembly to the detector, but the “ carriage” coordinate of the
refuelling machine does it. The real distance was 18002000 mm, depending on the gamma activity of
the assembly. “Bridge” and “carriage” coordinates of the refuelling machine were measured from a
base point (south-west corner of the podium). The vertical coordinate was given by the length of the
refuelling machine’'s “rope”, which lowers the assembly down. To match this coordinate to the
assembly, the endpoints of uranium loaded into the pin was determined first, by measuring the peak of
Cs-137. The ends of the loading were where it decreased hardly. The average value of the two
endpoints was the vertical coordinate of the pin’s centre. The code, (C-porka devel oped by the Reactor
Physics Departement of Paks NPP) which calculates the burnup and production of isotopes for pins,
divides each pin in 48 nodes by assembly length, 41 among them contain fuel. If there had been
enough time, each node would be measured. Mainly 9 nodes (5-12) measurement were used to
characterize the typical burnup profile. Two from the bottom end of the pin to the plateau, 5 from the
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plateau and 2 from the plateau to the top end of the pin. A typical burnup profile with measured values
isshownin Fig. 3.1.

Burnup profile
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FIG. 3.1. A typical burnup profile with measured values.

Six assembly groups were selected for the measurements, one of high burnup (44 GW-d-t*U) and the
second of low burnup (10 GW-d-t*U). The third one was of normal burnup (39 GW-d-t*U) and 3.8%
initial enrichment, the fourth one was of 26 GW-d-t*U burnup and 2.4% initial enrichment. The above
groups consist of 6 assemblies, asthe core is divided into 6 sectors. Their positions in each sector were
the same. Two control assemblies and two of the neighbor of control assemblies were taken.
Altogether 28 assemblies were measured. The measurements involved scanning of the assemblies
along their length of all the 6 sides. To collect spectra, there are two methods: one is continuously
moves the assembly and periodically save the data, and the other one measures determined positions,
and fits a curve to the measured values. The first method is better for the unknown distribution of the
material in the measured region. The precision of this method in each region is less, but the sum of the
regions determines a not continuous distribution well. The second method gives more precise values
for each measured position, but gives no information on between the positions. This method is better
to measure the continuous distribution of material. In this case the second method was chosen with 5—
12 measurement positions side by side. Around 1200 spectra were collected. Axia and azimuthal
burnup profiles were taken in this way. Measuring time was 300 or 600 s by position. Spectra were
evaluated automatically by a computer code including the intrinsic calibration method. Considering
the short half-life of Cs-134 (2.06 years), al the calculated values from the measurements were
corrected for the first day of the measurements. Measurements took five weeks.

The different cooling time and burnup of assembly groups give different measurement distance and
time. The evaluation spectra of low cooling time assemblies are complicated because of the short half-
life isotopes, mainly Zr-95 (724.2 keV and 756.7 keV T1,=64.02d). After 1.5 year it is decayed. Long
cooling time (six years or more) decreases the amount of Cs-134, increasing the uncertainty.

The isotope activity ratio values, calculated for the pins from the burnup, needs to be averaged for the

whole assembly. It is not a simple average of course, because of the distance correction (smaller part)
and self-absorption correction of the other pins (main part). This calculation was performed by the

39



code MCNP at Paks NPP. The calculation gives different values side by side, depending on the
surroundings of the assembly (i.e. working/control assembly and its situation to the centre of the core).
In the calculation of the decay of isotopes was corrected to the first day’ s measurement.

4. RESULTS

Upon representing the ratios by sides and matching the core sector and turning degrees, burnup
differences were well observable between assembly sides looking at the centre of core and opposite to
it. Azimuthal profiles of the 39 GW-d-t™U burnup group at the centre of pins are seen in Fig. 4.1.
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FIG. 4.1. Azimuthal profiles of the 39 GW-d-t*U burnup group at the centre of pins.



Also, burnup profiles are different for control and norma “working” fuel assemblies, see
Figs4.24.3.
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FIG. 4.2. Burnup profile of a working fuel assembly.
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FIG. 4.3. Burnup profile of a control fuel assembly.
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To compare calculated results based on the measurements and the burnup, the ratio Cs-134/Cs-137
shows good correlation see Fig. 4.4.
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FIG. 4.5. Measured vs. calculated activity ratio Cs-134/Cs-137.

When representing the measured Cs-134/Cs-137 ratio as a function of the ratio calculated from the
reactor parameters for the whole data sets, the correlation is significant, see Fig. 4.5.

42



5. SUMMARY

By this method the burnup of assemblies can be determined. Uncertainty of the method is around 4%.
To decrease the uncertainty the measurement time should be increased by decreasing the number of
measured positions and/or assemblies. For the best results 24 years old assemblies are to be
measured.

The method should be checked at other ponds in Paks NPP first. It is also planned to modify the
detector system to measure ponds without built-in collimator, to be able to use the method for other
reactors too.
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Abstract

Since first reload, NPP Temelin together with the fuel vendor (Westinghouse Electric Company LLC) is
performing post-irradiation inspection on the fuel assemblies as additional proof of PWR material compatibility
in VVER water chemistry. However, after ten years of successful operation the fuel vendor is changing and new
plans for the fuel inspection are ready. Paper describes the past experiences with the fuel inspections and repairs
at the NPP Temelin and the role of Research Centre ReZ, Ltd. (CVR) in the cooperation with the new fuel
vendor.In addition, Research Centre ReZ Ltd. is a non-profit organization devoted to activities that require
research reactors LR-0, LVR-15 and several experimental loops and devices. The Centre was founded in 2003
by the Czech Ministry of Education that fully endorsed a research proposal for al scientific and R&D activities.
It is a unique institution providing a sophisticated infrastructure for research and development focused on
advancement of analytical methods. The main purpose of the Research Reactors Division in CVR with aim of
the fuel on-site post-irradiation inspection and water chemistry research are also presented in paper.

1. INTRODUCTION

Reliability of nuclear fuel and radiation fields surrounding primary systems are important aspects of
overal nuclear reactor safety. In recent years, the management of nuclear fuel operation has been
faced with new challenges. The extension of nuclear reactor lifetimes beyond their initial design
values, a higher level of fuel utilization (higher fuel burnup, extension of fuel cycles, higher power),
shortening of outages, etc., are present requirements in evolution of nuclear energy. Along with these
requirements, other circumstances that impose increased demands on chemistry management are also
taken into account. However, new changes and design modifications of fuel assemblies are still
needed.

Nuclear fuel failuresin PWR/VVER reactors caused by mechanical and physical—chemical aspects are
quite often and were studied and described in late 70s. Although the zirconium cladding alloys are
showing high reliability and operational stability, the probability of their failure is not so low (Fig. 1.1,
[1]). According to the IAEA studies, the fuel failure rate in the world is around 10”°, which means 1-3
failed fuel rods from 100 000 fuel rods in operation (in average for VVER-440 1-2 failed fuel rod, for
VVER-1000 24 failed fuel rods). However, with use of better alloys, different fuel design, advanced
water chemistry, etc., the fuel failure rate is decreasing.

There are different types of fuel failures which are characteristic for all type of reactors like fretting
(debris, grid-to-rod), pellet cladding interaction, hydration of fuel rod cladding, corrosion and CRUD
at the fuel rod cladding, which can also lead to the problem with axial offset (AOA), failures during
fuel handling, manufacturing defects (weld contamination), cross-flow/baffle jetting; as well as
anomalies leading to deterioration in fuel operation like fud assembly/rod bow, leading to the
problems with incomplete rod insertion (IRI), fuel assembly twist, unexpected fuel assembly/rod
elongation; and the combinations of all these fuel problems. However, only few of these problems are
still occurred and these are the most dominant for:



- PWR/VVER: grid-to-rod/debris fretting;

- BWR: crud and corrosion.

FIG. 1.1. The number of defective rods in WWER-1000 reactorsin 1983-1992.

2. TEN YEARS OF TEMELIN NPP

In December 2010 ten years have passed since the first unit of the Temelin NPP has been build. Test
operation of the first unit started 10 June 2002, and the second unit started 18 April 2003. The
operation on 100% power started in the years 2002—2003. Temelin NPP finally allowed replacing
obsolete and gradually shut units at the North Bohemian coal power plants. The total quantity of
electric production made in the Temelin NPP since its start is 100 billion kW-h. This would cover
nearly seven yearsin consumption of all Czech households.

The Temelin nuclear power plant is situated about 24 km away from Ceské Budgjovice. Electricity is
generated in two production units with VVER-1000 type V-320 pressurized water reactors.
Technological scheme of the power plant corresponds to the latest world parameters. The reactor core
contains 163 fuel assemblies, each with 312 fuel rods, and 61 regulating rods. Fuel rods are fuelled by
UO,, uranium dioxide enriched by an average of 3.5% of the fission isotope U (maximum allowed
enrichment is (4.95+0.05)%). Since the beginning, the fuel for the Temelin NPP is supplied by the
Westinghouse Electric Company LLC, which also supplied the new instrumentation and control
system.

NPP Temelin is operated on a modified water chemistry optimized for minimization of the level of
transport activities and the reduction of radiation field creation via the creation and maintenance of
constant chemical conditions in primary coolant. Optimal pH at 300°C is set at 7.1+0.1, initial
concentration of alkali about 20 mg-kg™. Dosing of ammonia is used for hydrogen generation.

2.1. Fuel description

Since first reload in 2002 at unit 1 and 2003 at unit 2, fuel assemblies from US fuel vendor
Westinghouse VVantage-6 are used (at unit 1 until August 2010, at unit 2 until May 2011, [2]).
VVantage-6 design is Westinghouse pilot assembly with hexagonal shape, which became from the
square design VVantage-5 (Fig. 2.1). Westinghouse fuel assemblies for PWR reactors have undergone
significant evolutionary changes, from the early standard fuel assembly with Inconel spacer grids to
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the VVantage-5. VVantage-5 PWR fuel already included state-of-the-art features such as removable
top nozzle (RTN), debris filter bottom nozzles, low pressure

rop zircaloy structural grids, zircaloy intermediate flow mixing grids, optimized fuel rods, in-fuel
burnable absorbers (IFBAS) and increased burnup capability to region average values of 48 000
MW-d-Mt™ U. These advanced product features have been adapted for the VVER reactors in order to
update VVER fuel and provide increased fuel reliability, more efficient uranium utilization, and
enhanced performance margins, and the VVANTAGE-6 fuel assembly was designed.
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FIG. 2.1. lllustration of Westinghouse fuel assemblies, (a) VVantage-5, (b) VVantage-6.

2.2. Fuel operational experiences

Although the VVantage-6 as a pilot design of the fuel assembly for VVER-1000 promised successful
operation, the late experience showed several problems with this design. Flexibility in the fuel designs
(different types of enrichment) and in fuel batch design allowed to absorb important and dynamic
changes in the cycle length, especially cycle shortening, mostly caused by unexpected fuel failures. In
several cases the fuel failures was so high, that the cycle needed to be shut down with the unburned
fuel. Due to these unexpected problems, very often during fuel reloading (when the number of leakers
was found) redesign of whole core was needed. Although all of these problems, the effectiveness of
2 tilization in individual cycles has gradually stabilized on the very favourable vaues fully
comparable with other VVER-1000 reactors. Average BU of spent fuel loaded out of the core was
approximately 37800 MW-d-t* U. The maximum achieved average BU of fuel assembly was then
around 44500 MW-d-t* U.

2.3. Fuel failuresat Temelin NPP
Mechanical deformation of fuel assemblies and rods, as bow and twist, growth, dynamic vibrations,

etc., are adready under consideration during fuel designing. However, some deformations are very
unpredictable, especially the progress of deformations, and fuel failures and anomalies are occurred
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during unit operation. The situation at Temelin is similar, and several about mentioned fuel problems
were occurred as well.

Some RCCAs (on both units) do not drop fully to the bottom position (incomplete rod insertion),
which is quite large problem from the nuclear safety point of view. The worst case was at unit 1 in
June 2007, where the test showed that two RCCASs stopped above the level of the hydraulic dashpot.
In other words, they failed to meet the limit condition and caused unscheduled outage for refuelling.
Due to large post-irradiation inspection programme (PIIP) and very precise fuel inspections, the root
cause was found — fuel assembly bow and twist [3].

Some fuel rods which were visually inspected had the leaker in the upper weld connection (mostly
occurred at fuel assemblies, used in first severa cycles). This type of defect was in that times quite
common, and it was primary problem due to manufacturing of the fuel rods (incorrect weld between
upper end-seal and the cladding tube). This type of fuel failure was occurred only several times at
Temelin site, and was solved with manufacturing improvements.

Most common fuel failure for the Temelin unit 1 and 2 was and unfortunately still is, grid-to-rod
fretting (Fig. 2.2, [3]). Grid-to-rod fretting failures are due to rod/assembly vibrations induced by
turbulence and flow heterogeneities which are always present, particularly in the inlet range up
through the bottom grid. Failure occurs if either turbulence is higher than anticipated in design, or fuel
rod support in the spacer grid is not sufficient. This type of fuel failureis still present on the Temelin
site. However, it was minimize due to severa design changes of the fuel assembly. At US PWRs, this
issue was also minimized due to grid design change (grid springs in 45 degree angle were change into
vertical position).

FIG. 2.2. Grid-to-rod fretting failure on several fuel rods at Temelin site.

Even due to the leakers in the core, maximal total activitiesin the coolant through all cycles wasin the
range from 2.4-8.5 MBg:I™, which is by 3 orders less than a limiting value for the emergency
conditions 3700 MBq:I™. Therefore, this activity is negligible from the nuclear safety point of view
and there was no reason of any restricts changes and remedies for fuel operation from the site of the
Czech Nuclear Regulatory Body (SUJB).

2.4. Fuel ingpections and repairsat Temelin NPP

Since first reload, fuel operator (CEZ) together with the fuel vendor (Westinghouse Electric Company
LCC) is performing post-irradiation inspection on the fuel assemblies with the use of fuel repair
inspection equipment (FRIE). There were several reasons for using this equipment like additional
proof of PWR materials compatibility in VVER water chemistry, analytica method support and
verification, overall thermomechanical performance demonstration, independent check of the fuel



system in-core behaviour, root causes examination of an eventual fuel rod and fuel assembly failure or
unexpected deformation; and fuel assembly repair.

FRIE is mobile equipment, which means that it can be used at both units. This equipment is stored in
several boxes in the fresh fuel storage during reactor operation, and during outage is transported to the
reactor hall where is assembled and placed into the spent fuel pool next to the reactor. After the fuel
assembly is placed into the FRIE, severa procedures can be done:

- FA measurement (Visual inspection, bow and twist measurements, overall FA length
measurements, peripheral FR corrosion inspection, grid cell geometry measurements);

- Single FR measurements (Visual inspection, corrosion measurements, profilometry
measurements);

- RCCA inspections (The measurements of total wear of the tube cross-section, the distribution of
the wear around the circumference of the rodlet).

With use of these inspections, the root causes of fuel deformation and failures were identified and
minimized by the changes in fuel assembly design. Since first startup four different types of fuel
assemblies were used at Temelin site. The first one caled, VVantage6 T1 design, was the first
prototype of VVantage6 fuel assembly for VVER-1000 reactors and was used only for the first batch
at the unit 1. The second design VVantage6 T2 was used at both units till 2006 and according to T1
design only small changes in the fuel assembly design were made. The bigger changes were made in
20052006, where the V'V antage6-Phase 0 and in 2007 V'V antage-Phase 1X were designed. The main
design changes were [3, 4]:

- Tube-in-tube dashpot design and top nozzle modifications (Phase 0);
- Fuel rod loading equipment alignments;
- New structural materials of FR cladding and other FA components (Phase 1X).

After these design changes the problem with Incomplete Rod Insertion was solved, as well as the fuel
assembly bow and twist and the grid-to-rod fretting was minimized on the as low as achievable level.
The unit 1 is a proof of these successes, where no leakers were occurred during the last cycle with
Westinghouse fuel.

2.5. New fuel for Temelin NPP

Unfortunately due to large problems with fuel operation at Temelin NPP in 2003, CEZ started a tender
(bid) for new fuel supplier and two main companies were involved — US Westinghouse Electric
Company LLC and Russian TVEL. After two years, the new supplier was nominated and the contract
for the period 2010-2020 was signed in May 2006 with the Russian company TVEL.

According to the contract between CEZ and TVEL, the first load of whole core wasin August 2010 at
unit 1, and in May 2011 at unit 2. The fuel assemblies TVSA-T was designed and assembled by MSZ
Elektrostal. The main differences between VVantage6 fuel assembly and TV SA-T fuel assembly are:

- Different construction of the top nozzle (also removable, but under different processes);
- Sox corner plates (for better stiffness of whole assembly);
- Different grids design (to minimize grid-to-rod fretting,);
- Debrisfilter in the bottom nozzle (to avoid any debris fretting);
Main materials of the whole fuel assembly are E110 and E635;

3. THE ROLE OF CVR

Research Centre ReZ, Ltd. (CVR) is a non-profit organization and its activities are restricted only to
fundamental research and development. The centre was established in 2003 for R&D in areas, where
the research reactors and experimental devices can be used. The overviewed research programme was
supported by the Ministry of Education of the Czech Republic. The main activities are:
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- Fundamental research in natural sciences using neutrons;

- R&D in nuclear energy related fields as corrosion processes, radiation induced damages in
reactor construction materials, as well as in innovative neutron sources,

- R& D of radio-pharmaceuticals prepared by using nuclear reactors, design of new treatment
procedures using neutrons.

CVR plays an important role in the Czech nuclear research market. Division of research reactors
besides the material irradiation and radioisotopes research is involved in the water chemistry research
for PWR, BWR and VVER reactors and its impact on the crud deposition and fuel cladding reliability.
For this purpose light water research reactor LV R-15 and several experimental |oops are used.

The research reactor LVR-15 is atank type and currently uses two types of fuel manufactured by the
NZCHK company in Novosibirsk with 36% (IRT-2M) and <20% enrichment (IRT-4M). The reactor’s
systems permit an output up to 10 MW. The reactor’'s design and active zone permit the usage of
various diameters of irradiation channels and thus flexibility from the standpoint of optimal neutron
usage in the core (Fig. 3.3).

Experimental loops are used to study the effect of environment on materials in the active zone of
power reactors. Phenomena under study include corrosion, the influence of physical and radiation
stresses on the rate of crack propagation, the interaction of fuel and coolant coverage, including
cladding corrosion and the deposition of corrosion products on the surface of the fuel elements, further
for the research of water chemistry of PWR, BWR and VVER reactors, including the development and
testing of special measurement technology such as, for example ECP measurement. The main goal of
the reactor’s facilities is to model conditions that are as close as possible to real conditions, and thus
secure the reproducibility and utilization of measured values.
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FIG. 3.3. Research reactor LVR-15, loops and rings.

Besides, CVR together with NPP Temelin and Westinghouse Electric Company LLC is cooperating
on the fuel inspection and repair since 2009. Due to the fuel vendor change at Temelin, new PIIP will
be implemented to avoid any fuel problems in the future operation. During the unit outage several fuel
assemblies will be chosen and inspected on the FRIE. The main operations, which were set up to
present, with the fuel assemblies at FRIE are:
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- Inspections:
» Visua inspection of fuel assemblies, extracted fuel rods, and RCCA;
» Ultrasound inspection (to detect leaking fuel rod).
- Measurements:
e Fud assembly and rod bow and twist;
e Fud assembly and rod length measurement (growth).
- Fuel assemblies repair.

All activities at FRIE will be covered by present fuel vendor — TVEL. However, CVR will participate
on the fuel inspections and measurements to support the independent long term monitoring and
evaluation of fuel behaviour at Temelin NPP. These measurements will be used for the codes
validation (for better understanding of fuel failure processes to make more realistic models) and as a
main basis for the future experiments for fuel failure behaviour study under normal and abnormal
conditions.

4. CONCLUSIONS

NPP Temelin is a first VVER-1000 reactor, where the Russian reactor design meets the US fuel
design. Since first load, VVantage-6 fuel assemblies from Westinghouse Electric Company LLC were
used at both units. During past ten years, Temelin gets lot of operational experiences with
Westinghouse fuel. Besides successful operation, several fuel problems were occurred too, like
incomplete rod insertion due to strong bow and twist of the fuel assemblies and fission product release
into the primary coolant due to primary cladding failures by grid-to-rod fretting. Since first startup of
Temelin NPP, 63 leaking fuel assemblies at both units were found and 27 of them were repaired and
successfully reused in next cycles.

PIIP was specified, and different inspections were done to get large amount of data from the bow,
twist and growth measurement. In several years many data were measured, root causes were found and
many recommendations for new fuel design were applied.

All these changes led to the successful operation with Westinghouse fuel assemblies. The problem
with IRI, aswell as the fuel assembly bow and twist was removed in 2005, and the leaking fuel due to
grid-to-rod fretting was minimized. From 63 leaking fuel assemblies only 23 were repaired, however
the effectiveness of the leaking fuel rod extraction from the fuel assembly is quite high, 93% [2]. From
these fuel operational problems, the fuel vendor (CEZ) as well as their subcontractors (NRI, CVR,
SJS, etc.) made a big lesson and these experiences are now fully prepared to use on the new Russian
fuel TVSA-T in fuel operation aswell as fuel inspection and repair.
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Abstract

Presently 19-element natural uranium fuel bundles are used in 220 MW(€e) Indian PHWRs. The core
average design discharge burnup for these bundles is 7000 MW-d-Te*U and maximum burnup for assembly
goes upto of 15000 MW-d-Te*U. Use of fuel materials like MOX, Thorium, slightly enriched uranium, etc., in
place of natural uranium in 19-element fuel bundles, in 220 MW(e) PHWRs is being investigated to achieve
higher burnups. The maximum burnup investigated with these bundles is 30 000 MW-d-Te*U. In PHWR fuel
elements no plenum space is available and the cladding is of collapsible type. Studies have been carried out for
different fuel element target burnups with different alternative concepts. Modification in pellet shape and pellet
parameters are considered. These studies for the PHWR fuel elements/assemblies have been elaborated in this

1. INTRODUCTION

The most widespread method for verifying the presence of the fissile material is the viewing of
Cherenkov light. However it cannot be applied if the water is not clean enough and it does not identify
the source of radiation. A more sophisticated method of verification is the SFAT where a medium
resolution gamma detector identifies the source of radiation through a collimator tube. Such a device
was designed and built in our Institute and it was tested in a series of verification problems.

2. SETTING UPTHE DEVICE

Our apparatus consists of a detector house, which provides place for a 500 mm?® CZT detector and a
lead collimator shielding the detector from side directions and a set of closed end (watertight) steel
collimator tubes of 1 m length and 50 mm diameter, containing air (Fig. 2.1). The collimation itself is
provided by the surrounding water.

The number of the tubes applied depends on the task. The maximum number of 6-8 tubes can be
applied when the assemblies are stored in two levels and the assemblies in the lower level have to be
verified. In most cases use of 2—4 collimator tubes is suitable while for assemblies cooled for a long
time, use of 1 or 2 tubes provides good results. A part of the system is a stand for holding and
positioning the detector and collimator tube system, which can be instaled on the railings of the
refuelling machine, or on a service bridge (Fig. 2.2). By the aid of the stand the mounted system can
be moved above the assembly to be examined and sunk under water by the winch. A rough positioning
can be done by moving the refuelling machine or substituting bridge, and by shifting the stand
perpendicularly to the railing by the aid of rollers. Fine positioning goes by screws on the stand in two
directions. The system can be mounted up to 4 collimator tubes laid just on the platform in advance
and can be let down as a whole to the pond, while in the case of a longer collimator the individual
tubes can be joined step by step and let the mounted part moving down. Detector house is connected at
last.
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FIG. 2.1. Detector house and collimator tubes. The thick green line shows the volume inside the lead
collimator.

FIG. 2.2. The stand with the winch.

For performing verification, the lower end of the collimator tube enters into the headpiece of an
assembly until it neither impacts on the upper grid nor leans against the interior of assembly head,
ensuring that the spent fuel and the detector are in line of sight through the collimator tube (Fig. 2.3).



Positioning is supported by a TV camera and monitor as a surveying system. A camera mounted to the
detector house may promote a more compact design.

1B B3 R0

FIG. 2.3. End of the collimator tube above the fuel assembly.

Although it was developed for verifying VVER-440 assemblies, and also the positioning stand was
designed to the refuelling machine established in the Paks NPP, the system can be used, with a minor
change and transformation of the stand, in other plants as well.

The signal from the detector comes to the mini MCA analyser through a watertight insulated cable
controlled by alaptop computer.

3. APPLICATIONS

Assemblies and other objects stored in the spent fuel pond were examined by the SFAT. The spent
fuel assemblies produce a 662 keV peak from the fission product Cs-137 as well as 1173 keV and
1332 keV peaks from Co-60, an activation product originating from the headpiece of the assemblies. If
the cooling time of the assembly is less then 6 years, the 794 keV peak of the Cs-134 (2 y half-life)
can be observed as well. However, for very fresh assemblies (CT<1 y) the Compton-tail of the peaks
of Zr-95 (half-life 64 d) and other short lived activation products can cover the Cs peaks (Fig. 3.1).

With medium cooling times both Cs-134 and Cs-137 (Figs 3.2—3.3) peaks can be clearly observed. As
the intensity of the Cs-134 peaks is proportional to the square of the burnup, so the burnup can be
assessed from the extrapolated initial value of the intensity.

Due to the 30 y half-life of Cs-137, the 662 keV peak can even be revealed after an extreme long
((>14 y) cooling time (Fig. 3.4) or very low burnup (order of a few GW-d-t*U) up to 6-7 y cooling
time, when the Cherenkov viewing device (ICVD) is not suitable for verification. The measuring time
needed for arelyable spectrum lies between 300—1200 s.

With the same method, we verified the fissile material content of those canisters which contained
damaged spent fuel originating from the 2004 incident, and demonstrated the absence of the fissile
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material in canisters containing only the head and foot parts of the assemblies. In addition we
demonstrated the absence of fissile material in the containers of irradiated Co-60 sources.
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FIG. 3.1. Soectrum from the spent fuel assembly with CT=8 months.
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FIG. 3.2. Spectrum from the spent fuel assembly with CT=2.7 y, BU=22.6 GW-d-t*U.
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FIG. 3.3. Spectrum from the spent fuel assembly with CT=3.7 y, BU=41 GW-d-t*U.
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FIG. 3.4. Spectrum from the spent fuel assembly with CT >14y.

4. SUMMARY

SFAT is useful, whereas acknowledging its limits, for verifying fissile material in fuel assemblies,
containers and other objects. Detection of undeclared irradiation is also possible, even in the presence
of Co-60. Necessary measurement time is 300-1200s pro assembly/object, depending on its
parameters.

Even if it cannot be arival of ICVD in comfortable employment and easy evaluation, in cases where
the water in the pond is of too high level or bad quality, burnup is very low or cooling time istoo long,
as well as if the task is to verify an assembly in the lower rack, it may be a good aternative for
substituting ICVD.
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THE POOLSIDE INSPECTION OF POST-IRRADIATION FUEL ASSEMBLY
IN QINSHAN NPP
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Abstract

Poolside inspection of post-irradiative fuel assembly is used to evaluate the integrity and reliability of
reloaded FAs in Qinshan NPP during reloading outage, and find out the failure assemblies and locate the
position of failure rods before repair. And the poolside inspections also play a significant role in burnup
increment test in Qinshan NPP. Main results of poolside inspections testify that the relevant requirement of
performance of FAs can be satisfied as the burnup increment within the range of test. Some others examinations
and poolside inspections of post-irradiative fuel assembly are introduced briefly also.

1. INTRODUCTION

In these years the prosperity of nuclear power development in Chinais just beginning. There are 13
nuclear power units in operation now. There are 24 units under construction with construction permit
(CP) issued by National Nuclear Safety Administration (NNSA). And 8 units whose PSARSs are being
reviewed by NNSA are waiting for CP. And the nuclear power development has been confirmed as the
important policy for China's national energy in 21% century. According to the scenario the total
installed nuclear power capacity will be 70-80 GW(e) until 2020.

But since the accident of Fukushima nuclear power plant in Japan, every country reconsidered their
nuclear policy and plan, and Chinaisincluded certainly. Many measures were forced to implement. A
series of comprehensive inspections and reviews are obliged to execute in nuclear power plants
throughout country and in the near future there may be some significant modifications in plant such as
movable diesel generator, passive containment hydrogen recombining system, etc. To the nuclear
power plants under construction, it is required to evaluate and review its safety standard based on the
most advanced standards. New issues of CP have already been suspended until the adjusted and
improved nuclear power development programming is unveiled.

As the second generation of nuclear power plant, Qinshan nuclear power plant (QNPP) with capacity
of 310 MW(e) came into operation in 1991, the current cycle is C13 just at the ending part of its 30
years design life. QNPP is the first nuclear plant which is designed and constructed by ourselves in
China mainland.

The core of QNPP 310 MW(e) unit consists of 121 FAs designed by Shanghai Nuclear Engineering
Research and Design Institute and supplied by China Jianzhong Nuclear Fuel Co., Ltd (CINF). Any
FA comprises 204 fud rods, 20 guide thimbles and 1 instrument thimble arrayed in a matrix of
15 x 15 and the enrichment of U-235 is 3.4% since baance cycle. The cladding material is Zr-4. The 8
grid spacers Inconel (GH4169) and the top and bottom nozzles are stainless steel (OCr18NilOTi).
There are two main modifications after cycle 7, the bottom nozzle filter and dish chamfers of pellet are
added. Now all of the spent FAs store in the pool in FX and will transport to the reprocess factory in
future.

2. METHOD AND APPLICATION OF POOLSIDE INSPECTION IN QNPP
Method of poolside inspection in QNPP included: sipping inspection, VT inspection, and dimension

measurement for example: verticality, twist, variation of rod spacer and irradiative growth, etc., and
disassembly inspection such as ET and oxidation film thickness for rods.
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2.1 Thewedingjoint form

The poolside inspection methods are used to evaluate and check whether a FA is failure or not. Based
on daily operational monitoring on Fuel Reliability Index and lodine Equivalent VValue, there will be a
preliminary judgment of fuel integrity. If no FA failure happens, inspection of VT and dimension
measurement will be arranged at a specified ratio of fuel assembles to evaluate the reliability and
integrity of reloaded FAs during reloading outage. But if judgment goes to the contrary, sipping
inspection for all FAs need to reload will be arranged in order to find out the damaged FASs. If success,
there will be a comprehensive inspection include VT, dimension measurement inspection, and
disassembly inspection by ET before repair it by take the place of failure rods with intact rods, if
necessary.

In cycle 4, many FAs damaged due to the loose of bolt of the barrel. After that only afew FA failures
happened during fuel handling. QNPP has device and skills to repair the damaged FAs. Evidence
proves that the repaired FAs have the same performance with the intact assemblies. The failure history
of FAsin QNPP are shown in Table 2.1.

TABLE 2.1. FAILURE HISTORY OF FASIN QNPP

Cycle FAsfailure history

C1-C3 No FA failure monitored

c4 9 FAs breakage, 2FAs have grid spacers deformation, and 6 FAs have mix
wing damage

C5-C6 1 FAsdamage

Cr—C12 No FA failure monitored

2.2 In-coreburnup increment test of FAsin QNPP

As fuel management developed, the burnup of the FA is requested to increase properly in order to
prolong the cycle life[1]. The poolside inspection in QNPP also gives the method to verify the fuel
property after burnup increment test in core. Restricted by level of design, technology and verification
test at that time, QNPP 310 MW(e) FAS burnup limit was only 30 000 MW-d-t*U initialy, large
margin was reserved. Under the precondition that safety of the FAs and reactor must be guaranteed,
many tests were performed aim to increase the burnup step by step. After more than 7 cycles effort,
the test was complete successfully till the ending of cycle 11. After this fuel management
improvement, average burnup of assembly is nearly to 32 000-3000 MW-d-t*U, max burnup of FA
achieve to 40 000 MW-d-t™*U, and max rod burnup is 44 000 MW-d-t™U.

Main test items and results can be found at [2].

Irradiative growth: no irradiative growth of FAs is occurring. Nevertheless irradiative growth of fuel
rods was observed. The distribution of irradiative growth value versus burnup is shown in Fig. 2.1.
Therelevant results of 3 x 3 FA during the design verification test are also shown in Fig. 2.1.

Measurement of oxidation film of rod: Maximum thickness of oxidation film is 49 um much lower
than the requirements of regulation and guideline [3-4] that corrosion thickness at the end of life
should be less than 10% (0.7 mm) of cladding wall. That means the anti-corrosion performance of fuel
cladding is sufficient in the range of burnup test, and the fuel rod is safe.

Asshown in Fig. 2.2, it is obvious that the oxidation film thickness of rod is linearity with its endured
cycle number. That is corresponding with the results of relevant compute code.
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FIG. 2.2. The effect of oxidation filmin fuel rod.

ET inspection on fuel rod: ET results shown that no inner and outer wall defects, holes, ring ridges
happened. That means no occurrence of PCI, abrasion, hydrogen brittleness.

Through the poolside inspection of post-irradiative FAs, the conclusion can be made that after 4
cycles, up to 40 000 MW-d-t*U BU, no obvious irradiative growth happened, and the thickness of
oxidation film still fulfils requirement of the regulations, and no PCI effect occurred. Combined with
some other necessary tests such as rod drop test and many calculation results of computer codes, the
following conclusion can be made. The high performance of FAs of QNPP can be guaranteed within
the burnup test range, and are capable to satisfy the operation safety after 4 cycles, and
40 000 MW-d-t"U BU.

61



3. OTHER METHODSAND APPLICATIONSIN CHINA

3.1. Hot cdl inspection of post-irradiative FAs

China Institute of Atomic Energy undertakes a nuclear energy science and technology research
subject, post-irradiative inspection of FAs of PWRs. By means of the post-irradiative inspection on the
FAs of QNPP, CIAE will obtain the data such as structures, performance, and stability, and verify the
rationality and dependability of domestic FAs, and then evaluate the in-core behaviours of FAs,
meanwhile accumulate the behaviour data of PWRs.

In fact, the inspection methods of FAs in QNPP site are no more than poolside inspection, so to
understand the entire nature performance of the post-irradiative FAs by hot cell examination, especial
to the FAs after burnup increment test, is very attractive. All of these can be preparations for further
burnup increments. According to this subject, 8 rods were extracted from specified FAs. The selected
rods are shown in Table 3.1.

TABLE 3.1. THE EXTRACTED RODS INFORMATION

Operation cycles  Enrichment Burnup Unload date Position of rod
[MW-d-t*U]

4 3.4% 39922.18 2006-6-25 A-15, K-08, N-04

3 3.4% 36 006.96 2006-6-25 A-15, K-08, N-04

4 3.0% 33 956.02 2002-4-14 K-08, N-04

The hot cell examination in of CIAE will consist of four parts mainly. The non-destructive will
include VT, ET, dimensions measurement and Gamma spectrometry of fuel rod, and the destructive
ingpection will involve release rate of fission gas, axia tension test of cladding, observation,
measurement and analysis of macro and micro structure of UO, pellets, micro-structure analysis and
SEM of section of tension sample of cladding. Determination of absolute burnup of fuel rods by
precise analysis of the concentration of Cs-137 and Nd-148, and in-core behaviour analysis and
performance evaluation of fuel rods by compare the results of hot cell examination and calculation
results of computer code are also involved. But for many reasons the examination was postponed
many times. No more information can be acquired now.

3.2. Poolsideingpection of FAS[5]

Since 2003, Qinshan nuclear power plant phase 2 and Research Institute of Nuclear Power Operation
researched and developed cooperatively the ultrasonic measurement system of deformation of post-
irradiative FAs. Calibrated with a standard FA, the system can measure the deformations of FA
rapidly during outage. Now this set of system has aready been put into use and do help greatly. This
system has its advantage in technical such as less measurement time (less than 5 mins per assembly),
higher accuracy (less than 0.3 mm of system errors), etc., so that any bending and twist of FAs can be
detected precisely and rapidly. The measurement results can be a very useful guide to fuel loading in
order to mitigate the difficulty due to deformation of post-irradiative FAs. And at the same time data
of measurement can be accumulated for FAs design institute and manufacture plant.

4. SUMMARY
(1) Poolsideinspection in QNPP is an efficient way to evaluate the reliability and integrity of FAS;
(2) Theresults of poolside inspection and analysis support the conclusion sufficiently that the

integrity of FAs can be guaranteed in in-core test of burnup incrementsin QNPP, and then
improve the fuel management level and the economy of plant;
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(3) Specidization, integration and high technology of poolside inspection increase the work
efficiency, save the human resource cost significantly, shorten the time of outage, and then
improve the economy of plantsin general.

The post-irradiative examination and poolside inspection of FAs are playing more and more important
rolein nuclear power plants.
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Abstract

The hot cells at the Windscale Laboratories of the UK National Nuclear Laboratory are a particularly
flexible facility, capable of characterizing and co-processing a variety of irradiated fuels and other radioactive
materials on a semi-industrial scale in addition to performing ‘traditional’ Post-irradiation Examination for
reactor component monitoring and fuel development. The use of the Windscale PIE Laboratory for work of this
type is summarised and two examples are discussed. Decommissioning of two early Windscale site reactors
resulted in the recovery of unrecorded fuel and isotope cartridges of various types. The process by which these
were identified by non-destructive methods is described. Magnox fuel elements (uranium metal bar clad in
magnesium alloy) had been stored within nominally dry sealed canisters under water for >20 years. Leaks had
resulted in production of prophetic uranium hydride. The process applied to safely open these canisters to
recover the remaining uranium and segregate the various waste streams is outlined.

1. INTRODUCTION

The Windscale facilities of the UK National Nuclear Laboratory were developed over many years to
co-process large PIE programs on a variety of fuel and reactor core components; they are
complementary to other NNL analytical and test laboratories at Sellafield and Springfields in the UK.

Windscale adjoins the Sellafield fuel reprocessing plant site in the NW of England, which has a
variety of problematic legacy fudl types and other radiological wastes to dispose of before
decommissioning can be completed. This paper describes how the Windscale PIE laboratory has been
able to support some of the Sellafield and Windscal e sites decommissioning projects.

2. WINDSCALE FACILITIES

The core facilities of the Windscale laboratory comprises of 60 heavily radiation shielded
workstations, each equipped with a viewing window and a pair of master—slave manipulators (MSMs),
distributed between 13 interlinked hot cells termed ‘caves’, plus 2 satellite cells. In addition, there are
a number of other integrated laboratory areas and workshops capable of handling materials of lower
activity. There are three separate shielded cask/flask receipt crane halls (Fig. 2.1).

Most of the hot cells measure approximately 11 x 2.5 x 4 m internally and have an installed 0.5te or
1te capacity hoist, plus one or more horizontal or vertical cask ports; some have heavy-duty powered
manipulators (Fig. 2.2). At either end of the facility the cells are capable of receiving large top opening
casks of up to 55te. The roof of each cave is constructed of removable interlocking concrete blocks
allowing access to the cave for introduction of large items of equipment. The caves are linked together
by a shared shielded transport corridor from which each cave can be separately isolated and shielded
by insertion of bulkheads from the roof, to allow refitting or refurbishment without affecting the
operation of the remainder of the plant.
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FIG. 2.2. Typical Windscale hot cell operating face.

This layout has resulted in a particularly flexible and adaptable plant capable of co-processing several
different work streams delivered in awide range of casks. Within the facility individual cave areas can
be dedicated to very different types of work enabling effective segregation of PIE work from activities
such as those described here.

3. DECOMMISSIONING SUPPORT

Most aged plants undergoing decommissioning generally have limited capability for the treatment and
disposal of problematic or poorly characterised nuclear fuels and wastes. In some cases they cannot
readily interface directly with waste storage facilities.

As such, in addition to ‘traditional’ PIE for reactor component monitoring and fuel development, the
handling and analysis capabilities of the Windscale facilities and staff have been used for:

- Assaying type and/or quantity of radioactive isotopes present in waste to define and justify an
appropriate disposal route;
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- Sampling of waste to confirm the activity assumed or calculated to be present in waste;

- Breakdown of waste items, with segregation of low and intermediate level waste components
from fissile materials, followed by appropriate disposal routes;

- Cutting, compaction and efficient packing to minimise waste volumes;

- Repacking of wastes into standard disposal configurations;

- Decontamination of items, where economic, to alower level waste category;

- Consolidation of small quantities of different waste types into standard/economic waste
packages;

- Stabilisation and treatment of special wastes (e.g. chemically reactive, prophetic, mobile) into a
form suitable for final disposal or safe long term storage;

- Preparation of non-standard nuclear fuels for reprocessing in existing plant, removing
requirement for disposal, or build of new plant which eventually would itself become
radioactive waste;

- Preparation of packages from aform necessary for export, or public road transport, to that
suitable for transfer to long term storage/disposal.

The experience gained at Windscale Laboratories in use of simple, quick and low-cost methods to
infer identity has proven applicable, in combination with manufacturing records and archived
unirradiated samples, to a number of projects requiring disposal of large quantities of problematic
materials. In the absence of such assay, sorting and segregation, pessimistic assumptions have to be
made which have significant cost penalties for subsequent storage and disposal.

The benefits resulting from use of a PIE Laboratory for work of this type are many. The workforce is
highly experienced in remote handling and investigative examination of a variety of fuel types, and
readily identify unexpected items which can then be segregated and dealt with accordingly. High
standards of data quality assurance can readily be achieved. The facility is tolerant of a wide range of
materials and configurations, and the existing flask handling capability allows import of a wide variety
of transport package designs.

Task analyses show that, when the lead time before operation is factored, a new purpose-built
industrial plant to perform similar waste characterisation, sentencing and processing, is unlikely to be
attractive, both in terms of in time-averaged tonnage processed and cumulative workforce/public
radiation dose uptake. A new dedicated waste handling plant of similar capability and flexibility
would also be prohibitively expensive to build, plus result in additional decommissioning liability at
end of life.

Example 1: ‘Piles’ fuel and isotope cartridges.

During the early stages of decommissioning two early air cooled reactors (termed ‘piles’), hundreds of
unrecorded fuel plus various isotope cartridges were retrieved from adjacent air and water ducts; all
fuel and isotope types were externally similar. It was not possible to segregate fuel from isotopes at
source, and the degraded state of much of the fuel did not permit it to be directly reprocessed.

Destructive examination techniques for identification and assay were deliberately excluded due to the
potential effect on plant discharges. However it was possible to devise an examination regime,
consisting of a simple combination of X radiography at a fixed geometry together with weighing, to
allow determination of the internal structure and individual component densities, from which positive
identification could be made cheaply and rapidly. As an example: a lithium—magnesium alloy has a
significantly different density to one of aluminium nitride; the densities of bismuth oxide and cobalt
are similar, but the internal structure of cartridges containing these were very different.
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FIG. 3.1. CAGR fuel element dismantling.

The work performed included (Fig. 3.1):

- Segregation and identification of isotope cartridges, then consignment to appropriate waste
streams;

- Removal of aluminium cladding from broken and corroded uranium metal fuel bars;

- Cleaning and volume minimisation of this cladding prior to transfer asintermediate level waste;

- Transfer of intact fuel elements, plus cleaned uranium bar pieces, to reprocessing.

The identification of a number of undamaged fuel elements gave the opportunity for work to be

conducted for the benefit of an additional decommissioning project:

- Exact duplication of the historical fuel de-cladding technique followed by measurement of
fissile carryover in that cladding, of interest to the project emptying the original waste disposal
silo.

Example 2: ‘Debottling’ of Magnox fuel.

Around 1000 Magnox fuel elements (uranium metal bar clad in magnesium aloy (Fig. 3.2)) totalling
nearly 10 t of uranium, were individualy stored in nominally dry sealed canisters (‘bottles’) within a
pond for more than 20 years. The majority of these had subsequently leaked, severely degrading the
fuel by corrosion and frequently resulting in large accumulations of prophetic uranium hydride and
hydrogen gas.

Opening the canisters in pond would have resulted in a high operator dose penalty in comparison to
performing the task within the Windscale laboratory. A simple process was developed, based on in-
canister conditioning to alow the fuel to be removed safely into an air-filled hot cell and to be
returned the fuel ponds for consolidation with fuel for reprocessing (Fig. 3.3). The technical strategy
minimised the equipment required for this work, thus minimising capital costs and the generation of
secondary wastes [1].
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FIG. 3.2. Pile isotope cartridge (upper) and fuel element (lower).

FIG. 3.3. Compacted aluminium cladding removed from the now bare uranium fuel bar below.
Xrays of these allowed estimation of fissile material carryover to the original waste silos.

After X radiography to provide an initial estimate of fuel type and quantity, and corrosion extent, a
low percentage O./argon gas mixture gas was injected into the canisters at alow flow rate to purge the
gaseous hydrogen content and ‘passivate’ the exposed corrosion product surfaces within, so that air
could be admitted without risk of fire or explosion. The fuel could then be removed from the canisters
after which the fuel pieces were subjected to detailed inventory assessment and identified by various
minor unique design characteristics, then despatched for reprocessing. Unexpected objects were
segregated. High fissile content sludge was sent for encapsulation, and empty canisters together with
non-fissile fuel element components were volume reduced and sent for waste disposal by standard
routes.

The process made extensive use of existing facility infrastructure and technical equipment, minimising
the need for capital investment. Process-specific equipment was designed in-house to optimise the
interface with existing plant infrastructure and to enable remote installation and decommissioning.

During the early processing of the canisters, operating experience was reviewed and this, combined

with small scale experimental work and theoretical modelling, substantiated the safety case and
reaffirmed the selected strategy. The experience gained was recently deployed to assist AB SVAFO in
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the development of their process to deal with a similar problem with container stored metallic uranium
fuel at Studsvik, Sweden (Figs 3.4-3.7).

FIG. 3.4. Processing of fuelled canisters.

lf‘n I 3. B 5 SEal .- |
FIG. 3.5. Degraded Magnox fuel element after removal from canister.

FIG. 3.6. Radiograph of corroded Magnox FIG. 3.7. Cleaned uranium bar piece after
element end section, taken when within canister.  removal of Magnox cladding.

4. NEXT

The next major challenge of this type is the removal and sentencing of a wide variety of poorly
documented experimental fuels from another legacy storage pond, where identification of fuel
enrichment will perhaps be the greatest problem. Three levels of identification ambiguity after any
examination must be anticipated:
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- items whose identity is positively known;
- items which cannot be fully identified, but it is positively known what they are not;
- items whose identity is effectively unknown.

Positive identification of enrichment by simple indirect methods for al the fuel types known to be
present will not be possible; the complexity and timescale of some existing direct measurement
techniques will however not be cost effective. The key objective will be to segregate out the higher
enrichment fuel, and limit the remaining pessimistic assumptions applied to the ‘uncertain’ material.

An experienced operator, with access to manufacturing records, will be able to positively identify the
majority of fuel types from a simple visual examination where viewing and handling conditions are
adequate. Initialy it should be possible to read inscribed manufacturing identification numbers, at
least on the oxide fuel types and bulk containers. Where these numbers been lost or rendered illegible
due to corrosion much can be made of readily visible external features such as component form and
materials, number and type of fing/ribs, etc. Where this is insufficient then relatively cheap and fast
non-destructive techniques such as mass, dimensional measurement and X radiography for internal
configuration, (number of pellets, pellet or rod dimensions) is be capable of providing sufficient
information to make the identification in a large proportion of the remainder. Laser induced
breakdown spectroscopy (LIBS) has previously been successfully deployed within the Windscale cells
to aid materia identification and the technique may be capable of some refinement. Only where
necessary will more expensive and time consuming techniques be applied.
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Abstract

The paper presents the procedure and current status of refurbishment of five semi-hot cells at Nuclear
Research Institute Rez (NRI ReZ). Reconstruction is carried out at the Mechanical Testing Department of
Integrity and Technical Engineering Division. The whole procedure from the start of the project (feasibility
study, work schedule) to the current status of refurbishment is depicted in this paper.

1. INTRODUCTION

Semi-hot cells are used at NRI ReZ for mechanical testing of irradiated structural materials, usually
from reactor pressure vessels within the frame of surveillance programs of Czech and Slovak
commercia nuclear power stations. The system of semi-hot and hot cells at NRI ReZ consists of 51
cells situated in 3 floors, from which 5 cells are at the present time in reconstruction.

The design of semi-hot cells differs significantly from hot cell facility. Hot cells, where the
preparatory activities as unloading of irradiation containers and testing specimen machining are
performed, are shielded by 1.25 m thick layer of heavy concrete, while standard NRI ReZ semi-hot
cells are shielded by 100-150 mm of lead.

The hot cells facility was constructed in NRI ReZ at the end of 1970. In the first period of service until
1978, considerable attention was paid in hot cells to verifying the operational ability of fuel elements.
In connection with introducing the manufacture of WWER-440 type light water reactor pressure
vessels in former Czechoslovakia, hot cells were used since 1978 for an extensive programme of
verification tests of the technology of 15KCh2MFA steel production. In 1984 the programme was
extended to 15K Ch2NMFA steel for the WWER-1000 type reactors.

In 1980-1985, extensive reconstruction of semi-hot laboratory was carried out to enable to study
experimentally the change of mechanical properties of surveillance specimens of VVER reactors.
Besides the surveillance program, the main task solved in hot cells in NRI ReZ is the problem of the
effects of recovery heating on mechanical properties of material after the irradiation.

2.  REFURBISHMENT PROJECT

Starting point for the refurbishment was the strong need for enlargement of the testing capacity of
Mechanical Testing Department (Fig. 2.1) in the scope of testing for the surveillance programs of
Czech and Slovak commercia nuclear reactors. In the year 2009 was decided to refurbish five semi-
hot cells from former radiochemistry facility. Preparatory activities included feasibility study of
reconstruction, project work plan and obligatory approval of State Office for Nuclear Safety of the
Czech Republic.

Considerable attention was paid within the project to planning and continuous photo documentation.
For each work was prepared detailed assignment procedure. Former radiochemistry facility consisted
of five glove boxes with several rod manipulators, connected with belt conveyer transport system.
Significant advantage that has been taken to account in the preparatory phase was the absence of a
contamination in the former facility. This fact contributed to simplification of work procedures
prepared for the dismantling phase of the refurbishment. In the year 2010 reconstruction works started
with the dismantling phase. Facility is accessible from two sides — from operator area and from active
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maintenance corridor. From both sides was constructed sealed area from modular plastic panels to
prevent the possible contamination outside the work place. After that, glove boxes and its support
construction were dismantled. Also, according to the new design of planned semi-hot cells, the
shielding concrete wall of the transport system was dismantled.

FIG. 2.1. The Mechanical Testing Department’s semi-hot facility.

Construction phase of the project started in the beginning of year 2011 with the assembly of the
support system for modular stedl shielding. Shielding consists of several layers of 50 mm thick steel
plates connected with bolts. After assembly of the steel shielding, cells were equipped with the welded
inner layer of stainless steel, which was sanded after the installation. Subsequently, construction works
continued with the installation of inner lighting system, painting of the front wall in the operator area
and assembly of the shielding windows (Figs 2.2-2.3).

FIG. 2.2. Welding of inner stainless steel layer. FIG. 2.3. Inner surface of the cell after sanding.
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3. CONCLUSION

Next steps in the refurbishment project are the installation of supply systems for water, air, liquid
nitrogen, etc., installation of manipulators and testing equipment. Start of the operation of the facility
is scheduled on October 2011 — refurbishment works are carried out according to the project
schedule.

Reconstruction of the former radiochemistry facility was projected on the basis of successful previous
construction projects and the whole project was unigue opportunity for the transfer of knowledge from
experienced personnel to young colleagues.

Successful previous projects:

(@ Construction of the hot cell for unloading of surveillance irradiation containers from Temélin
NPP.

(b)  Construction of the hot cell for repacking of spent nuclear fuel from NRI ReZ LVR-15 research
reactor.

A significant advantage of the project is the new modular system (steel shielding plates and inner

stainless steel layer) of the semi-hot cells, designed taking into account the future decommissioning of
the facility.
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Abstract

This contribution provides some highlights on the main post-irradiation examination capabilities and on
recent and ongoing effort aimed at developing advanced tools for the study of relevant properties of irradiated
nuclear fuels at ITU. The scope of application covers conventional, evolutionary and advanced fuel concepts for
today's commercial reactors and for future generations of nuclear power plant. It is a big technical challenge for
a hot cell facility to be able to cover effectively a broad variety of fuel concepts, characterized by different
compositions, physico-chemical properties, geometries and configurations. In addition to basic techniques for
non-destructive and destructive examination of nuclear fuel rods (covering both fuel and cladding) and other
configurations, "in-depth” investigation tools are applied for the measurement and analysis of specific physical,
thermomechanical and micro-analytical properties of irradiated fuel. In many cases additional information can be
gained by combining different techniques. As an example, the quantitative information obtained using electron
probe microanalysis (EPMA), e.g. on the chemical behaviour of fission products in the fuel matrix, is effectively
complemented by the capabilities of the secondary ion mass spectrometry (SIMS), e.g. for detection of low yield
fission products, or for the analysis of the fission gas contained in bubbles and pores, independent of their size.
Some indications concerning the main lines of development for upgrading the scientific equipment and the
infrastructure will be provided.

1. INTRODUCTION

The Ingtitute for Transuranium Elements (ITU) [1] is one of seven institutes of the Joint Research
Centre (JRC) [2] of the European Commission [3]. The JRC provides customer-driven scientific and
technical support for the conception, development, implementation and monitoring of European Union
(EU) poalicies, functioning as an independent reference for science and technology. The mission of
ITU, which started operation in 1963, is to provide the scientific foundation for the protection of the
European citizen against risks associated with the handling and storage of highly radioactive material.
ITU’ s prime objectives are to serve as areference centre for basic actinide research, to contribute to an
effective safety and safeguards system for the nuclear fuel cycle, and to study technological and
medical applications of radionuclides/actinides.

The studies on the safety of the nuclear fuel cycle congtitute an important fraction of the activities
carried out in ITU. Essentially all aspects of the fuel cycle, except the front end and reactor irradiation,
are covered. This includes: laboratory scale fuel fabrication, characterization and preparation for test-
irradiation; post-irradiation examination (PIE); fuel behaviour in severe accident scenarios; back end
studies including open and closed cycle options. The scope of the studies covers the safety of current,
evolutionary and advanced nuclear fuel cycle concepts. This includes fuel compositions and
configurations encompassing essentially all major thermal and fast rector concepts. In particular, oxide
fuels for LWR (UO,, MOX, Th-MOX), mixed oxides, carbides, nitrides, metal aloy and composites
for sodium fast reactors, and fuel elements for High Temperature Reactor (HTR) are object of
dedicated PIE. Particular mention is due to safety studies on minor actinide (Np, Am, Cm) fuels and/or
targets envisaged for partitioning and transmutation concepts. The fuel pins come from commercial or
test-reactor irradiation campaigns (in many cases performed on fuel samples fabricated in ITU).

The experimental programs are complemented by modelling and theoretical multi-scale studies

ranging from ab initio caculations to thermomechanica fuel code applications
(TRANSURANUS[4]).
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The experimenta research infrastructure and facilities at ITU include 24 hot cells, with different
configurations and shielding, and a maximum allowed total activity level of 1 MCi (3.76 x 10 Bq).
Additionally, approximately 400 glove boxes are available in the different laboratories. PIE and the
other studies on irradiated fuel are performed in hot cell (Fig. 1.1) or in dedicated facilities based on
glove box systems (Fig. 1.2) equipped with heavy shielding and, in some cases, telemanipulators. All
the irradiated fuel transported to ITU is received, handled and tested in the hot cell facilities, which
aso act as hub for the preparation and transport of small samples to shielded facilities in other
laboratories. These internal transports are limited to perform specific "in-depth" measurements, after
which the irradiated material is returned to the hot cells. The shielded glove box option is adopted for
complex measuring devices which require frequent manua intervention by the operator for
maintenance and/or fine tuning/upgrade. The measurements either involve specimens of very small
size (a few mg or less), or consist of non-destructive tests which alow the effective and complete
removal of the fuel sample after the measurement (hence the minimization of the activity level inside
the glove box when no measurement is carried out).

FIG. 1.1. View of the PIE hot cellsat ITU.

Figure 1.3 summarizes competences, scope and techniques available and adopted in ITU for PIE and
other studies on irradiated fuels and materials. The following sections will show examples related to
some of the PIE techniques in bold in Fig. 1.3, highlighting the variety of fuels and concepts
investigated.
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FIG. 1.2. Glove box used for fission products revaporisation tests simulating the behaviour of nuclear
fuel components in case of severe reactor accident involving core melting. This is an example of a
shielded glove box which allows for testing of small amounts of irradiated material outside the hot
cells. Differently from the typical layout for this type of facility, here the Pb shielding is inside the box.
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FIG. 1.3. Synoptic scheme summarizing scientific aspects investigated, fuels/materials considered and
tools available in ITU for PIE and other irradiated fuel studies.
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2. INSTALLED POST-IRRADIATION EXAMINATION CAPABILITIES
2.1. Non-destructivetesting (NDT)

A y-shielded cell allows for reception of full length light water reactor (LWR) fuel rods (ITU is not
equipped to receive LWR fuel assemblies; only individual rods can be accepted). The cell contains the
facilities to perform determination of the variation of the fuel rod diameter (profilometry) as a function
of the axial position, visual inspection, outer oxide layer thickness and defects determination using
eddy current method, x ray radiography, y spectroscopy (axial and circumferential scanning). These
measurements aim at determining the effects on the fuel rod (cladding and fuel) properties of the
specific irradiation history.

Figure 2.1 shows the axial configuration of a fuel pin and the axial y-scanning profile for a metal alloy,
minor actinide fuel pin irradiated in the Phenix reactor to a burnup of ~7 at% as part of the
METAPHIX program, a collaboration between the Central Research Institute of Electric Power
Industry (CRIEPI, Japan) and ITU devoted to the study of MA-containing fast reactor metal fuels [5].
The total y ray intensity for the complete wavelength range is measured to determine the axial
distribution of y emitters. Isotopic analysis of different species allows to evaluate distribution and, in
some cases, relocation of the y emitters.
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FIG. 2.1. Axial y—ray scanning on a pin containing metallic alloy fuel U-19Pu-10Zr-5MA-5RE
irradiated in the Phenix reactor (CEA) to a burnup ~7 at.% (MA=Np, Am, Cm; RE=Y, Ce, Nd, Gd).
METAPHIX project (collaboration ITU-CREPI, with the contribution of CEA). From [5].

In addition to the NDT, in this y-shielded cell the measurement of fission gas release during irradiation
from the fuel to the fuel rod plenum is also performed. Through a tiny hole drilled in the plenum zone,
a small aliquot of gas is transferred to a mass spectrometer (situated in a glove box adjacent to the hot
cell) for the determination of the isotopic composition of the fission gas.

Finally, in this hot cell are located capabilities for the conditioning of fuel rod remnants in ad hoc
sealed capsules that can be transferred back to the reactor storage pool, including TIG-welding and
He-leak testing.

2.2. Optical and scanning electron microscopy

Ceramography and microindentation (Vickers) are performed in a shielded glove box connected to a
hot cell for sample polishing by a remotely operated transfer tunnel. Figure 2.2(a) and (b) show the
cross-sections of a LWR and a fast reactor fuel rod, respectively. The macrographs highlight the main
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features characterizing the behaviour of the fuel in the thermal reactor (cracking, gap closure,
formation of the high burnup structure at the pellet rim) and those, much more "dramatic”, induced in
a fast reactor by the high linear power rating and steeper thermal gradients along the pellet radius
(pore migration and formation of central hole, columnar, equiaxed and unaltered grain morphology).

1mm

(@) (b)

FIG. 2.2. Ceramography of irradiated fuel. Cross-section macrographs of (a) commercial LWR UO,
with a burnup of ~65 GW-d-t™; (b) fast reactor minor actinide homogeneous recycling MOX
(Uo.74Pug 24AM 42) O, irradiated to a 6.5% burnup in the Phenix reactor (SUPERFACT program).

Figure 2.3 illustrates aspects of the LWR fuel morphology investigated using SEM. In particular,
examples of the occurrence of the high burnup structure [6] in correspondence with the Pu-rich islands
in the fuel in MOX (Fig. 2.3(a)), and at the pellet rim in UO, (Fig. 2.3(b)) are shown.
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FIG. 2.3. SEM images showing the high burnup structure occurring in commercial LWR fuel: (a) at
the Pu-rich areas in MOX fuel; (b) at the radial periphery of the pellet in UO, fuel.
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The microscopy capability for PIE in hot cell is complemented by an acoustic probe device, which can
be used for the quantitative determination of the elastic properties of irradiated fuel and for qualitative
bulk characterization of fuel samples. This technique is described in detail in the paper by de Weerd et
al. in the present volume [7].
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2.3. Density

Irradiated fuel density to characterize the swelling behaviour of fuel as a function of burnup and
irradiation conditions is measured by the Archimedes, or immersion, method using calibrated volume
samples for the determination of the liquid density and a Mo-standard (nominal density 10.223 g-cm)
for overall calibration of the system; the weight of the immersed specimen is determined in
tetrabromo-1,1,2,2-ethane of density 2.963 g-cm3. Figure 2.4 shows the density evolution as a
function of burnup and irradiation temperature for UO, and (U,Gd)O, fuel discs irradiated in the
Halden reactor in the frame of the High Burnup Rim Project (HBRP) [8-9].
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FIG. 2.4. Density of HBRP UO, and (U,Gd)O, fuel disks irradiated in the Halden reactor as a
function of burnup and irradiation temperature. From [9].

2.4. Simulated (severe) accident conditions: high temperaturerelease of fission gas and volatiles

The objective of the nuclear fuel safety research is to ensure that under normal operating conditions
the fuel operates within relevant safety margins. A fundamental understanding of off-normal, transient
and severe accident response of the nuclear fuel is necessary to improve the reactor safety and to
minimise probability and extent of any release of radioactive inventory. Experimental data collected in
ITU is used to improve computer simulation codes and their predictive capacity and ultimately the
design of the nuclear facilities.

The amount and composition of fission gases released to the plenum of the fuel rod during in-pile
operation is measured by performing puncture test and mass spectrometry on the released gas. Furnace
systems are available for examining the release of fission gas retained in the fuel under different
temperature profiles and in various atmospheres. Hot cell thermal annealing up to 1500°C is used to
investigate amount and stability of the gaseous fission products under conditions corresponding to
transient regimes. High temperature treatments up to 2500°C (either staircase profiles, or rapid ramps)
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of irradiated fuel segments (up to 4 cm long) are used to assess the reactions occurring between the
fuel, cladding and the structural materials of the reactor during severe accidents. A special furnace
operating under inert or reducing atmospheres and combined with mass spectrometer is available for
this purpose.

A revaporisation device (see Fig. 1.2) is used to reheat real (irradiated) fission product deposits for
determining how easily they can be revolatilised and further transported in various conditions. The
samples are heated up to 1000°C in flowing steam and their volatilisation into the steam flow is
measured as a decrease of activity by a gamma spectrometer located above the sample in the furnace.
After cooling down, the spectrometer can be driven along rails to measure the deposition profile of the
revolatilised fission products (mainly Cs) along the condensation tube and how it is distributed along
the end filter.

Very valuable high temperature devices and techniques, complementary to he hot cell testing
capabilities, are in operation at the materials research laboratories of ITU. In particular, a shielded
glove box hosting a Knudsen cell combined with a mass spectrometer constitutes a very effective
facility for fission gas release and for vaporization tests of small fragments of irradiated fuel [10]. In
addition to samples thermally treated in our facilities, it is worth mentioning that comprehensive
analysis and characterization has been performed in ITU on samples coming from real accidents (e.g.
Three Miles Island) [11] or from international projects dedicated to this type of events (e.g. the Phebus
[12] and COLOSS [13]).

A worldwide unique facility available in ITU is the Kihl Finger Apparat (Kifa), or cold finger
apparatus. This is a special furnace designed to host a graphite pebble, i.e. the fuel element of a pebble
bed high temperature reactor (HTR) originally developed at the FZA, Jilich (Germany) and
subsequently transferred to 1TU, where it was installed in hot cell (with some modifications) for
testing irradiated fuel pebbles. The furnace can simulate temperature conditions corresponding to loss
of coolant accidents in HTR, and is equipped with cold traps to measure the release of fission gases.
The name of the device comes from the ‘cooling finger, i.e. a condensation plate located just above the
fuel element in the furnace. The cold finger is water cooled, and provides a condensation surface for
volatile species released from the fuel at high temperature. The cold finger can be replaced during the
heating schedule. The loaded plates are then examined by gamma spectroscopy and microscopy. This
allows obtaining volatiles and fission gas release curves as a function of temperature and time during
the test. Figure 2.5(a) and (b) show an image of the Kiifa inside the hot cell and its schematic layout,
respectively.

Figure 2.6 illustrates the results of an annealing test performed on a pebble irradiated at the High Flux
Reactor (HFR) in Petten (Netherlands) to 9.7% burnup during the K6 irradiation campaign [14]. The
results confirm the excellent coated particle retention capability under loss of coolant accident
conditions. In fact, the heating schedule applied here represents a conservative case with respect to any
possible accident scenario. The first coated particle failure was observed only during the second
heating step at 1800°C whereas a small Cs release occurred up to 1700°C (10°° fractional release).

2.5. Mechanical properties determination, testing on irradiated cladding materials

The study of mechanical properties is an expanding field of interest in ITU. Traditionally, most of the
mechanical testing performed in hot cell concerns cladding studies, consisting of indentation (see
Section 2.2), burst tests under temperature regimes corresponding to operating conditions and creep
tests (both short and long term, see e.g. [15]) at temperatures of relevance for dry storage of spent fuel
rods. The creep tests are combined and complemented by an eddy current device that can be used on
fuel rod segments to detect and characterize the onset of defects in the cladding. This technique is
described in detail in the paper by Papaioannou et al. in this publication [16]. The mechanical
properties of the cladding are strongly affected by the behaviour of hydrogen picked up by the zircaloy
from the water during irradiation, especially the formation and orientation of precipitated hydride
phase. Therefore, specific microscopy examination of presence and configuration of the hydride phase
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is often performed on irradiated cladding samples. The amount of hydrogen present in the irradiated
cladding is measured by hot inert gas extraction.

(b)

FIG. 2.5. (a) Image of the Kiifa (cold finger apparatus) inside the hot cell; (b) Schematic of the Kiifa
layout.
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FIG. 2.6. Kiifa testing of the HTR fuel element K6/3, irradiated in the HFR to a nominal burnup of
9.7% FIMA. The first Kr-85 release is observed during the second heating plateau at 1800°C, well
above the operating temperature of an HTR and also above the maximum temperature normally
expected in case of loss of coolant accident. The release of Cs occurs at the same temperature, but
during the first plateau, indicating higher mobility of this species through the material. From [14].

The mechanical properties of irradiated fuel are studied with respect of their dependence and evolution
as a function of burnup. Since commercial LWR fuels are characterized by strong property gradients
across small (radial) distances, a significant part of the activities is related also to the development of
appropriated micro-gauge techniques for local property determinations. Most of the data are obtained
by micro-indentation and by acoustic determination of the elastic constants of the fuel [7]. The
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swelling behaviour and the high burnup fuel properties are important because they govern, together
with the mechanical properties of the cladding an in-pile conditions, the pellet-cladding mechanical
interaction. Microindentation allowed determining radial hardness and fracture toughness profiles in
high burnup fuel, and showed that the formation of the high burnup structure corresponds to a
softening of the fuel. This has a beneficial effect on relieving local stresses and allows longer
operating times for LWR fuel [17].

The behaviour of the spent fuel rod during dry storage is rapidly becoming a very hot topic. All the
countries that have not yet defined a clear disposal/back end strategy for the fuel cycle will have to
extend the dry storage duration well beyond the few decades considered so far. This stresses the
necessity of producing a robust base of experimental data to predict the behaviour of spent fuel during
extended storage (up to a few hundred years), and in particular, the capacity of the spent fuel rod to
retain sufficient mechanical strength and stability to allow for handling and transportation after the
extended storage time. ITU has developed a set-up to simulate impact accidents during transportation
of spent fuel rods. Figure 2.7(a), (b) and (c) illustrates the outcome of this type of tests. The images
show photograms collected by a high speed camera which describe the impact and consequent fracture
mode of a high burnup fuel rodlet. The experiments performed so far in the frame of collaboration
with GNS and AREVA provide a relatively benign picture of this type of events, indicating that the
fuel released during an impact failure corresponds only to the volume directly affected by the fracture
[18]. Future tests will analyse more in detail the fuel release modes and amounts; it is also foreseen to
combine impact tests with accelerated ageing treatment simulating extended storage.

FIG. 2.7. Hammer impacting on a ~74 GW-dt* PWR rod (high speed camera sequence).
Collaboration ITU-GNS-AREVA. From [18].

2.6. Microanalysisstudiesonirradiated fuel

A shielded electron probe micro-analysis (EPMA) and a shielded secondary ion mass spectrometry
(SIMS) provide extended micro characterisation of irradiated nuclear fuels and materials studied at
ITU. The microanalyses are performed on embedded samples prepared for ceramography. Taking
advantage of the complementary nature of the two techniques the investigations carried out on
irradiated materials provide deeper insight as demanded by modern fuel performance research
programs. The quantitative information obtained using EPMA is effectively complemented by the
capabilities of the SIMS. Figure 2.8 illustrates the synergy obtainable by combining the two
techniques, in this case for the determination of fission gas release retained in the high burnup
structure [19]. In the outer radial interval r/rois in the range of 0.95-1, where the HBS is present,
SIMS measures a steep increase in the concentration of Xe as it detects the gas in the pores (EPMA
does not). The fact that the increase in gas concentration measured at the fuel rim by SIMS is greater
than the increase in the local burnup suggests that almost all the gas missing from the UO: matrix is
contained in the pores of the high burnup structure.
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2.7. Other shielded facilities outside hot cells

For a complete picture of the PIE capabilities in ITU, two additional installations for irradiated fuel
studies operating as shielded glove box outside the hot cells have to be mentioned: a shielded
laserflash apparatus for thermal diffusivity and heat capacity measurements [20-21] and a
transmission electron microscope for microstructure analysis (see e.g. [22]). The combined operation
of these with al the above described techniques enables significant synergies and allows producing a
full characterization of all major aspects relevant to assess the safety of nuclear fuel concepts under
various configurations.

3. OUTLOOK

In order to be able to fulfil ITU's mission with respect to the safety of the nuclear fuel cycle a
continuous process of renovation/upgrade/innovation has to be applied to the scientific infrastructures.
In paralel, similar effort has to be put in the renovation of the technical/radioprotection support
infrastructure, to ensure a continuous, reliable and efficient operation of the facilities in full
compliance with relevant, ever developing safety regulation. In particular, a significant degree of
flexibility in experimental conditions in hot cell must be achieved to be able to cover effectively fuel
compounds and materials with unconventional properties or configurations (e.g. atmosphere control,
handling tools and equipment adapted to different geometries, etc.). In the medium term, major
renovation has to be planned on the whole half-century old hot cell infrastructure.

With respect to scientific equipment, in addition to the ever improving possibilities offered by new
devices and techniques, two main lines of development are worth singling out: on one hand,
improving the local resolution of the measurement is necessary to be able to attribute measured
property values to a specific region and/or phase occurring in the highly heterogeneous irradiated fuel
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system; on the other hand, techniques providing information on the bulk conditions in the fuel are
necessary to remove artefacts created by surface preparation procedures necessary for most
examination techniques presently available.

Several tools are being installed, planned or under discussion for possible PIE applications in ITU.
Among others:

- Universal materials testing device;

- Cone-mandrel set-up for mechanical testing;

- Hot indentation apparatus;

- Focused ion beam;

- Digital microscopy;

- X ray densitometry/tomography applications;

- Furnace system for high temperature corrosion studies (Kora);

- Laser heating based system for melting and vaporization of irradiated fuel in hot cell;
- Raman probe for phase analysis.
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Abstract

Performance assessment of various in-core materials of Fast Breeder Test Reactor (FBTR) at Kalpakkam
has been carried out in the hot cell facility of Radiometallurgy Laboratory at IGCAR. FBTR uses a unique,
indigenously developed mixed uranium—plutonium carbide (U0.3 Pu0.7)C as the fuel and 20% CW SS316 as the
material for clad and wrapper. Performance evaluation of carbide driver fuel subassemblies through
post-irradiation examination (PIE) at various burnup levels was instrumental in extending the fuel burnup safely
to 165 GW-d-t™ from the initial design burnup limit of 50 GW-d-t™. Besides the carbide driver fuel assemblies,
the irradiation behaviour of various other core materials like the control rod (B4C pellets with stainless steel
clad) and the Nickel reflectors have also been investigated. FBTR finds application as a test bed for irradiation
experiments of 500 MW(e) Prototype Fast Breeder Reactor (PFBR) fuel and structural materials. Experimental
pin with MOX fuel composition of PFBR has been irradiated in FBTR and examined in the hot cells for
assessing the evolution of fuelclad gap evolution in the beginning-of-life and optimizing the duration of
pre-conditioning of the fuel in PFBR. As a part of life extension studies of FBTR, an irradiation experiment was
carried out to study the changes in mechanical properties of grid plate material at low dose irradiation. This
paper will discuss the results of PIE carried out for performance assessment of the unique FBTR mixed carbide
fuel and structural meaterials, control rod, nickel reflector subassembly and test irradiations of grid plate
specimens and MOX fuel.

1. INTRODUCTION

The Fast Breeder Test Reactor at Indira Gandhi Centre for Atomic Research (IGCAR), Kalpakkam
has been in operation since 1985 with a unique high plutonium content carbide fuel (Uq3Puy7C as the
driver fuel. The core has been progressively expanded by adding Mark I1 fuel (Ug.4s PugssC and MOX
fuel making the core a hybrid one. Performance evaluation of all the in-core materials had been
envisaged during the design of FBTR and a series of a-tight hot cells with inert nitrogen atmosphere
ventilation was established in the Radio Metallurgy Laboratory (RML) to carry out the post-irradiation
examination (PIE) [1]. The concrete shielded hot cells having 1200 mm thick high density concrete
wall are designed to handle radioactivity up to 3.7 x 107 GBq. The hot cells have state-of-art
equipment for carrying out a wide spectrum of non-destructive as well as destructive metallurgical
examinations. The non-destructive techniques employed include visual examination, dimensional
measurements, X ray and neutron radiographic examinations, eddy current testing, leak testing and
gamma scanning. The destructive examinations include metallography, fission gas extraction and
analysis, high temperature tensile tests, micro-hardness, swelling measurements, small specimen test
techniques and electron microscopy. Mixed carbide driver fuel and other core structural materials such
as the control rod assembly, nickel reflector assembly, etc., discharged from FBTR have been
examined in the hot cells. Since FBTR is being used for irradiation testing of advanced fuel and
structural materials for the future fast reactors, PIE has an increasing role to play in characterizing
their irradiation behaviour and in providing feedback to the designers.

2. PIEOFFBTR MIXED CARBIDE FUEL
2.1. Beginning-of-life perfor mance assessment of carbide fuel
One of the initial concerns of the designers in limiting the linear heat rating and burnup of the FBTR

fuel to 250 W-cm™ and 50 GW-d-t*, was the high swelling rate anticipated for the high plutonium
content carbide fuel based on the literature data available for carbide fuels up to 30% plutonium.
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Hence a series of irradiation tests were done on experimental fuel pins having Mark | & Mark 11 fuel
compositions irradiated to low burnups from 1.6-10 GW-d-t* (16100 effective full power days
(EFPD)). The aim of the experimenta irradiation was to study the fuel swelling and cracking
behaviour in the beginning-of-life period.

The fuel pins were subjected to radiographic and ceramographic examinations during PIE. The
examinations revealed that the swelling and cracking of the carbide fuel occurs within a few days of
irradiation thus reducing the fuel—clad gap and enhancing the gap conductance. Swelling rate was
found to be lower for Mark Il fuel as compared to Mark | fuel. The feedback from PIE gave
confidence to optimize the conditioning period at lower linear power and to increase the linear heat
rating of the fuel progressively to 400 W-cm™.

2.2. PIE of FBTR driver fuel subassemblies

Systematic performance evaluation of fuel and structural materials was carried out at different peak
burnups of (25, 50, 100 and 155) GW-d-t™ to understand the irradiation behaviour. FBTR fuel burnup
was progressively increased to 165 GW-d-t™* after considering the implications of extending the
burnup at each stage. The salient results of the PIE are presented in this section.

2.2.1. Evaluation of fuel performance
Radiographic examination

X radiography of fuel pins were done at different burnup levels to obtain data on the increase in fuel
stack length, reduction in pellet-to-pellet gap and pellet-to-clad gap and fuel pellet integrity. In
general, evaluation of the radiographs of fuel pins after 25 GW-d-t* and 50 GW-d-t*, revealed
presence of pellet-to-pellet gaps and pellet-to-clad gaps at the ends of the fuel column. In the case of
fuel pins of 100 GW-d-t™ burnup, the pellet-to-pellet gaps and pellet-to-clad gaps were not discernible
at the centre of the fuel column, while pellet-to-pellet gap was still observed at the end of the fuel
column. The radiography of 155 GW-d-t* fuel pins indicated the closure of pellet-to-pellet gap and
pellet-to-clad gap amost throughout the length of the fuel column. Figure 2.1 shows the X radiographs
of the fuel pin of 155 GW-d-t™ burnup. Figure 2.2 shows the trend in the increase in fuel stack length
as afunction of burnup, expressed in terms of the percentage of the initial fuel stack length (320 mm).
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FIG. 2.1. X radiographs of fuel pins after FIG. 2.2. Fuel swelling as a function of
155 GW-d-t™ burnup. burnup.

Neutron radiography of fuel pins [2] at different burnups did not indicate any evidence of actinide
redistribution. The fuel stack lengths measured from neutron radiographs compared well with that of
the measurements from X radiographs.
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Gamma scanning

Gamma scanning has been carried out on FBTR fuel pins which have seen a peak burnup of 100
GW-d-t* and 155 GW-d-t™, to assess the axia fission product distribution. Gamma scanning system
inside the hot cell has a precision scanning bench with four axis motorized stages for precise
movement of fuel pins with software for automated movement and acquisition of gamma spectrum.
Collimators of four different dimensions in the turret assembly established in the hot cell wall
facilitate a well defined region of the fuel pin to be seen by the detector. High purity germanium
(HpGe) based gamma spectroscopy system was used for gamma scanning.

Axial distribution profile of different fission products was obtained by acquiring gamma spectrum
from various locations along the length of the fuel pin. Gamma scanning clearly revealed migration of
caesium from the centre of the fuel column. Plenum regions also indicated the presence of caesium.
Axial distribution of ruthenium (Ru-106) indicated a smooth profile. Figure 2.3 shows the axial profile
of caesium and Ruthenium. Axia flux profile was estimated from the gamma count rates for
Ruthenium at various locations of the fuel column and the form factor is around 0.6 which compares
well with the reactor physics estimates.
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FIG. 2.3. Axial distribution of ruthenium and caesiumin the fuel pins.

Fission gasrelease

Fission gas was extracted by puncturing the fuel pins and the samples were analysed using gas
chromatograph. An improved double end fuel pin puncture chamber was used for extraction of fission
gas from high burnup fuel pins to facilitate puncturing and collection of fission gas from the top and
bottom plenums simultaneously. This was necessitated due to fuel—clad gap closure significantly
reducing the communication between the plenum regions.

In 25 GW-d-t™ burnup fuel pins, fission gas release was found to be less than 1%. In 50 GW-d-t*
burnup fuel pins, fission gas release varied from 8-18%. Fission gas release measurements after 100
GW-d-t* burnup indicated that the gas release is in the range of 4-14% [3]. The lower fission gas
release in 100 GW-d-t™* burnup fuel pins is attributed to the reduction in fuel operating temperatures
due to closure of fuel—clad gap. Maximum fission gas release estimated on 155 GW-d-t™ burnup fuel
pins was 16% and the corresponding internal pressure in the fuel pin was measured to be 2.1 MPa. The
ratio of xenon to krypton was estimated to be around 13. The helium content in the fuel pins at
different burnups indicated that most of the helium produced due to alpha decay is released from the
fuel matrix to the gas plenum. Figure 2.4 shows the volume of fission gases released and maximum
plenum pressure as a function of burnup.
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FIG. 2.4. Volume of fission gas released and plenum pressure as a function of burnup.

Ceramography of fuel—clad cross-section

Metallographic examinations of the fuel pin cross-sections at various stages of burnups has provided
valuable information on the fuel—clad gap and microstructural evolution of the carbide fuel. Figure
2.5 shows the photomosaics of fuel pin cross-sections at the centre of the fuel column after (25, 50,
100 and 155) GW-d-t™* burnups. Progressive reduction in the fuel—clad gap and radial cracks were
observed in 25 GW-d-t* and 50 GW-d-t* burnup fuel pins. The fuel—clad cross-section of 100
GW-d-t* burnup fuel pin revealed absence of the gap at the centre of the fuel column with
circumferential cracks whereas the cross-section at the end of the fuel column indicated presence of
fuel—clad gap of afew micrometers with radial cracks.

In 155 GW-d-t™ burnup fuel pins, the fuel—clad gap had closed completely aong the entire length of
fuel column with circumferential cracksin the centre and end of the fuel region indicating initiation of
fuel clad mechanical interaction (FCMI). The steep increase in the axia stack length of the fuel
column beyond 100 GW-d-t™ burnup measured from X radiographs (Fig. 2.2) is also indicative of the
restrained swelling in the radia direction. Exhaustion of porosities was noticed in the outer rim in 155
burnup fuel pin at the centre of the fuel column indicating that the fuel is undergoing hot
pressing/creep deformation due to fuel swelling under clad restraint. From the pellet diameters
measured by image analysis of photomosaics, the volumetric free swelling rate of fuel was estimated
to be around 1.2 at.% burnup at 25 GW-d-t* and 1 at.% burnup at 50 GW-d-t™ [4].

Microstructural examination of the clad did not indicate any evidence of carburization on the inner
diameter of the clad tube. Microhardness measurements across the clad wall thickness also did not
indicate any significant change in hardness values. Clad inner and outer diameters were measured
from the ceramographs. The maximum increase in cross-sectional area was estimated to be around
6.9% which isin good agreement with swelling measurements carried out on the clad.

2.2.2. Performance assessment of structural materials

Neutron irradiation of core structural materials induces two types of phenomena (i) changes in
dimensions associated with swelling and irradiation creep and (ii) degradation of mechanical
properties and embrittlement associated with microstructural evolution [5]. The irradiation induced
changes in mechanical properties is a function of neutron fluence (dpa) and the irradiation
temperature. The typical axia profile of dpa and irradiation temperature along the core length of the
fuel pinsin FBTR for 155 GW-d-t™* burnup fuel subassembly is shown in Fig. 2.6.
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FIG. 2.5. Micrographs of fuel pin cross-sections at the centre of fuel column at various burnup.

2.2.3. Metrology of hexagonal wrapper and cladding

The maximum increase in the dimensions of hexagonal wrapper and fuel pin was seen to occur in the
region of peak dpa close to the centre of the fuel column. The trends in the changes in corner-to-corner
distance (CCD) and flat-flat distance (FFD) of the wrapper and diametral strain of the fuel pin with
dpa are shown in Fig. 2.7. The hexagonal wrapper and the fuel pin did not indicate any increase in
their dimensions at low dpa irradiation corresponding to 25 GW-d-t* and 50 GW-d-t* burnups.
Beyond about 30 dpa, the dimensions of both the wrapper and fuel pin were seen to progressively
increase with increasing dpa. The rate of increase in the dimensions was higher beyond 100 GW-d-t™
burnup as compared to that at lower burnups. The maximum percentage increase in the fuel pin
dimensions was significantly higher than that of hexagonal wrapper dimensions on account of the
higher temperatures of the cladding (Fig. 2.6) close to the peak swelling temperatures of 20% cold
worked SS316. Similar trends were also observed in the void swelling estimates of clad and wrapper
samples determined from density measurements (Fig. 2.7).

Considering a nominal gap of 0.7 mm between adjacent fuel subassemblies in the FBTR core, the
dilation of 0.65 mm of the 155 GW-d-t™* burnup wrapper is one of the factors of concern, from fuel
handling considerations, for further increasing the residence time of the fuel subassemblies.

Mechanical properties of cladding and wrapper

The mechanical properties of irradiated SS316 cladding were determined by remote tensile tests
carried out on tube specimens sectioned from various locations along the length of the fuel pins
corresponding to a combination of dpa (0-83) and irradiation temperature (430-500°C). The tests
were conducted at temperatures corresponding to (i) reactor operation conditions (ii) fuel handling
operations (180°C) and (ii) ambient conditions (25°C). It was seen that the ultimate tensile strength
(UTS) of the cladding shows a significant decrease at displacement damages >60 dpa both in high
temperature and room temperature tests, while the uniform elongation was around 3-4.5% (Fig. 2.8).
Similar trends of decreasing UTS with increasing dpa have been reported in the literature [6].

The tensile properties of the hexagonal wrapper were evaluated by shear punch tests involving
blanking a 1.0 mm thick and 8.0 mm diameter specimen in atest fixture using aflat cylindrical punch.
The load displacement plot obtained during the punching operation was analysed and correlated with
the conventional tensile test data. Tensile-to-shear punch property correlation was established from
standardization experiments on various cold rolled and solution annealed specimens of SS316. Shear
punch tests were carried out at room temperature and irradiation temperature on the specimens
extracted from wrapper. The results indicate that there is an increase in the yield strength (Y'S) and the
UTS with increasing dpa (Figs 2.9-2.10) and a decrease in the ductility. The tensile properties of the
wrapper showed a hardening behaviour asits irradiation temperature is around 400-430°C.
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Electron microscopic studies of SS316 cladding and wrapper

Transmission electron microscopy (TEM) studies of hexagonal wrapper showed extensive void
formation beyond 40 dpa in addition to precipitation and dislocation loops. Figure 2.11 shows the
TEM micrographs at different dpa superimposed on the swelling curve. The void density showed a
progressive increase with displacement damage. The precipitates were identified to be mainly of
nickel and silicon enriched M6C type of n phase, whereas radiation induced G phase was also
observed at 83 dpa. The precipitates were found to be associated with the voids possibly due to the
growth of precipitates by diffusion of solutes along with surplus vacancies. The retention of cold
worked structure was unambiguously seen even after 83 dpa which suggests that no recrystallisation
has taken place and irradiation hardening is more prominent than the softening effects as indicated in
tensile properties [7].

To characterize the fracture surfaces of the tensile tested specimens, fractography of the irradiated clad
specimens was carried out by extracting the fractured region of the sample and subsequent
examination in SEM. Three fracture specimens have been extracted from the tensile tested clad tubes
corresponding to dpa levels of 13 dpa, 56 dpa and 83 dpa. Examination of the clad sample exposed to
13 dpa showed features similar to that of un-irradiated cladding. Fracture mode was found to be
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ductile with numerous dimples on the fracture surface. Examination of 56 dpa sample showed mixed
mode of fracture with predominantly brittle fracture. Faceted surfaces typical of channel fracture
reported in irradiated austenitic stainless steel, were observed [8]. Fractography of 83 dpa sample
shows completely brittle faceted surfaces. No indication of ductile fracture was observed in 83 dpa
sample. Figure 2.12 shows the SEM fractographs of 56 dpa and 83 dpa clad samples. The above
observations correlate well with the measured tensile properties of the irradiated clad at different ‘ dpa
levels.

PIE of FBTR mixed carbide fuel at different burnup levels has indicated excellent performance of the
fuel. The burnup limits arising out of various factors such as fuel swelling, porosity exhaustion, metal
phase formation, fuel—clad chemical interaction, etc., were thoroughly analysed and it was found that
fuel performance is not a life limiting factor. The main limiting factors for further enhancing the
burnup were (i) dilation of wrapper and its impact on the fuel handling operations and (ii) loss of
cladding mechanical properties. The thermomechanical analysis of the fuel subassembly based on the
PIE results indicated possibility of a marginal increase in the fuel burnup beyond 155 GW-d-t*. The
burnup of a one representative subassembly has been increased to 165 GW-d-t™.
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3. POST-IRRADIATION EXAMINATION OF CONTROL ROD ASSEMBLY OF FBTR

FBTR has six control rod assemblies with sintered boron carbide pellets (90% enriched in °B isotope)
inside SS316 cladding. One of the control rods was discharged after subjecting to a fluence level of
7.0 x 10% n-cm? to assess its irradiation behaviour and to investigate the cause of excessive load
encountered during raising of control rod beyond a particular axial position. It was aso required to
assess the swelling behaviour of boron carbide (B,C) pellets since volumetric expansion is one of the
life limiting factors of the control rod [9]. The control rod is of vented type design having nine boron
carbide pellets stacked to alength of 430 mm inside the cladding. It moves axially inside an hexagonal
sheath made of SS316 during raising/lowering and the interfaces have stellite coating/tracks. The
design fluence limit of FBTR control rod is 1.14 x 10% n-cm®,

Examinations carried out on the control rod assembly include precise dimensional measurements to
investigate the possibility of interference between the control rod and the outer sheath which can result
in excessive load, neutron radiography and X radiography to assess the integrity of the boron carbide
pellets and other internals of the control rod, density measurements to assess the swelling behaviour of
boron carbide pellets and metalographic examinations to study the cracking behaviour and
microstructural changes in the pellet and the clad. Laser ablation mass spectrometry was done to
estimate the depletion of °B in the pellets.

Dimensional measurements did not indicate any significant changes in the outside diameters of the
control rod or the inner diameters of the stellite tracks of outer sheath. Minor misalignments of the
order of 1.01 mm and 0.83 mm were observed in the axes of the control rod and the outer sheath. This
could have led to the interference between them during raising of power when the shoulder region of
the control rod begins to enter the top stellite track of the outer sheath.

Neutron radiography revealed that control rod internals are intact without any blockages which can
restrict coolant flow (Fig. 3.1). No gross depletion of °B was observed. Extensive cracking and
fragmentation were observed in the X radiographs particularly in the bottom pellets which have been
exposed to higher neutron fluence. Figure 3.2 shows the X radiographs of the boron carbide pellets
inside the control rod. X radiographs did not indicate any significant change in dimensions of the
pellets.

FIG. 3.1. Neutron radiographs of the bottom FIG. 3.2. X radiographs of B4C pelletsin the
portion of control rod showing support sleeve, control rod (a) top portion, (b) bottom portion.
insulation pellet and boron carbide pellet.

The control rod was cut using laser beam on a dismantling bench to retrieve the pellets from the clad.
Infiltration of sodium was observed within the fragmented pellets in the bottom region. Extraction of
bottom pellets was difficult due to the expansion of the pellet by the presence of frozen sodium within
the fragments.

Maximum volumetric swelling of around 2% was estimated from the density measurements of the
pellets. Ceramographic examination of three pellets each from the top, middle and bottom regions of
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the pellet column showed extensive cracking of the bottom pellet. No significant change in the
microstructure was observed in the three pellets examined. Metallographic examination of the control
rod cladding was carried out to study the interaction of boron carbide pellet and the cladding. The
microstructure of the clad cross-section did not indicate any significant interaction between the boron
carbide pellet and stainless steel cladding, revealing absence of absorber-clad chemical interaction as
observed by optical microscopy.

The isotopic ratio of °B/*'B was determined using Laser ablation mass spectrometer. The mass
spectrum clearly revealed the presence of “Li in the irradiated pellets confirming the consumption of
198. However, B depletion in all the pellets was found to be less than 1%.

PIE of control rod assembly has provided valuable information regarding the dimensiona changes in
the control rod, pellet integrity, swelling behaviour and B10 depletion in B4AC pellets. It has been
concluded that the excessive load encountered during raising of the control rod could be due to the
marginal interference between control rod and outer sheath. Pellet integrity assessment indicated that
due to extensive cracking and fragmentation, it may not be possible to reuse most of the pellets. The
PIE has clearly indicated that the boron carbide pellets and the structural materials have not reached
life limiting conditions.

4. PIE OF FBTR NICKEL REFLECTOR SUBASSEMBLY

One nickel reflector subassembly was discharged from the 4™ ring of FBTR core after attaining a
fluence level of 1.09 x 10”° n.cm? The design fluence limit for nickel subassembly is
1.14 x 10® n.cm™ Nickel subassembly was subjected to PIE to assess the swelling of the nickel
blocks, condition of the collapsible tube inside the nickel subassembly and the radial gap between the
nickel blocks and he hexagona wrapper. It is well known that neutron induced swelling is higher in
high purity nickel than that of nickel with impurity content [10]. Nickel blocks used in FBTR reflector
subassembly have an impurity content of 0.6%.

PIEs carried out on the nicke subassembly include non-destructive examinations such as neutron
radiography and gamma autoradiography to examine the internals of the nickel subassembly such as
the collapsible tube and the spacing between the hexagonal wrapper and the nickel blocks.
Dimensional measurements were done on the hexagonal wrapper and the nickel blocks after
dismantling the subassembly and retrieving them from the wrapper. Volume and density of the nickel
blocks were measured to estimate the irradiation induced swelling.

Neutron radiography has indicated that the collapsible tube has undergone deformation due to axial
expansion of the nickel blocks (Fig. 4.1). Interior of the subassembly was found to be free of sodium
and the nickel blocks could be retrieved without any difficulty. Dimensional measurements on the
nickel blocks have revealed that the radial gap between the blocks and the hexagonal wrapper has
reduced from 3-2 mm. Total axia expansion of the nickel blocks has been measured to be 7 mm. This
has been confirmed from gamma autoradiography of the head portion of the subassembly. Density
measurements carried out on the nickel blocks have indicated that the maximum volumetric swelling
is of the order of 3.6%. This correlates well with the dimensional measurements. Figure 4.2 shows the
density variation in the nickel blocks.

PIE of the nickel reflector subassembly has indicated that radial gap is still available between the
nickel blocks and the hexagonal wrapper and enough margin is available for accommodating axial
expansion of the nickel blocks. The life of other nickel reflector subassemblies in the core can be
extended further without any concern regarding the mechanical interaction between the nickel blocks
and the wrapper.
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FIG. 4.1. Neutron radiograph of nickel FIG. 4.2. Density variation in the nickel blocks.
subassembly showing the collapsible tube.

5. BEGINNING-OF-LIFE GAP CLOSURE BEHAVIOUR OF EXPERIMENTAL PFBR
MOX FUEL PIN

The Protoype Fast Breeder Reactor (PFBR) will use mixed oxide fuel with two different PuO,
compositions, 21+1% and 28+1% for the two enrichment zones. The fuel pellets are of annular type
designed to operate at a peak linear heat rating (LHR) of 450 W-cm™. However, the fabrication
tolerances in the fuel pellet dimensions may result in higher fuel—clad gap resulting in lower gap
conductance. To limit the central line temperature within the permissible limits, linear heat rating of
fresh fuel will be limited to 400 W-cm™ in the initial phase. Subsequent to the restructuring of the
pellet by swelling and cracking and resulting improvement in the gap conductance, LHR will be
enhanced to the rated power of 450 W-cm™.

To evauate the beginning-of-life gap-closure behaviour and to arrive at the optimum duration of
preconditioning of fresh fuel, an experimental MOX fuel pin of PFBR fuel composition
(Uo71 Puo29)O, was irradiated in FBTR for a duration of 13 days in an irradiation capsule at a
maximum linear power of 400 W-cm™. This fuel pin has a fissile column length of 240 mm. The fuel
pin was extracted from the capsule in the hot cells, sectioned at five axial locations along the length of
the fuel column and remote metall ography was carried out on these sections.

Fuel-clad radial gap was estimated from the metallographic images at six circumferential locations in
the fuel—clad cross-sections. The average radial gap was calculated and compared with that of the
unirradiated fuel pin. The typical photomosaic of the fuel pin cross-section at the centre of the fuel
column (120 mm from the top of the fuel column) is shown in Fig. 5.1. The photomicrograph shows
the presence of a few radial cracks. Polished fuel cross-section was chemicaly etched for
microstructural examination. Fig. 5.2 shows the microstructure having evidence of grain growth in the
intermediate zone of the pellet.

PIE has reveaed that the fuel—clad gap has reduced considerably from the pre-irradiation radial gap
of around 75-110 micrometers to around 13 micrometers throughout the fuel column length after
irradiation for 13 days. Cracking of the pellets and relocation of the fuel has resulted in reduction of
the fuel—clad gap. The early closure of the fuel—clad gap is a valuable feedback indicative of the
optimum preconditioning period required for the fresh fuel before enhancing the LHR to the design
value.
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FIG. 5.1. Photomosaic of MOX fuel pin cross- FIG. 5.2. Microstructure of MOX fuel pin.
section at the centre of the fuel column.

6. MECHANICAL PROPERTY EVALUATION OF FBTR GRID PLATE MATERIAL

FBTR has been in operation for more than 25 years. As a part of the life extension programme of the
FBTR, an assessment of the irradiation induced degradation of FBTR grid plate was undertaken. The
performance of the grid plate which supports the core subassemblies is one of the factors considered
for extending the life of FBTR. The grid plate of FBTR (SS316) operating at a temperature of about
350°C experiences a cumulative neutron dose of afew dpa over its lifetime. An accelerated rradiation
experiment was performed in FBTR to characterize the mechanical property changes of the SS316
grid plate material subjected to low dose irradiation.

The experimental subassembly used for this test consisted of an irradiation capsule with five
compartments in which prefabricated miniature tensile and disc specimens of FBTR grid plate
material (SS316) were stacked. The experimental assembly was irradiated in the 4th ring of FBTR for
aduration of 58.18 EPFD. The temperature of the irradiation was around 350°C and the accumulated
displacement damage ranged from about 1.08 dpa (displacement per atom) to a maximum of 2.57 dpa
at the center of the capsule.

The irradiated experimental subassembly was received in hot laboratory (RML) and dismantled using
laser cutting to retrieve the irradiated tensile and disc specimens. Remote tensile tests were carried out
on the irradiated tensile specimens at temperatures of 25°C, 350°C and 400°C using a universal testing
machine installed in the hot cells. As conventional or readily available grips did not exist for
ambient/elevated temperature tests of miniaturized tensile specimen (12.7 mm gage length, 3 mm gage
width, 1 mm thick), considerable efforts went into development of miniaturized wedge type grips and
accessories for carrying out the remote tensile tests.

The stress—strain curves of the irradiated SS316 tested at 350°C are shown in Fig. 6.1. It can be seen
that the irradiated SS316 undergoes an increase in Y S and UTS with respect to the unirradiated values
for al the dpa conditions. Up to 1.08 dpa, this hardening results in negligible changes in uniform
elongation (UE). Above 1.08 dpa, the increase in Y S is considerably higher than the increase in UTS.
The narrowing of the difference between Y S and UTS with increase in dpa results in the reduction of
uniform elongation to about 20% for the specimen irradiated to 2.57 dpa. The trends in the YS, UTS
and per cent UE of irradiated SS316 tested at 350°C are shown in Fig. 6.2. These results are consistent
with the results of irradiated SS316 reported in the literature [11]. The effect of low dose neutron
irradiation on the material properties is considered in the design standard of FBR structural materials
by limiting the accumulated neutron irradiation to maintain ductility above 10%. A uniform elongation
of above 20% at test temperatures of 28°C, 350°C and 400°C of SS316 indicates retention of adequate
ductility in SS316 grid plate of FBTR for an accumulated fast neutron dose of 2.57 dpa.
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FIG. 6.1. Stress—strain curves of SS316 irradiated FIG. 6.2. Trendsin YS UTSand per cent UE of
to various displacement damages and tested at irradiated SS316 tested at 350°C as a function of
350°C. dpa.

7. SUMMARY

The stage wise performance assessment of the plutonium rich mixed carbide fuel of the Fast Breeder
Test Reactor (FBTR), starting from beginning-of-life performance studies and subsequently at various
stages of burnup has led to a comprehensive understanding of the fuel and structural material
irradiation behaviour. Compared to the initial design limit of 50 GW-d-t*, the burnup reached
165 GW-d-t* for the plutonium rich mixed carbide fuel. PIE has thus played a crucia role in
validating the design and choice of the unique fuel material of FBTR, thereby increasing its in-reactor
life. Besides the driver fuel assembly, the performance evaluation of various other core materials like
the control rod subassembly and nickel reflector subassembly has provided valuable information on
swelling and dimensional changes under fast neutron irradiation. Mechanical property evaluation of
grid plate material has provided crucial feedback for the life extension programme of FBTR. PIE
inputs from the examination of PFBR MOX fuel will be significant for the economical operation of
PFBR.
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Abstract

Development and status of hot laboratory in Nuclear Power Institute of China was presented. Main
activities of post-irradiation examination on nuclear fuels, including testing fuel bundles for PWRs and
dispersion fuels for research reactors were also generally described.

1. INTRODUCTION

Nuclear Power Institute of China (NPIC) was a research center for PWRs in China. Two research
reactors were operated by NPIC, one of which, was the High Flux Engineering Test Reactor (HFETR,
Figs 1.1-1.2). Since 1980, HFETR was in operation for more than 30 years. Various kinds of testing
fuel assemblies have been irradiated, and, then examinated in hot laboratory. An overview of activities
and an status of those post-irradiation examinations (PIES) is briefly presented in this paper.

FIG. 1.1. Main building of HFETR. FIG. 1.2. Reactor core of HFETR.

2.  HOT LABORATORY

A complex of hot cells was built just aside the HFETR during same period of construction. Two lines
on the second floor were used for PIE of fuels (Fig. 2.1), which is connected with the spent fuel pool
of HFETR by an underwater transfer channel. A line of semi hot cell on the first floor (Fig. 2.2) was
used for mechanical testing of reactor structure material. From 2006-2011, two rounds of
refurbishments and upgrading of hot cell facilities were performed. The main capacity of the hot
laboratory islisted in Table 2.1.
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FIG. 2.1 Hot cells for dismantling and NDT. FIG. 2.2. Semi-hot cells for mechanical testing.

TABLE 2.1. MAIN CAPACITY OF THE HOT LABORATORY

Majority Items

Physical Metallurgical analysis (OM), SEM, EDS, corrosion, differential scanning
analysis calorimeter (DSC), high temperature annealing, density measurement.

M echanical Tensile testing, pendulum impact testing, drop-weight impact testing,
testing compression testing, low cycle fatigue, fracture toughness, bend testing,

microhardness testin, burst testing.
Non destructive  Visual inspection (VT), X ray and y ray testing (RT), ultrasonic testing (UT),
testing leakage testing (L T), penetration testing (PT), eddy current testing (ET),
profilometry measurement.
Radiochemical ~ Water chemistry analysis, burnup determination, isotope separation.
analysis

3. POST-IRRADIATION EXAMINATIONS ON FUELS
3.1 Disassembly of fuel elements

For the disassembly of irradiated fuel assemblies, 2 miller and 1 laser cutting machines were deployed
in 3 hot cells respectively. A small cutting saw was also used for precious sampling.

3.2 Visual examination

Visual examination was performed in the spent fuel pool and hot cell respectively. Surface conditions,
such as obvious deformation, defects, damage could be determined (Fig. 3.1). Water proof and
radiation resistance cameras were used in most occasions.

3.3 Profilometry measurement

Deformation and curvature of fuel elements were measured in hot cell with a remote controlled 3-D
coordinator machine. Also a LVDT apparatus and a laser beam device were used to measure the
variation of fuel rod diameter (Fig. 3.2).

34 Xray radiography

X ray radiography was used as a non-destructive testing to inspect the defects, uniformity and

structural integrety of fuel elements (Fig. 3.3). The X ray generator can reach high voltages up to 450
kV.
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3.5 T profilometry scanning

Relative burnup distribution of fuel elements was measured by y profilometry scanning. **'Cs was
used as the monitoring isotope for counting. Axial distribution of burnup of aHFETR fuel elementsis
shown in Fig. 3.4. Due to tubular structure and core loading of HFETR, the outer fuel tube reached
high burnup, and lowest burnup corresponding to 3 tube which was in the middle layer.

FIG. 3.1. Underwater visual inspection of fuel element (left: top end of HFETR fuel element; right:
bottom end of a testing PWR fuel bundle).
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FIG. 3.2. Fuel rod diameter variation (mm). FIG. 3.3. HFETR fuel element X ray
radiography.

3.6 Burnup determination
Fuel elements could be dismantled and sampled to absolute burnup determination. The uranium
isotope was separated and measured by mass spectrometer. Averaged burnup of HFETR fuel tube and
axial distribution were in good accordance with they profilometry results (Fig. 3.5).
3.7 Microstructureanalysis
The evolution of microstructure was a big concern during irradiation. Microstructure was examinated
by a remote controlled optical microscopy (OM, LeikaMef4A, Fig. 3.6) in hot cell. Conjunction

between cladding and fuel meat (Fig. 3.7), cracks and microvoidsin pellets can be examinined.

Further more, a customized scanning electron microscopy (SEM) was used for fractograghy of
irradiated materials. Figure 3.8 showes microviods and porosity of a PWR fuel pellet.
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FIG. 3.5. Burnup distribution of fuel tube

FIG. 3.4. I profilometry of fuel tubes. (axial position (mm) vs. burnup (at.%)).

FIG. 3.6. OM in hot cell. FIG. 3.7. Conjunction of fuel meat and cladding.
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FIG. 3.8. SEM of irradiated UO..

3.8 Bligteringtesting

For dispersion fuel elements, high temperature blistering can lead to fuel failure. So it was important
to determine the initial threshold temperature at which blistering occurs. A high temperature furnace
was installed in hot cell to perform blistering testing for fuel tubes in full length. A blistering test for a
HFETR fuel tube showed that threshold temperature was more than 500°C. Results are shown in
Figs 3.9-3.10.

3.9 Burst testing

Burst testing of cladding tube for PWR fuel, could be performed in hot laboratory, both at ambient
temperature and 350°C. A failed tube and strain vs. inner pressure relationship of burst testing is
shown in Figs 3.11-3.12.
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FIG. 3.9. Blistering of fuel tube. FIG. 3.10. Separation of cladding and fuel
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FIG. 3.11. Failed tube. FIG. 3.12. Strain vs. inner pressure relationship.

4. CONCLUSIONS

NPIC hot laboratory plays a very important role in PIE of nuclear fuel in China. With the
reconstruction of several hot cells and a renewa of instruments and facilities, more PIE work will be
performed in the NPIC hot laboratory in the next decade.
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Abstract

The US Department of Energy (DOE), Office of Nuclear Energy (NE) oversees the efforts to ensure
nuclear energy remains a viable option for the United States of America. A significant portion of these efforts are
related to post-irradiation examinations (PIE) of highly activated fuel and materials that are subject to the
extreme environment inside a nuclear reactor. As the lead national laboratory for nuclear energy, Idaho National
Laboratory (INL) has arich history, experience, workforce, and capabilities for performing PIE. However, new
advances in tools and techniques for performing PIE now enable understanding the performance of fuels and
materials at the nano-scale and smaller level. Examination at this level is critical since thisis the scale at which
irradiation damage occurs. The INL is on course to adopt advanced tools and techniques to develop a
comprehensive nuclear fuels and materials characterization capability that is unique in the world. Because INL
has extensive PIE capabilities currently in place, a strong foundation exist to build upon as new capabilities are
implemented and workload increases. In the recent past, INL has adopted significant capability to perform
advanced PIE characterization. Looking forward, INL is planning for the addition of two facilities that will be
built to meet the stringent demands of advanced tools and techniques for highly activated fuels and materials
characterization. Dubbed the Irradiated Materials Characterization Laboratory (IMCL) and advanced post-
irradiation examination capability, these facilities are next generation PIE |aboratories designed to perform the
PIE work that cannot be performed in current DOE facilities. In addition to physical capabilities, INL has
recently added two significant contributors to the Advanced Test Reactor-National Scientific User Facility
(ATR-NSUF), Oak Ridge National Laboratory and University of California Berkeley.

1. INTRODUCTION [1-3]

The US Department of Energy (DOE) Office of Nuclear Energy (NE) oversees the research,
development, and demonstration activities that will ensure nuclear energy remains a viable energy
option for the United States of America. Fuel and material development through fabrication,
irradiation, and characterization play a significant role in accomplishing the research needed to support
nuclear energy. All fuel and material development requires the understanding of irradiation effects on
the fuel performance and relies on irradiation experiments ranging from tests aimed at targeted
scientific questions to integral effects under representative and prototypic conditions.

The DOE recently emphasized a solution driven, goal oriented, science based approach to nuclear
energy development. Nuclear power systems and materials were initially developed during the latter
half of the 20™ century and greatly facilitated by the United States of America's ability and willingness
to conduct large scale experiments. Fiftytwo research and test reactors were constructed at what is now
Idaho National Laboratory (INL), another 14 at Oak Ridge National Laboratory (ORNL), and a few
more at other national laboratory sites. During this time, the United States of America embraced a
regulatory process that relied, and still relies, heavily on the use of experiments to confirm the ultimate
safety of nuclear power systems and materials.

Building on the scientific advances of the last two decades, our understanding of fundamental nuclear

science, improvements in computational platforms, and other tools can now enable technological
advancements with less reliance on large scal e experimentation.
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Advanced tools and techniques enable the science based approach to emphasize an understanding of
the behaviour of fuels and materials in a nuclear reactor irradiation environment at the nano-scale and
smaller. Understanding of nuclear fuel and material performance in the nuclear environment at this
scale is critical to the development of the innovative fuels and materials required for tomorrow’s
nuclear energy systems since thisis the scale at which irradiation damage occurs. This of courseisthe
driving need for establishing an advanced PIE capability at INL that can perform PIE on highly
activated fuels and materials at ever increasing levels of sophistication.

2. GOALS[2]

Idaho National Laboratory has a vision to develop a consolidated PIE complex at the INL Materials
and Fuels Complex (MFC), which is unique in the world in terms of comprehensive characterization
and analytical capabilities applied to nuclear fuels and materials and efficient operations. In some
cases, new capabilities beyond the current state-of-the-art need to be developed and implemented to
perform detailed measurements. Such detailed measurements were not necessary in the more
traditional empirically based approach that was used in previous fuel development and qualification
programs.

3. CHALLENGES[3,9]

Traditional PIE capabilities at US DOE laboratories, universities, and in the private sector are widely
distributed and lack the state-of-the-art capability necessary to meet the US nuclear energy mission
need. Current PIE capabilities will continue to be necessary to serve basic needs for fuel examination,
material handling, and waste disposal but are limited in their ability to function on the micro, nano,
and atomic scale. The DOE-NE mission will be difficult to achieve without establishing a suitable
nuclear facility environment that can accommodate these capabilities for research on highly
radioactive fuels and materials. In addition, DOE seeks to make these capabilities available to the
broader nuclear energy research community as a user facility concept, similar to the INL Advanced
Test Reactor-National Scientific User Facility (ATR-NSUF), to enable the United States of Americato
effectively harness the intellectual capital of the country to advance US research and development
(R&D) goals and objectives.

4. CURRENT CORE CAPABILITIES[2, 4, 10]

Idaho National Laboratory is the United State of America' s only DOE laboratory with a core mission
of supporting the development of nuclear energy. INL has along history of performing PIE to support
various DOE programs and has an existing trained workforce, with considerable expertise in fuels and
materials technology. This expertise forms a foundation to build upon as new capabilities are
implemented and workload increases.

At INL, the core nuclear and radiological facilities needed to support PIE R&D capabilities already
exist, e.q.:

(& Hot Fuel Examination Facility (HFEF) with neutron radiography capability, a large inert
environment hot cell facility with the ability to receive and process large material and fuel
components,

(b)  Analytical Laboratory (AL), focused on analysis of irradiated and radioactive materials;

(c) Electron Microscopy Laboratory (EML), radiological facility containing optical, scanning, and
analytical microscopes;

(d) Fuels and Applied Science Building (FASB), used for fuel development, materias
characterization and irradiated material s testing;

(e) Carbon Characterization Laboratory (CCL), used to conduct both pre-irradiation and post-
irradiation material property measurements of carbon/graphite materials;

(f)  Center for Advanced Energy Studies (CAES), by design, the CAES research facility operatesin
the same manner as universities do; in the case of low risk radiological research, this approach
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provides a cost-effective, innovative, and productive environment for exploring fundamental
science questions and executing basic research complementary to research at INL site facilities.

The majority of these facilities exist at MFC while CCL and CAES are located at the INL Research
and Education Campus (REC). INL also has close proximity to irradiation facilities like ATR and the
Transient Reactor Experiment and Test (TREAT) facility. INL’s current capabilities are outlined in
more specific detail in Tables 4.1-4.7. Recently many of these current capabilities, particularly the
macroscopic examination capabilities, have undergone or been scheduled for refurbishment.
Coallectively, the combined capabilities at INL now provide the most comprehensive capability in the
United States of America.

TABLE 4.1. NON-DESTRUCTIVE EXAMINATION CAPABILITIES

Capability Description

Neutron radiography 250 kW TRIGA reactor, two beam tubes and
two separate radiography stations.

Precision gamma scanning Measures fission and activation—product
activity distribution.

Dimensional inspection Continuous contact profilometer. Measures

diameter profiles.

Element/capsule bow and length examination ~ Measures distortion (bow) and length of fuel

elements.

Visual exam Dedicated workstation, and in-cell exam
stage.

Eddy current examination Measures material defects

High precision specific gravity measurements  Pycnometer and immersion scales

TABLE 4.2. SAMPLE PREPARATION CAPABILITIES
Preparation type Preparation
Solid metallography Sectioned and cut
Mounted into metallographic bases

ground and polished
Gas sampling Laser puncture and gas collection

TABLE 4.3. CHEMICAL, ISOTOPE, AND RADIOLOGICAL ANALY SIS CAPABILITIES

Elemental / chemical mass concentration and isotopic analyses

Inductively coupled plasma mass spectrometry (ICP-MS) with dynamic reaction cell (DRC)
Inductively coupled plasma atomic emission spectroscopy (ICP-AES)

Carbon, oxygen, and nitrogen analysis

Atomic absorption analysis

Thermal ionization mass spectrometry (TIMS)
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TABLE 4.3. CHEMICAL, ISOTOPE, AND RADIOLOGICAL ANALY SIS CAPABILITIES

(cont.)

| sotope mass separator

Gross and isotopic radiological analysis
Gross alpha/beta analysis

Gamma spectroscopy analysis

Alpha spectroscopy analysis
Micro-gamma analysis

Beta spectroscopy analysis

TABLE 4.4. MECHANICAL PROPERTY EXAMINATION CAPABILITIES

Capability

Equipment

Metallography

Microhardness testing
Tensile testing

Shear punch testing

Leitz metallograph or Olympus 1X70 optical
microscope (up to x 1500) at EML

LECO AMH43 microhardness tester

FASB or HFEF Instron tensile tester w/
furnace (1600°C)

FASB or HFEF Instron tensile tester w/
furnace (1600°C)

TABLE 4.5. THERMAL PROPERTY EXAMINATION CAPABILITIES

Capability

Thermal diffusivity (laser flash method and scanning diffusivity analysis)

Differential scanning calorimitry (DSC)

High temperature accident testing of HTGR fuel

TABLE 4.6. MICROSTRUCTURE PROPERTY ANALY SIS CAPABILITIES

Capability

Equipment

Scanning transmission electron microscope
(STEM)

Scanning electron microscope (SEM) with
energy dispersive (EDS) and wavelength
dispersive X ray spectrometers (WDS) and
electron back scatter diffraction detector
(EBSD)

Dual beam focused ion beam (FIB)

JEOL 2010, 200 kV, 2000-1 500 000 x,
equipped with energy dispersive X ray
spectrometer

JEOL JSM 7000F FEG SEM, up to 30 kV and
600 000 x.

Zeiss DSM 960a SEM, up to 30 kV

LEO 1455 VP SEM, up to 30 kV, operates at
higher pressures

FEI Quanta 3D FEG, up to 1 280 000 x, ion
source enables site specific sectioning of
materials for 3D analysis or high resolution
TEM characterization
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TABLE 4.6. MICROSTRUCTURE PROPERTY ANALY SIS CAPABILITIES (cont.)

Shielded electron microprobe Capable of analysing elements from Be
through Cm with full matrix correction,
including fission gases on samples

X ray diffractometer Micro diffractometer performs micro-scale
phase identification, small-sample powder
diffraction and texture determination

TABLE 4.7. RECENT CAPABILITY ADDITIONS
Capability Equipment

Nano indentation CAES — Hysitron Tribo Indenter (T1-950)
yields relation of mechanical propertieson a
very small length scale

Dual beam focused ion beam (FIB) CAES — FEI Quanta 3D Field Effect Gun
enabl es site specific micro sampling for usein
TEM characterization

Field effect gun-scanning transmission CAES — Tecnai TF30 Field Effect Gun Super

electron microscope (FEG-STEM) Twin (STwin) with scanning transmission
€lectron microscope, 300 kV provides better
penetration of heavy element nuclear fuels and
better resolution with ferritic/martensitic
materials

Local electrode atom probe (LEAP) CAES — Imago LEAP 4000X HR, creates
atom-by-atom maps by extracting atoms from a
needle shaped sample tip then using time of
flight spectroscopy to determine the specific
atom type. 3D reconstruction of up to hundreds
of millions of atoms

Scanning electron microscope (SEM) CAES — JEOL JSM-6610LV/TMP SEM with
EDX and EBSD systems,

Scanning thermal diffusivity microscope AL — Shielded in-cell thermal properties

(STDM) measurements

Electron probe micro analyser (EPMA) AL — Elemental redistribution, coupled with
FIB gives atomic scale elemental redistribution
anaysis

Carbon oxygen nitrogen analyser AL — LECO — provides elemental analysis

5. FUTURE CAPABILITIES[3, 5-7, 9, 10]

Idaho National Laboratory hosts alarge variety of PIE capabilities and is upgrading and adding more.
For example, INL currently has plans to stand up an irradiation assisted stress corrosion cracking rig
(IASCC) in FASB to provide valid crack growth data on unirradiated benchmark material specimens.
INL also plansto stand up a hot cell electron discharge machine (EDM) for use in sample preparation.

Feedback from potential users was recently solicited viathe US National PIE Workshop to ensure any
new capability is optimized for customer needs. The workshop helped identify many needs that are
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currently unfilled as well as capabilities that otherwise do not meet current needs due to capacity,
configuration, etc. The top four needs identified in the workshop are as follows:

(@ Instrumentation that supports analysis of materials at the nano-scale to support increasing
knowledge of mechanisms that causes material degradation at the nano-scale. As such, an
advanced PIE facility designed and constructed to support analysis on highly activated fuels and
materials that incorporates strict environmental controls (vibration, electro-magnetic
interference, temperature, etc.) and can also support environmental testing of materials (e.g.
high temperature testing) with sample storage and preparation that is adjacent to other
irradiation and PIE capabilities to support the advanced characterization toolsis critical.

(b)  Coupling the advanced characterization capabilities with advanced modelling so that better and
more predictive models can be developed, thus reducing the need for extensive empirical
integral effects testing.

(c)  Accessibility and infrastructure that support sharing of data and creating administrative systems
that facilitate collaborations with entities that are subject to different constraints than national
laboratories. This need includes the physical infrastructure to perform PIE and the non-physical
needs of creating systems that are flexible to deal with entities (i.e. national laboratory, industry,
university) and projects (e.g. experiment, project and reactor timeline vs. career scale) that have
different time cycles and support the development, hiring, and retention of nuclear material
R&D talent.

(d)  Pursued development of in situ techniques, analys's, and instrumentation that supportsreal time
data acquisition for deformation mechanics, damage development, and other time resolved
measurements. In situ characterization shows the development of material characteristics with
time compared to traditional static PIE work.

The reinvigoration of nuclear fuels and materials research is bringing new and different tools to PIE
and nuclear and radioactive materials characterization. These new tools, and the research materials
examined with them, require unique, reconfigurable, accessible, modularized support facilities that are
not presently available at INL. To support the INL’s customers, the CAES will house many of these
new instruments that focus on nano-scale and atomic-level characterization, where examinations can
be completed using micrograms or nanograms of irradiated specimens prepared at the MFC. As new
capahility is created by the scientific community, the CAES will be the entry point for bringing new
analysis technologiesto the INL.

The rapid evolution of analytical electron microscopes and the advent of high performance computer
interfaces with instruments were not envisioned when many of the existing facilities were constructed
at INL. A new laboratory operational model will promote and support continual implementation of
state-of-the-art tools and technologies.

To meet the needs of the future, INL is standing up new capabilities that have the sophistication and
refinement to house next generation PIE characterization equipment. The near term capability is the
Irradiated Materials Characterization Laboratory (IMCL); the subsequent longer term facility will be
an Advanced Post-Irradiation Examination capability.

5.1. Irradiated Materials Characterization Laboratory (IMCL)

The IMCL (see Fig. 5.1) will be the first facility of its type in the United States of America designed
specifically for advanced instrumentation and equipment. The IMCL will contain space for installation
of instruments and equipment within shielding structures that can be redesigned and refitted whenever
necessary. The IMCL will also have mechanical systems that tightly control temperature, electrical
and magnetic noise, and vibration to the standards required for advanced analytical equipment.
Although some of the advanced characterization equipment is already in use in other industries, IMCL
will be unique in the United States of America because the equipment will be housed in a nuclear
facility and dedicated to the examination of irradiated fuels and materials.
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FIG. 5.1. Irradiated Materials Characterization Laboratory.

Designed as a multipurpose facility suitable for many different missions over its projected 40 year life,
the IMCL will have as its first mission the task of housing modern, state-of-the-art PIE
instrumentation. The IMCL will be used to routinely perform micro- and nano-scale characterization
of material specimens and irradiated fuel samples in the mass range of tens of grams down to micro-
grams. The facility will also be designed to allow easy routine maintenance of the instruments. The
initial suite of equipment planned for installation into IMCL includes:

(@)  Electron probe micro analyser (EPMA);

(b)  Focused ion beam (FIB);

(c)  Micro-X ray diffractometer (MXRD);

(d) Field effect gun-scanning transmission electron microscope (FEG-STEM);
(e) Mechanica testing;

(fy  Sample preparation.

5.2. Advanced post-irradiation examination facility

Although the IMCL represents a significant advancement over current US nuclear energy R&D
capabilities, DOE has approved the mission to significantly expand the PIE and full-spectrum nuclear
research capabilities of the United States of America through various aternatives, primary among
them is a new multi-programme facility called the Advanced Post-Irradiation Examination capability
(see Fig. 5.2). This capability will handle considerably more sample and examination equipment than
current facilities, both in types and quantities. The individua equipment and capabilities added will be
based on an evaluation of need benefit and cost. As the project matures and the anticipated facility is
built, some of the capability demonstrated in IMCL will transition to the new facility, freeing up
IMCL to take on a key role of developing and deploying the next generation of “state-of-the-art”
examination equipment. This would be consistent with the useful lifetime of such research equipment
and would provide the newer facility with demonstrated state-of-the-art instrumentation.

The process for achieving advanced PIE capabilities in the United States of America, inclusive of
standing up the advanced post-irradiation examination capability, recently marked a major milestone
with the approval of the Mission Need Statement in January 2011. The Advanced Post-Irradiation
Examination facility alternative is anticipated to be a modular design to facilitate equipment specific
shielding and flexibility for future equipment development, configuration alteration, and ease of
replacement. Theinitial suite of equipment anticipated for installation includes:

(@ Cask receipt;

(b) Comprehensive sample preparation;
(c) Expanded mechanical testing;

(d) Focused ion beam (FIB);

119



(e)  High temperature X ray diffractometer (HT-XRD);

(f)  Local electrode atom probe (LEAP);

(g  Secondary ion mass spectrometer (SIMS);

(h)  Full suite of thermal property characterization: laser flash thermal diffusimeter (LFD), STDM,
differential scanning calorimeter (DSC), thermogravimetry (TGA)

(i)  Knudsencell;

(i)  Auger electron microprobe (AEM);

(k)  Positron annihilation spectrometer (PAS);

()  Advanced transmission electron microscope (TEM);

(m) Atomic force microscope (AFM);

(n)  Laser resonant ultrasound spectrometer (LRUS);

(0)  Nuclear magnetic resonance using Raman spectroscopy;

(p)  Anklylography.

FIG. 5.2. Advanced post-irradiation examination.

6. PARTNERSHIPS/ATR-NSUF [§]

In addition to increasing physical capabilities through equipment and facilities, INL is expanding its
partnerships and collaborations. Recently the ART-NSUF added ORNL and the University of
Cdlifornia Berkeley as facility partners. Such partnerships increase access to national irradiation and
testing capabilities and provide greater flexibility to respond to user needs.

The new partnerships will make ORNL's High Flux Isotope Reactor (HFIR) and its associated
capabilities available to the ATR-NSUF users. The HFIR is a versatile, 85 megawatt isotope and test
reactor that provides one of the highest steady state neutron fluxes of any reactor in the world.
Irradiation experiment facilities include a wide variety of test positions, a hydraulic shuttle, and the
capability for multiple instrumented target positions. Target fabrication, hot cell facilities for the
examination of nuclear fuels and irradiated materials, the Radiochemical Engineering Development
Center, and a set of special radiological laboratories at ORNL will also join the partnership. HFIR is
operated by DOE, Basic Energy Sciences.

University of California Berkeley will bring several capabilities for examining irradiated material
samples. Its facilities include a nano-indentation system for nano- and microscale hardness testing at
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ambient and elevated temperature and inert environments, positron annihilation spectroscopy, and
warm sampl e preparation.

7. CONCLUSIONSI3]

The DOE'’s ability to build a technical foundation to sustain the long term contribution of nuclear
generation to meet US energy needs will be significantly hampered without obtaining a fundamental
understanding of irradiation behaviour at the nano-scale and below. All significant advances in nuclear
energy technology will rely on the development of improved performance of fuels and more durable
materials. Development of improved fuels and materials relies on the fundamental understanding of
the effects of irradiation, which in turn relies on a programme that couples experimental investigation
with modelling and simulation. Current PIE capability does not provide the information required to
obtain the fundamental understanding to continue to advance nuclear technology as an economical and
sustainable energy source.

For this reason, INL has embarked on a significant effort to expand its already extensive capability to
perform PIE through the addition of physical capabilities to the addition of partnerships. These
capabilities will be expanding with the installation of state-of-the-art nano- and atomic-scale
characterization equipment and the addition of two new facilities, IMCL and Advanced Post-
irradiation Examination Facility, which will follow a reconfigurable and flexible design plan to ensure
compatibility for performing advanced PIE on highly activated fuels and materials along with
flexibility for future capabilities.

The INL incorporates al the necessary elements for successfully performing PIE and meeting the
research needs to enable the advancement of nuclear energy. It allows parties interested in the
advancement of scientific knowledge access to the powerful and versatile irradiation capabilities of the
ATR and provides them with the diverse equipment and methods needed to analyse their experiment
after irradiation. The quality of the programme will only improve with time as the INL adds
equipment and facilitiesto what is already available.
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Abstract

Failure thresholds and fission product releases will be used to define the allowable safety margins for U—
Mo monolithic and dispersion fuel plates. These margins can be improved through high fidelity testing. Failure
points will be defined at clad blistering, clad failure, then diffusion barrier (as applicable) failure, and finaly at
fuel failure. In order to characterize these failure points, mechanistic behaviours, and the fission product release,
arobust state of the art, multipurpose furnace and fission product analysis system must be devel oped.

1. INTRODUCTION

Previous studies performed on metal and oxide fuels demonstrate sound methodologies that can be
applied to characterize these emerging fuel types. Literature from 1966 [1] and 1970 [2] discuss gas
retention properties studied under meltdown conditions for UAIx and U3Os dispersion plates. More
recent literature, from 1993 [3] and 1994 [4], reports both fission gas behaviours in metallic fuelsin
addition to fuel/cladding chemical and mechanical interactions. An additional report from 1994 [5],
discusses the deposition of fission product volatiles on the reactor coolant system. Work to
characterize these behaviours in fuels developed in the last fifteen years has not been conducted.
Therefore it is important that a system be developed to define the mechanistic behaviours of the
monolithic fuels, new dispersion fuels, and transmutation fuels.

1.1. Hypothesis

Mechanistic fission product behaviour of monolithic, dispersion, and transmutation fuels can be
evaluated as released fission products are measured in solid and gaseous states, if a stepped
approached to fuel failure is followed. Once these techniques are developed for the specific fuel type,
a more comprehensive understanding of in-pile fission product mechanistic behaviour can be
formulated as they affect the material failure thresholds. As these failure parameters are determined
and empirical data is gathered, the safety basis for new fuel types can then be established. Further
development of the system and experimental methods can be initiated so that the furnace can mimic
reactor over power thermal conditions to form eutectic and chemical interactions between clad and
fuel. Fuel can be sectioned and examined to characterize these layers and interactions to define how
they affect fuel performance.

2. SYSTEM DEVELOPMENT

A furnace will be placed in HFEF main hot cell at MFC. Irradiated fuel and cladding specimens will
be put in the furnace for thermal degradation of materials so that fission products will be liberated at
established failure points. As the temperature of the furnace is increased step wise or ramped, to
follow known failure points and the fission products, both gases and volatized solids, will be measured
using gamma spectroscopy (online), gas mass spectroscopy (grab sample) and chemical dissolution
examinations (sectioned samples). Attached to the furnace port, in series, will be a thermal gradient
tube, a HEPA filter, a gas expansion segment and a port for the gas grab sample. The gases collected
in bottle will then be analysed by gas mass spectroscopy.

The HEPA filter gradient tube sections can be further analysed using a gamma detection system
located in the AL hot cells. Additionally, the HEPA filter can then be dissolved in the hot cells and
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dilutions made for transfer out of the hot cells for further analysis of other solid fission products as
well as solid activation products. A combination of chemica separations and analytical
instrumentation for quantitative and qualitative measurements will be used. Some of these techniques
will include anion exchange separations (both gravimetric and automized separation methods),
inductively coupled plasma mass spectrometry and atomic emission spectroscopy (ICP-MS, and ICP-
AES).

Analysis approach will be broken up into four stages and applied to each irradiated plate. The first will
be to initiate blisters on the plate and measure any fission gas release. The second will be to ramp up
the temperature at a rate yet to be determined, to breach and then completely melt the plate clad.
Thirdly, the temperature of the furnace will continue to increase until the entire sample is melted and
fission gases and volatilized solids measured by on-line gamma detectors. Stage four is comprised of
three grab samples to be further analysed for non-gamma emitters in the thermal gradient tube and the
melted sample, and gases using gas mass spectroscopy.

3. BLISTERING

Blistering thresholds are the standard by which the safety margin for reactor operation is established.
The assumption is that once blistered, the plates are presumed to be at the point of failure and total
release of fission product isimminent. What has not been determined is the following:

Are blisters really indicative of imminent plate failure?

(1) Aretheblisters created by fission gases?
(2) Isthereisfission gasrelease at the point of blistering?

(3 If not, how long at blister temperature before a rel ease might occur?
(@ Canablistered plate safely remain in the reactor for any period of time before a breach
can be expected?
(b) How istheclad corrosion rate at the blister point increased?

(4) If clad till remainsintact following ahold period at blister temperature, at what temperature do
the fission gases begin to escape?
(5) If fission gases do not initiate blisters what does?

Several studies were reviewed to evaluate some of what is known about clad blistering behaviours.
Development work for ATR fuel [6] observed that while gases do not contribute to creep or yielding
behaviours but do fill in those voids that remained after fabrication and those created during the
UsOg-Al reaction. Fission gases are credited (by calculation) with volumetric void expansion increase
of 2.8% which is ailmost that of the 3 vol% voids increase measured during irradiation. If there is an
interconnection mechanism of these voids the volume is claimed to be sufficient to cause blistering.

An Olander authored [7] article suggests otherwise. He argues that the pressure of the fission gases
contained within the measured volume is not sufficient to deform the cladding and that mechanical
failure of the clad can be attributed to the tensile stress normal to the plate. A journal paper [8] on non-
fueled aluminum was also explored for any non fission gas contributions to blistering behaviours that
might be better understood. While this article did not point to anything specific within our current
systems, the blistering documented, was a function of the presence of hydrogen introduced during the
fabrication processes. As most of RERTR fuels are clad with aluminum in addition to being in the
matrix material for dispersions, it is important to be cognizant of the fact that gases, to some small
degree are already present with the clad and matrix materials.

4. PROJECTED DATA

Expected fission product inventories following aforty day cooling in the ATR canal are:
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- Plate blistering temperatures for given fuel type, clad type and clad bonding method.
e Initia blistering temperature;
¢ Video capture of blister propagation.
- Detection of fission gas release via HpGe detector during clad blistering phase of plate thermal
degradation.
« Xe KrandBr.
- Fission gas release as a function of temperature, clad degradation and fuel degradation.
« Xe KrandBr.
- Total fission gas release collected as a grab sample (gas mass spectroscopy analysis) following
completed fuel failure.
« Xe, Krand Br.
- Temperature dependent volatilized solids deposition behaviour.
* Real time measurement using CZT gamma detectors of volatilized solids.
« 1,Cs, Sh, Ag, Te, Mo, Ba, Rh, Eu, Ru, Ce, Pr, LaNb and Zr.
- Type and quantity of deposited volatiles.
» Mass baance for determination of weight of solids deposition;
« Chemical dissolutions of thermal gradient tube sections for determination of presence
of non-gamma emitters.
- Waste plate material will be sampled and chemically analysed for any retained fission gases and
isotopic elements (some may not be present due to decay).
* H, Be, C, Co, Ni, Cu, Zn, Ga, Ge, As, Se, Br, Kr, Rb, Sr, Y, Zr, Nb, Mo, Tc, Ru, Rh,
Pd, Ag, Cd, In, Sn, Sh, Te, I, Xe, Cs, Ba, La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy,
Ho, Er and Tm.
- Re-irradiated future samples for reactivation of decayed fission products for a more
comprehensive analysis of inventories while in reactor.

5. MECHANISTIC FUEL FAILURE EXAMINATION SYSTEM COMPONENT
SPECIFICATIONS

The furnace components are front access (see Fig. 5.1). This furnace is engineered and fabricated for
high temperature operation in a controlled atmosphere, the hot zone, in the shape of a cylinder, is
resistance heated and is insulated from the cold wall by fibrous graphite shields. Access to the furnace
for loading and unloading is manual via remote operated manipulators with sample melt contained
within a retort as shown in Fig. 5.2. Door clamps are provided for operation to dightly positive
pressure. The entire inside of the vacuum chamber is designed to conform to the best high vacuum
practices with particular attention given to surface finishes and choice of materials. Visual observation
of the specimen is provided for by a sight port with a rotatable viewing glass. Ports are also provided
for inert gas inlet, thermocouples and pertinent instrumentation. All controls and instrumentation are
positioned to optimize monitoring and control. Furnace temperature is controlled by closed-loop
circuit between the temperature sensor, the control instrument, and the power supply. System
protection is provided by water-flow interlock. Components are readily accessible for inspection and
mai ntenance.

5.1. Thermal gradient tube and furnace
Movement of volatilized fission product solids will be facilitated along the length of the Inconel or

stainless steel gradient tube using the thermal gradient furnace shown on top of main furnace in Figs
5.1 and 5.3 with 6 discreet temperature zones.
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FIG. 5.1. Main furnace and thermal gradient furnace at the bottom and top respectively.

/T, |

FIG. 5.2. Retort (sample holder) mounted inside main furnace.
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FIG. 5.3. Thermal gradient furnace with deposition tube in place.

5.2. Camera system

In order to capture blister formation with removing plate from the furnace, the system will be
equipped with 2 cameras and 4 lights located at view ports with quartz windows. The configuration
can beseeninFig. 5.4.

Camera and
Lights Rt Side

Camera and
Lights Lt Side

L 4

FIG. 5.4. Camera and light configuration.
5.3. Fission gasloop
The fission gas line will be placed in series with the thermal gradient tube. Gas line will pass through

hot cell feed to the detection system located at the expansion segment of the system. Gases will loop
back into the furnace for a measure of total fission gas accumulation attributed to the fuel plate failure
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during the thermal degradation regime. A grab sample of the accumulated fission gases will be
collected at a port outside the hot cell following completion of test.

5.4. Fission product detection system

In-cell detectors will be cadmium zinc telluride spear gamma detectors provided by eV products. The
SPEARS will be shielded and non-stationary to facilitate optimal resolution. The out of cell for system
will be the fission gas detection component will be an ORTEC HpGe detector.

5.5 In-cell SPEAR gamma detector system specifications

CdZnTe detector dimensions (example shown in Fig. 5.5):

5 x5 x 5 mm with CAPture® contacts;

M easurement capabilities;

Energy range: 1-10 MeV;,

Energy resolution: <4% FWHM @ 122 keV @ 25°C;
Operating temperature;

Range: -10-50°C standard.

ouklowdpr

FIG. 5.5 Example SPEAR detectors.

SPEAR™ dimensions:

1 13 mm diameter x 89 mm length (without cable);
2. Total length of SHV HV output cableis 3';

3. Total length of lemo connector cableis6';

4 Total length of BNC output cableis 3'.

SPEAR detector input requirements:

1 9 PIN sub D connector: +12 VDC, ground;

2. SHV connector: HV bias (typically +500 to +1000 VDC).
Signal output:

1 BNC connector and preamplifier output;
2. As assembled, all input/output connectors will interface directly with any standard spectroscopy
or counting system.

SPEAR performance:

1 + 710 12 VDC operation;
2. Input capacitance: 6.6pF;
3. Risetime @ C source: 1pF, 35nS;
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Falltime @ C source: 1 pF, 725 uS;

Noise @ C source: 0 pF, ~160 e — (Si);
Sensitivity: 3.2 mV/fCoul;

Power dissipation: 130 mW (+ 12 VDC supply).

ORTEC GEM series coaxial HpGe detector specifications:

1.
2.
3.
4
5.

6.

Energy resolution at 1.33 MeV photons from 60Co at optimum shaping time;

Relative photopeak efficiency for a60Co 1.33 MeV peak;

Peak-to-compton ratio for a60Co 1.33 MeV peak;

Peak shape ratio for the full-width tenth maximum to the full-width half-maximum for a
60Co 1.33 MeV peak;

Energy resolution at 122 keV photons from 57Co at optimum shaping time.
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Abstract

In 2010 a new scanning electron microscope (SEM), equipped with severa detectors (EDS, WDS and
EBSD) isinstalled in a new hot cell. The SEM is modified for use in a radioactive environment. Therefore the
irradiation sensitive parts are removed or protected. In addition changes have been made to the SEM to alow
remote handling and to allow maintenance of the important parts. This paper describes the new facility at the
NRG Hot Cell Laboratories and gives some examples of the first microscopy results.

1. INTRODUCTION

The Hot Cell Laboratories (HCL) of the Nuclear Research and Consultancy Group (NRG) are
equipped with both glove boxes and hot cells to perform research on structural materials and nuclear
fuels. This research covers non-destructive testing, testing of physical and mechanical properties and
microstructural investigations. This complete package of pre- and post-irradiation testing in
combination with the high flux reactor (HFR) allows irradiation testing at one location, avoiding
complex and costly transports. Recently NRG improved the microscopy facilities by installing a new
scanning electron microscope (SEM). Besides the standard secondary electron (SE) and Backscatter
Electron detectors, this SEM is equipped with additional detectors for energy dispersive spectrometry
(EDYS), wavelength dispersive spectrometry (WDS) and electron backscatter diffraction (EBSD). The
equipment is placed in alphatight hot cell to allow analysing radioactive samples emitting a, y and
radiation, therefore both nuclear structural materials and nuclear fuels can be analysed. The new
equipment did not fit in the existing hot cell of the previous SEM. As a result the hot cell is
dismantled, the old SEM removed and a new hot cell engineered and built. This paper describes the
equipment, modifications for using the SEM in a radioactive environment, the installation of this
equipment and gives some examples of the first results.

2. EQUIPMENT
2.1. Microscope and detectors

In 2005 and 2006 several SEM suppliers were contacted to have discussions on specifications,
possibilities of adding extra detectors and possibilities to install the equipment in hot cell to alow
analysing radioactive samples.

In 2007 it was decided to buy a Jeol JSM-6490 SEM, equipped with Oxford EDS/'WDS/EBSD
detectors. The SEM has a Tungsten filament and an acceleration voltage between 0.3-30 keV. It can
be operated in both low and high vacuum mode. Low vacuum mode is useful for bad conducting
samples, the resolution of 3.0 nm is reached in the high vacuum mode at 30 keV. Figure 2.1 gives of
summary of the equipment.

2.2. Maodificationsto the SEM for usein radioactive environment
The purpose of this SEM is to analyse radioactive samples, emitting y/B radiation, as well as o
radiation. To protect the operators and environment the SEM is placed in apha tight box that itself is

placed in a hot cell with lead walls. During operation the pressure in the box is lower than the
surrounding, to keep the radioactive material in the box.
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Besides the operators and environment, the SEM has to be protected as well. The parts of the
equipment that are sensitive for radiation damage (electronics) were positioned outside the hot cell, if
possible. This means that most cables are extended to allow separation of eectronics and vacuum
chamber. Vacuum tight connectors are used to lead the cables through the glove box wall to prevent
leakage of potential radioactive air.

| JEOL 6490 LV SEM

' e Placed in hot cell for radioactive
specimens.

e Highresolution (3.0 nm).

e Possihility of low vacuum mode
for badly conducting surfaces.

e Enhanced SE and BSE detection.

o Five-axis motorised stage.

e Equipped with EDS, WDS and
EBSD detectors.

Oxford Instruments energy-dispersive
spectrometer (EDS)
e Ableto operate with high count
rates.

e Accurate element identification.
e Accurate element quantification.
e Superior light element analysis.
e Fast mapping.
Oxford Instruments wavelength
dispersive spectrometer (WDS)
e Traceanalysispossible dueto
high sensitivity (0.01 wt%).

o Excellent energy resolution.

¢ Quantitative elementa analysis.

e Fivecrystals (detection from Be
to Pu).

e Extrashielding for radioactive
specimens.

HKL Nordlyss electron backscatter
diffraction (EBSD)

Phase analysis and identification.
Texture analysis.

Can be combined with EDS.
Indexed mapping at speeds up to
100 Hz.

FIG. 2.1. Summary of description of the scanning electron microscope with the installed detectors.

The vacuum chamber is placed, together with the detectors, inside the hot cell. Electronics and
equipment that was possible to separate was placed outside the hot cell. This concerns electronics of
the SEM (placed under the hot cell), controllers and vacuum pumps (placed next the hot cell) and
operating equipment (placed at some distance from the SEM). Figure 2.2 shows a drawing of the SEM
and hot cell. The green unit below the cell contains the electronics that is separated from the cell.
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Some sensitive parts could not be placed outside the hot cell, for instance the detectors and motor
stage. Therefore local shielding by Tungsten is applied near the sample or near the sensitive
equipment, considering the limited space available for shielding, and without compromising the
functionality of the microscope.

The €electronics of the motor stage is very close to the sample position and in this region of the SEM
limited volume is available to add tungsten shielding. These parts are unavoidably exposed to y
radiation, in spite of the Tungsten shielding that is applied where possible. To investigate the
sensitivity of the electronics of the motor stage parts of the same type are deliberately exposed to
gamma radiation in the HFR. The results showed that the electronics can withstand enough y radiation
(at 250 Gy no degradation in resistance values, at 2500 Gy minor degradation in resistance values), to
be operated for a significant period. However, because only one device is tested, we anticipated that
during the lifetime of the SEM it may happen that this motor stage may fail. A plan is in place to
repair or exchange the motor stage when this will happen.

Besides the radiological protective measures, alot of effort is taken on the handling of the sample in
the hot cell. This handling is limited by the fact that the cell is equipped with tong manipulators
(manoeuvrable rods with a handle outside the hot cell, that the operator can use to position and tweak
the grips at the end of the rod in the hot cell). These tongs are restricted in their movements with
respect to the more common master/slave power manipulators. The hot cell has two tong manipulators
(Fig. 2.2). Onetong is positioned opposite to the posting port that is located between the hot cell of the
SEM and the adjacent hot cell (in this second cell the sample is placed in the sample holder). This tong
isused for getting the sample holder (including the sample) from that cell to the SEM hot cell.

The second tong is positioned in front of the door of the vacuum chamber. The door of the SEM
vacuum chamber is redesigned to be able to open and close the door by using this tong. Opening and
closing is done vertically, by using a counterweight. The same tong manipulator is used for placing the
sample holder in the vacuum chamber by a specially engineered loading system.

Another limitation is the lack of space in the hot cell, because the SEM and its detectors are filling up
most of the workspace. To ensure good visibility the windows are therefore placed under an angle.
Another important item is accessibility of the system in case of servicing, replacing the filament and
repairing or removing detectors, etc. The glove box is equipped with openings for gloves on all
necessary locations (Fig. 2.2). The access to the electronics is provided by the relocation of parts that
need to be serviced to the side of the electronics unit that can easily be reached.

FIG. 2.2. Drawing of the hot cell (without two lead walls and roof), showing the part of the SEM
inside the glove box and the separated electronics unit under the cell (green). The positions of the
openings for gloves are visible in this figure as well. The insert shows the complete hot cell with
special lead windows and two tong manipulators.
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3.

BUILDING THE FACILITY

The situation at the start of the project was a contaminated hot cell (F6 cell) with the old SEM. This
hot cell was connected to a contaminated cell (F5 cell) that was connected to the other cells used for
sample preparation. Building of the new facility was carried out in different phases:

Phase 1: Removing old SEM and hot cell:

All activity from the old hot cell was removed. When the activity in the hot cell was low
enough, a lead wall was removed to have better access to the glove box. The glove box is
further decontaminated by using the gloves. After this the lead walls were dismantled (Fig. 3.1).
The glove box and SEM were transported to the decontamination facilities of NRG, where the
box and equipment is decontaminated. Parts that could not be decontaminated were treated as
waste. The old F6 cell was placed on a concrete block. For the new set-up this space is needed
for the electronics, as a result this block was removed. A maguette of the SEM and detectors
was made, at the same size of the original SEM. After the old hot cell was removed this
maquette was placed in the same position of the new SEM. This maquette was used for the
design of the new hot cell (determining sizes, position of tongs, windows, openings for gloves
and position of posting port).

Phase 2: Modification of F5 hot cell:

The new F6 cell is connected to the existing F5 cell. To achieve this in the new situation a
posting lock needed to be designed and build. Therefore the F5 cell needed to be
decontaminated and modified as well. This opportunity is taken to remove old equipment (that
is not being used anymore) from this hot cell. Size and position of the lead window and tong
positions of this cell were optimised for the new situation as well.

Phase 3: Building the new hot cell:

During the manufacturing of the hot cell the modified SEM is tested in another lab at NRG. Due
to the modifications of the el ectronics some measures had to be taken to reach the specifications
of the microscope. This time was aso used to train the operators and to develop the final
modificationsin local shielding and handling tools.

The hot cell was built in the HCL after al its parts were available, initialy without equipment. After
acceptance test of the hot cell the SEM is placed (Fig. 3.2) and tested. After a period of optimising the
performance of the SEM a final acceptance test was performed. After this milestone the hot cell was
connected to the other cells, off-gas system and HCL alarm system. In August 2010 the SEM was
ready for analyses on radioactive samples (Fig. 3.3).
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FIG. 3.3. Hot cell with SEM. One lead wall and the roof is removed to show the equipment.

4. EXAMPLES OF FIRST RESULTS

Since August 2010 several projects on irradiated samples are carried out. The section gives some
examples.

Irradiated fuel pebbles:

In the European HTR (High Temperature Reactor) programs HTR-F and RAPHAEL-IP an
irradiation experiment (HFREU1BIS) is carried out on HTR fuel pebbles [1, 2]. In the post-
irradiation examinations the pebbles are analysed with the new SEM. Figure 4.1 gives an
overview and detail by SEM-imaging of one HTR TRISO fuel particle from an HTR fuel
pebble, after irradiation. UO, kernel, buffer, inner Pyrocarbon, SiC and outer Pyrocarbon layers
and surrounding graphite matrix can be clearly distinguished. The images show fission gas
bubble formation at the grain boundaries, metallic fission product precipitates, and a peculiar
kernel surface, indicating fission gas release. On these samples many WDS measurements are
performed to get information on the present elements. Figure 4.2 shows an example of a Cs
mapping in the layers around UO, kernel. The red dots indicate presence of Cs.
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Irradiated SiC/SiC composites:

Different materia types were irradiated in the HFR within the EXTREMAT Integrated Project
(6™ Framework programme of the EU). The aim of this project was to investigate materials in
extreme environments like intense neutron fields. Carbon Fibre Reinforced Ceramics (SiC/SiC,
SiC/C, CIC) are envisaged to be used as structural or functional materials in high temperature
applications, i.e. up to about 1100-2000°C in fusion reactors and up to about 850-1500°C in
advanced fission reactors, respectively. These materials were, among other materials,
investigated in the EXTREMAT project. The SEM is an excellent good tool to study fracture
surfaces and this is valuable information to the strength test results. Figs 4.3-4.4 show two
examples of fracture surfaces of SIC/SIC samples, fractured in four point bending tests, after
irradiation in the HFR.

EBSD:

In the first period of the SEM the EDS and WDS detectors were successfully used on irradiated
samples. In this half year no experience is gained with the EBSD detector. This detector gives
crystallographic information, like crystal structure and orientation [3]. This can be used for
example for phase identification, texture, orientation relationships or grain boundary definition.
Figure 4.5 gives an example of EBSD result on unirradiated Si samples. The Kikuchi lines on
the image are detected and identified by the software. The plan is to test the EBSD technique on
irradiated samples this year.

FIG. 4.1. SEM images of HTR TRISO fuel particle (left: overview, right: detail between UO, kernel
and buffer layer).

FIG. 4.2. Example of element mapping (Cs) in the layers around the UO, kernel. Red dots indicate
presence of C.
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FIG. 4.3. Fracture surface of SC/S C bonded FIG. 4.4. Fracture surface of SC/SC 3D woven
type 1, irradiated to 2.4 dpa (steel) at 600°C. type 1, to 4.5 dpa (steel) between 800—-900°C.

FIG. 4.5. EBSD pattern of a S sample (unirradiated).

5. CONCLUSIONS

A Jeol JSM-6490 SEM, equipped with Oxford EDS/'WDS/EBSD detectors, was successfully installed
in anew hot cell at the NRG Hot Cell Laboratory. The first radioactive samples were investigated by
this equipment in August 2010.

EDS and WDS detectors were successfully used to analyse irradiated fuel and structural materials.

The EBSD detector is not used on irradiated materials yet.
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Abstract

McMaster University, Hamilton, Ontario, houses the McMaster Nuclear Reactor (MNR), the highest flux
university research reactor in Canada. MNR is a 5 MW(th), light water cooled and moderated, LEU fuelled,
pool-type reactor. A single support hot cell also exists but is not suited for PIE. A suite of new PIE cells will be
designed, constructed, and installed in room 105 of the Tandem Accelerator Building (TAB). The objective of
the capability is materials characterization research at the atomistic level. This paper presents planning, design,
and construction considerations associated with the new cells. The project poses a three way contest among
limited available space, maximum desired PIE capabilities, and funding (the Canada Foundation for Innovation
and the Ontario Ministry for Research and Innovation are jointly funding the project). Maintaining other tenants
use of the TAB complicates design and construction. The concept includes initial sizing of large specimens, such
as entire CANDU pressure tubes, elsewhere, plus six new cells in the TAB to perform: receipt and shipping,
non-destructive examination, waste management; machining; preparation of mechanical test specimens;
mechanical testing; preparation of microscopy specimens/light microscopy; long term mechanical testing; and
specimen archives. The first cell is highly shielded, to allow handling of maximum size and activity specimens.
The remaining cells will handle smaller specimens, typical of PIE microscopy, and the cells are modular of al
steel construction. In-cell capabilities and equipment include: material transfers — input and output; one pair of
manipulators; in-cell lifting equipment; in-cell lighting, utilities, fire protection; heating, ventilation, and air
conditioning (HVAC) connections; work tables or equipment stands, and specimen preparation and testing
equipment (including focused ion beam (FIB) apparatus. A transmission electron microscope (TEM) and
scanning electron microscope (SEM) are also located in the same TAB room, with both pneumatic and manual
shielded container transfer capabilities.

1. INTRODUCTION

The McMaster Nuclear Reactor (MNR) is a low enriched uranium (LEU) fuelled, light water cooled
and moderated, 5 MW(th) pool type reactor located at McMaster University, Hamilton, Ontario,
Canada. The MNR is the highest flux university research reactor in Canada. A recent magjor
infrastructure grant has been awarded to McMaster by the Canada Foundation for Innovation and the
Ontario Ministry for Research and Innovation to establish the Centre for Advanced Nuclear Systems
(CANS). This centre will have new facilities for post-irradiation examination, a 3-D atom probe,
SEM/FIB and TEM facilities for both irradiated and un-irradiated material, all of which will support
materials characterization research at the atomistic level. Additionally, CANS will have facilities for
new alloy development and supercritical water mechanical testing of materials supporting research on
Gen IV nuclear reactors and a new facility for safety thermal hydraulics experiments.
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The University has the faculty expertise, instrumentation, and research support to conduct materials
characterization (i.e. post-irradiation examination (PIE)) of irradiated materials at the atomistic level,
but does not have the shielded facilities required to perform sample preparation and testing. CANS
will establish that capability.

Beginning with the first exploratory discussions between the university and the facility designer, it
was clear that the space available for construction of the PIE facility was limited, but that
compensating limits to the scope of PIE operations were possible.

Consideration of existing permits and licenses, as well as adjacent support facilities (such as change
rooms) led to the decision to locate the hot cells in room 105 of the TAB. Figure 2.1 shows the
location of room 105 within the TAB.

Design bases, space limitations, and the resultant conceptual design are described in subsequent
sections (design, construction, and operating costs are also an overall consideration, but costs are not
within the scope of this paper except as discussed with regard to specific design decisions).

2. DESIGN BASES

The essential design bases for the PIE facility are:

— The design will meet requirements and guidance of Canadian Nuclear Safety Commission
(CNSC) guide-52 [1];

(SR S S S 0 S SV SN O S S S— -

o el 3

Legend
iy

FIG. 2.1. Existing ground level floor of McMaster University tandem accelerator building, with
exposure rate zones shown.

— The design basis flasks for receipt of specimens from off-site are not yet determined (although
several flask configurations are expected);

*  Flaskswill be brought to the receipt cell on aforklift.

*  Theflask transit path is from the parking ot south of the TAB, northward in the corridor.

* The design basis specimen is a segment of zircaloy 4 CANDU reactor pressure tube,
maximum length of 50 cm, nominal diameter of 104 mm, a maximum source (i.e. zircaloy)
weight of 10 kg, and maximum additional weight from non-zircaloy items, such as inner
packaging, of 10 kg, for atotal design basis specimen weight of 20 kg.
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e Theradiological source term is based on initial material composed of zircaloy 4, assumed
to be 98.2 weight per cent Zr-94, 1.8 weight per cent tin, with a cobalt (Co-59) content of
20 parts per million by weight, irradiated in a flux of 1 x 10 neutrons cm-sec, for a
period long enough to be at saturation with Zr-95 and its decay products Nb-95m and
Nb-95, with Co-60 aso at saturation, followed by a post-irradiation cooling time of 3
years.

* No actinides are present in the specimens, except as incidental trace contamination.

* The nomina shielding performance requirement is that allowable dose rates shall be
<0.25 mrem-h* (2.5 pSv-h?) in areas restricted to occupancy by qualified radiation
workers, and <5 mrem-y™ (50 uSv-y™) in unrestricted areas, as designated in Fig. 2.1.

»  The sample receipt and examination throughput rate is 1 per week, based on five shifts per
week.

3. SPACE CONSIDERATIONS

At the project inception, it was apparent from informal and qualitative considerations, along with
order-of-magnitude cost estimates, that the only realistic option for locating the PIE facility was within
the existing TAB. A green field location was deemed more expensive (for land acquisition). Both a
green field location and a campus location not presently associated with the MNR were considered
more expensive and time consuming to license, whereas zones within the TAB are aready licensed
and operated as radiological areas. The space available for construction of the suite of cells, previously
shown in plan view in Fig. 1.1, is designated room 105, and is 60 feet (18.3 m) wide by 24 feet
(7.2 m) deep by approximately 20 feet (6.1 m) tall. The existing side walls are 3-5 feet (0.9-1.5 m)
thick normal density (approximately 2.3 g-cm™) concrete. The areas south and east of the existing side
walls are not accessible for this project. The area north of the existing side wall is not accessible for
routine operations and maintenance, but the existing doorway in the northeast corner is available as an
emergency personnel exit. The areawest of the existing side wall is an 8 foot wide corridor connecting
directly to an outdoor receiving area. The corridor is periodically available to bring shielded casks
(flasks) containing irradiated specimens from the outdoor receiving area to the (new) transfer port in
the existing west wall of room 105. Forklifts will be used for cask movements. The existing doorway
between the corridor and room 105 will be relocated.

The room 105 floor is concrete slab-on-grade. The floor will be evaluated during detailed design to
confirm loading capacity and vibration response; necessary modifications will be determined.

The overhead space in room 105 is more than necessary for the new cells. The existing bridge crane
will be evaluated and modified or replaced as necessary. No modifications to the room 105 ceiling are
planned at thistime.

4. DESIGN CONCEPT

The design concept is comprised of a suite of six steel-, or steel and concrete-walled hot cells and an
adjacent enclosed space for electron microscopy, plus ancillary spaces and equipment for sample
handling, waste management, equipment maintenance and transfers, and heating, ventilation, and air
conditioning (HVAC) equipment, all to be installed and operated within the existing footprint of room
105 in the Tandem Accelerator Building at McMaster University. Isometric views of the general
arrangement of cells and support spaces in room 105 are shown in Figs 4.1-4.2.

The six cellsare:
- The receipt, shipping, and machining cell, in which:
»  Specimens are received, in shielded shipment and transfer flasks, from off—site;

e  Specimens are removed from any packaging internal to the flask that was needed for
shipment;
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»  Unpackaged specimens are visually examined;

»  Specimens are machined (with in-cell equipment including a cut-off saw, aband saw, and a
three way (i.e. mill, drill press, and lathe combination) machine) into smaller samples as
required for subsequent destructive PIE;

*  Unused segments of the original specimens are repackaged as required and loaded into a
shielded shipment flask for return to the specimen originator.

- The waste management cell, in which radioactive wastes generated in the PIE facility are
packaged and characterized as required for subsequent storage, transport, and disposal as
directed by the university;

- The mechanical test cell, in which mechanical test apparatus, such as tensile strength racks, are
installed and used;

- The microscopy sample preparation cell, in which equipment used to prepare samples for light
or electron microscopy, such as polishing wheels or sputter coaters, are installed and used;

- The light microscopy cell, in which light-based microscopy equipment isinstalled and used;

- The support cell, in which temporary and non-routine tests and test in apparatus can be
deployed, or active equipment can be repaired and maintai ned.

Other features of the PIE suite in room 105 include:

- The sample transfer glove box (off-the-shelf design), connected to the support cell, from which
microscopy samples, or samples for laboratory analyses performed elsewhere, or miscellaneous
small contaminated items, can be transferred. The principal transfer routes out of the sample
transfer glove box are either into the pneumatic transfer system (with connections to the
electron microscopy annex, or into a shielded transfer “pig” for manual transfer as needed.

- The electron microscopy annex, which houses the scanning electron microscope/focused ion
beam (SEM/FIB) and the transmission electron microscope (TEM). The electron microscopy
annex also houses a small shielded glove box (off the shelf design) for receiving microscopy
samples from the sample preparation cell (via the pneumatic transfer system) or the sample
transfer glove box (viamanually transferred pigs).

- Isolated foundation(s) for the SEM and TEM that will provide vibration free mounting
recommended for instrument use.

- The sample storage archives, which are shielded spaces adjacent to the electron microscopy
annex, dedicated to shielded retrievable storage of previously examined samples.

- A pneumatic transfer system, connecting the PIE cells to the electron microscopy annex.

- An isolation room, which continuously spans the “back” (i.e. the north) side of the PIE cells
(except the receipt, shipping, and machining cell), and provides a shielded (but potentialy
contaminated) maintenance and repair area, and a transfer corridor, in which personnel can
perform operations and maintenance activities.

Operations and maintenance approach: the operations approach is that any radioactive material with a
contact dose rate >10 mrem-h™* (0.1 mSv-h™) will be exclusively handled remotely, regardiess of the
duration of material handling operations. Hands-on operations with materials having dose rates
<10 mrem-h™* (0.1 mSv-h™*) will be evaluated during preliminary design, with consideration given for
brief or infrequent operations. Contamination confinement will be conducted in accordance with
established university procedures. Design provisions will be made to ensure temporary shielding and
contamination confinement during material transfers.

The principal equipment for in-cell material handling is a pair of through-the-wall master—slave
manipulators at each cell window. The manipulator model number(s) are not yet determined.
However, sealed thru-tube models will not be required, since the expected specimens do not include
irradiated fuel. Manipulators are augmented by in-cell hoists where required to lift components that
exceed the lifting capacity of the manipulators. Manipulators cannot be installed in the north end of
the receipt cell, since there is not room for an operator to stand nor for manipulator removal.
Consequently, arabot arm will be provided for material handling in that region.
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The preferred maintenance approach for major equipment is to disconnect the failed component in-
cell, remotely decontaminate (with manipulator-borne wipes and foam-type cleaning agents) to the
extent practicable, then remove the component to a suitable location for either hands-on repair or
appropriate packaging as waste. This approach allows for prompt replacement of a failed component
and minimizes downtime. Accordingly, design provisions are made to remove the largest equipment
items from each individual cell, either through doors in the cell backs or removable plugs in the cell
roofs.

Only gaseous and solid wastes are generated within the PIE facility. Gaseous wastes are discharged
through HEPA filters, into the existing building contaminated off-gas system. Access for testing and
replacement of the HEPA filtersis viathe isolation room.

No significant volumes of liquid wastes are generated within the facility. No liquid based processes
are conducted within the facility. Small (i.e. <2 litres) amounts of liquids such as cutting liquids or
decontamination solutions will be absorbed onto suitable media or evaporated to dryness in the waste
management cell and packaged there with other solid wastes for subsequent handling and disposal.

Health physics instrumentation (personnel monitors, air monitors, and area monitors) is included in

cost estimates, but specific locations are not yet determined.
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FIG. 4.1. McMaster University PIE cells; overall arrangement.
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Abstract

An eddy current device has been used to localise cladding defects on irradiated fuel rods. The system has
been initially tested with cold specimens, providing very good results and is now in regular operation in a hot
cell at the Institute for Transuranium Elements (ITU). In this paper we demonstrate the system’s performance
and present recent results on a series of irradiated fuel rods with PCI failures and partly long splits (secondary
failures). The rods were delivered in tight capsules and only gamma scans could be done in the f and y reception
cell. Big defects were well visible through distortions in the gamma profile, whereas the smaller ones were very
hardly detectable. They could be precisely localised later on, as soon as we cut the fuel rod and examined the
individual segments with the eddy current device in an a cell. Careful sampling around the defect location,
specimen preparation and detailed microscopic analysis confirmed cladding cracks driven by fuel pellet
imperfections or, more specifically, by missing chips from the pellet surface (MPS). MPS in fuel rods increases
the probability of cladding failures caused during power changes. In addition to uniform stresses engendered by
pellet expansion, local strains are applied onto the cladding at regions where a piece of pellet is missing. In the
examined rods the M PS meniscus sizes varied between 26° and 44°.

1. INTRODUCTION

One of the primary non-destructive tests (NDT) of the post-irradiation examinations (PIE) performed
on irradiated fuel rodsis to control the cladding integrity and search for cladding cracks, deformations
or other anomalies that could permit escape of volatile fission products or even spent fuel particles and
therefore cause risks of contamination. In nuclear research eddy current techniques are routinely used
in examinations related to defect or failure in the cladding material. The corresponding eddy current
equipments are in the most cases utilised to study the complete rod length in a reasonable time with
properly adapted sensitivity. However, very small clad defects can be sometimes either not detectable,
or must be precisely localised in order to proceed with further examinations. At ITU, fuel rod testing
equipment is available and installed in a non-alpha contaminated hot cell, where the spent fuel rods are
received and studied as awhole. After completion of the NDT the fuel rod is segmented; another small
eddy current device has been installed in a hot cell in order to perform in-depth analysis at a level
allowing a precise localisation of cladding defects.

2. EDDY CURRENT DEVICE AND COLD TEST

The photos and the drawing of Fig. 2.1 show the small eddy current device and the sensor,
respectively. The sensor, connected with the controlling hardware, is positioned inside a bronze holder
and its nose tip is softly touching the fuel segment, which can be rotated. The sensor can be axialy
moved along the segment and the data acquisition can be performed on the complete specimen outer
surface. The distortions of the sensor's magnetic field are then presented through proper software in
holographic format, as shownin Fig. 2.2.
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FIG. 2.1. (a), (b) The eddy current device for segment analysis. The sensor shown in the drawing (c) is

placed inside the bronze holder, H.

Aziumth X

(b)

FIG. 2.2. (a) Eddy current hologram of a non-irradiated creep test cladding specimen; (b) The green
colour on the hologram represents small, and the red colour bigger defects.

The hologram in Fig. 2.2(a) has been recorded on the surface of a cladding tube after creep test. In this
graph the X-abscissa-axis gives the azimuth and the Y -ordinate-axis the axial position of the sensor.
The colour variation from the blue background (corresponding to surface level) denotes presence of
small (green colour) or bigger (red colour) cladding defects. In order to confirm this, three small
pieces of the tube specimen were cut at the positions of interest, embedded in proper holders, polished
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and observed with an optical microscope (Fig. 2.3). In all cases the observed defects are in very good
agreement with the hologram result.

FIG. 2.3. Macrographs and detailed cladding photographs of the cross-sections of the three specimens
cut asshownin Fig. 2.2.

3. EXAMINATION OF ACTIVE SAMPLES

After some additional cold tests confirming the system's good performance, the device has been
installed in hot cell and used to examine 4 irradiated fuel rods. Due to strong suspicion of clad defects,
at the reactor site the rods were already packed in welded outer capsules and delivered to I TU for post-
irradiation examinations. The rods, just referred as No.1, 2, 3 and 4, were burnt up to 51.7 GW-d-t* U,
58.4 GW-d-t* U, 56.3 GW-d-t! U and 55.7 GW-d-t* U, respectively. The only non-destructive
control that could be performed outside the tight capsules wasy spectrometry.

The obtained spectra, shown in Fig. 3.1, did not provide unegquivocal information about the suspected
positions of cladding failures. The fuel rods were then cut in 480 mm long segments and the segment
eddy current device was used to identify and precisely localise the defects. The obtained EC hologram
around the interesting rod axia region helped successfully to identify and localise the cladding defect,
ascan beseenin Fig. 3.2.

The assumption of the power plant experts was that the defects could be due to pellet imperfections,
such as missing chips from the pellet edge, usualy called MPS [1-2]. In such a case, stress-corrosion
cracking caused by iodine (Zrl, is brittle) can take place in the cladding.

It was expected therefore that the tips of the initiating cladding defectsin the delivered fuel rods would
be close to a pellet—pellet interface. For this purpose, cuts were implemented just before the
corresponding pellet of interest, whose position had been located by finding a dishing position at the
beginning of the segment and counting the pellets up to the desired position. Such a cut from fuel rod
No. 4, as well as the prepared specimen and photographs of the identified cladding defects are
presented in Fig. 3.3, whereas Fig. 3.4 shows photographs of the MPS areas with the cracked cladding
from all examined fuel rods.
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FIG. 3.1. The y spectra of the 4 irradiated fuel rods; the suspected position of
cladding defects are indicated.

FIG. 3.3. (a) Sections from which the metallographic sample was prepared; (b) Overview of the
metallographic sample with the MPS defect; (¢) Close up of the defect area at the beginning of the fuel
pellet; (d) Defect area at an axial location ca. 0.8 deeper (after grinding) than in (c).
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Sample from fuel rod no.1 Sample from fuel rod no.2

Sample from fuel rod no.4

FIG. 3.4. Photographs of all confirmed MPS and corresponding cladding defects in the four rods
analysed.

4. CONCLUSION

Using a small EC device assembled and installed at 1TU, cladding material defects due to pellet
imperfections (MPS) could be successfully identified and precisely localised. MPS areas are
endangering the cladding integrity because of the local strains that can be generated in these areas. The
holograms of the data obtained on a series of spent fuel rods confirmed the expectations of clad
failures and permitted the preparation of exact and proper specimens to study cladding crack growth
and MPS meniscus sizes.
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Abstract

The characterization of mechanical properties constitutes a key challenge for the study of nuclear fuel
behaviour under conditions relevant for safe in-pile operation. This applies to both conventional and advanced
fuel concepts. At JRC-ITU new tools are being developed to extend the knowledge on the thermomechanical
behaviour of the fuel during irradiation. In particular, a scanning acoustic microscope was recently tested in hot
cell for the measurements of elastic constants of irradiated fuel (in the frame of collaboration with EdF). The
technique has been adapted to the conditions characterizing the hot cell environment and the configuration of
typical irradiated fuel samples. The results obtained so far are very promising and indicate that this could
become a very useful tool not only for the measurement of elastic properties, but also as complementary method
to assess bulk properties and initial conditions of fuel samples destined to various types of analysis.

1. WORKING PRINCIPLE

Elastic properties of UO, have been studied for a long time. Their determination is relevant
particularly to reactor transients for which creep relaxation is unlikely to happen. This type of situation
produces pellet—cladding mechanical interaction (PCMI) and possibly cladding failure. This has been
a subject of concern for all reactor types using UO, or mixed oxide fuel. Elastic properties, combined
with thermal expansion, determine the level of stress in the fuel and consequently in the cladding
when interaction occurs. The pellet stiffness evolves with burnup because of the pellet cracking
(macro and micro cracks) and also with the bulk intrinsic elastic moduli. Under this situation Young's
modulus, E, isthe most important parameter to assess for code calculations.

It was found that the elastic modulus in oxide fuel decreases both with increasing temperature and
porosity volume fraction. The fractional porosity in UO, has been extensively studied at room
temperature and in the range 90-100% of theoretical density. Although data on mixed oxides are
scarce, it was found that the elastic modulus versus temperature followed the same pattern as for UO,,
but increased with the plutonium content. The most reliable estimate seems to be 3% increase for a
20% PuO, fuel.

The influence of the O/M ratio on Y oung’'s modulus was studied, suggesting that Y oung's modulus is
higher for stoichiometric fuel, but decreases with hyper- or hypo-stoichiometric shifts. The influence
of stoichiometry is difficult to quantify, because other parameters (e.g. the fabrication route, grain size,
etc.) interfere.

1.1. Acoustic wavesfor €astic modulus of nuclear fuel evaluation

Because of the fractured pattern of irradiated pellets and the variation of mechanical properties along
the radius, classical methods (e.g. mechanical traction, global echography) are not applicable and only

153



novel non-destructive and non-invasive methods, applied on a very small area of the sample, such as
high frequency acoustic microscopy or indentation, can give useful results.

The theory of elasticity in an isotropic material such as sintered UO, shows that only two ultrasonic
velocities are needed to assess the elastic constants. Usually the longitudinal (V) and the transverse
(V1) velocities are measured. To perform local measurements, frequencies between 50-200 MHz have
to be used. In this range of frequencies, the transverse attenuation in irradiated fuel is very high and
the transverse velocity cannot be measured. Furthermore, for transverse waves the coupling between
the ultrasonic sensor and the sample has to be made with a viscous liquid. Working on irradiated
samples in hot cells with such liquids seems difficult. An aternative possibility is to use another
ultrasonic wave, which is the Rayleigh surface wave. Its velocity will be called Vg With the
measurement of V| and Vg, the transverse velocity Vr is deduced using the Eq. (1),
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Where p is the mass density of the material.

For measurements on nuclear fuel oxide, the Rayleigh surface wave velocity is obtained from the
acoustic signature (see Section 1.2). Even if theoretically the longitudinal wave velocity can also be
assessed with the acoustic signature, in most cases the wave attenuation is too large to permit the
detection of the longitudinal velacity in the signature. Therefore, this last velocity has to be measured
using a classical echographic technique on a fuel dlice about 1 mm thick: with the knowledge of
thickness and thanks to the measurement of the propagation time of the ultrasonic wave in the sample,
the velocity is simply deduced.

1.2. Rayleigh wave velocity assessment

An ultrasonic focused transducer made of a piezoelectric crystal excited with a sinusoidal voltage,
settled on a silicarod in which a spherical lens has been designed is gradually defocused towards the
sample surface along the z axis. Thanks to piezoelectric effect, mechanical (ultrasonic) waves are
generated and interferences then created between the specular wave (normal ray) and the Rayleigh
wave (which propagates on the surface). The ultrasonic signal received by the piezoelectric crystal
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versus z and reconverted in voltage is then pseudo-periodic and is called the acoustic signature V(2).
From the measurement of the pseudo-periodicity Az, Vr is deduced using the following relation:

Vfluid

\/1_{1_ Vfluid jz
2f Az, ©)

Where Vyq is the ultrasonic velocity in the coupling fluid and f is the operating frequency. We recall
that the coupling fluid (water, ethanol or methanol for V(z) experiments) ensures the propagation
between the sensor and the sample. Using high frequency ultrasonic waves (around 100 MHz), the
zone investigated is less than 100 um, assuming special signal processing is used.

Vg =

An acoustic image can also be obtained by recording the amplitude of the signal during an x—y scan
and transforming it to false colours. It reveals variations of mechanical properties and subsurface
micro-cracks. Such pictures are used to identify adequate zones for V(z) measurements.

1.3. Adaptation of the method toirradiated fuel

When samples are already embedded, echographic measurements are impossible as only one free
surface is available. Then we have tried to find a way to assess E and G with Vy alone. Indeed for Vg
evaluation, only one free surface is needed. Regarding Eqs (1-5) and assuming that the Poisson’ s ratio
isnot very different from 0.3, the elastic moduli E and G can be directly related to Vg asfollows:

E ~ 3.0000V,2
vzo.3:>{ PR )

G ~1.162pV,’

In isotropic materials, such as sintered UO,, the elastic constants can be determined by measuring only
two ultrasonic velocities. Usually, the longitudina velocity V| and the transverse velocity Vr are
measured. At the frequencies used for loca measurements (between 50-200 MHZz), the strong
transverse signal attenuation makes the transverse velocity measurement impossible. Instead, the
Rayleigh surface wave can be considered. The transverse velocity can then betrivially calculated from
the longitudinal velocity and the Rayleigh velocity Vg. The elastic moduli E and G and Poisson’s ratio
v are then calculated from the relations
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where p isthe density of the sample.

The operating principle of the acoustic microscope is shown in Fig. 1.1.

155



Electrical input/ontput

piezo-electric E f 3
lransducer '/
¥
!J
, T 7
Delay line ,f’;
o A = :
Eopiﬂmg — ﬁ \ ==
ic RN . b Vi A e SR
ot PERCONTE Y .
1y 3 A T A e
) P —

Sample™ :
g | == propagation

FIG. 1.1 Principle of the acoustic microscope.

The acoustic signal from a transducer is focused by a spherical lens and coupled to the sample by a
coupling fluid. A so-called “acoustic signature” is acquired by gradually de-focusing the focused wave
of the ultrasonic transducer towards the sample surface. Interference is created between the specular
wave (normal ray in the coupling fluid) and the Rayleigh wave which propagates along the surface.
The acoustic signature is the pseudo-periodic signal received by the piezoelectric crystal versus the z
coordinate. The Rayleigh velocity is then obtained by Eq. (6), where Az is the pseudo-periodicity of
the signal, Vj isthe ultrasonic velocity in the coupling fluid, and f is the operating frequency.

2. SCANNING ACOUSTIC MICROSCOPE IN HOT CELL
2.1. Deviceinstalled at ITU

In 2000, an acoustic microscope was built and introduced into ITU’s hot cell facilities as part of a
collaboration with 1ES (Institut d’'Electronique du Sud) at University of Montpellier and EDF.
Figure 2.1 shows a photograph of the device in a hot cell. Inside the cell are the sensor heads,
tranglation stage, micrometer motors and acoustic sensors. Outside the cell are the complex electronics
which consist of remote triple axis sample movement control electronics, RF amplifiers, acquisition
boards, computer for data processing are located outside the hot cell (see Fig. 2.2).

The acoustic sensor is connected with a coaxial cable and fixed in the lower part of the z-axis
tranglation stage. Sensors are easily interchangeable and very rigid in order to withstand high doses of
gamma radiation for an extended period of time, as normaly the case in hot cells. The x-y—z
trandation stages are each connected with cables and are remotely controlled (see Fig. 2.2).
Micrometric adjustment screws are used to level out the sample platform to ensure an equal distance
between sensor and sample in the plane of the scanned area during imaging. The focus distance is
based on the direct signal from the sensor which gives a feedback to the z trand ation stage. The size of
the sample platform is restricted by the hot cell layout limitations. In this case a 90 mm large coupling
liquid holder is used which gives an effective sample imaging area of approximately 50 x 50 mm
which is enough to select an appropriate spot for measuring acoustic velocities. Due to the fact that
each sensor gives a different resolution one can select a sensor suitable for the application, as
illustrated in Fig. 2.3. In this case 140 MHz was found to give satisfactory results for UO, irradiated
fuel samples. For each operating frequency a separate sensor head needs to be used (see Fig. 2.3).
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FIG. 2.1. Acoustic microscope installed in hot cell.

Samples with a thickness of about 1 mm are placed in an aluminium sample holder which can hold up
to 3 different samples at atime, as shown in Fig. 2.4. After embedding with resin the sample holder is
polished to obtain a smooth surface area ready for measurement. Figure 2.5 shows a SEM image of
three embedded samples illustrating that this sample preparation can be used for both SEM and
acoustic microscopy. The methanol coupling liquid is poured in the basket so the sample holder is
completely submerged. After horizontal alignment with two adjusting screws the acoustic sensor is
lowered in such away that no air bubble is trapped which could lead to false readings. The sensor is
then further lowered until afew pum distance from the sample and defocusing is started in order to get
an acoustic image. The signal from the sensor is converted to an optical signal to be displayed on a
computer screen. Figure 2.6(a), (b) shows acoustic and optical images of a UO, sample. Micro-cracks
can be clearly seen in the subsurface acoustic picture making it helpful to select a suitable area for
guantitative measurement.

FIG. 2.2. Overview of the device showing acoustic sensors, coupling liquid holder, sample platform,
trandation stages.
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FIG. 2.3. On the l€ft, acoustics sensors (from left to right 10 MHz, 80 MHz and 100 MHZ). On the
right, frequency/resolution correlation.

FIG. 2.4. Sample holder containing 3 samples. FIG. 25. SEM image of 3 samples ready for
measur ement.

FIG. 2.6. (a) Acoustical image of a UO, high burnup sample showing subsurface micro cracks. (b)
Optical image of the same sample.
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3. RESULTSAND CONCLUSIONS

The acoustic microscope was successfully tested at ITU on samples from the High Burnup Rim
Project (HBRP). The experimental results were found to be in agreement with those obtained with a
microindenter, also deployed at ITU. Since 2000, the apparatus has been preserved in one of the hot
cells. In 2010, with the support of EDF it was decided to install a new acquisition hardware at 1TU
with aview to integrating acoustic microscopy as a standard characterization technique for spent fuel.
In addition to the device in the hot cell, a “cold” acoustic microscope is provided to allow easy
calibration of the acquisition electronics. By analysing the available hot cell samples, it was learned
how even in the case of well polished specimens some particles could come under the acoustic lens
and render the acoustic signature unusable. A specific procedure was developed to eiminate this
nuisance. The consistency obtained when measuring at high frequency, obtaining good quality signals
indicates that the scanning acoustic microscope is a valid alternative for the evaluation of local elastic
properties of irradiated nuclear material. The measurements are local enough to be carried out on
pellet fragments. The choice of the acoustic frequency depends on the heterogeneity scale of the
material investigated. It is a non-invasive method for material characterisation, which has shown very
good accuracy and reproducibility.

The set of results obtained so far using this technique includes simulated fuel samples manufactured at
ITU, two sets of irradiated UO, and UO,+ 5% Gd samples from the High Burnup Rim Project with

irradiation temperatures ranging from 500-1200°C and burnup ranging from 35-100 GW-d-t*M, and
a N118 BR3 irradiated fuel sample with an average pellet burnup of 68 GW-d-t*M. For all
measurements Y oung's modulus has been deduced from the V, value. Despite some scatter in the

results, Y oung's modulus after porosity correction was:

—  Almost constant between 0-30 GW-d-t'M;

—  Decreasing by about 25% between 30-80 GW-d-t*M;

- Stabilized above 80 GW-d-t*M and consistent with SIMFUEL anal ogues,
- Similar observations were made for (U,Gd)O, fuels.

The whole body of data showed a general decrease of the elastic modulus with burnup (pure UO,
taken as reference), particularly in the burnup range 0-50 GW-d-t*M where in irradiated fuels still no
high burnup transformation has occurred, with an apparent stabilisation above 100 GW-d-t*M (to be
confirmed by future measurements). New sets of fuel samples will be identified for the next
measurement campaigns, ongoing and new projects will ensure the need for measurements in the
coming years.
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Abstract

The trend towards higher burnup of commercial nuclear fuel enhances the fission gas release (FGR) and
related phenomena like high burnup rim structure. Rod internal pressure may exceed the reactor system pressure
resulting in clad creep-out which can disturb normal reactor operation. A high purity germanium (HPGe) Ortec
detector system was utilized for acquisition of gamma photons characterizing disintegration of Cs-137 and Kr-85
fission products in nuclear fuel rods irradiated in the OECD Halden Reactor in Norway. The main purpose of the
technique is to estimate the released fission gas krypton and xenon of UO, and MOX fuel rods without
performing destructive puncturing and subsequent mass spectrometer analysis. The gamma spectrometry was
performed at the Institute for Energy Technology’s hot laboratory at Kjeller located in the Oslo area.

1. INTRODUCTION

A high-purity germanium (HPGe) Ortec detector system was utilized for acquisition of gamma
photons characterizing disintegration of Cs-137 and Kr-85 fission products in nuclear fuel rods
irradiated in the OECD Halden Reactor in Norway. The main purpose of the technique is to estimate
the released fission gas krypton and xenon of UO, and MOX fuel rods without performing destructive
puncturing and subsequent mass spectrometer analysis.

Kr-85 is the only radioactive isotope of the fission gases that is produced under nuclear fission with a
half-life that is high enough (10.78 year) for estimation of the total fission gas release. The main
gamma peak of Kr-85 is located at 514 keV. This is a somewhat troublesome energy, since it is very
near to the electron—positron annihilation peak at 511 keV and the 512 KeV gamma peak of
Ru-106 / Rh-106. Deconvolution of the Kr-85 peak is performed with the ORTEC software
“gammaVision” from Advanced Measurement Technology, Inc.

Another complicating factor is the understanding of gamma ray interaction with matter and to
calculate the gamma rays absorption / transmission of the nuclear fuel rod itself and for eventual extra
lead shield set-ups utilized in the measurement configurations. The gamma ray self-absorption is
calculated with the software “microShield” from Groove. This simplifies the amount of work relative
to the normal way of manual calculations involving the modified Bessel and Struve functions [1].

From the quantum mechanical point of view, a scattering event is a collision of two particles, e.g. a
photon and an electron or a photon and an atom. From the laws of conservation of energy and
momentum it follows that due to scattering by electrons, the photon energy must decrease.

This effect, which was first described in 1922 by the US physicist Arthur H. Compton, became one of
the cornerstones of quantum mechanics. When photon energy is of the order of 10 keV or more,
Compton scattering is the dominant scattering mechanism when gamma radiation interact with matter.

The irradiation history must be known to calculate the effect of Kr-85 and Cs-137 isotopes production
and decay until the gamma scanning is performed. This is a rather straightforward calculation based on

the solution of a first order differential equation assuming negligible absorption cross-section of the
Kr-85 and Cs-137 isotopes [3].
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There are several ways to obtain the efficiency calibration of the measurement set-up for gamma
radiation from Kr-85 and Cs-137 isotopes. An irradiated fuel rod with known Cs-137 activity was
selected when the absolute efficiency is needed.

2. EXPERIMENTAL AND RESULTS

2.1. Kr-85 methods

Two different non-destructive methods are discussed for estimation of released fission gases in
irradiated fuel rods. One method is based on gamma spectrum measurements of Kr-85 in the plenum
and of Cs-137 of the fuel stack column (method 1). This method is first explained. The other method is
based only of gamma spectrum measurement of Kr-85 in the plenum (method 2). These methods were
originally developed at Studsvik and at SCK-SCN institutes. Nowadays, it is interesting to use the
methods because new software (e.g. microshield) makes the interpretations and measurements easier.

Method 1:
(1) Measurement of Kr-85 in the plenum

Assuming the release rate of fission gas is equal for all gas atoms and isotopes, the number of Kr-85
gas atom in the plenum is given by,

Ngrgs = Frot X Ykrgs X FGR X Dyygs

F; 1s the total number of fission and yy.ss is the fission yield of Kr-85. FGR is the fission gas release
rate and Dy.gs is the effect of decay, which means the ratio of residual Kr-85 which has not been
decayed at the day of gamma spectrometry performance.

When the number of detected Kr-85 in the plenum by gamma spectrometry is Ri,ss, a correlation
between Ry.gs and Nk.gs 1 as follows,

Rkrgs X Viree—votume = Nkrgs X Akrgs X Agrgs X Bygrgs X Ekrgs

Viree-voume 1 the free volume of the fuel rod and A.gs is the decay constant of Kr-85. Ak,ss is the y ray
abundance (emission probability through disintegration of y ray emission) of Kr-85 which is defined
as number of photon emitted per decay and its value is 0.434%. By,ss is the effect of absorption, which
means a ratio of Kr-85 escaping from absorption by plenum spring, cladding (escape probability).
Ex.ss 1s the detector and set-up efficiency.

Rirgs X Viree—votume = Frot X Virgs X FGR X Dyrgs X Agrgs X Agrgs X Bgrgs X Egrgs

Vfree—volume x 1
Ykrss X Dirgs X Agrgs X Agrgs X Byrgs X Exrgs  FGR

< Fior = Rgrgs X

(2) Measurement of Cs-137 in the fuel stack

Following the same way as for Kr-85, the number of detected Cs-137 in the fuel stack Rc, 137 is given
by,

Res137 X Viuer = Froe X Yes137 X Des137 X Acs137 X Acs137 X Besiz7 X Ecs137

Vfuel

< Fior = Resy37 X ,
Yes137 X Des137 X Acs137 X Acs1z7 X Besizz X Ecsi3z
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Relating the two expressions for Fi, we get,

Rirgs X Veree—votume X Yes137 X Des137 X Ags137 X Acs137 X Besiz7 X Ecs137

FGR =
Res137 X Veyer X Yirgs X Dgrgs X Agrgs X Agrgs X Bgrgs X Exrgs
Method 2:
Cidecay % Cishleldlng
n;, = X IL'

E; krgs X VAgrgs X Akrgs

n; equals the volume of Kr-85 per unit length at STP conditions of fuel rod i at the end of
irradiation (EOI), i.e. [cm*/mm)]. I; is the y-ray peak intensity (cps) of Kr-85 of the fuel rod i.
Cid €% is the compensation coefficient of the decay of Kr-85 of the fuel rod i from the end of
irradiation (EOI) to the day of measurements. Ak,ss is defined under method 1.

deca
c =

in2
e m(tspec_tEOI)

where Tjsis the half-life period of Kr-85 (10.78 years) and (fpec-teor) 1s the time period from end of
irradiation to the day of gamma scanning.

Cshielding B_1 . . ) o )
i (Birgsi)is the compensation coefficient (escape propability) of the y ray shielding of the
Ccps

fuel rod i and E; is the detector efficiency of Kr-85 at 514 keV[ ] VAk.ss is the Kr-85

BCI/mmplenum
intensity per volume at STP, i.e. 0.55 x 10" Bq-cm™.
free

V(SSK released

Tigor ) =M X isi Le. gas emission volume (cm3 of Kr-85 at STP) of the fuel

rod 1 at EOL S; is the cross section area of the fuel rod (interior) for fuel rod 1. V;f "¢ is the
free-volume of the fuel rod 1 at the time of EOL.

When calculating the total gas volume from the volume of Kr-85, the Kr-85/Kr ratio as well
as the Xe/Kr ratio is necessary to know. The experiences from earlier chemical analysis of
fission gasses are used for estimation of these parameters.

The total gas volume of [Xe and Kr] at STP is calculated using the following equation.

released
Ve Krigor ")

l d _ R —7 -1~ S
V(Xe + KT)Z%Oe;lse - [1 + Xe/KT' i,EOI] X (BSKT/KT)L',EOI

V(Xe + Kr)[¢ee? is equal to gas emission volume at EOI of the fuel rod i and

Xe/Kr ;gor is the Xe/Kr ratio at EOI of the fuel rod i and (3°K7/KT); po; is the Kr-85/Kr
ratio at EOI of the fuel rod i.

The fission gas release (FGR) is expressed as the total fission gas released to the total fission
gas produced in the fuel.

(Xe + Kr)jesased

produced
(Xe + Kr)i,EOI

FGRl -

x 100 [%]

The total amount of produced Xe+Kr (cm® at STP) is given by the following

V Xe + Kr Dpot“*® = 0.030/0.031 x (BU); X (ifhm); where 0.030 is utilized for UO,
fuels and 0.031 is utilized for MOX fuels.
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2.2. Production and decay calculations

The general solution for the irradiation/decay problem includes solution of the following differential
equation,

dN,
E=inF_liXNi

The index i represent the isotope. N is the isotope density and ./ is the disintegration constant. y is the
fission yield and F is the fission rate. If we assume the fission yield and rate to be constant, the
following solution gives the isotope density during the j’th irradiation and decay cycle

_ YiFj

N]',i t A

1-— e"lit + N}-_lyl-e_)‘it

This expression must be used several time when many irradiation cycles are performed and t equals
the irradiation time or cooling time when only decay takes place. Ny jequals the isotope density just
before the j’th irradiation and decay cycle starts, i.e. Nji(0) = Ni.i;. The index j represents the various
irradiation and decay cycle. The total number of produces atoms is Fj*Tixagiation. 1his number is used
for normalisation of the irradiation/decay result N;(t).

2.3. Gamma ray absorption with matter

Calculations of absorption effects (escape probabilities) for gamma rays traversing the fuel sample
itself (self-absorption) and other shielding materials (lead) utilized in the set-up for Kr-85
measurements is performed with “microShield” radiation software from Grove. This software can
handle many sources and shields configurations and thereby making the calculation possible in an easy
way. Cylindrical source and clad with various lead shields is the configuration normally utilized in the
simulations performed for Kr-85 measurements of fuel rods. The calculation results (i.e. exposure
mR-h™") are compared to similar results obtained from transmission of the actual gamma rays in air.
The end results from the calculations give the escape probabilities for the gamma rays, i.e. the fraction
reaching the detector area.

2.4. Efficiency calculations

For utilization of method 1, it is only necessary to know the relative efficiency (Ecs.137/Ex.s5) between
the gamma signals of Cs-137 (661.66 keV) in the fuel stack and for Kr-85 (514 keV) in the plenum.
This can be achieved by acquisition of gamma spectrum from the actual fuel rod itself. By relating the
Cs-134 peak signals in the fuel spectrum, it is possible to estimate the linear relative efficiencies for
the fission gas release estimations. It is no need for any other calibration sources. The definition for
the set-up efficiency is given by

I
B ACtlvltyl X Bi X Ai

i

Where the index i represents the different energy peaks belonging to the specific source isotopes. The
B; is calculated by using the radiation software from Grove. By comparing the fractions of various
energy peaks in a specific isotope the activity is the same and is thereby not needed. However, for
absolute efficiency calculations, a calibration fuel rod is suitable. Cs-137 peak activity is first
measured and utilized in the absolute efficiency calculations. The assumption of a linear efficiency
behaviour is a good approximation in the energy area of interests. The accuracy in the results will
increase with utilization of relatively long acquisition times for the gamma spectra (e.g. 2—5 days) and
for larger activity in thei fuel rod.
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2.5. Example of Kr-85 method applied on two UO, fuel rods

Two 16% enriched UO; fuel rods (A and B) irradiated simultaneoudly in the Halden Boiling Water
Reactor were selected to demonstrate the application of the Kr-85 methods. The irradiation was
performed in 4 cycles accumulated up to 5.5 years with decay times of several months in between the
in-pile reactor services. The burnup for the two rods was 58 MW-d-kg™* oxide. The diameter of fuel
and cladding tube was 8.36 mm and 9.5 mm respectively with a clad thickness of 0.57 mm. The initial
fuel oxide weight was 163.6 g for both rods. The dimensional data was used to calculate the escape
probabilities from “microshield’. In addition to the self-absorption of the source an extra lead
shielding was located just in front of the gamma acquisition HPGe detector. The escape probabilities
were 0.133 for the Kr-85 and 0.194 for the Cs-gamma radiation. It should be emphasized that the
escape probability is strongly influenced by the extra shielding layers introduced in the measurement
set-ups.

The equation of isotope densities given under Section 2.2 is utilized for calculations of the effect of
irradiation and decay or in other words the fractions which is not yet decayed at the time of
measurements. The calculation results for the Kr-85 and Cs-137 appearances at the day of gamma
measurements were 0.7824 and 0.9143 respectively.

The gamma spectrum measurements were performed in the plenum and fuel stack regions with several
days of acquisition time to ensure high accuracy in the collected data, especially for the Kr-85 peak.
The count rates for Kr-85 in the plenum were 0.030 cps (rod A) and 0.036 cps (rod B) and 25.25 cps
(rod A) and 25.08 cps (rod B) from the Cs-137 accumulated in the fuel stack. The linear coefficient of
efficiency (AE/AkeV) was estimated from measurements performed in the fuel stack regions and it
was —konst x 1.188 x 10 per keV for both rods.

Figures 2.1-2.3 show the gamma scanning results acquired from the fuel stack region and plenum of
two rods. The fission gas release was 11.3% and 13.5% for rod A and B respectively. These values
agree quite well with the results obtained from puncturing and free volume measurements performed
after the Kr-85 methods were applied.

The gamma scanning bench is outlined in Fig. 2.4. This is a quite new system with possibilities for x,
y and z movements in addition to rotation of the sample under gamma scanning and spectrum
acquisitions. The bench was built at the hot laboratory with the assistance of the electronics
department at the institute.
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Gamma scanning of rod A after irradiation in the HBWR (4.05.2011)
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FIG. 2.1. Gamma scanning results obtained fromrod A after 5.5 years of irradiation in the HBWR.
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FIG. 2.2. Gamma spectrum of Kr-85 (514 keV) results obtained over the plenum of rods A and B
performed after 5.5 years of irradiation in the HBWR.
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Gamma scanning of rod B after irradiationinthe HBWR (27.4.11)
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FIG. 2.3. Gamma scanning results obtained fromrod B after 5.5 years of irradiation in the HBWR.
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FIG. 2.4. Gamma scanning bench outlines with 3-axis system and sample rotation possibilities.

167



3. SUMMARY

The main purpose of the technique is to estimate the released fission gas krypton and xenon of UO,
and MOX fuel rods without performing destructive puncturing and subsequent mass spectrometer
analysis. Sometimes it is also impossible to do destructive puncturing and fission gas analysis on the
fuel rods, e.g. when further irradiation is demanded.

The utilization of “microShield” software makes any need of complicated standards unnecessary. This
situation simplifies the Kr-85 measurements and decreases the acquisition times needed for
measurements of fission gas release. Also, the price of radioactive standards has increased enormously
the last few years.

The Kr-85 method 1 is based on a relative comparison of Kr-85 and Cs-137 measurements and the
calibration data or efficiency is acquired from the fuel rod itself. This simplifies the measurements and
the final results are achieved easy and fast. The results for the FGR based on the Kr-85 method isin
good agreement to the results obtained from puncturing and free volume measurements of the two
rods.

For utilization of method 2 it is necessary to know the Kr-85/Kr amount and the Xe/Kr relations for
the actual rods. These data is normally well known from other types of measurements performed
earlier e.g. mass spectrometer and puncturing data on similar rods. This method also requires a
caibration fuel rod for simultaneous measurements of the Kr-85 efficiency determination for the
various set-upsin use.
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Abstract

Defectoscopy of irradiated WWER fuel rods in the RIAR hot cells is performed by means of pulsed eddy
current method. Uniformity defects, local geometry anomalies can be formed during the operation of fuel rods.
For failed fuel rods, appearance of secondary defects related to water ingress, oxidation and hydrogenation of ZR
aloy cladding is typical. The defectoscope consists of two modules built in the industrial computer-pulse
generator and anal og-to-digital converter (ADC). To reveal and identify anomalies, A-, D-scans, envelope curves
and hodograph curves of pulse signal are used. The EC-method makes it possible to reveal damaged fuel rodsin
failed WWER fuel assemblies (FAS), determine location and identify primary through defects and secondary
anomalies. Totally 49 WWER FAs, including 18 failed FAs, were examined by means of this method.

1. INTRODUCTION

Eddy current (EC) defectoscopy is one of the main methods for non-destructive control of irradiated
fuel elementsin the hot cells of the RIAR Materia Testing Complex [1]. This method is applied at one
of the initial stages of PIEs for fuel elements: presence of anomalies in fuel rod claddings is reveaed
when passing the fuel rods discharged from the fuel assemblies through the EC-sensor. Abnormal fuel
rods are then sent for further NDEs and DEs needed for evaluation of their state.

2.  OBJECTS OF DEFECTOSCOPY

Figure 2.1 presents the design of the researched WWER-440 and WWER-1000 fuel rods. Initial outer
diameter of the fuel rod cladding is 9.1 mm, wall thickness — 0.69 mm, material — alloy E110
(Zr-1%Nb).

Defects typica for the irradiated WWER fuel rod claddings can be divided into two categories:
uniformity defects and local changes in diameter. Among the uniformity defects of the cladding outer
surface there are:

- Fretting wear resulting from interaction of the fuel rod cladding with the spacer grids of FAS;
- Debris defects — traces of interaction of the claddings with foreign objects in the coolant;

- Local (nodular) corrosion;

- Cracks.

Development of outer and inner defects across the entire thickness of the cladding results in through
defects.

Asarule, local changesin the fuel rod diameter are induced by thermal—mechanical interaction of fuel
and cladding or penetration of moisture inside the fuel rod with further cladding hydrogenation.

In the claddings of failed fuel rods, super positions of defects in various combinations are formed
together with single defects.

Figure 2.2 presents various uniformity defects observed for the irradiated WWER fuel rod claddings.
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FIG. 2.1. Design of WWER-440 (top) and WWER-1000 (bottom) fuel rods.

a b C d

FIG. 2.2. Defects of the irradiated WWER fuel rod claddings: (a) debris-defect; (b) fretting-wear;
(c) internal hydrogenation; (d) superposition of the through crack and local change in diameter.

Data on the state of spent WWER fuel rod claddings are used for development of reference samples
with artificially applied defects simulating actual anomalies. Identification features of defects revealed
by scanning of reference samples make it possible to analyse the state of irradiated fuel rod claddings.

3. DEFECTOSCOPY TECHNIQUE AND METHODS

The developed on-line EC control system is based on the pulsed eddy current defectoscope [2]. It
consists of a pulse generator and 12-bit analog-to-digital converter (ADC) built in the industrial PC
(Fig. 3.1). The main advantages of the pulsed eddy current method are simple hardware design, high
self-descriptiveness due to generation of a wide frequency spectrum and high sensitivity to defects.
Basic parameters of the EC equipment are as follows: length of fuel rods under inspection, up to 4 m,
cladding diameter, 6-15 mm, scanning step, 1 mm, scanning rate, 35 mm-s™.

Induction coils are used as sensor elements of the EC probe. Measuring coils are switched by
differential circuit. They register changes of the electromagnetic field of eddy currents induced in the
fuel rod cladding with a transmitting coil to which the generator feeds current pulses. Such probes
meet the requirements of the on-line EC control of irradiated fuel rods in hot cells and inspection
stands to a sufficient extent. They feature high radiation resistance, low cost, ease of fabrication,
possible leaktight execution and high sensitivity to changes of the electromagnetic field within arange
of 50-1000 kHz.
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FIG. 3.1. EC equipment for defectoscopy of irradiated fuel rods.

With pulse excitation of eddy currents, identification of defects is based on the evauation of
parameters of A-scan that reflects a variation with time of the amplitude of signal of the inductive
EC sensor at the place of defect location (Fig. 3.2) [3]. Response from the defect digitized at N points
(strobes) at regular intervals At is incorporated in the defectoscope memory and further analysed.
Definite moment of time t; = i4t (i = 1, N) corresponds to a strobe with number i. Duration of the
response under analysis is 7 us, time strobing pitch 4t is 33 ns. Zero-crossing time tzc is used as an
identification feature of the defect.

Figure 3.3 illustrates A-scans for various local defects of the cladding. The A-scans presented differ
not only in the value of tzc, but aso in their polarity. For super positions of defects, more complicated
A-scan is typical, as well as a great nhumber of zero-crossing points within the set time interval
(Fig. 3.3(b)).

Type and relative dimensions of anomalies revealed during the fuel rod scanning are determined using
an amplitude—time plane (Fig. 3.4). Vaues t;c are plotted as abscissas and values A, (amplitude of
response from defect) as ordinates. Sign of the half-plane corresponds to polarity of the first half-wave
of the signal of the defect. Position of regions corresponding to this or that defect type at the
amplitude—time plane is identified based on the scanning results of specimens with artificial anomalies
of various type and size (for example, defects 1-6 — internal grooves0.1; 0.2 ... 0.6 mm deep).

Figure 3.5 presents the main window of the computer program used to analyse the results of the
EC-control of fuel rods. For primary evaluation of the fuel rod state, D-scan is used (Fig. 3.5(a)). It
alows rapid revealing of the cladding regions with minor defects [2]. D-scan shows the dependence of
the probe response amplitude on the axial coordinate of the fuel rod and a strobing moment of the
EC-pulse (strobe number). Amplitude is reflected in bright color shades: the greater the amplitude, the
more intense the brightness of the color. Precise characteristics of specific anomalies are identified
with A-scans (Fig. 3.5(b)). Envelope curve obtained for a specific strobe number (Fig. 3.5(c)) enables
express evaluation of the presence of a certain type of defects for the entire fuel rod. Two envelope
curves are used for plotting hodograph curves (Fig. 3.5(d)) the shape of which allows to differentiate a
very deep defect from a through one [4]. The envelope curves are selected so that an angle between
hodograph curves of internal and external shallow defectsis equal to 90°.
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FIG. 3.2. Typical 4-scan for the cladding defect.
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FIG. 3.3. 4-scans for single defects (left): (a) 1, 2, 3 — external, through and internal defects of
uniformity, 4 —*“ ridge” ; (b) superposition of a “ ridge” and through defect of the cladding (right).

FIG. 3.4. Plane of identification of single defects for WWER fuel rods.

172



5
E 2
2 E /
L &
2 E /
B ' =
oo i _,'E
T |
¢ ||r'||Ik Strobe 97 [
i | =
e == . II“. e I =
=] B O
| 2 3 G
_5 fi E .
= Il
= /.' | E ’
< 2\ A i\ ral z
— e 'l,|” J__..——-" I".I ——e | / - et | T:,
Y Strobe 64 | [ =
- Illl L - e Cied S
Cuurdinzllc, mm Amplitidde, sirobe &4, rel units

FIG. 3.5. Main window of the computer program showing the EC-control results for the imitator
fragment with external (1), through (2) and internal (3) defects: («) D-scan; (b) 4-scan of the through
defect; (c) envelope curves of EC-sensor signal; (d) hodograph curves.

4. EXAMPLE OF EC-DIAGNOSTICS OF FUEL ROD STATE

As an example illustrating the capabilities of the developed pulsed EC control system, let us consider a
procedure for detecting a damaged fuel rod as a part of failed WWER-1000 FA and diagnostics of the
state of its cladding. The EC-diagrams of 311 fuel rods in this FA are typical for leaktight fuel rods.
Responses from a spring pin and lower plug were observed, background level was insignificant (Fig.
4.1(a)). Only one fuel rod was found to be abnormal as its EC-diagram had non-typical signals
considerably exceeding the background level in the amplitude (Fig. 4.1(b)).
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FIG. 4.1. Typical (@) and abnormal (b) EC diagrams of fuel rods.

The amplitude-time analysis of the EC scans of fuel rods showed the presence of a through defect

(tzc = strobe 75) at the coordinate of 34 mm (Fig. 4.2(a)). Visual inspection of this region revealed a
through debris-defect in the cladding (Fig. 4.2(b)).
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FIG. 4.2. A-scan (a) and image of the through debris-defect (b).

Ingress of the water coolant inside the fuel rod though this defect leads to oxidation and hydrogenation
of the inner surface of the cladding. Responses from numerous internal defects of various depth
(tzc = strobe 95-103) were registered in the regions at the coordinates of 34—2400 mm. Metallography
of one of such regions showed the presence of corrosion pits 40-50 um thick on the inner surface of
the cladding (Fig. 4.3(a)). The regions at 2400-2900 mm were found to have signals of the
superposition of internal defects with local increase in the fuel rod diameter (tzc; = strobe 30-33,
tzc2 = strobe 101-105). Metallography of one of such regions showed significant hydrogenation of the
cladding material together with internal non-uniformities, including formation of “sunburst” type
hydride layers (Fig. 4.3(b)). As known, such hydrogenation induces the change in the WWER fuel rod
cladding diameter due to the difference of molar volumes of zirconium and its hydride [5].
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FIG. 4.3. 4-scans and images of abnormal regions at 750 mm («) and 2700 mm (b).

The analysis of A-scans (Fig. 4.3) shows that the pulse EC method can reveal local diameter variations
for afailed fud rod in the regions with maximum hydrogenation. For this purpose, the envelope curve
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corresponding to strobe 24 should be used. This strobe demonstrates no EC-sensor reaction to inner
non-uniformities. Sensitivity to variation of diameter is maximum (Fig. 4.4(a)). Profilogram obtained
by the contact method confirmed the results of the EC-control and showed the presence of the local
increase in diameter up to 923 mm in the region with the coordinates of
2400-2900 (Fig. 4.4(b)).
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FIG. 4.4. Envelope curve of sensor signal for strobe 24 (a) and profilogram (b) of failed fuel rod.

At 2860 mm, a signal with two zero-crossing points (one corresponds to the local change in diameter,
while the other one corresponds to the through-defect of the cladding) was registered (Fig. 3.3(b)).
Visua inspection revealed a crack at the coordinate of the EC signa (Fig. 4.3). The through character
of the crack was confirmed by the metallography results.

FIG. 4.5. Secondary through defect.

The time period from appearance of the primary through defect to considerable hydride damage of the
cladding as a function of specific thermal load is one of the most important characteristics of the
WWER fuel. For example, for LWR fuel rods with zircaloy claddings, this characteristic is determined
by Loche curve [6].

5. CONCLUSION

The developed pulsed eddy current defectoscope is used for on-line control of the state of irradiated
fuel rods in the hot cells of the RIAR Material Testing Complex. Examinations of 49 WWER FAs,
including 18 failed FAs, were performed using this equipment. Its capabilities enable us to detect
uniformity defects and change in form of the cladding, as well as to identify location of primary and
secondary anomalies in failed fuel rods. The analog of this equipment is currently installed in the
inspection stand of the cooling pond at the Kalinin NPP [7].
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Abstract

As aresult of tightening safety and economic efficiency requirements imposed on operating and newly
developed nuclear power reactors, their active cores have been recently fitted with or proposed to be fitted with
elements made from different materials with modified structure (Zr-based aloys with specialy developed
texture; steels the crystal lattice of which is strengthened by nano-particles; various nano-structured materials)
alowing either lifetime extension or improvement of performance of these elements, all other parameters being
equal. Therefore, it is necessary to study properties of such materials with complicated structure both before their
use in nuclear reactors and after reactor irradiation. In so doing, new research methods which alow the
investigation into material structure and composition in small nano-size regions of materials should be used. One
of such methods is recording and analysis of electron backscattered diffraction (EBSD). It alows the
identification of crystallographic structure and its orientation in regions up to 25 nm in size. When applying this
method together with X ray spectrum microanalysis, it also becomes possible to identify elemental composition
in the same local regions of materials. Combination of these two methods is widely used when studying
“standard” non-irradiated materials, however, only X ray spectrum microanalysis is still extensively applied in
reactor material testing, what can not be stated for the EBSD method. RIAR has purchased the Zeiss
SUPRAB5VP, Carl Zeiss AG field emission scanning electron microscope of super high resolution equipped
with X ray microanalysis system (wave and energy spectrometer) and HKL EBSD Premium System. Some
examples of reactor material studies using EBSD system only or together with energy dispersed X ray
spectrometer are presented.

1. INTRODUCTION

As aresult of tightened safety and economic efficiency requirements imposed on operating and newly
developed nuclear power reactors, their cores have been recently fitted with or proposed to be fitted
with components made from different materials with modified structure alowing either lifetime
extension or improvement of performance of these components, all other parameters being equal.
Therefore, it is necessary to study properties of such materials with complicated structure both before
their use in nuclear reactors and after irradiation. In so doing, new research methods should be used,
which allow the investigation into material structure and composition in minor nano-size regions. One
of such methods is recording and analysis of electron backscattered diffraction (EBSD).

There is a potential possibility to apply this technique for research of structural materials, which
structure is strengthened by nano-particles, for example by yttrium oxide particles. This paper presents
one more possibility of this method application that is to study the structure of high strained materials
deformed in special way to have nano-structural components.

2.  SAMPLESDETAILS

The backscattering electrons diffraction registration and the analysis system HKL EBSD Premium
System was used to study the steel A1SI321 structure after intensive plastic deformation by the method
of equal channel angular pressing. This steel in this condition may be proposed to be used in core
internal as bolts and pins for PWR type reactors.

The structure of the same steel after low plastic deformation was studied by sing the same method for
comparison.
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3. RESULTS

Figure 3.1 presents an image of a sample surface prepared for investigation by the secondary electrons
method.

FIG. 3.1. Surface of a sample prepared for investigation.

An important point is that in this case it is difficult to distinguish any peculiarities in the image
received in secondary e ectrons.

Figure 3.2 (top and bottom) present band contrast maps of the dightly deformed sample (Fig. 3.2
(top)) and that one after intensive plastic deformation (Fig. 3.2 (bottom)). When comparing the
Figures, one can see a significant difference between the diffraction maps.

Oy -0 7 BC; S10p=0.03 i Gid900:300 ]

FIG. 3.2. Band contrast map of dlightly deformed steel (top). In green, there are areas with zero
decisions related to low quality of the slightly deformed sample surface preparation. Band contrast
map of steel after intensive plastic deformation by the equal channel angular pressing method
(bottom).
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FIG. 3.3. Orientation map of the dlightly deformed steel (Euler angles). Black lines: grain boundaries
(>10°), red lines: sub-boundaries (>1°), shades of separate surface areas coloring: intra-granular
misorientation (<1°).
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FIG. 3.4. Grain boundary map (red lines), sub-boundaries (purple lines) and intra-granular
misorientation (lines colored from white to lilac) for an AIS321 steel sample after intensive plastic
deformation by the equal channel angular pressing method. Non-indexed regions are colored black.

Figure 3.3 shows an orientation map of the dightly deformed sample surface areas, grain boundaries,
sub-boundaries and intra-granular misorientation. Figure 3.4 presents a map of grain boundaries, sub-
boundaries and intra-granular misorientation for an AISI321 steel sample after intensive plastic
deformation by the equal channel angular pressing method.
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FIG. 3.5. Phase map from the steel after intensive plastic deformation by the method of equal channel
angular pressing. Face centered cubic (FCC) lattices—red color, body centered cubic (BCC) lattices
—green color. Non-indexed regions are colored white.

Figure 3.5 presents a distribution of regions with FCC and BCC lattices on the surface of a sample
after intensive plastic deformation by the equal channel angular pressing method.

When comparing Figs 3.4-3.5, one may contend that in the area of a phase with the FCC lattice, there
is a misorientation of the neighboring crystalline lattice areas; the average misorientation value is
about 0.4-0.6 degrees. At the same time, in the examined area, there are practically no grain
boundaries with a misorientation more than 10 degrees and there are a lot of sub-boundaries with a
misorientation of 1.5-2 degrees.

In the comparable area of a dightly deformed sample, one can observe both grain boundaries
(misorientation is more that 10 degrees, Fig. 3.3, black lines) and sub-boundaries (Fig. 3.3, red lines).
The average value of the local misorientation (inside sub-grains) achieves 0.25-0.3 degrees in the
dlightly deformed sample (Figs 3.6-3.7).

FIG. 3.6. Map of grain boundaries distribution (purple lines), sub-grain boundaries distribution (red
lines) and local misorientation distribution (lilac shades) for a slightly deformed sample. Non-indexed
regions are colored green. Straight black line is a place for local misorientations profile.

180



Mizorientation Profile

Misorientation [degree]

n} 1 2 5 4 B =] 7
Distance [pm]

FIG. 3.7. Profile of local misorientations for a slightly deformed sample.

Figure 3.8 presents a profile of the local misorientations distribution for an area with the FCC lattice
for a sample after intensive plastic deformation by the equal channel angular pressing method (straight
linein Fig. 3.7). The average local misorientation achieves 0.4-0.6 degrees.

As for a sample after intensive plastic deformation by the equal channel angular pressing method,
there are practically no local misorientations in the BCC lattice phase area (white areain Fig. 3.9).

The comparison of the appearance and distribution of non-indexed areas (a sample after intensive
plastic deformation) and areas with FCC lattice allows au to suppose that non-indexed areas show the
maximal local misorientation (maximal deformed areas with the FCC lattice), which state is a
transition from an FCC to BCC lattice. An insignificant increase of the deformation level of these
areas should result in the crystalline lattice conversion.

FIG. 3.8. Grain boundaries distribution map (red lines), sub-boundaries (purple lines), local
misorientations (lilac shades) for a sample after intensive plastic deformation by the equal channel
angular pressing method. Non-indexed regions are colored black. A straight line section is local
misorientations profile (phase with FCC lattice).
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FIG. 3.9. Profile of local misorientations after intensive plastic deformation by the equal channel
angular pressing method.

4. CONCLUSION

As aresult of examinations of the AlSI321 steel structure after intensive plastic deformation by the
method of equal channel angular pressing using the electron backscattered diffraction registration and
the analysis system HKL EBSD Premium System, it was determined that:

the technique allows the detection and distribution of the secondary phase in space; the
character of distribution of the secondary phase makes it possible to assume that highly
deformed (highly stressed) areas of austenite, as well as areas with zero decisions (maximum
deformed areas) are places of origin of the secondary phase;

the technique provides a possibility to define misorientations in a condition of intensive plastic
deformation; it is defined that the size of misorientations (stresses) in the secondary phase is
significantly less than that of misorientations in the basic phase; in the examined material is
found to have no misorientations in the secondary phase areas,

the technique makes it possible to define the presence of large and small angle boundariesin the
complex deformed condition; it is defined that after intensive plastic deformation by a method
of equal channel angular pressing, the material is found to have practically no large angle
(intergranular) boundaries, but the density of small angle boundaries (sub-boundaries) is very
high.

The obtained results alow considering the EBSD technique as a highly effective procedure for
examination of reactor materialsin a condition of intensive plastic deformation.
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Abstract

Although the fud failure rate is very low in CANDU reactors, hot cell examination and characterization
of representative defected fuels are performed on a continuing basis within fuel surveillance programs. The
objectives are to fully understand defective fuel behaviour during irradiation and to further develop fuel
behaviour models. This paper describes some techniques used at Chalk River Laboratories (CRL) for
guantitative oxygen measurements on representative pellets from defected fuels, which were oxidized due to
coolant ingress into the fuels during irradiation. When needed, quantitative O/M (i.e. oxygen to metal atom) ratio
measurements are performed using a coulometric titration technique developed at CRL. This technique can
determine the O/M ratio of fuel pellet samples taken by core drilling from an irradiated pellet. Further, electron
probe analysis may be carried out using a shielded scanning electronic microscope to determine the extent of
local oxidation in afuel pellet. X ray wavelength dispersive spectrometry is used to determine the local oxygen
and uranium concentration, thereby determining the local O/U ratio. The analysis can be performed in a very
local region (e.g. close to athrough wall sheath defect) owing to its spatial resolution of 2—3 microns. By using
these techniques, and with known irradiation histories for defective fuel elements, detailed information required
for fuel behaviour modelling is obtained.

1. INTRODUCTION

The change in oxidation state of UO, during irradiation alters its thermal conductivity, melting point
and diffusion controlled processes such as fission gas release, creep and grain growth [1-3].
Quantitative knowledge of the oxidation state of irradiated fuel can provide significant insight into fuel
structure and behaviour and aid the development of fuel performance models. Oxygen distribution
varies within pellets inside a defected fuel element during irradiation [1-5]; however, detailed
knowledge of its distribution is limited.

Although the defect rate of CANDU fuel is low, post-irradiation examination (PIE) of defective fuel
elements is conducted at AECL Chalk River Laboratories (CRL) on a continuing basis within fuel
surveillance programs. This ensures safe operation of CANDU fuels and facilitates further
development of computer codes to simulate in-core defected fuel behaviour. Characterization of
oxygen distribution in defected fuel has been ongoing at CRL for a number of years [6-7]. As a
macroscopic analytical tool (millimetre scale), the coulometric titration technique developed at CRL
provides a general picture with respect to the extent of pellet oxidation inside a defective fuel element.

Using optical microscopy, scanning electron microscopy (SEM) and electron micro probe analysis
(EPMA), pellet oxidation can be further characterized (micro meter scale) and related information (for
example, the associated grain growth and condition of fission gas release) can be revealed. With the
combination of these macro- and micro-analytical techniques, the oxidation condition of a defective
fuel element can be systematically quantified and the results can be used to develop defective fuel
models[3].

This paper primarily focuses on describing techniques used at CRL for characterization of UO, pellet
specimens from defective fuel elements. Results of these characterizations are also provided.
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2. COULOMETRICTITRATION TECHNIQUE
2.1. Workingprinciple

Figure 2.1 is a schematic diagram of the coulometric titration apparatus. Ar gas containing 2000 ppm
H, is passed over the sample in the furnace at room temperature — no reaction between the sample
and gas occurs. Downstream, the gas is passed through the ceramic coulometric titration cell, which
measures the quantity of oxygen (O/M ratio) required to convert all the H, to H,O (further described in
the next paragraph). Next, the sample in the furnace is heated to 1000°C, nominally at a heating rate of
5°C per minute. When the temperature is sufficiently high, the gas and sample begin to react.
Consequently, the H, in the gas flow converts UO,. to stoichiometric UO,. Because the temperature
only rises to 1000°C, the sample cannot become substoichiometric. This process continues until no
further oxygen is released from the sample, rendering it stoichiometric. The decrease in the amount of
H, in the gas, delivered to the downstream coulometric titration cell, is integrated; thereby, the amount
of oxygen being released from the sample, x, is calculated.

A schematic diagram of the ceramic coulometric titration cell is shown in Fig. 2.2. The gas flows
through a tube composed of zirconia (ZrO,) doped with 8 mol% yttria (Y 0s). During operation, the
coulometric titration cell is maintained at 750°C. At this temperature, this material readily conducts
oxygen ions through the lattice, but will not conduct free electrons as metals do. Thus, when an
electrical voltage is applied, oxygen ions are free to move, but free electrons are not. Therefore, any
electrical current measured is an indication of oxygen ion transport. At the gas inlet, a voltage is
created through the tube wall and current flows, in the form of oxygen ions. The air surrounding the
tube allows oxygen ions to form at the outer surface of the tube. They pass through the wall where
they recombine with other oxygen ions at the inner surface and desorb from the cell surface as O, (or
combine directly with the H; in the gas to form H,0). In this way, O, is passed from atmospheric air
through the cell wall to the gas stream in the coulometric titration tube. At the coulometric titration gas
outlet, the voltage between the inner surface and outer surface is measured. This voltage can be used
to directly measure the O, partial pressure in the tube relative to the O, partial pressure in the air
atmosphere. A feedback loop from this voltage controls the oxygen current inflow at the inlet end of
the tube. In this way, only enough O; is provided to convert all H, to H,O. (In fact, the O, content in
the tube is always brought to asmall fixed quantity of O, — about 40 ppm — this ensures that the H,
quantity is extremely low).

To verify and calibrate the coulometric titration equipment, UzOg is used to measure the change in
stoichiometry to convert it to UO,. The error in these testsis required to be below 1% of the change in
O/U ratio. For UO,., samples with lower O/U ratios — about 2.10 — the uncertainty is about 5% of
the change in stoichiometry (i.e. 0.005). Another source of uncertainty results from grinding the fuel
samples into fine particles where some oxidation of the powder occurs prior to coulometric titration
measurement. This can lead to an uncertainty of 0.01 in the stoichiometry change. For dense,
non-friable fuel samples, thisisthe major source of error.

Figure 2.3 shows the result of an O/M-ratio measurement of an irradiated fuel sample from afuel
element with a through-wall sheath defect. The titration current represents the amount of oxygen ions
required in the coulometric titration cell to exactly convert al H, to H,O. Assuming that all oxygen
released from the sample during the measurement came from altering the stoichiometry of the UO,
(not from other phases that may have been present), the fuel sample is determined to have had an
initial stoichiometry of UO, o7, in this case. However, thisis an upper limit because other phasesin the
fuel sample (e.g. oxidized fission-product phases) might also have released oxygen. Due to the low
burnup of thisfuel, the amount of the other oxidized phases is expected to be small.

2.2. Samplepreparation for coulometric titration measurement

In ahot cell, 50-200 mg fuel samples were obtained from specific radial and longitudinal pellet-stack
locations in an irradiated fuel element with a through-wall sheath defect. This was accomplished by
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cutting approximately 10 mm pellet sections from the element and drilling them at precise positions
with a 1.8 mm diamond drill, parallel to the element axis. Samples were then loaded into a glove box
and placed in the coulometric titration furnace.

2.3. Example of coulometric titration results

Figure 2.4 shows how the extent of pellet oxidation inside a defected fuel element is quantified. As
shown, al samples exhibited oxidation; the O/M vaues varied from 2.02-2.10. The centre
cross-section (Section 6) exhibited dightly lower O/M values than the end sections because sheath
defects occurred at both ends of the fuel element.

Ceramographic analysis indicated the presence of higher oxide phases and enhanced grain growth in
the element, as described below.

2.3.1. Primary defect

The primary defect, caused by fretting damage, was smal and no UO, loss was observed. UO,
oxidation was observed along the exterior of the pellet and at a major radial crack (Fig. 2.5). Also, the
grain boundaries in this vicinity were oxidized (Fig. 2.6). Moreover, at the centre of this region, the
grain size was about 17 um, compared with 6 um at the periphery (the as manufactured grain size was
6 um). This, and the observed intergranular gas bubbles and tunnels are unexpected at this power
(29 kW-m™) and burnup (3.4 MW-d-kg™* U) for intact fuel elements. Their presence is consistent with
the observed pellet oxidation in this region, since pellet oxidation reduces thermal conductivity
(increasing temperature), thereby enhancing UO, grain growth and fission-gas release [1].

2.3.2. Secondary defect

The secondary defect of the element was relatively large (about 13 mm?, see Fig. 2.7) and UO, loss
near the defect was observed.

In the mid-radius of this region, fuel oxidation was observed at cracks (Fig. 2.8). Islands of grains
appeared throughout the oxidation phase, indicating preferential grain boundary oxidation. In the
central region (not shown), oxidation along radia cracks was also observed, but the extent of
oxidation was not as great as that in the mid-radius region.

Besides oxidation, UO, grain growth was observed in the mid-radius (14 um; Fig. 2.9), and the central
regions (30 um) — the as fabricated grain size was 6 um. Gas bubbles and tunnels were observed at
the grain boundaries in both regions. These observations are indicative of decreased thermal
conductivity.
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FIG. 2.2. Rough schematic diagram of a coulometric titration cell. Doping ZrO, with Y,05 increases

the O* vacancy concentration, thus enhancing the O* diffusion rate. Measuring the electric current (1)
gives the O” diffusion rate. Measuring the voltage (U) gives the O, partial pressure inside the tube
relative to the value outside the tube.
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FIG. 2.5. Primary (fretting) defect, showing fuel oxidation on the pellet edge and radial crack.

FIG. 2.6. Primary (fretting) defect: higher magnification than Fig. 3.5, showing fuel grain boundary
oxidation near aradial crack.

FIG. 2.7. At the secondary defect (a hole), low magnification: shows fuel local loss from hole, cracks
and pellet—pellet interface (arrow).
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FIG. 2.8. At secondary defect mid-radius (i.e. 3.5 mm from the centre) along a radial crack: shows
isolated grains embedded in darker fuel oxidation.

FIG. 2.9. At secondary defect mid-radius (i.e. 3 mm from centre): shows grain growth (average grain
size 14 um), and fission gas bubbles in grain boundaries and tunnels.

3.  SEM/WDS QUANTIFICATION OF FUEL PELLET OXIDATION
3.1. Waveength dispersive X ray spectroscopy (WDS)

X rays emitted from a specimen bombarded with a focused electron beam in a scanning electron
microscope (SEM) can be used to identify which elements are present (qualitative analysis). With an
optimized experimental set-up and data-analysis procedures, the measured X rays can also be used to
quantitatively evaluate the chemical composition of the sample.

WDS is an electron probe micro-analytical (EPMA) technique with a spatial resolution of the order of
10 um?, and high spectral resolution of the order of 10 eV [8]. It detects elemental constituents in a
surface layer of about 1-2 microns [9]. Quantitative WDS analysisis performed in relation to a known
standard. If the standard is of composition, structure and density similar to the sample analysed, its
fractional amount in the unknown with respect to the standard is given by:

~ - (1)
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Where C and C, are the weight percentages of the probed element in the sample and the standard, |
and |,, are the peak intensities measured in the sample and the standard.

WDS requires the selection of a characteristic X ray wavelength from the element analysed. The X
rays from the sample are selected by wavelength using diffracting crystals. Different types of crystals
are used depending on the wavelength to be analysed and each crystal may detect only one element.
As aconsequence, WDS analysis is highly accurate but relatively time consuming.

3.2. Specimen preparation

Anirradiated fuel pellet sample from a defected element and a sample of unirradiated UO; (to be used
as a standard) were positioned together in a conductive metallographic mount. The metallographic
sample was ground to 600 grit using SIC paper. This was followed by a two stage polish, first with
agueous 0.05 um Al,O5 suspension and secondly with colloidal silica (average particle size of 40 nm).
The sample was then dightly etched with a solution of H,O,/H,SO, (90/10) to revea the grain
boundaries. The sample was re-polished and lightly etched using the same process in preparation for
the present work. A secondary electron image of the overall sampleis shown in Fig. 3.1. For analysis,
the sample was divided into four regions: centre, mid-radius, periphery and edge.

FIG. 3.1. Secondary electron image (SEl) of the pellet sample.
3.3. SEM and WDS analysis

Analytical scanning electron microscopy (SEM) was performed using a radiation shielded instrument.
Secondary electron images (SEl) of the sample surface were taken at an acceleration voltage of 25 kV.

The WDS system used was equipped with Geller MicroAnalytical dQant software. The acceleration
voltage applied for this study was 20 kV, which was recommended by the manufacturer for oxygen
analysis. Two crystals were utilized during the analysis. pentaerythritol, to detect uranium (Mo peak,
wavelength = 0.391 nm) and a synthetic layered dispersive element for oxygen (Ko peak, wavelength
= 2.362 nm). An example of the uranium and oxygen peaksis givenin Fig. 3.2.

Four different locations were measured in the sample (Table 3.1). For each location, point analysis
aong a line close to the tangential direction was performed. Each analysis set was composed of
30-60 points and each point was measured 5times, for 30 seconds. Each point-intensity, |, was
calculated from the average of the five (30 second) readings:
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WDS analysis requires a reference-intensity value for quantitative analysis. The results presented here
used the average of 11 standard readings to calculate an average reference intensity I,

Dl
|0_OXygen = HT‘”‘yge” (%)
Z Isxd.uranium
Io—uranium = L 11 (5)

The intensities measured in the sample were then normalized with respect to the standard:

| orm = — (6)

TABLE 3.1. FOUR DIFFERENT MEASUREMENT LOCATIONS

Different measurement locations

Central region r'ro=0
Mid-radius rliro=0.5
Periphery r'ro=0.8
Edge rro=1

3.3.1. WDSpoint analysisalong aline

A micrograph of the central area where WDS was performed is shown in Fig. 3.3. The yelow line
indicates the site of the analyses. The spacing between the points forming the analysis line was 5 um
for the centre and mid-radius regions, and 3 um for the periphery and the edge regions. The SEM
image of Fig. 3.3 shows that the sample surface is not featureless. There are fine cracks observable on
the surface; lenticular pores and dimples are visible (likely the result of the creation of fission gas);
line scratches resulting from the initial stages of ceramographic preparation, are also evident. These
features will have an effect on the WDS analysis results. For example, the presence of voids and micro
crackswill result in lower U and O peak intensities.

The normalized (with respect to the standard) oxygen and uranium intensities (as a function of
position for the central region line scan) are shown in Fig. 3.4. The uncertainty associated with each
point is expressed as the standard deviation (o) attained and shown through the error bars. Variations
in intensity occur in both the uranium and oxygen peaks. For the most part, the variation is small and
peak intensities are relatively uniform within each region. Nevertheless, relatively large intensity
variations can be observed sporadically in the graphs, as in the first 15 um of the central region line
scan (Fig. 3.4).

The WDS results showed that oxygen and uranium peak intensities are consistent from grain to grain

within a region. In genera, the large variations in intensity observed can be attributed to
microstructural features such as pores and grain boundaries.
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Idedlly, the variations in intensity between sample and standard are only due to differences in
composition. The underlying assumption, in Equations 1, 6 and the WDS analysis performed so far, is
that the measured X ray intensity difference between sample and standard is due to their basic
compositional difference.

In some cases, the intensity variations cannot be easily correlated with height variations on the surface.
For example, the first three points measured in the central region (Fig. 3.4) show a decreased intensity.
In the absence of topographical features, these variations are aresult of the presence of microvoids, or
other elements and compounds. The data analysis software calculates the percentage of uranium and
oxygen in a spot (using the standard as a reference). If the percentage of uranium added to the
percentage of oxygen is not approximately 100%, this is a strong indication of the presence of
microvoids or other elements in the spot analysed. Hence, for further data analysis, the points acquired
where the sum of the oxygen and uranium percentages was not close to 100% were removed.

Oxygen and Uranium Distribution

The average oxygen and uranium normalized intensities as a function of radial position are shown in
Fig. 3.4. The amount of oxygen increases towards the edge. However, the oxygen intensities can be
normalized with respect to the uranium intensities to attain arelative O/U concentration ratio.
Calculated this way, the UO, standard would have an O/U concentration ratio of 1. The results and
their uncertainty, calculated from the standard deviations, are shown in Fig. 3.6. These results indicate
an increased O/U concentration ratio in the mid-radius, which agrees with previous coulometric
titration measurements and modelling predictions [3]. The cause of the irregular uranium distribution
shown in Fig. 3.5 (i.e. lower uranium intensity readings in the central and mid-radius regions) is
uncertain, but likely related to temperature- and irradiation-dependent changes in pellet structure and
density occurring during operation.

From the results shown in Fig. 3.5, the U content in the irradiated fuel sample is lower than in the
standard. This is expected due to fissioning of U. In addition, microstructural/density changes (e.g.
creation of fission-gas bubbles) will also affect the intensity of the U X ray signal. Separating these
effects may be possible by analysing a non-defected fuel where only temperature and radiation effects
are present. The structural and density changes that occur during operation may then be discerned
from the oxidation related to the presence of defects.

Standard

In this work, an unirradiated UO, pellet was used as the standard; however, as mentioned previoudly,
structural changes that occurred in the sample may affect the interaction and absorption of X rays.
Therefore, the assumption that the standard and sample are essentially equal except for composition
(Equations 1 and 6) may not be exactly valid. It is being considered to use a non-defected fuel with
similar burnup as a standard. Thiswill enable arelative measure of oxidation in the defected fuel.
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FIG. 3.2. WDS uranium and oxygen peaks at 20 kV; Note: The horizontal axis indicates the distance
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4. SUMMARY

Characterization of oxygen distribution at macro- and microscopic levels in defected fuel has been
ongoing at CRL for a number of years. The coulometric titration technique provides a macroscopic
measurement of the extent of pellet oxidation inside a defective fuel element. Pellet oxidation can be
further characterized using optical microscopy, SEM and EPMA techniques. With the combination of
these macro- and micro-analytical techniques, the oxidation condition of a defective fuel element can
be systematically quantified, and the information and data can be used to develop defective fuel
models. The work described in this paper demonstrates that CT-based O/M measurements, optical
microscopy and SEM/WDS analyses produce converging results.

The accuracy of WDS measurementsis expected to be improved by taking the following precautions:

(@  The specimen should be polished in such away that it is as flat and scratch free as possible.

(b)  Using diamond based, water soluble polishing pastes will reduce oxygen, aluminium and silicon
contamination in cracks and crevices.

(c) Using anirradiated pellet from an intact fuel element as a standard (with similar burnup to the
sample) will facilitate the relative measure of oxidation in the defected fuel.
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Abstract

Mixed oxide (MOX) fuel clusters containing ThO,+4%PuQ,, and ThO,+6.75%PuO, fuel pins were
irradiated in the pressurized water loop of the Indian research reactor CIRUS, to burnup in the range of 20
GW-d-t* (HM). The ThO,+4%PuO, fuel elements had free standing cladding made of zircaloy-2 and the
ThO,+6.75%PuO, had collapsible zircaloy-2 cladding. The fuel clusters had performed well during irradiation
with no apparent indications of failure. The techniques used for the post-irradiation examination (PIE) of these
fuels in the hot cells included visual examination, fuel pin diameter measurements, leak testing, gamma
scanning, gamma spectrometry, ultrasonic testing, eddy current testing, ceramography, metallography, beta
gamma autoradiography and measurement of released fission gases. Micro hardness measurement of cladding
and evaluation of mechanical properties using ring tension test were also carried out. This paper elaborates on
the techniques and the results of the PIE carried out on ThO,+4%PuO, fuel.

1. INTRODUCTION

India has about four times more thorium resources than uranium. Utilization of thorium for large scale
energy production isamagjor goal in the three stage nuclear power programme [1].

Hence, research and development in fabrication, characterization and irradiation testing of thoria based
fuels is necessary. A six pin cluster, consisting of ThO,-4% PuO, fuel pellets, had undergone
irradiation testing in the pressurized water loop (PWL) of CIRUS thermal reactor up to a burnup of
18.5 GW-d-t™. Post-irradiation examination (PIE) of the fuel pins from the cluster was carried out at
BARC hot cellsfacility. Non-destructive examination of the fuel pins from the cluster has been carried
out by visual examination, fuel pin diameter measurements, leak testing, gamma scanning, gamma
spectrometry, ultrasonic testing, eddy current testing. Micro structural characterization on two fuel
pins, TH-5 and TH-2 from the cluster, has been done using optical microscopy, scanning electron
microscopy, B—y autoradiography and o autoradiography techniques. This paper presents the salient
observations of the examinations carried out on the irradiated fuel pins.

2. FABRICATION DETAILS

The experimental six pin cluster (AC-6) consisting of ThO,-4% PuO, fuel pellets, encapsulated in a
free standing zircaloy-2 cladding, was fabricated at the Radio Metallurgy Division (RMD). The cluster
consisted of short-length fuel pins of about 0.5m Iength and the sketch of atypical experimental MOX
fuel pinisshown in Fig 2.1. Table 2.1 gives the details of the fabricated fuel pins.

3. IRRADIATION HISTORY
The AC-6 experimental cluster was irradiated in the PWL of CIRUS research reactor. The thermal
neutron flux in the loop was 5 x 10" n.cm®s™ and the temperature and pressure of the coolant in the

loop was 240°C and 105 kg-cm respectively. Peak linear heat rating and peak burnup in the fuel pins
was 40 kW-m™ and 18.5 GW-d-t™ respectively.
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FIG. 2.1. A typical experimental MOX fuel pin.

TABLE 2.1. DETAILS OF THE THORIA BASED MOX FUEL PINS

Cluster AC-6

Clad type Free standing
Number of pins 6 (5 ThO,-4% PuO, + 1 helium filled pin)
PuO, enrichment 4%

Pellet diameter 12.22 £ 0.01 mm
Pellet length 12.0+1.0mm
Pellet density 92-94% TD
Stack length 435 mm
Cladding outer wall diameter 14.3 mm
Cladding wall thickness 0.8 mm

Cold plenum length 20 mm

4. NON-DESTRUCTIVE TESTING
4.1. Visual examination

Visual examination was carried out on the individual pins using awall mounted periscope. All the fuel
pins were found with deposit of loose white powder which may have come from the storage water
pool containing aluminum cladded research reactor fuel assemblies. The fuel pins were cleaned by
cotton damped with acohol. No abnormality was visible on the surface (Fig. 4.1).

4.2. Diameter measurement

A diameter measuring set-up was made to be suitable to keep the fuel pin straight on the platform. The
diameter was read from the dial gauge display through the periscope. The diameter of the irradiated
fuel pinswas found to be within the manufacturing tolerances.

4.3. Leak testing

Leak testing was carried out in the hot cell using liquid nitrogen and alcohol leak test. During the test
each pin was immersed in liquid nitrogen for 5-7 minutes. Subsequently the fuel pin was transferred
to get immersed in atank filled with alcohol. There was no leak observed in the fuel pins.

4.4. Ultrasonic testing
Two 10 MHz line focused immersion probes were fitted at an angle in the probe carriage for detection
of axial and circumferential defects. Multi-channel ultrasonic flaw detector was used for slow helical

scan combining axial probe translation and rotation of fuel pin. Surface roughness signals were
predominant making interpretation difficult (Fig. 4.2).
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FIG. 4.1. Loading of fuel pin to ultrasonic FIG. 4.2. Two channels of ultrasonic
scanner using master slave manipulator. flaw detector showing surface signals.

4.5. Eddy current testing

Eddy current testing (ECT) was carried out on 4 fuel pins except pin TH-5, which could not pass
through the eddy current testing coil. Defect signals were obtained from the cladding of pin TH-2 as
shown in Fig. 4.3. The fuel pinis pulled up slowly and signals are recorded by the computer.

4.6. Gamma scanning

Gamma spectroscopy and scanning using the HPGe detector and multi channel analyser/scaler
(MCA/MCS) were carried out on these elements inside the hot cell. Co-60 and Cs-137 sources were

used for calibration. The spectra obtained from these elements revealed the presence of Cs-137,
Cs-134, Eu-154 and TI-208. Figure 4.4 shows atypical gammaray spectrum.

Plenum spring ;
o~ Defect signal

[ddy current signul

Length of the fue——»
FIG. 4.3. ECT set-up inside the hot cell (left), ECT signal from defect location of TH-2 (right).
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FIG. 4.4. Gamma ray spectrum of (Th-4%Pu)O, fuel pin.

4.7. Neutron radiography

The fuel pin TH-4 suspected to be defective during eddy current testing was subjected to neitron
radiography in the test reactor Circus. The bottom and top end plugs were found i1 Insulation pellet
cracks in the pellet were observed in the neutron radiograph shown in Fig. 4.5. Theple. .. coviivy cvn
also observed to be free from any distortion.

Bottom plug Multi-axial pellet cracks Plenum spring
FIG. 4.5. The neutron radiograph of fuel pin TH-4 shows no abnormality after irradiation.

5. DESTRUCTIVE TESTING
5.1. Fission gasanalysis

Fuel pins were punctured for the measurement of the amount of released fission gases. The volume of
the released fission gas and the void volume in the fuel pin were measured to arrive at the pressure of
the gas inside the fuel pin. A dual column gas chromatograph and a quadrupole mass spectrometer
were used to analyse the chemical composition and isotopic composition respectively of the collected
gases. Fission gas analysis was carried out on the fuel pins TH-2, TH-4 and TH-5. The fission gas
pressure in the pin TH-4 and TH-5 was 4.4 and 3 atmosphere respectively and the gases were He, Xe
and Kr. The fuel pin TH-2 did not show fission gas, indicating it to be a leaky pin which was also
found defective by ECT.

5.2. Metallographic examination
Metallographic examination of two fuel pins, TH-5 and TH-2 has been carried out to study the fuel

restructuring, cladding oxidation and hydriding. f—y autoradiography of the metallographic samples
was carried out to study the distribution of the fission products (mainly Cs-137) across the cross-
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section. o autoradiography was carried out to analyse the distribution of plutonium in the fuel [2].
Radiographs are shown in Figs 5.1-5.3.

FIG. 5.1. Photo macrograph. FIG. 5.2. B— autoradiograph. FIG. 5.3. a autoradiograph.

The white spots are the region of low activity, probably PuO, agglomerate created local high
temperature and cesium migrated to other location. This observation is still under investigation. Radial
cracks were observed in the fuel. No columnar grain formation or grain growth was observed in the
fuel. The B—y autoradiographs revealed asymmetric distribution p—y activity across the fuel cross-
section. Higher activity was observed in the cracks in the fuel. The a autoradiograph of the fuel
sections revealed a uniform Pu-activity along the cross-section. Uniform oxide layer was observed on
the outer surface of the cladding, whereas a discontinuous oxide layer was noticed on the inner
surface. Average oxide layer thickness on the outer and inner surface of the cladding was 1.3 um and
0.9 um respectively.

FIG. 5.4. Photo macrograph of the TH-2 fuel pin cross section. Massive hydride blister in the
clad and subsequent cracking of clad.

5.2.1. Clad metallography at defect location

Metallographic samples were taken from fuel pin, TH-2, in which a defect location was identified
during eddy current testing and no fission gas was obtained during fission gas measurement.
Examination of the cladding revealed a massive hydride blister. Figure 5.4 shows the photo
macrograph of a section from the pin with a defect region in the cladding. View of the hydride blister
at high magnification is shown in Fig. 5.4 too.
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5.2.2. Scanning electron microscopy (SEM)

The cellulose acetate replica prepared from the fractured surface of the fuel from pin TH-5 was
examined under SEM. The grain size was measured from the impression of the grains on the
replicating tape. Figure 5.5 (left) reveals the grain morphology observed in the fuel. The average grain
size was found to be 14 um. A bimodal grain size distribution with grains up to 30 um in size and
cluster of fine grains of 2-3 um size were also observed among the larger grains as, shown in Fig. 5.5

(right).

(@ (b)

FIG. 55. SEM photograph showing grain morphology (left) and bimodal grain size
distribution (right).

FIG. 5.6. Presence of fine bubbles on the grain faces (left) and magnified image shows interlinking
of fission gas bubblesin TH-5 (right).

Examination of the fractured fuel surfaces revealed grains with as fabricated pores at the grain edges
and corners. At a few locations, very fine fission gas bubbles were observed on grain faces and there
was evidence of interlinking of the fine bubbles as shown in Fig. 5.6 (left). A magnified image of the
interlinked features present on the grain face is shown in Fig. 5.6 (right).

6. CONCLUSIONS

1.  Absence of visible grain growth or columnar grain formation was absent.
2. Radial cracks were present in the fuel pellet cross-section.
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Measured grain size and grain morphology was similar to the as fabricated fuel with an average
grain size of 14 um. A few grains up to 30 um in size and at some locations were observed.
Clusters of fine grains of 2-3 um were also observed. Bimodal grain size distribution occurred
in some regions of the fuel.

Reduced porosity was seen in the central portion of the fuel.

Submicron size fission gas bubbles on the fuel grain surfaces in the central region and inter
linkage was al so observed.
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Abstract

The object of this work is the behaviour of CANDU fuel elements under power cycling conditions. The
tests were run in the 14 MW(th) TRIGA-SSR (Steady State Reactor) reactor from Institute for Nuclear Research
(INR) Pitesti. zircaloy-4 is the material used for CANDU fuel sheath. The importance of studying its behaviour
results from the fact that the mechanical properties of the CANDU fuel sheath suffer modifications during
normal and abnormal operation. In the nuclear reactor the fuel elements endure dimensional and structural
changes as well as cladding oxidation, hydriding and corrosion. These changes can lead to defects and even to
the loss of integrity of the cladding. This paper presents the results of examinations performed in the Post-
irradiation Examination Laboratory (PIEL) from INR Pitesti, on samples from a fuel element irradiated in
TRIGA-SSR reactor: (i) Dimensional and macrostructura characterization; (ii) Microstructural characterization
by metalographic analyses; (iii) Determination of mechanical properties; (iv) Fracture surface analysis by
scanning electron microscopy (SEM). The obtained data could be used to evaluate the security, reliability and
nuclear fuel performance, and for CANDU fuel improvement.

1. INTRODUCTION

The facilities from INR Pitesti allow the testing, manipulation and examination of nuclear fuel and
irradiated materials. The most important facilities are the TRIGA SSR research and material test
Reactor and the Post-Irradiation Examination Laboratory (PIEL).

The purpose of this work is to determine by post-irradiation examination, the behaviour of CANDU
fuel, irradiated in the 14 MW TRIGA reactor. The results of post-irradiation examination are:

- Visual inspection of the cladding;

- Profilometry (diameter, bending, ovalization) and length measuring;

- Determination of axial and radial distribution of the fission products activity by gamma
scanning and tomography;

- Microstructural characterization by metallographic and ceramographic analyses;

- Mechanical properties determination;

- Fracture surface analysis by scanning €l ectron microscopy.

The irradiation of a fuel element can lead to defects in the cladding. This is due mainly to a
combination between a strain quite high and a low ductility of the cladding material. In CANDU
reactors, the fuel elements are subjected to power ramps severe enough when reloaded during the
functioning of the reactor.

The CANDU reactors from Cernavoda Nuclear Power Plant (NPP) are using as nuclear fuel bundles
of 37 elements each, assembled by some edge grids. This bundle has a length of 495 mm, a diameter
of 103 mm and weight of 24 kg. The CANDU fuel element contains cylindrical pellets of UO,
syntherized, placed into a zircaloy-4 tube (also known as sheath or cladding), closed at both edges
with endcaps. It has alength of 492 mm and a diameter of 13.08 mm.

In order to check and improve the quality of the Romanian CANDU fuel, power ramp tests on
experimental fuel elements were performed in our TRIGA SSR reactor. The irradiated fuel elements
were further subjected to examination in the PIEL |aboratory. During the irradiation, the fuel elements
suffer dimensional and structural changes, and aso modifications of the cladding surface aspect, as
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result of corrosion and mechanical processes. This can lead to defects and even the integrity of the fuel
element can be affected.

The performance of the nuclear fuel is determined by the following elements:

— Status of cladding surface and the effects produced by corrosion;
- Cladding integrity;

— Dimensional modifications;

— Distribution of fission productsin the fuel column;

— Pressure and volume of the fission gas,

— Structural modifications of the fuel and cladding;

- Cladding oxidation and hydration;

— | sotopic composition of the fuel;

- Mechanical properties of the cladding.

2. CANDU FUEL CHARACTERIZATION
2.1. Theaspect of the cladding surface

After irradiation, the fuel rod was kept in the reactor pool for three months, for cooling. The fuel rod
was then transferred to the INR hot cells where it was subjected to detailed examinations.

An image of the fuel element is given in Fig. 2.1. It was obtained using a periscope, coupled with an
OLYMPUS digital camera. The aspect of the cladding surface indicates a normal behaviour of the fuel
element.

FIG. 2.1. Fuel element CANDU tested in the power ramp.

2.2. Profilometry

The diametrical profile, diametrical increasing, ovality and the arrow of fuel element were determined.
In Fig. 2.2 is presented the average diameter profile of the fuel element. The average diameter is
13.149 mm. The average diametrical increasing is 0.087 mm (0.67%), with respect to the diameter
before irradiation.

Ovality profiles of the fuel element for two different positions on the vertical axis, Z=97 mm and
Z=172 mm, are presented in Fig. 2.3. The graphic representation was made based on the
measurements performed at these positions on three directions (0°, 120° and 240°). The profiles of
bending are presented in Fig. 2.4.

2.3. Gamma scanning and tomography

The gamma scanning equipment consists of a vertical fuel rod positioning machine equipped with
SLO-SY N step-by-step motors, a collimator, in the hot cell shielding wall, a PGT intrinsic Ge detector
and amulti channel analyser.

For axial gamma scanning, the dlit of the collimator was horizontal, having an aperture of 0.5 mm. The
gamma acquisition along the fuel rod was performed at regular intervals of 0.5 mm; the acquisition
time per step was 200; Fig. 2.5(a)) shows the fuel rod axial gross gamma activity profile. A prominent
depression of count rate at fuel pellet interfaces is observed, which means there is no interaction
between the pellets. This gamma activity profile highlights practically a symmetric loading of the fuel
rod.
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FIG. 2.4. Profiles of bending after irradiation.

A method of tomographic reconstruction based on a maximum entropy algorithm has been developed
as described in [1-2]. The data acquisition was done while the fuel rod was moved transversally
step-by-step at regular intervals of 0.25 mm after every 72° rotation in front of avertical collimator dlit
(which is 50 mm high and has a 0.25 mm aperture). Figure 2.5(b) shows, qudlitatively, the
tomographic image of the radial distribution of **’Cs gamma activity in the cross-section of the fuel
rod, in the flux peaking area. This tomography indicates that the **'Cs isotope migrated from the
middle to the periphery of the fuel rod and was redistributed according to the temperature profile.

The *¥'Cs isotope was used as burnup monitor. For an accurate determination of the burnup, the
gamma self-absorption coefficient was calculated using the distribution of **Cs activity in the cross-
section of the fuel rod. The burnup of the fuel rod is 8.77 MW-d-kg* U (for 192 MeV fission of U).
The fuel rod burnup determined by mass spectrometry is 9 MW-d-kg™* U (for 192 MeV fission of U).
These results are in good agreement.

2.4. Metallographic and ceramogr aphic examination

A LEICA TELATOM 4 optical microscope, with a magnification of up to 1000 times, was used for
macrographic and microstructural analysis of the irradiated fuel rod. A computer-assisted analysis
system is used for the quantitative determination of structural features, such as grain and pore size
distribution.

The preparation of the samples includes precise cutting, vacuum resin impregnation, sample mounting
with epoxy resin in an acrylic resin cup, mechanical grinding and polishing, chemical etching [3].

The analyses by optical microscopy provide information concerning:
— The aspect of pellet fissure (Fig. 2.6);

- The structural modifications of fuel and the sizes of the grains (Fig. 2.7);
— The thickness of the oxide layer and the cladding hydriding.
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FIG. 2.5. Axial gamma scanning (a) and tomography (b) on a CANDU fuel rodirradiated in the INR
TRIGA reactor in a power ramping test.

FIG. 2.6. The cross-section of the fuel pellet.

The cross-section of the fuel pellet (x 8) presents radial and circular fissures on the whole section. The
cladding does not present nonconformities, the thickness of this being 0.431 mm. There are no visible
effects on fuel sheath, due to mechanical or chemical interactions.

The hydride precipitates are orientated parallel to the cladding surface. A content of hydrogen of about
120 ppm was estimated by means of hydriding charts [4]. The fuel element presents on the outer side

of the cladding a continuous and uniform zirconium oxide layer (Fig. 2.8). The thickness of the
cladding oxide layer is 2.5 um.

2.5. Determination of mechanical properties

After the preliminary tests, three ring samples (5 mm long each) were cut from the fuel rod, for further

tensile tests (Fig. 2.9). The samples were prepared according to the shapes and dimensions given in
[5-6].

The samples are tested in order to evaluate the changes of their mechanical properties as a

consequence of irradiation. The tensile testing machine used is an INSTRON 5569 model. The
machine uses the Merlin software for data acquisition and analysis.

The tests were done under the following conditions. constant testing temperature (300°C), 25N
preload and constant tensile strain (v = 0.05 min™).
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(a) Equiaxial grains (b) Unaffected grains
FIG. 2.7. The structural modificationsin the fuel pellet.
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FIG. 2.8. Cladding aspect.
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FIG. 2.9. Ring test sample.
The tests have been performed in order to record or evaluate the following mechanical characteristics:
- The strain—stress diagrams and |oad extension (Figs 2.10-2.11);
— Theyield strengths (offset method at 0.2%);

- The elastic limit;
—  Theultimate tensile strength of the samples.
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FIG. 2.11. Srain-stress diagram.

FIG. 2.12. Ring sample after test.

The tests were done according to the procedures and standards given in Ref. [7—8]. The aspect of the

ring sample after the test is presented in Fig. 2.12.

2.6. Fracture surface analysis by scanning electron microscopy (SEM)

For sample analysis an electron microscop model TESCAN MIRA Il LMU CS with Schottky field
emission and variable pressure was used. The magnification range is x (4—1 000 000). An outstanding
depth field, much higher than in the case of optical microscopy characterizes the scanning electron
microscopy (SEM). This makes SEM very appropriate for analysing fracture surfaces of zircaloy 4
cladding resulted from tensile test.

Because of the ring shape of the sample, for rupture surface visualization, the sample was split in two
parts, which were mounted in microscope chamber asin Fig. 2.13.

FIG. 2.13. Sample fixture on the electronic microscope table.

213



Both sides of the tensile fracture were analysed on each half of the ring. The dimples from the central
zone are rather deep, whereas the ones on the outer side are tilted and smaller.

The central zone of the fracture presents equiaxial dimples (Fig. 2.14).

= e

e wnrnaudl
(c) x 2000

(a) general view x 15 (b)) x500
FIG. 2.14. The aspect of the central zone of the fracture.

3. CONCLUSION

After irradiation, the fuel rod was kept in the reactor pool, for cooling and then it was transferred to
the INR-PIEL hot cells where it was subjected to detailed examinations.

First of all, visual inspection of the cladding was done. The aspect of the cladding surface
indicates a normal behaviour of the fuel element.

The diametrical profile, diametrical increasing, ovality and the arrow of fuel element were
determined.

The tomography indicates that the 137Cs isotope migrated from middle to periphery of the fuel
rod and was redistributed according to the temperature profile.

By metallographic and ceramographic examination we determinated that the hydride
precipitates are orientated parale to the cladding surface. A content of hydrogen of about
120 ppm was estimated. The cladding does not present nonconformities. The fuel element
presents on the outer side of the cladding a continuous and uniform zirconium oxide layer 2.5
um thick.

After the preliminary tests, three ring samples were cut from the fuel rod, and were subject of
tensile test on an INSTRON 5569 model machine in order to evaluate the changes of their
mechanical properties as a consequence of irradiation.

Scanning electron microscopy was performed on a microscop model TESCAN MIRA 11 LMU
CS with Schottky FE emitter and variable pressure. The analysis shows that the central zone has
deeper dimples, whereas on the outer zone, the dimples are tilted and smaller.

A full set of non-destructive and destructive examinations concerning the integrity, dimensional
changes, oxidation, hydriding and mechanical properties of the cladding was performed. The obtained
results are typical for CANDU 6 type fuel.
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Abstract

The report offers the results of the tests and of post-irradiation investigations of low-enriched U-Mo fuel
tested in the MIR reactor under the RERTR program. The results of post-irradiation investigations of mini fuel
elements with modified dispersion fuel containing 5%, 13% of silicon in the matrix and protective layers on fuel
particles in the form of ZrN, tested up to the mean values of U-235 burnup ~60% and ~84%, have been drawn.
Data proving the reduction of the process of interaction between U-Mo alloy and the aluminum matrix
containing silicon additives is afforded. It is demonstrated that the interaction with the matrix does not happen
until 84% of burnup when protective ZrN cladding is available on U-Mo particles. The impact of irradiation
conditions on the interaction layer growth is discovered.

1. INTRODUCTION

Development of high density low enriched uranium fuel for research reactors is a worldwide tendency
within the framework of mass-destruction weapons non-proliferation and anti-terrorism policy.
Reactor conversion to a new fuel of reduced enrichment should be carried out provided specific
requirements related to active core and fuel assemblies are observed:

- Reactor core design should be retained;

— Annual consumption of FAs with low enriched fuel should not exceed the number of FAs
before conversion;

- Main operating parameters for research reactor should be retained.

Development of new low enriched fuel for low flux research reactors in the Russian Federation was
initiated in 1978. Cooperation between Russian and foreign experts within the programme “ Reduced
Enrichment for Research and Test Reactors’ (RERTR) started in the 1990s.

It should be noted that the Russian programme is the only one among national programs within the
framework of which a new type of fuel composition is developed together with a new design of fuel
elements. It is supposed to use currently developed unified dispersion fuel rods instead of standard
FAswith tubular fuel elements.

Based on the examination results, the RERTR programme member countries came to the conclusion
that U-Mo alloy isthe best material for high density fuel of research reactors.
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One of the main problems for low enriched dispersion U-Mo fuel is interaction of the U-Mo alloy
particles with Al matrix. As aresult of this interaction, fraction of the matrix material reduces with the
fuel burnup, physical and mechanical properties of fuel meat significantly change, including
considerable reduction of heat conduction, increase of fuel meat temperature and formation of gas
bubbles. The paper [1] described gas bubbles formation and unpredicted fuel meat swelling caused by
intensive interaction of U-Mo particles with Al matrix. Within the RERTR program, further
comprehensive examinations were carried out in order to find a way to reduce this interaction. The
authors of paper [2] showed possible reduction of interaction by adding silicon to Al matrix.

Within the Russian RERTR program, to solve this problem much attention was paid to the
development of protective coatings on the U-Mo particles surface. Preliminary examinations showed
that zirconium nitride coating on particles was determined as the most promising technology. It was
decided to conduct comparative reactor tests of mini-rods with modified dispersion U-Mo fuel coated
with ZrN and those with silicon additions in Al matrix.

This paper presents the results of fuel meat examinations using SEM and EPMA of non-irradiated
mini-rods and those tested up to uranium-235 burnup of ~60% and ~84%. SEM and EPMA were used
to obtain data on the fuel meat structure and composition.

2. BASIC CHARACTERISTICS AND TEST CONDITIONS OF MINI-RODS

Mini-rods with various U-Mo modifications were tested and examined in 2003—2006. Mini-rods with
silicon additions in the matrix and protective coatings on fuel particles have been tested in 2008-2010.
Basic characteristics and test conditions of mini-rods are given in Table 2.1. Genera view and cross-
section of mini-rods are presented in TABLE 2.1.

TABLE 2.1. BASIC CHARACTERISTICS AND TEST CONDITIONS OF MINI-RODS

Mini-rods with Mini-rods with
Parameter dispersed fuel meat, dispersed fuel meat,
irradiationrig 1 irradiationrig 2
Cross-section shape Square with ribs at Square with ribs at
angles angles
Fuel U-9.4%Mo U-9.4%Mo
Type and size of U-Mo particles Granules, Granules,
~100-140 pm ~100-140 um
Matrix materida Al; Al+2%Si; Al+5%Si; Al; Al+2%Si; Al+5%Si;
Al+13%Si Al+13%Si
Uranium density of fuel meat, [g-cm] ~6.0 ~6.0
Clad material SAV-6, aloy 99 SAV-6, aloy 99
Heat flux density, [MW-m?]
— aver. / max. 0.6/1.2 1.0/1.8
Temperature of outer surface, [°C]
— aver. / max. 90/140 120/180
Burnup U-235, [%]
— aver. / max. ~84/93.0 ~60/67.5
Fission rate in particles, [10™ cm®sY]
— aver. / max. n s ~2.3/~4.6 ~3.6/~6.8
Fission density in particles, [10™ cm™] 5.6/~6.2 —4.0/~45
aver. / max.
Duration of tests, [days] 285 130
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3.  PREPARATION OF SPECIMENS

For SEM and EPMA examinations, full cross-sections of mini-rods were prepared. Preliminary
examination of specimens using optical microscopy showed that the width of the interaction layer (IL)
between U-Mo particles and matrix is significantly scattered. Therefore, it was impossible to evaluate
an extent of the fuel-matrix interaction based on the IL width for separate particles. It was necessary to
get SEM images of the entire cross-section of mini-rods and determine volume fraction of the IL.

Specimens were prepared in the specially equipped hot cells. The cross-section was made by fixing a
specimen in the holder and its polishing to get a surface of the required quality. The specimen was
fixed in the holder by wood alloy. Upon completion of preparations, specimens were transported using
an inter-cell transporter to a hot cell with microscope Philips XL 30 ESEM-TMP. Specimens were
installed in the microscope working chamber by means of manipulators. The SEM area at RIAR
(Dimitrovgrad, Russian Federation) allows the examination of radioactive specimens with high level
background ionizing radiation. This area is arranged so that the microscope column is placed on a
separate base inside the hot cell (Fig. 3.1) and controlled remotely from the operator’s room. This area
and its SEM and EPMA capabilities were described in details at the HOTLAB conference in 2004 [3].

FIG. 3.1. View of the microscope from the operator’s room through the hot cell window.

4, RESULTS OF EXAMINATIONS
4.1. State of fuel meat of non-irradiated mini-rods

The examination of unirradiated fuel compositions showed no interaction between fuel particles and
matrix during manufacturing of mini-rods of all types.

For mini-rods with 5% Si matrix, silicon interacts with U-9%Mo alloy. A silicon saturated layer is
formed on the surface of fuel particles. It does not form a continuous coating of particles, its size
differsfor various particles and is not uniform along the perimeter of one and the same particle.

Distribution maps of silicon, uranium, molybdenum and aluminum were plotted using EPMA
(Fig. 4.1). The grain boundaries of the U-Mo alloy have reduced amount of Mo and increased amount
of U, as it was mentioned in [4]. The distribution map analysis makes it possible to identify that Si
diffuses inside U-Mo particles along the grain boundaries. No traces of Al penetration into U-Mo
aloy were found. For 13% Si in the matrix, no qualitative change in the interaction between silicon
and fuel particles is observed as compared to its 5% content in the matrix. Silicon penetrates deeper
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into U-9%Mo alloy diffusing along the grain boundaries. The silicon-saturated layer becomes thicker
on the surface of fuel particles. It covers larger surface of fuel particles without forming a continuous
film.

For fuel elements with ZrN coating on fuel particles, the coating layer thickness makes up 2-3 pm
(Fig. 4.2). For some U-Mo particles, ZrN coating layer is observed partially or not observed at all.

r T 1

T

e
FIG. 4.1. Image of the fuel meat region with 5% S matrix (a) on which distribution maps of S (b), U

(c), Mo (d) and Al (e) were obtained.

a b
FIG. 4.2. (a) Fragment of the fuel meat of the mini-rod with ZrN coating of U-9%Mo alloy particles;
(b) SE image of ZrN coating .

4.2. Stateof fuel meat after irradiation
The U-Mo dlloy interacts with Al under irradiation. The degree of interaction between the U-9%Mo
particles and matrix from aluminum powder PA-4, 5% Si and 13% Si and ZrN coating was evaluated

based on the volume fraction of the interaction layer. The results are presented in Table 4.1.

Table 4.1 shows that with addition of silicon in the matrix, the IL significantly reduces. Increase of
silicon concentration from 5% up to 13% considerably reduces the IL volume fraction.
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For mini-rods with ZrN coating on fuel particles, the IL volume fraction remains at 6% for the above
mentioned irradiation conditions. Microstructure of irradiated fuel compositions in examined mini-
rodsis presented in Fig. 4.3.

Analysis of the fuel mesat state shows that the IL thickness is similar for al U-Mo particles of the
U-9%Mo/Al (without Si) composition and makes up 25-30 um. With addition of 5% Si to the matrix,
the IL thickness becomes very non-uniform along the perimeter of fuel particles. Its values range from
2 um to ~30 um for high fission rate and a burnup of ~60%, and from 2 pm to ~20 pm for low fission
rate and a burnup of ~84%. For 13% Si added matrix the major area of the U-Mo particles surface has
IL ~(1-2) um thick. At a high fission rate, this layer achieves its maximum thickness of 15 um, while
at low fission rateit is equal to 10 pm.

Protective ZrN coating completely prevents the interaction of U-Mo aloy with the Al matrix. The
interaction layer is formed in the fuel meat of such mini-rods where there is no protective coating on
the fuel particle surface, both for a burnup of ~60% and ~84%.

TABLE 4.1. RESULTS OF MEASURING THE IL VOLUME FRACTION IN MINI-RODS AFTER
IRRADIATION UP TO THE AVERAGE BURNUPS OF ~60% AND ~84%

Fuel meat Rig No.2 Rig No.1
material Burn-up, IL volume Burn-up, IL volume
[%0] fraction, [%] [%0] fraction, [%]
Si<0.4% ~60 40+4 ~84 40+4
A1+5%Si ~60 25+3 ~84 10+£2
A1+13%Si ~60 10+£2 ~84 61
ZrN coating
Sj<0.4% ~60 611 ~84 6+1

EPMA was used to determine silicon effect on the IL thickness. Silicon distribution maps were
plotted. They demonstrate that with high amount of silicon in the IL, its thickness is equal to 2-3 pm
(Fig. 4.4) irrespective of irradiation conditions for this experiment. Quantitative EPMA shows that the
silicon content in such IL ranges within 7-15 at.%.

@ (b) (©) (d)

(e) (f) ) (h)
FIG. 4.3. SEM images of fuel meat microstructure: U-9%Mo particles in Al matrix. Burnup ~60% (a)
and ~84% (b); U-9%Mo particles with addition of 5% S in the matrix. Burnup ~60% (c) and ~84%
(d); U-9%Mo particles with addition of 13% S in the matrix. Burnup ~60% (e) and ~84% (f);
U-9%Mo particles with ZrN coating. Burnup ~60% (g) and ~84% (h).

No silicon was reveaed in the wide interaction layer. It concentrates at the boundary of wide IL with
the matrix.
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Summary of the EPMA results shows that the IL grows before contact with silicon particles. At that
moment it stops to grow and further interaction is observed at adjacent silicon-free regions. With a
great quantity of silicon particles, the IL growth stops in al directions. It is clearly seen in Fig. 4.5,
where silicon particles prevent the IL growth in each direction.

No cases of silicon particles presence inside the IL were observed. Therefore, silicon particles
effectively prevent the IL propagation.

T T 1

(@ (b)

FIG. 4.4. Non-uniforminteraction layer in 5% silicon matrix. Burnup of U-235 is ~60%. Slicon
distribution around fuel particles. No silicon is found in the wide IL.

() (b)

FIG. 4.5. IL image. 13% S matrix, U-235 burnup is ~60%. The IL propagation is stopped by silicon
particlesin all directions (b).

5. DISCUSSION

Results of examinations of mini-rods from two irradiation rigs where the testing conditions differed by
thermal power (fission rate) are evident of significant effect of irradiation conditions on the IL
formation intensity. For the first irradiation rig, an average burnup of U-235 of ~84% (average fission
density in fuel particle is ~5.6 x 10?* cm™) was achieved at full power operation of 285 days, average
fission rate of 2.3 x 10" cm™s™. For the second irradiation rig, an average burnup of U-235 of ~60%
(average fission density in fuel particles is ~4.0 x 10 cm®) was achieved at full power operation of
130 days and an average fission rate of 3.6 x 10" cm®s™. The following results were obtained
(Table4.1):

— For silicon-free matrix, nearly the same volume fractions of the fuel-matrix interaction layer
were obtained;

— For mini-rods with the 5% silicon in the matrix, the IL volume fraction is 2.5 times higher than
that for mini-rods with the 13% silicon in the matrix during irradiation in the second irradiation
rig up to a burnup of ~60% at fission rate of 3.6 x 10,4 cmM-3s-1;

222



— For mini-rods with the 5% silicon in the matrix, the IL volume fraction is 1.7 times higher than
that for mini-rods with the 13% silicon in the matrix during irradiation in the first irradiation rig
up to aburnup of ~84% at fission rate of 2.3 x 10 cm?s™.

Therefore, with silicon addition to the matrix, interaction suppression effect of silicon concentration in
the matrix is greater at relatively high fission rate (3.6 x 10" cms?).

The above mentioned effects can be significantly influenced by fuel meat temperature.

In the production of mini-rods with silicon additions in the matrix, dissolution of silicon near the
surface of U-Mo particles is not completed. As a result, fuel particles or some regions of the fuel
particle surface are not saturated with silicon. In this case, when on the surface of U-Mo particles a
silicon saturated layer is formed, it sSlows down the diffusion of uranium and molybdenum atoms from
one hand and Al atoms from the other hand. The IL becomes 1-3 pum wide under irradiation. It was
determined that to prevent intensive growth of the IL under irradiation in reactor MIR, 7 at.% silicon
concentration is sufficient. If in the initial state silicon concentration on the fuel particle surface is not
sufficient, formation of awide interaction layer occurs during irradiation.

Thereisno silicon inside the wide IL. It is displaced to the IL boundary with matrix. With movement
of the boundary inside the matrix the silicon concentration on it increases resulting in slowdown of the
IL growth. If large silicon particles appear on the way of the IL boundary with matrix, the IL stopsto
grow in this area, while the interaction in regions free from silicon continues. It explains non-
uniformity of the IL width in the fuel meat in the matrix of which there are silicon additions.
Therefore, silicon particles form an effective barrier against U-Mo alloy interaction with Al. Increase
of fuel meat temperature contributes to more intensive diffusion. It results in the increase of the IL
volume fraction with increase of fission rate.

The most effective measure to stop the U-Mo alloy interaction with Al is application of ZrN coating
on the surface of U-Mo particles. If the coating layer is 2-3 um wide, interaction with the Al matrix
under the above mentioned irradiation conditions up to a burnup of ~84% is not observed.

6. CONCLUSION

Post-irradiation examinations of mini-rods with modified dispersion U-Mo fuel tested in the MIR
reactor up to average burnups of 60% and 84% of U-235 showed the following results:

- Protective coating on U-Mo particles with ZrN layer 2—-3 pum thick almost completely prevents
their interaction with the Al matrix without using any additions up to high burnups at fission
rates of 3.6 x 10,4, cM-3s-1;

- Silicon added into the matrix decreases significantly the interaction between U-Mo particles
and the matrix, both silicon content and fission rate being effective;

- Effect of interaction suppression with increase of silicon concentration in the matrix is higher at
relatively high fission rate.
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Abstract

Paul Scherrer Institute (PSI) conducts post-irradiation examinations (PIE) on fuel pins irradiated in
nuclear power plants. During poolside inspections of the nuclear fuel at one of these plants, an intact fuel pin
showed a small deviation in diameter along several mm of the axial elevation. The pin was added to the fuel
delivery transport to PSl in the frame of a surveillance program. To detect the exact dimensions of the pin
section, a laser scanning profilometer was adapted for hot cell use by mirroring the laser beam. The examined
length of the found clad necking matched the nominal length of one fuel pellet, indicating a missing or diameter
reduced pellet. Axial gamma spectrometry confirmed the match of the neckings's length with the pellet gaps
indicated by higher cesium count rates. The azimuthal variation in cladding diameter was confirmed by gamma
spectrometry angle dependent mappings. To investigate the pellet integrity without destructive methods, a
neutron radiography was decided for. After cutting a segment of the pin, the radiography at the PSl neutron
irradiation facility SINQ revealed one pellet with variations in diameter, but without abnormal structural defects.
This paper outlines the combination of the three non-destructive methods as well as technical descriptions of the
methods and some results of the examinations.

1. MOTIVATION

To improve the economy of nuclear fuel assemblies, further development of cladding aloys and
assembly designs is aimed for by utilities, suppliers and vendors. To confirm the effectivity of the
developments as well as the compliance with safety margins, Paul Scherrer Institut (PSI) HOTLAB
conducts a post-irradiation examination (PIE) program, where fuel pinsirradiated at swiss commercial
plants are characterized on a regular basis since 25 years. The fuel pin positions are chosen based on
fuel assembly design changes and heat generation or burnup criteria and PSI offers the complete range
of non-destructive and destructive analyses. During poolside inspections of the nuclear fuel at one of
these plants, an intact fuel pin showed a small deviation in diameter along several mm of the axial
elevation. This paper describes a set of three non-destructive tests delivering the basic information to
choose the position for destructive analysing in case of this fuel imperfection.

2. CONDITIONS

The non-destructive testing is performed in the 1% cell of a hot cell chain built in the beginning of the
1960s and refurbished 198587 to conduct PIE of fuel pins irradiated in commercial power plants.
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Equipped with 90 cm of steel encased concrete shielding and remote handlers , Walischmiller A100%,
the gamma dose rate at the different measurement systems can reach up to several kGy-h™. As the
dose rate and accumulated dose in the cell is steadily increasing due to higher burnup and earlier
delivery of pins after their end of life, modern measurement systems with integrated electronics
installed inside the cell required additiona shielding. They replace the older systems based on
mechanical principles or more robust, conventional electronics. Regarding the limitations of criticality
and geometry for Hotcell 1, 37 UO, or 23 MOX fuel rods with a maximum enrichment of 5% and 7%,
respectively and arod length up to 4300 mm can be handled. The fuel pin movement is automated and
programmable, allowing smallest stepwidths of 0.1 mmin axial and 1° in azimuthal direction.

3. EXAMINATION

An intact rod, examined in the frame of the regular PIE programme 2010 showed a very small
azimuthal necking in diameter, hardly to be detected by visual inspection. The fuel manufacturer and
the plant operator decided to investigate the cause. A non-destructive examination was chosen to avoid
any impact to the material and to define the axial level of metallo-ceramography.

3.1. Profilometry

The exact dimensions of the necking were determined by laser scanning profilometry. The method
detects the amount of light received from an oscillating laser beam after shadowed by the measured
sample.

Properties and abilities of the method:

— Deviation from the calibrated diameter with accuracy and reproducability of 0.3 um;

— Minimum axial step width of 0.3 mm;

- Measuring time for an axial rod profile of about 4 m length in approximately two hours;
—  Rotationa profiles, indicating the surface contour of the cladding.

This unique adaptation of an industrial system (Mitutoyo LSM) to highly radioactive ambience was
achieved by mirroring of the laser beam. Therefore, shielding of emitter and receiver by ~10
half-value layers of lead was possible. The laser beam is distracted by arotating polygonal mirror, thus
oscillating along the position of the moving fuel pin. By exactly positioning of the additional mirrors,
the accuracy of the encapsuled system was kept in the same order. Roughness and cleanliness of the
mirrors are checked by the oscilloscope signal.

The system can be removed from the outer shielding for repairs or cleaning. Maintenance is negligible
compared to the earlier used system with LVDTs as there is no mechanical wear.

The axial and azimuthal scanning of the fuel rod confirmed that the axial length of the necking
matches the height of a single fuel pellet while the diameter was varying in circumferential direction
with a pronounced minimum at one side of therod (Fig. 3.1).

3.2. Gamma spectrometry

Knowing the length of the clad necking matches one pellet, gamma spectrometry was applied to
confirm the positions and conditions of the fuel pellets. The method is an energy dispersive
measurement of fission and activation products with positioning of the fuel pin equal to profilometry.
Volatile and fixed species detected alow for conclusions regarding temperature and fission rate
gradients in the fuel column, i.e. positions of the pellet gaps and possible fuel inhomogenities. The
gamma beam is collimated with a slit width of 0.3 mm, the collimator itself isintegrated within the hot
cell shielding wall. The nitrogen cooled HPGe-Detector delivers a spectrum of 4096 energy channels,
which correlates to a resolution of about 0.5 keV if used over the full energy range. Very high count
rates up to 4 x 10° cps are accepted by the hardware due to digital amplification and loss free impulse
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counting; the spectrum analysis software (Canberra Genie 2K) is remote controlled by a LabView
based two-axis drive system moving the fuel pin.
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FIG. 3.1. Azimuthal diameter plot of the fuel rod necking; axial length determined to one pellet [ x¢;xs]
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FIG. 3.2. Plot of axial count rate of caesium and ruthenium, indicating the gaps between the pellet
matching the necking position.

As the volatile cesium accumulates at positions of lower temperature, pellet gaps and areas of better
thermal conductivity or lower heat generation are indicated by higher count rates. As ruthenium is kept
fixed in the fuel matrix, inhomogenities in the fuel are detected. The plots of count rate against fuel
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rod elevation of these nuclides are compared in Fig. 3.2. The observed pellet gaps matched perfectly
with the area of reduced diameter of the necking, and the higher count rates of ***Cs and *'Cs
observed at mid pellet height can be attributed to positions of closer contact of pellet and cladding. On
the other hand, the quite stable count rate of *®Ru indicates no hint for fuel imperfection.

3.3. Neutron radiography

Now that the cause for the necking was identified in one certain fuel pellet, the obvious next step was
ceramographic examination. But, proceeding directly with metallo-ceramography would imply alot of
grinding levels and possible influence of sample preparation on the defect. Decision was taken to
“have a look first” by neutron radiography despite the effort and cost. The PSI Spallation Neutron
Source is equipped with the station NEURAP, which allows non-destructive imaging of radioactive
samples by 25 meV thermal neutrons at aflux of 1 x 10 cm?,

After cutting the fuel pin, the 200 mm long segment to be examined was encased in an auminum tube,
referencing the azimuthal orientation by polyethylene markers. Said tube can be drawn into a shielded
manipulation and transport cask which is connectable to both the cell at the hot laboratory and the
beamline shielding aa NEURAP. The relative attenuation of neutrons by the relevant materials
zirconium, aluminum and polyethylene is given with ~0.01; ~0.1 and ~3.5, respectively. Thus, the
neutron beam crossing the fuel segment is hardly hindered by the Zr and Al in contrast to the
azimuthal mark made of PE. After passing the sample, the beam enters the detector dot, there
exposing an imaging plate. The imaging plates contain a photoluminescent compound and a neutron
absorber. While the plate is excitated during exposure by gamma rays from the fuel, the absorber is
activated by the attenuated neutron beam. After exposure, the plate is erased by light, followed by self-
exposure through the activated absorber. Final readout is done by a laser scanner with 50 um squared
raster. This procedure was repeated 12 times, each time turning the fuel segment by 15°. Figure 3.3
shows as an example one aspect irradiated at 0—180°.

R |

FIG. 3.3. Aspect of neutron radiography, total length of examinated segment.

Different image manipulation techniques like conversion to black/white and shifting the respective
threshold values or enhancing the contrast and shifting the histogram values, showed no major defects
inside the pellet. Consequently, the examination focused on the diameter of the pellet. The dlight
magnification of the images due to the collimation ratio of the neutron beam was accounted for by
scaling against the known diameter of the segment end caps. Scaling was possible by counting the
number of pixels of the diametral grayscale value, where the neutron beam was attenuated by solid
material (Fig. 3.4). Regarding the examined pellet, the gray intensity of diametral lines was measured
at different segment elevations comprising the neighbouring pellets (Fig. 3.5). Clear distinction was
possible between cladding and fuel, allowing the determination of the pellet diameters. Although the
resolution was restricted to 50 um by the readout raster, a reduction of diameter at the considered
pellet was confirmed. Through analysing the radiographs at different beam angles, a picture of the
pellets outer shape and its position in the cladding was derived.
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FIG. 3.5. Fud pellet diameter determination by neutron radiography. Gray intensity levels of imaging
plates exposed by the attenuated neutron beam allow the distinction between fuel and cladding.

4. RESULT AND CONCLUSIONS

The necking of diameter found at one elevation of an intact LWR fuel pin irradiated in a commercial
power plant was explained by combination of three non-destructive methods:
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Laser profilometry and gamma spectrometry showed compliance of the position and length of
the cladding constriction and one certain pellet;
Neutron radiography imaging revealed no major flaw in the fuel but a dightly smaler and
irregular diameter of the pellet;
The combination of the three methods allowed the choice of a specific ceramography level
followed by cutting of the segment without the possible influence on the cause of the

defect.

Comparison of the results of the three non-destructive methods reveals a minimum diameter of the
pellet at a certain rod elevation. The cladding tube has creeped down to the fuel surface with closest
contact at positions of higher cesium count rates (Fig. 4.1). Neighbouring areas of the imperfect pellet
are confirmed to be in a state as expected regarding the rod’'s burnup. The elevation of highest
deviation in diameter was chosen as level for ceramography, and the ongoing investigations indicate
an irregularity of the manufacturing process.
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FIG. 4.1. Combined laser profilometry, gamma spectrometry and neutron radiography measurements.

230



POST-IRRADIATION EXAMINATION OF THE FUEL RODS
OPERATED IN WWER-1000 MIXED CORES

V.S. KRASNORUTSKYY, V.. KUZNETSOV, D.A. SOKOLOV, V.M. GRYTSYNA,
A.M.ABDULLAYEV, M.V. TRETYAKOV

National Science Center “Kharkov Ingtitute of Physics and Technology”

“Nuclear Fuel Cycle” Science and Technology Establishment

Kharkov, Ukraine

Email: tretyakov_mv@Kkipt.kharkov.ua

Abstract

Ukraine has been implementing Ukraine Nuclear Fuel Qualification Project (UNFQP), within the frame
of which SU NPP has been pilot operating mixed cores of nuclear fuel supplied by different vendors — OJSC
TVEL and Westinghouse. The first stage of the project witnessed six Westinghouse LTAs loaded into the SU
NPP unit 3 core for a four year operation fuel cycle. Westinghouse and TVEL fuel assemblies differ in some
structural components and structural materials. It is, therefore, of interest to monitor not only compatibility and
performance of various FA designs, but also mutual influence of various materials on their corrosion behaviour
in the WWER-1000 water chemistry. Inspections were held after each year of operation: visua examination of
fuel rods and FAs, measurement of FA top nozzle axial positions, FA drag force measurements during core
loading, FA leakage tests. Due to certain design features associated with fixing fuel rods in Westinghouse FAs
(fuel rods are kept in place by grids only), in some cases fuel rods slipped to the bottom nozzle and contacted the
adaptor plate. After each year of operation, fuel assembly leakage test was performed. No loss of fuel cladding
integrity was observed. The Russian fuel assemblies were examined on the faces adjacent to the Westinghouse
FAs. The new core structural materials have not been observed to impact the corrosion behaviour of the fuel rod
cladding and top and bottom nozzles of either TVEL or Westinghouse fuel. Visual inspection of the fuel rods
and FAs revealed no visible defects (pitting, cracks, etc.), which confirms reliability of this weld under
WWER-1000 operating conditions. Pilot operation of the Westinghouse LTAs alowed a conclusion that they
can be operated in the WWER-1000 mixed core at the thermal loads provided for by the reactor operating
specifications and RCS parameters corresponding to GND 95.1.06.02.001-07. Positive results of the LTA
operation allowed loading of a reload batch of 42 fuel assemblies in the SU NPP unit 3 core and concluding a
contract between NNEGC Energoatom and Westinghouse for delivery of nuclear fuel for three WWER-100
units.

1. INTRODUCTION

Ukraine has been implementing Ukraine Nuclear Fuel Qualification Project (UNFQP), within the
frame of which SUNPP has been pilot operating mixed cores of nuclear fuel supplied by different
vendors — OJSC TVEL and Westinghouse. The first stage of the project witnessed six Westinghouse
LTAs loaded into the SU NPP unit 3 core for a four year operation fuel cycle. Westinghouse and
TVEL fuel assemblies differ in some structural components and structural materials (ZIRLO™ as fuel
cladding, Zr-1%Nb and A718 as spacer grid materials). It is, therefore, of interest to monitor not only
compatibility and performance of various FA designs, but also mutual influence of various materials
on their corrosion behaviour in the WWER-1000 water chemistry. Besides, it was a first time
application of Zr-1%Nb material for spacer gridsin a Westinghouse fuel design. Inspections were held
after each year of operation: visual examination of fuel rods and FAs, measurement of FA top nozzle
axial positions, FA drag force measurements during core loading, FA leakage tests.

Design of 6 Westinghouse Lead Test Assemblies (WLTA) provides maximum compatibility with
resident fuel (i.e. Russian fuel that operated at the time in the SUNPP unit 3. Basic design features a
given below:

- Fifteen spacer grids located to match the axial locations of the resident fuel grids;

— Bottom additional grid for trapping fine particles;

- WLTA has dismountable design (top and bottom nozzles are detachable for substitution of
leaking fuel rods);

— Top nozzle design provides compatibility with shipping and handling devices of power unit;
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— Top and bottom nozzle designs assure adequate fit with upper core plate and bottom support
tubes, as well as appropriate fuel assembly lateral alignment and support;

— Grid tabs and nozzle features are designed to preclude inadvertent hang up the WLTASs and the
resident FAS;

- Grids are robustly connected to the guide thimbles;

— The grid loss coefficient is higher than for the resident fuel.

2.  LOADING OF FUEL ASSEMBLIESINTO CORE

WLTASs were loaded into the SU NPP unit 3 core during 2005 outage. For loading WLTAS were used
resident shipping and handling devices and procedures. Drag forces during installation in the core did
not exceed 75 kgf [1].

After 4™ cycle of operation drag forces during unloading from the core did not exceed the design
values and met the requirements of normative documents.

During unloading WLTASs from the core the data of changes in the weight of the refuelling machine
mast were recorded on a strip chart. The measurement error was 2%. The data obtained were used to
determine the FA drag force during their unloading from the core. The analysis of measurement data
[2] demonstrated that:

- The maximum WLTA drag force during unloading from the core was as follows:
For WLTA AA01-03 ~60 kgf;
For WLTA AA02-03 ~42 kgf;
For WLTA AA03-03 ~58 kgf;
For WLTA AA04-03 ~56 kgf;
For WLTA AA05-03 ~55 kgf;
For WLTA AA06-03 ~50 kgf.

- The drag force of all WLTASs during their unloading from the core did not exceed the minimum
set point of 75 kgf;

- The maximum WLTA drag force during installation into the storage pool rack was as follows:

For WLTA AAO01-03 ~87 kdf;

For WLTA AA02-03 ~52 kdf;

For WLTA AA03-03 ~148 kdf;

For WLTA AA04-03 ~96 kdf;

For WLTA AA05-03 ~61 kdf;

For WLTA AA06-03 ~78 kgf.

- The drag force of all WLTAs during their installation into the storage pool rack did not exceed a
set point of 150 kgf;
- The drag force during WFA unloading from the core did not exceed the design values and met
the requirements of document [3];
- For purposes of comparison, below are the maximum drag forces of three TVS-Ms after their
second operation cycle during installation into the storage pool rack:
* TVSM 02918 ~174 kdf;
e TVSM 02919 ~174 Kkdf;
* TVSM 02920 ~140 kgf.

3. AXIAL TOPNOZZLE POSITIONS

At the first load in 2005 the height difference of top nozzle positions did not exceed 2 mm (the
maximum value according to the document TRBE is 5 mm).
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Before the unloading from the core after 4™ cycle of operation the height difference was 1 mm. This
value corresponds to that obtained by the beginning of the 4™ cycle.

4. WATER CHEMISTRY

During all cycles of WLTAS operation the core coolant chemistry was maintained within the RCS
chemistry norms for different reactor power levels.

Coolant quality control was effected using plant control methods and with the frequency which meets
the regulatory requirements for V-320. The data provided shows that:

- Coolant quality during al cycles was consistent with the regulatory parameters for RCS
chemistry;

- No deviations in RCS chemistry from the regulatory requirements for reactors at power were
observed;

- RCS boron concentration was maintained at the level which ensured reactor operation at the
prescribed power level in accordance with the technical decision.

5. VISUAL INSPECTION

Visual inspection was carried out after each cycle during outages for all WLTAS. The inspection of the
WLTAswas done in the storage pool using a special television system STS-PM-100V. Each LTA was
inspected on al six faces for visible cladding defects, damaged LTA components, or other damages.
During the inspection the Westinghouse L TAs were taken pictures of.

After the fourth cycle of operation the surface of WLTAS had oxide films of various shades. On the
dark gray background of the clad in lower part of the fuel rod (between the 1st and 3rd spacer grids)
had contrasting light grey spots, and the fuel rod surface showed good reflective properties. The size
of gray spots increased towards the top of the WLTA. Starting with grid 5, the fuel rod clad surface
was gray with observable light grey spots which increased in size towards the top of the WLTA. There
were ho spots in the plenum region, and the cladding surface was an even dim light grey color.

The visual inspection did not observe any visible mechanical damages of fuel rods. It should be noted
that the bottom end plug of the corner rod between WLTA AA02-03 faces 4 and 5 showed marks
visually resembling wear signs or aforeign particle (Fig. 5.1). The technical capabilities of the resident
video and measuring equipment do not allow to unambiguoudly identify the nature and type of the
marks.

Minor foreign objects were observed on the WLTA AA04-03 bottom nozzle and grids. Some of the
particles observed on WLTA AA04-03 were flushed in the sipping test cask. WLTA AA04-03
requires further examination to identify the nature and type of the elements observed using the
inspection stand to be supplied by Westinghouse under a separate contract.

Some grids on WLTASs had burnishes resulting from friction against the adjacent FAs during FA
installation into and withdrawal from the core (Fig. 5.2).
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FIG. 5.1. Marks on the corner fuel rod bottom end plug, WLTA AA02-03, juncture of faces 4-5.

FIG. 5.2. Burnishes on Inconel grid 6 on WLTA AA03-03 face 3 after fourth operation cycle.

Visual inspection of the WLTASs on all faces demonstrated integrity of all spacer grids and absence of
their axial displacement. The relative axial positions of the spacer grids were determined using the
resident video system and selsyn readings during WLTA axial movement.

Fuel rod displacement (Figs 5.3-5.5) resulted in making contact between some bottom end plugs and
the bottom nozzle plate. No fuel rod was observed, however, to have been displaced towards
immediate proximity with the WLTA top nozzle.

Fuel rod downward displacement until making contact between the bottom end plugs and the WLTA

bottom nozzle is a design feature and does not adversely affect nuclear, mechanical, and thermal
hydraulic core parameters and does not result in violation of fuel rod and FA operability criteria.

234



FIG. 5.3. Fuel rod displacement, WLTA 4402-03, face 4, inspection 2007.

The weld joints of the fuel rod top and bottom end plugs were uniformly light grey (Figs 5.6-5.7).
Some fuel rods, however, were observed to have cladding dimness in the weld joint area of the
top/bottom end plug. No damaged weld joints on the visible parts of the outer and inner strips of
Zr1%Nb grids were observed [1-2, 4]. Along the weld joint on the outer side of the external Zr1%Nb
grid straps, as well as on the surface of external strap surface there were light grey spots (see
Figs 5.8-5.11), which evidence presence of oxide films on Zr1%Nb grid straps after the fourth
operation cycle. The surface of zirconium grids had better reflecting properties than Inconel grids.

The inspection did not identify any visible damage to or non-design positions of individual WLTA
components, which could result in the engagement with the adjacent core components, equipment or
FA handling devices. None of the six WLTAS had any sings of damage, deformation or other defects
preventing their handling.

It is necessary to mention that during all inspections were not observed visible changes of geometrical
dimensions of fuel rods as a consequence of irradiation growth and irradiation induced swelling that
can influence on decrease of operability [2,4].

Zirconium alloys Zr-1%Nb and ZIRLO™ showed excellent corrosion resistance operability [2,4].
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FIG. 5.4. Fuel, WLTA 4402-03, face 4, inspection 2008.

FIG. 5.5. Fuel rod displacement, WLTA 4402-03, face 4, inspection 2010.
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FIG. 5.6. Weld joints of top end plugs, WLTA AA05-03, face 1, inspection 2010.

FIG. 5.7. Weld joints of bottom end plugs, WLTA AA02-03, face 4.
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FIG. 5.8. Zr1%Nb grid 9, WLTA AA01-03, face 1, inspection 2010.

FIG. 5.9. Condition of Zr1%Nb grid 14 weld joints, WLTA AA03-03, face 1, inspection 2007.

FIG. 5.10. Condition of Zr1%Nb grid 14 weld joints, WLTA AA03-03, face 1, inspection 2008.
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FIG. 5.11. Condition of Zr1%Nb grid 14 weld joints, WLTA AA03-03, face 1, inspection 2010.

Also the inspection of Russian fuel which faced WLTASs was done. Visual inspection has not revealed
any appreciable impact of the new set of structural materials in the core on the corrosion behaviour of
the fuel rod cladding, FA spacer grids, and FA top and bottom nozzles of either Russian or
Westinghouse fuel.

During visual inspection were not observed any visible defects such as corrosion plagues, pittings or
cracks in the area of weld joints. It gives the opportunity to state that this type of weld joint is
operational in WWER-1000 conditions.

Also in mixed core conditions were not observed any mechanical mutual influence both Russian and
Westinghouse fuel.

6. LEAKAGETEST

L eakage test was done after each operation cycle using a standard SODS stand with further analysis of
water samples in a gamma spectrometer. Statistical processing of the results thus obtained was done
by 1-131. The results obtained for Cs-134 and Cs-137 were also statistically treated.

After the 4™ cycle one WLTA had fuel rod non-tightness [2]. The defect was assumed to be minor
"gas leakage" (in the leakage test sample the 1-131 activity was 7.5 x 10°® Ci-kg; Xe-133 activity was
2.6 x 10° Ci-kg™; no activity of solid fission products, such as Ce-141,143 and Ru-103,106, was
found in the leakage test sample).

The FA leakage test done in the operating reactor and during the outage found that after the 4™
operation cycle five WLTAs were leakage tight. It should be noted that FAs found to be leaking based
on statistical analysis, but having 1-131 activity in the leakage test samples below 1.0 x 10° Ci-kg™?,
can be further operated.

According to results of 4 cycles of operation it was concluded that Westinghouse fuel can be operated
in mixed cores of WWER-1000 reactors at temperature loads corresponding to the regulatory basis
and in primary water chemistry corresponding to [5].

7. SUMMARY

The post-irradiation examination of WLTASs after 4 cycles of operation did not reveal any visible
damage to or non-design position of individual FA components, which could result in the engagement
with the adjacent core components, equipment or FA handling devices. Neither were there observed
visible changes of geometrical dimensions of fuel rods as a consequence of irradiation growth and
irradiation induced swelling that could adversely affect operability. Further, PIE did not show any
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mutual influence of different sets of structura materials of both WLTASs and the resident fuel on
COorrosion resistance.

Positive results of WLTAS operation alowed to install during 2010 outage 42 FAs produced by
Westinghouse and enabled NNEGC Energoatom to enter into a contract with Westinghouse for
delivery of fuel for three WWER-1000 units.

[1]

[2]

[3]
[4]

[3]
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Abstract

The fission gas diffusion coefficient is an important factor to study fission gas release, which is a
common occurrence for fuel performance. Especially, Xe-133 is a good tracer and recommended in a
post-irradiation annealing test. Annealing equipments for fuel was set up in IMEF in KAERI and several tests for
various oxide fuels have been carried out. To obtain the atomic diffusivity of Xe-133, al fuel samples were
irradiated with very low burnup (<0.1 MW-d-t*U) to prohibit creation of fission bubbles. Therefore, these tests
were not performed in a hot cell but a service area due to low radiation doses. The amount of production and
release of Xe-133 were calculated by using ORIGEN-2 code. Based on the Booth theory, diffusion coefficients
at each temperature were obtained. Diffusion coefficients of Xe-133 in all fuel samples were compared and
analysed by a published data. Additionally, we consider installation of equipmentsin ahot cell for a high burnup
fuel sample.

1. INTRODUCTION

Fission gas release occurs in nuclear fuel during reactor operation. Gaseous and volatile elements,
fission products, are released from fuel pellets by temperature. It causes a fuel rod to have shorter
lifespan due to higher internal pressure and pellet temperatures. Thus, the research of the fission gas
release has been studied with diffusion mechanism. To set up a diffusion model, diffusion coefficient
is important factor, which is obtained by experiments; one is an in-pile test and the other is a
post-irradiation annealing (PIA) test. The former is effective in observing the apparent release
behaviour (diffusion and mechanical release), while the latter is the thermal diffusion. The thermal
diffusion in fuel pellets is considered as lattice diffusion, surface diffusion and grain boundary
diffusion. The lattice diffusion was controlled by several factors, e.g. oxidation or reduction state in
high temperature, valence of additives and burnup.

In this study, lattice diffusion of Xe-133 (T, = 5.2 d, 81 keV) has been observed by PIA test with
various ceramic fuel samples and conditions. To observe atomic diffusion in lattice, the Booth model
was adopted, thus, a very low burnup was decided to reduce traps which interrupt the atom mobility.
Most samples were poly-crystal, accordingly grain boundary diffusion was considered.

2. EXPERIMENTAL

2.1. Sample preparations

Sixty samples were made, irradiated and annealed for the Xe-133 diffusion observation since 2000 as
shown in Table 2.1. Most samples were made with 0.3 g and natural enrichment. Initially, UO, single

grain powders were made and all following samples were poly-crystals. In Fig. 2.1, the cubic and disk
shapes were available to calculate the volume.
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A BET measurement was carried out in some samples but it was not reasonable. (U,Th)O, samples
were made with 35% of ThO, and 65% of UO,. SIMFUEL were made with natural elements based on
the 27 500 MWedst-1 U as shown in Table 2.2. In 2008, Nitride fuel samples were made with disk
type and high porosity to compare with oxide fuel. To observe the valence effect of additives, Nd,Os,
CeO, and Nb,Os were mixed with pure UO, in 2010. Moreover, two different grain sizes of UO, were
made and, currently, two additional different grain sizes were added.

TABLE 2.1. CERAMIC SAMPLE SUMMARY FOR PIA TEST

Y ear Samples No. Grainsize[um]  TD [%] Enrichment
2000 UO; (powder) 1 23 N/A
2001 UO, (powder) 4 23 N/A
2002 U0, %(Th,U)O, 13 %8.1+0.5 9507
(powder, 3cubes) ®7.5+0.5

2003 SIMFUEL (3cubes) 1 10+2 95-97
2004  SIMFUEL (3cubes) 12 10+2 95-97
2006  SIMFUEL (3cubes) 2 1042 95-97 Natural U
2007 SIMFUEL (3cubes) 4 10+2 9597
2008 UN (disk) 4 N/A 45.2

U0, (disk) 2 N/A 47.6
2010  UO,+additives (disk) 11 9-17 95-97
2010  UO,(two grain size) 6 6, 13 95-97

FIG. 2.1. Sample shapes (left: powder; right (top): cube; right (bottom): disk).

TABLE 2.2. CONTENTS OF SIMFUEL

Contents mg Contents mg

Rb 0.095 PdO 0.34
SO 0.171 TeO, 0.126
Y03 0.12 BaCO; 0.57
MoO; 1.055 CeO, 1.99
RUOZ 0.825 N d203 1.46
Rh,O5 0.11 uo, 300
Total 308.35
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2.2. Irradiation

Those samples were contained in a quarts tube at first, but was changed to a Zry-4 tube for safety. The
container was filled with helium of 1.2 bar and inserted in 3 irradiation capsules as shown in Fig. 2.2.
The capsules were placed in the IP4(C) hole in the HANARO research reactor for irradiation.
Twenty minutes of irradiation time was available for 24 MW power of the reactor, but the irradiation
time was reduced to 16 minutes for 30 MW of operation power, which was equivalent to same burnup.
After irradiation and cooling time (7 days), the capsule was dismantled and contained in an alumina
crucible at Irradiated Materials Examination Facility (IMEF).

-

Tig welding (Hallum, 1 atm)

FIG. 2.2. Sample container (welding) for irradiation.

2.3. PIA system and procedures

For PIA test, the system was designed as shown in Fig. 2.3. It consisted of a furnace, filtration and
gamma detection. The furnace was an electric resistance type (super kanthal) and withstand heat up to
1600°C. The chamber and internal structures were made of pure alumina. A B-type thermocouple was
installed to measure the sample temperature. Oxygen sensor, ZrO, tube, measured the oxygen partial
pressure in chamber. Helium gas was flowed with 100 ml-min™ as carrier.
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FIG. 2.3. Diagram of PIA system.
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The filtration was designed as a cryogenic trap system to catch the gaseous xenon by solidification.
The filter media was charcoal with a glass casing. It was placed into liquid nitrogen. The helium, as
carrier, remained gas during filtration. The gamma detector was a semi-conductor type with high pure
germanium crystal (HPGe). It was activated to obtain gamma rays of Xe-133 released from the
sample.

The gamma scan for 3600 sec was carried out for the sample in crucible to obtain the radioactivity of
Xe-133 generated before the annealing test. After the sample was loaded into the furnace chamber, the
temperature was controlled incrementally at 1400°C, 1500°C and 1600°C for UO,, (Th,U)O, and
SIMFUEL at 1200°C, 1300°C and 1400°C for UN. The annealing time for each temperature was
decided according to the amount of xenon release. Generally, a disk sample with 95% TD would be
kept for 15 hours, 9 hours and 6 hours, respectively, but a shorter annealing time was applied in the
case of oxidation atmosphere or low TD of sample. After annealing, a gamma scan was performed
again before disposal.

3. RESULTS

Fractional release was obtained by means of Ba-133 of reference source which emit 81 keV of gamma
ray equal to Xe-133. Plot of f2vs. t is valuable to obtain slope at each temperature range. The slope is
compared to (36D) x (nra)™. Therefore, if ‘a’ value is decided, diffusion coefficient is obtained. ThO,
and fission products effects show retardation of release as shown in Fig. 3.1. -370 kJ-mol™. of the
oxygen potential is shown as ‘X vaue of UO,., was 0.0005 by means of oxygen sensor. Figure 3.2
showed Xe-133 release in uranium nitride and grain size effect of UO,. A number of fractional release
data were generated with various samples based on the same procedure.

Based on the plot of f2vs. t, the slope of each temperature range was calculated by a linear fitting.
Finally, diffusion coefficients were obtained by means of slope. Figure 3.3 shows diffusion
coefficients of Xe-133 in the single grained and the polycrystal UO, with different oxygen potential,
and they were compared to SIMFUEL. Diffusion coefficients of all samples were higher in increased
oxygen potential and ThO, showed a retardation of Xe-133 release. SSIMFUEL showed a tri-valence
effect due to lower diffusion coefficients.

Conversely, uranium nitride (UN) was showed in Fig. 3.4 as similar diffusion coefficients with UO,
even though the structure was different, and a tri-, quad- and penta-valence effects show a difference
of diffusivity. However, large grained samples were lower in diffusivity in the same valence samples
even though higher contents (right graph on Fig. 3.4).
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FIG. 3.1. Fractional release of UO,, (Th,U)O, and SMFUEL.
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FIG. 3.2. Fractional release of UN and grain size effect of UO..
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FIG. 3.3. Diffusion coefficients of UO,(single and poly crystal) and (Th,U)O,, and those of UO, were
compared to SMFUEL.
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FIG. 3.4. Diffusion coefficients of UN with compared to UO, data and diffusion effects of doped UO,
with different valence (10F-03U-10F-05U:Nd,Os; 10F-06U-10F-08U:CeQO,; 10F-09U-10F-
11U:Nb,Os).

4. DISCUSSION

To measure diffusion coefficients of noble gases or volatile isotopes in fuel, a PIA and an in-pile test
were used with each advantage [1]. To observe diffusion 