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FOREWORD

At the invitation of the Government of France, following a proposal of the International
Working Group on Water Reactor Fuel Performance and Technology (IWGFPT) the IAEA convened
a Technical Committee meeting from 14 to 21 October 1994 in Cadarache to discuss recent technical
advances and improvements in the field of post-irradiation examination (PIE) of fuel used in nuclear
power plants. Fifty participants representing 14 countries attended the meeting and 30 papers were
presented and discussed during five technical sessions. Working Groups composed of the session
chairmen and authors of papers prepared summaries of each session including conclusions and
recommendations for future work.

The meeting built upon the presentations and discussions that the IWGFPT has previously had
on this subject, as well as related topics, at meetings convened in 1981, 1984, 1987 and 1990. Papers
presented in this publication evidence the significant progress that has been made in PIE over the
years, and the continuing importance of co-operative global approaches in this field to study,
understand, and solve problems related to the recently developed techniques for poolside and hot cell
application.



EDITORIAL NOTE

In preparing this publication for press, staff of the IAEA have made up the pages from the
original manuscripts as submitted by the authors. The views expressed do not necessarily reflect those
of the governments of the nominating Member States or of the nominating organizations.

Throughout the text names of Member States are retained as they were when the text was
compiled.

The use of particular designations of countries or territories does not imply any judgement 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
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SUMMARY OF THE TECHNICAL COMMITTEE MEETING

INTRODUCTION

The behaviour of fuel elements in a nuclear power reactor has long been a matter of study
and research within the nuclear industry. The reliability of nuclear fuel is a central factor in a plant's
safe and efficient performance, and problems must be studied, understood, and solved. Since the
early 1980s, different aspects of post-irradiation examination (PIE) for water reactor fuel are being
continuously considered by the IAEA within the framework of activities in the International Working
Group on Water Reactor Fuel Performance and Technology (IWGFPT). Technical committee
meetings organized regularly on PIE techniques include both destructive and non-destructive testing
methods that are used to investigate fuel behaviour. Results of such examinations are fundamental
elements in the ongoing process of improving the design, development, fabrication, and utilization
of fuel assemblies used in nuclear power plants. In October 1994, at the invitation of France, the
IAEA convened a meeting in Cadarache on technical issues concerning post-irradiation examination
of fuel. Previous meetings on PIE have been held in Tokyo, Japan, in 1981 and 1984, and in
Workington, UK in 1990; additionally, in 1987 in Paris, France, a meeting was convened on related
technical topics. The purpose of the 1994 meeting was to review the latest technical advances in the
field, with special emphasis on testing techniques that have been introduced and developed over recent
years.

TECHNICAL OVERVIEW

In recent years, laboratories specifically devoted to post-irradiation examination of nuclear
fuel have generally been upgraded. Well-equipped laboratories typically have capabilities for
conducting non-destructive testing (NDT) and destructive examinations using classical techniques,
including mechanical testing. At some of these laboratories, the capability further exists for
refabrication of fuel rods. These techniques are used routinely and, according to the facility in
question, applied to the examination of various types of fuels, including those for pressurized water
reactors (PWRs), boiling water reactors (BWRs), and Russian designed pressurized water reactors
(WWERs).

The operation and further improvement of PIE techniques have to be continuously adapted
to meet the demands of reactor operators, fuel vendors, and safety authorities. Moreover, experts in
the field have expressed a need for inter-laboratory comparisons, especially for techniques where
calibration standards have not yet been developed.

A new PIE facility (known as the STAR facility at Cadarache) recently has started operations
and will be used for non-destructive testing of PWR fuel rods.

At the October 1994 meeting, the presentations and discussions were focused on the
following major items:

Non-destructive testing

Non-destructive testing (NDT) generally is driven by economic and safety considerations to
limit destructive fuel examinations, although calibration of some NDT methods requires destructive
PIE. The demand from utilities for direct feedback concerning reactor operations puts increasing
emphasis on on-site inspection of fuel rods rather than on hot-cell examination.

Participants at the meeting gave technical presentations of techniques that are commonly used,
as well as those which are more innovative and less frequently applied today. Commonly used
methods included metrology, eddy-current defect testing, eddy-current oxide thickness measurement,



and gamma scanning. Innovative techniques included gamma tomography, video imaging, gas
pressure and composition measurement.

Development of analytical destructive methods for characterization of fuel and cladding

A wide range of sophisticated techniques were reviewed, which are not at the same stage of
development. Some of them are routinely used in most of the PIE facilities (micro-hardness and
hydrogen content measurements on the cladding, scanning electron microscopy (SEM), transmission
electron microscopy (TEM), electron probe micro-analysis (EPMA), whereas the others (Knudsen cell
mass spectrometer, porosimeters, X ray, photoelectron spectroscopy, measurement of fuel thermal
diffusivity and melting point, secondary ion mass spectrometry (SIMS), energy dispersive system
(EDS) X ray microanalysis, Auger spectroscopy, sublimation associated with micro-drilling), are
only used in a few hot laboratories and/or need further qualification. EPMA is well-established as a
standard analytical tool for fuel characterization.

The promoters of the SIMS equipment underlined its performance (determination of isotopic
concentrations, very low detection limits, light element detection), which should be compared with
its investment and operation costs and with the capabilities of other more simple devices.

For most of these specific destructive techniques, emphasis has been put on the problems
linked to shielding (local shielding or overall lead box) and to sample preparation and handling
(representative of the measurement and safety requirements).

Mechanical testing

Methods currently used seem adequate. Nevertheless, they need further development for
application to more representative conditions (strain rates < 10~8 s"1 for tensile tests, corrosion-assisted
testing, in-pile or source-flux environment). Experience is lacking on testing of highly irradiated
cladding materials with high hydrogen concentrations and strong fuel/clad bonding.

Refabrication techniques

Refabrication techniques refer to those used in re-irradiation of fuel rods in experimental
reactors or conditioning of fuel remnants to be sent to waste disposal. The standard methods seem to
be adequate and the main procedural steps, particularly welding parameters, have been qualified.
Nevertheless, further improvements are necessary, particularly for adapting more instrumentation to
highly irradiated fuel rods that is capable of providing on-line information during the further
irradiation testing.

TECHNICAL SESSIONS AND CONCLUSIONS

The meeting featured five technical sessions, each of which provided valuable
recommendations on different aspects of PIE. Overall, the meeting's participants urged that, in the
IWGFPT's future programme of work, greater emphasis be given to PIE linked to the preparation
of fuel remnants for reprocessing of fuel and/or for waste disposal. They also expressed interest in
inviting to these meetings more representatives from utilities and from computer modelling groups
as part of efforts to more specifically define technical needs for PIE's development.

Conclusions and recommendations from the five technical sessions included the following:

Session 1: General Overview on Present Status of PIE Facilities and Equipment

This session, co-chaired by R. Manzel and F. Sokolov, found that during the last several
years there has been a general upgrading of the hot-cell facilities still in operation for examination



of power reactor fuels. All of these facilities are implementing quality assurance systems and they
have the necessary equipment to non-destructively and destructively examine light water reactor
(LWR) and pressurized heavy water reactor (PHWR) fuel. Work in hot-cells is more and more
directed towards customer demand. The demand for hot cell examinations seems to increase as fuel
is pushed beyond the current operating conditions.

Three papers featured in this session gave an overview of currently employed PIE techniques
worldwide. It was recommended to compare measurements between various laboratories to gain
information on and to improve the absolute accuracy of the individual measuring techniques. This
applies especially for those techniques lacking calibration standards.

Session 2: General and Non-Destructive PIE Techniques

This session, co-chaired by T. Yamahara and W.H. Hocking, noted that the development of
non-destructive PIE methods for characterization of water-reactor fuels has been strongly driven by
both economic and safety considerations. Destructive fuel examination is costly, can contaminate
equipment and facilities; it must necessarily be used selectively. Of particular importance is the
turnaround time from non-destructive testing (NDT) so that results can be directly applied to reactor
operations; however, only a few methods are approaching this capability (e.g. video imaging of fuel
assemblies in storage pools and thermal-probe measurements of He and fission-gas pressures in fuel
rods). Calibration of NDT methods is also very important and significant progress has been made in
some areas (e.g. oxide thickness on outer side of fuel cladding), but much more work is required in
other areas (e.g. gamma tomography).

Papers in this session described the current status of a number of destructive and NDT
techniques. The session's general discussion emphasized the complementary nature of these methods.
Rigorous qualification of NDT methods and supporting destructive evaluation is essential to avoid
erroneous results, especially when fuel operating conditions are changed. Additionally, it was pointed
out that PIE is important for improved fuel fabrication and reactor safety as well as for reactor
operations.

Session 3: Special Destructive PIE Techniques

In this session, co-chaired by M. Coquerelle and M. Boidron, specific tools for cladding
examinations were presented (microhardness, hydrogen content measurements, TEM); other
techniques dealt with fuel characterization. Information on the gaseous fission products and on the
chemical state of fission products can be obtained using a Knudsen cell mass spectrometer, while a
mercury porosimeter allows characterization of the fuel porosity.

Specific techniques are being developed in Japan to measure the thermal diffusivity and
melting point of the irradiated fuel. The other techniques presented in this session use sophisticated
apparatus - electronic observation of the fuel (SEM), X ray characterization of the fuel (X ray
photoelectron spectroscopy at Atomic Energy of Canada Limited (AECL), EPMA-WDS at Saclay,
PSI and Tokai-mura, EDS at Grenoble) and secondary ion mass spectrometry at the Research Institute
of Atomic Reactors (RIAR), Tokai-mura and Paul Scherrer Institute (PSI):

X-Ray photoelectron spectroscopy (AECL) has emerged as a powerful technique for inves-
tigating the grain boundary chemistry of used fuel. Fission product segregation can be
determined semi-quantitatively. Furthermore surface oxidation of UO2 from the ratio
U6+/U4+, can be measured quantitatively. This technique was successfully used within the
framework of long term UO2 oxidation tests at 15CTC in air or wet air.

Sophisticated techniques such as SEM, Knudsen cell, thermal diffusivity, Hg intrinsic
porosimetry are applied in Japan on small specimens of irradiated fuel or cladding. The low
•y-activity level of the specimens allows corresponding low shielding of devices. Handling
flexibility and good confidence levels are the characteristics of these experimental devices.



Power Reactor and Nuclear Fuel Development Corporation (PNC) has developed an apparatus
for determining the melting temperature of irradiated fuel. The measurement is carried out
in a closed tungsten crucible; an accurate control of the temperature rise allows the
measurement of the melting temperature with a good precision. The influence of burn-up on
UO2 melting point and Pu content on mixed oxide melting point was determined.

SIMS was used by PNC as a technique aiming for local determination of burn-up from the
quantification of U, Pu and Nd isotopes. This development has to be considered as a
complementary information gained from the classical fission product detection method from
dissolved fuel or Nd radial distribution by EPMA.

H2 determination in irradiated Zircaloy cladding is currently performed by CEA
(Saclay/LECI) as a routine method. A detailed survey of the analytical capabilities was
reported ; these include hot vacuum extraction, zirconium hydride determination by
metallography and image analysis. SEM will be applied in the future to reveal zirconium
hydride by back scattering imaging and improve the quality of image analysis.

X ray microanalysis using a semiconductor EDS detector (CE Grenoble) has been detailed
with special emphasis on the role of the spontaneous spectrum due to the radioactive material
itself. The spontaneous spectrum morphology has been presented and details of the acquisition
and processing of the X ray microanalysis spectra given in order to obtain a quantitative
analysis.

A shielded EPMA has been installed in a lead cell in CE Saclay to perform examination of
UO2 and MOX fuel. Details of the modification of the apparatus and of the sample prepara-
tion method are given. The problems associated with the measurements are listed (Tc, Xe,
I standards, superimposure of lines between Cs and Pu) and examples of analysis of Pu, Nd.
Xe and Cs are given for UO2 and MOX PWR fuels.

EPMA and SIMS have been installed in Tokai-mura hot laboratories (NDC) to characterize
highly irradiated fuel pellets and cladding tubes. The electron probe micro-analyzer is cur-
rently used to perform secondary electron images and quantitative measurements of fission
products and heavy atoms. The secondary Ion Mass Spectrometer fitted with an Auger
electron spectroscope is still under testing but has already been used to analyze the hydride
distribution in an unirradiated zircaloy clad. The two pieces of equipments are situated in a
shielded lead box together with a tensile machine for a pulling apart metallic material under
high vacuum.

A wide range of sophisticated equipment is used in the RIAR hot laboratory to examine
WWER fuel elements. The examinations are performed on irradiated specimens of the same
shape and dimension with easy transport operations between the instruments. Cladding is
investigated using Auger spectroscopy and TEM, fuel composition is characterized with
secondary ionic mass spectrometry, SEM and X ray diffraction (XRD).

Highlights and main analytical results gained through ten years of operation of a shielded
SIMS in PSI has been given. In the field of fuel element examinations, radial profiles of
actinides, fission products and gadolinium are currently obtained, while lithium depth profiles
have been measured in the corrosion layer of PWR fuel claddings. The advantages of the
SIMS measurements lie in their very low detection limits, the possibility to analyze low Z
elements (Li, hydrogen) and the accessibility to atomic concentration. Disadvantages of the
measurements are mainly linked to quantification that implies the use of other techniques and
also to the complex nature of the secondary information that has to be taken into account.

Sublimation of fuel under vacuum followed by mass spectroscopy analysis of the released gas
is currently used in CE Cadarache to assess the gas content of PWR pellets samples. Easy to
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operate, this technique will be used to determine the total content of fission gas in central
samples to determine the amount of gas undetected by EPMA.

A number of recommendations were made in the session concerning particular techniques.
Participants pointed out that EPMA is established as the standard analytical tool for microscopic fuel
characterization. There are incentives for developing remote controlled SIMS: determination of
isotopic concentrations and low detection limits are key advantages; special emphasis was put on
possible light element detection (H2, H3, Li). Special attention is recommended for selecting the
standards and organizing cross-check measurements between different laboratories.This session further
compared the various choices for the shielding of apparatus (local shielding of the sample or use of
an overall lead box). The necessity of easy access to the apparatus to allow easy maintenance was
underlined. Emphasis also was placed on the problems associated with the requirement for small
specimens for surface chemistry (atomic emission spectrometry/AES/SIMS). These problems are of
two different kinds. First, the cleanliness level of the specimen surface, which has to be maintained
during all of the preparation steps, implies operational conditions that cannot be easily met in
industrial scale laboratories. The second is the handling of small sized specimens by means of
sophisticated optical and mechanical devices. It is recommended that special laboratories should be
developed for this type of work.

Session 4: Mechanical Testing of Materials/Components

The session, co-chaired by H.G. Morgan and K.A. Duijves, consisted of five papers, two
of which concerned post-irradiation examination and performance evaluation of WWER fuel, and
three of which discussed test methods applied to investigate the properties of fuel cladding, fuel
assembly components, and pressure-circuit samples.

Although it was felt that the methods currently in use were adequate for the majority of
interests, the following were noted as recommended areas where further development and experience
was desirable :

better control of tensile-type tests to achieve strain rates < 108 s"1. This would require
development of a testing machine and temperature control of the whole hot cell;

a lack of significant capability was noted in corrosion-assisted testing of irradiated materials;

it was pointed out that for certain mechanical properties, out-of-pile testing in the absence of
neutron flux was not completely representative. Consideration should be given to in-pile or
source-flux environments coupled to mechanical testing;

little or no mechanical data (especially creep data) were available on irradiated fuel, this
should receive positive consideration;

mechanical testing of cladding should concentrate on developing a full understanding of the
effects of high burnup, hydrogen pickup on the degradation of mechanical properties;

the effects of fuel/cladding bonding at high burnup should be examined to determine how the
strain concentrating effects of cracked fuel might influence PCI behaviour, and how the
chemical interaction of Zr and Uranium might affect the mechanical properties of the inner
zone of cladding.

Session 5: Refabrication Techniques

Co-chaired by L. Sannen and K.C. Sahoo, this session noted that refabrication of fuel rod
segments is at present a mature technique of hot cell technology at several laboratories, including the
TUI Karlsruhe, CEA Saclay, ECN Petten, PSI Villigen, and Studsvik. The refabrication technique
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is used for re-irradiation in testing reactors such as HFR (Petten), R-2 (Studsvik), OSIRIS (Saclay),
SILOE (Grenoble), CABRI, PHEBUS (Cadarache) and other Material Test Reactors (MTRs).

Emphasis is being placed on the qualification of all procedural steps. In particular, the
determination of the welding parameters on similar but not irradiated materials is important. The
control of the welding (bubble test, He leak test, radiography, metallography) is of primary
importance for quality assurance. The rod should also undergo careful NDT before and after
refabrication.

Although the impact of atmospheric impurities on the fuel behaviour during transient testing
is often questioned, it is generally considered to be of secondary importance.

The encapsulation, as performed in TUI and PSI, is a derived method used for the disposal
of fuel rod remnants through re-insertion in fuel assemblies.

Among the session's recommendations were the following:

Irradiation testing has confirmed that the fuel rod behaviour of refabricated fuel rods is similar
to that experienced with segmented fuel rods.

There is an increasing demand for instrumentation of high burnup fuel. Such instruments
include a fuel centerline thermocouple, pressure sensor, and other equipment for on-line
measurements during the re-irradiation.
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OVERVIEW OF THE DESTRUCTIVE EXAMINATION
FACILITIES FOR LWR FUEL

J. VAN DE VELDE, L. SANNEN
SCK/CEN,
Mol, Belgium

Abstract

In a previous I. AE. A. technical committee meeting on post-irradiation evaluation techniques for reactor
fuel (Workington '90), the SCK»CEN has presented the LHMA's hot laboratory facilities for non-
destructive examinations for light "water reactor fuels.
The purpose of the present paper is to give an overview of the different examination facilities for
destructive examinations operated on behalf of the fuel and materials programme for LWR.
Special emphasis is put on some specific examinations related to microstructural examination and to
retained gas determination in the cladding material.

1. INTRODUCTION

The Belgian Nuclear Research Centre SCK«CEN at Mol focuses its research on the three main
areas :
- radioactive waste, dismantling, and radiochemistry ;
- radiation protection and site restoration ;
- reactor safety, fuels, and reactor materials.

These research items are nucleated in the organisation of the Centre into five research
units (fig. 1) :
- the waste and dismantling research unit gathers specialized expertise in the decontamination and

dismantling of former nuclear facilities (including nuclear liabilities, nuclear chemistry and analyses,
and waste volume reduction) ;

- the waste and disposal research unit investigates the technical feasibility and the safety of deep and
shallow waste disposal ;

- the fuel research unit has expertise in reactor calculations (neutronic, power/bum-up, fuel reloading)
and reactor dosimetry ;

- the reactor materials research unit has as its basic mission the follow-up and evaluation of the
performance and degradation of materials subjected to irradiation and environmental effects and
ageing ;

- the radioprotection research unit is supported by a solid core of expertise in nuclear measurements
and radiological evaluations : it offers services regarding the practical needs of Health and Safety
regulations and a range of training programmes to external nuclear companies, while the research
is focused on measurement techniques, risk assessment, site restoration, and radioisotopes behaviour
in soil and atmosphere.

Post-Irradiation Examination of reactor fuel is performed in the Laboratories of High and
Medium radio-Activity (LHMA) of the Reactor Materials Research unit (RMR).

Figure 2 presents a schematic view of the hot laboratory. It houses a series of hot-cells that are
both ß,y-shielded and a-thight (6-10 mm stainless steel inner lining). They can accomodate a wide
range of hazardous materials, including full-size commercial LWR fuels and toxic materials as e.g.
MOX fuel, defective rods, beryllium.

Table 1 lists the PIE techniques at present available in the RMR hot-cells together with the
characteristics of the cells themselves (dimensions, activity limits, windows and manipulators). As can
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be seen from table 1, the laboratory is not exclusively devoted to nuclear fuel examination, but is
extensively operated in the three main research items of the RMR research unit :
- pressure vessel steel surveillance and research ;
- fusion reactor materials research ;
- services to the nuclear industry e.g. nuclear fuel research.

The following discussion on techniques available at the LHMA laboratory is restricted to nuclear
fuel related destructive examination techniques.

SAC General Management

BR2 Exploitation

Maintenance

Operation

Studies

Research Units

Waste and Dismantling

Waste and Disposal

Fuel

Reactor Materials

Radiation Protection

Strategic Services

Health and Safety

Finance and Administration

Technical Services

Fig. 1 : SCK-CEN Oiganisation
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Fîg. 2 : SCK«ŒN - LHMA Hot-Cell Facilities



Table 1 : Specifications of SCK/CEN - RMR Hot-Cells.

Cell

Ml

M2

30

• 31

32

33

34

35

36

40

20

11

12

14

15

Inner Dimensions
W x D x H ( m )

Shielding Material
Thickness (m)

7 x 3 x 4
Heavy Concrete

1

3 x 3 x 5
Heavy Concrete

1

2.12 x 1.29 x 1.52
Lead
0.15

2.12 x 1.29 x 1.52
Lead
0.15

1.30 x 0.75 x 0.74
Lead
0.15

2.21 x 1.19 x 1.37
Lead
0.15

1.00 x 1.02 x l.OO
Lead
0.15

1.00x1.00x0.80
Lead
0.15

1.00x1.00x0.80
Lead
0.15

1.60 x 0.90 x 0.93
Lead
0.10

1.65 x l.io x 1.85
Lead
0.15

2.38 x 1.18 x 1.82
Lead
0.15

2.21 x 1.34x2.37
Lead
0.15

1.78 x 1.28x2.10
Lead
0.15

1.04 x 1.05 x 1.36
Lead
0.15

Maximum
Capacity

ItfCi
(40 TBq)

IffCi
(40TBq)

120 Ci
(4.5 TBq)

120 Ci
(4.5 TBq)

120 a
(4.5 TBq)

120 Ci
(4.5 TBq)

120 Ci
(4.5 TBq)

120 Ci
(4.5 TBq)

120 Ci
(4.5 TBq)

10 Ci
(0.4 TBq)

120 Ci
(4.5 TBq)

120 Ci
(4.5 TBq)

120 a
(4.5 TBq)

120 Ci
(4.5 TBq)

120 Ci
(4.5 TBq)

Number
of

Windows

4

1

1

1

1

1

1

1

1

1

1

1

1

1

1

Number of
Master Slave
Manipulators

(Tongs)

8

2

2

2

(1)

2

(2)

(2)

(2)

2

2

2

2

2

2

Function

Fuel Rod Storage
NDE : Fuel Rod Weighing, Visual Inspection
& Photography (periscope, stereo-macroscope),
Eddy Current Testing (clad integrity,oxidation),
Metrology (diameter, length),
Gamma-activity measurements, X-radiography.
DE : Function.

Universal Workshop Operations.

Cutting, Drilling, Conditioning and Dispatching
of samples, Resin Impregnating, Decladding.

Grinding, Rotary Disk Polishing.

Optical microscopy, Micro Hardness Testing.

Chemical Etching, Radial Drilling, Polishing.

Chemical Etching.

Sample Storage.

Autoradiography.

Chemical Processes.

Sample Storage.

Low Cycle Fatigue testing, Tensile Testing.

Cladding Tensile Testing.

Fracture Thoughness Testing.

Specimen decontamination.
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Cell

41

61

60

04

05-06

51

52

53

8

17

01-02

63

SEM

EPMA

C2

BRI

Inner Dimensions
W x D x H ( m )

Shielding Material
Thickness (m)

5.32 x 2.19 x 3.42
Lead
0.15

1.20xi.80x 1.35
Lead
0.15

1.00 x 1.90 x i.OO
Lead
0.15

2.10 x 1.20 x 1.48
Lead
0.15

3.80 x 1.20 x 1.48
Lead
0.15

1.51 x 1.24 x 1.37
Lead
0.15

1.51 x 1.24 x 1.37
Lead
0.15

1.51 x 1.24 x 1.37
Lead
0.15

1.30x0.90x1.30
Lead

0.10-0.15

1.86 x 1.06 x 1.16
Lead
0.15

6.3 x 2.7 x 5.0
Concrete

1

0.8 x 0.8 x 0.8
Lead
0.10

0.47 x 0.45 x 0.44
Lead
0.08

2.40 x 2.05 x 2.00
Heavy Concrete

0.3

4.77 x 2.10 x 3.54
Heavy Concrete

1

3.5 x 2.5 x 3.8
Concrete

0.60

Maximum
Capacity

100 Ci
(4TBq)

200 Ci
(7.5 TBq)

5 Ci
(0.2 TBq)

120 Q
(4.5 TBq)

120 Ci
(4.5 TBq)

120 Ci
(4.5 TBq)

120 Ci
(4.5 TBq)

120 Ci
(4.5 TBq)

2Ci
(70QBq)

120 a
(4.5 TBq)

vf a.
(40 TBq)

10 Ci
(0.4 TBq)

ICi
(37GBq)

10 Ci
(0.4 TBq)

ItfCi
(40 TBq)

200 Ci
(7.4 TBq)

Number
of

Windows

3

1

1

1

2

1

1

1

2

1

3

1

-

-

2

2

Number of
Master Slave
Manipulators

6

3

2

2

4

2

2

2

3

2

6

1

-

-

4

2

Function

Chemical Processes, Chemical Decrudding.

Clad Dsfueling, Waste processing.

Balance, Density Control on SS Materials.

Macro Hardness Testing.

Weighing, Visual Inspection. & Photography
(stereo macroscope), Ultrasonic Cleaning,
Pycnometry, Porosimetry,
Electrolytic Etching.

Vacuum coating (SEM/EPMA specimens).

Ultrasonic Cleaning, Decontamination Control.

Burst and Biaxial Creep Testing.

Reception, and Dispatching of miscellany.

Annealing Furnace, Macro Hardness Testing.

Charpy Impact Testing, Tensile Testing,
Profile Projector.
Mechanical Operations (Drilling, Milling).

Residual Gas Analysis.

Shielded Scanning Electron Microscope,
EDX Analysis.

Shielded Electron Probe Micro Analysis.

Charpy Impact Testing, Specimen Storage.

Mechanical operations (Cutting, Drilling ,
Milling, Turning), EDM Technology,
Reconstitution (Welding).
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2. DESTRUCTIVE EXAMINATION TECHNIQUES FOR LWR FUEL

Sectioning of the fuel rod to be examined destructively can be performed in either hot-cell M2
(adjacent to the non-destructive testing hot-cell Ml) or hot-cell 30. Both are equipped with workshop
machinery for marking, cutting, turning, milling, drilling, welding and ultrasonic cleaning enabling the
manufacturing and conditioning of appropriate specimens.

2.1. Physical Examinations

2.1.1. Opticd inspection andphotography
Short focus binoculars are used for observation of samples through the hot-cell windows

(magnification x8/x9).
Visual inspection of individual specimens is performed with a macroscope equipped with a

photocamera Accurate positioning of the sample is done by a stepping motor driven x,y,z-movable
stage inside the hot-cell.

2.1.2. Fuel density by mercury pycnometry

The density of fuel is determined by a vacuum pycnometer with plunger displacement (fig. 3).
A plunger, i.e. a metallic bar of exactly known and uniform cross section, is mechanically driven in
a mercury containing plunger channel, displacing the mercury into an evacuated and sealed specimen
chamber to a given pressure (~ 1 bar). The sample volume is determined by the product of the plunger
cross-sectional area and the difference in plunger displacement when filling the empty specimen
chamber and the sample containing specimen chamber.

The accuracy of the density determination, as controlled by calibrated standards, amounts to
< 0.2 % (20).

2.1.3. Fuel open porosity by mercury intrusion porosimetry
The total open porosity of nuclear fuel as well as the pore size distribution of this total open

porosity is determined by a mercury penetration technique (fig. 4). The degassed specimen is loaded
in a sample chamber (dilatometer) which is air-free filled with mercury. The dilatometer is placed in
an autoclave where high pressure can be applied by an out-of-cell pressurization circuit through the
intermediate of oil. The volume of mercury intruded into the pores of the specimen as the pressure is
continuously increased from ambient to 2000 bar is monitored by means of a capacitance system. Thus
the pore volume and pore size (being inversely proportional to the applied pressure) can be obtained.

The method allows open porosity determinations in the pore radius range 7 urn (at 1 bar) -
0.004 pm (at 2000 bar). The sensitivity of the method and the measurement precision is experienced
to be situated at around ±0.5 mm3.

2.2. Micnostmctural examinations

2.2.7. Fuel & Clad optical microscopic examination

The sample consits generally of a 5-10 mm long cross section of fuel and clad. However,
lengths of up to - 30 mm can be accomodated for transversely mounted samples and lengths of up
to ~ 25 mm for longitudinally mounted samples. The specimen is mounted with epoxy resin
(eventually vacuum impregnated if necessary as in the case of very porous materials). Marking of the
mount can be performed for orientation purposes or for indication of the depth of grinding.

The specimen is grounded using SiC paper and polished using DP PUR cloth with diamond
paste to yield surfaces suitable for examination (e.g. of the fuel porosity, the pellet-clad gap, the oxide
layer on inner- and outer-clad surface, the crud deposits on the outer clad surface). After microscopic
examinations of the as-polished surface, the sample is appropriately etched to delineate desired
microstructural features. Polishing media and etchants may be varied to meet some specific need, e.g.
fuel grain size, plutonium distribution, clad hydrides.
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The microscopic examinations are performed with a shielded Leitz metallograph with
magnifications in the range xlO to x650. The system is calibrated for magnification using a stage
micrometer with spacings of known dimensions. The maximum resolution is of the order of 1 urn.

A TAS image analysis system is available to perform quantitative evaluations of the features
on the photographs, e.g. grain size evaluations, clad hydrogen content evaluations on base of hydrides.

2.2.2. Micjvhwctness testing

A microhardness tester attached to the Leitz microscope enables to determine the Knoop
hardness of the cladding. The sample is either a longitudinal or transverse metallographic mount in the
as-polished state. Axial and/or radial indentations can be made at specified intervals and documented
by photomicrographs. Certified standards are available to calibrate the loading system and indenter
used.

An optical system with a Filar micrometer eyepiece is used to measure the indentation
geometry. It is calibrated with a stage micrometer with high degree of accuracy. Thus the accuracy of
the readings amounts to ± 0.4 urn.

2.2.3. A Ipha autonxEogmphy

The distribution of a-emitting species in irradiated fuel is determined by placing the polished
face of the metallographic prepared specimen in intimate contact with cellulose nitrate film. Exposure
times range from a few seconds to several minutes depending on the radioactivity level of the sample.
After visualisation of the a-emitting particle distribution by etching the cellulose nitrate film, an
enlarged image is prepared by printing on photographic paper using standard photographic techniques.
The process is capable of producing prints on which an a-emitting surface of about 50 urn2 can be
identified.

2.2.4. Betqgconma autonx&ography

The distribution of ß,y-emitting species in irradiated fuel is determined by exposing Kodak
high resolution plate to the polished face of the metallographic prepared specimen. The emulsion of
this high resolution plate is protected by a 6 urn Mylar film to prevent radioactive contamination. The
exposure time is selected in accordance with the activity level of the sample. After development of the
plate standard dark room procedures are used to obtain enlarged photographic images. The process is
capable of producing prints on which a ß,y-emitting surface of 50 urn2 can be identified.

2.2.5. Scanning electron microscopy

A shielded JEOL scanning electron microscope is available for surface characterization (e.g.
of inner and outer clad surface) in terms of surface topography, the presence and morphology of
surface deposits, the presence of microcracks and the presence of different phases. (Stereo)Mcrographs
at varying magnification (up to xSOOO) can be obtained at different locations of interest which will be
referred to on a macrograph of the sample.

The instrument is also equipped with an energy dispersive X-ray analysis system enabling
qualitative and semi-quantitative analysis of elements of atomic number 11 and higher.

At present the replacement of the older JEOL scanning electron microscope with a modem
apparatus has been started.

2.2.6. Electron probe micnxmdysis

The shielded Camebax-R microprobe, equipped with four shielded wavelength dispersive
spectrometers, enables qualitative and quantitative elemental analysis on both fuel and cladding. Point
by point (resolution ~ 1 urn) as well as small surface area (lOxlOum to lOOxlOOum) measurements
are possible. Several standards are available to calibrate the system. The distribution of selected
elements can be determined by X-ray photographs (X-ray mapping = to characterize spatial
distributions) or by linescans with steps of at least 2 urn.
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The microprobe has also a limited SEM analysis system allowing the allocation of special
features, e.g. special phases.

Best quantitative results are obtained when microprobe analysis is performed on polished cross-
sections. These are prepared analoguos to the optical microscope specimens, in a manner to minimize
mechanical, thermal and chemical damage to the specimen. Non-conductive samples (e.g. nuclear fuel)
can be covered with a thin conductive gold layer.

2.3. Gas analyses

2.3.1. Free fission gas and internal volume measurement of fuel rods

The fuel rod is puntured at the gas plenum side and the free gases are collected in an out-of-
cell vacuum system composed of calibrated volumes and high performance pressure transducers. The
accuracy of the rod gas volume determination amounts to ± 3 %.

An aliquot of the collected gas is sampled for mass spectrometric analysis of its component
composition and isotopic composition (Kr an Xe isotopes). The accuracy for the component
composition (when analyzing > 1 ml (STP) quantities of gas) amounts to 2 % for gases present at the
level > 10 % ; 5 % for gases present at the level 1 - 10 % ; 10 % for gases present at the level 0.1 -
1 % ; and 20 - 50 % for gases present at the level 0.01 - 0.1 %. The accuracy for the isotopic
composition (for gases present at a level > 1 %) amounts to 1 % for gases present at the level
> 10 % ; 2 % for gases present at the level 1 - 10 % ; 5 % for gases present at the level 0.1 -1 % ;
and 10 -50 % for gases present at the level 0.01 - 0.1 %

After evacuation of the free gases from the fuel rod and measurement system, the rod void
volume is determined by expanding an exactly known volume of Helium or Argon gas into the fuel
rod and measuring the resulting pressure. The accuracy amounts to ± 3 %.

2.3.2 Gaseous content of solid materials

The amount of gases enclosed in solids is determined by a hot vacuum extraction method. The
weighed samples are introduced in the sample loading part of the residual gas analyzer (RGA - fig.
5), where up to five samples can be loaded at the same time, which can than be analyzed sequentially.
This loading part is isolated from the heating part and analytical part of the apparatus such that these
last components are never vented and maintain a low background. After the loading part is evacuated,
the sample is transferred to the degassed tungsten crucible which is then positioned in the quartz tube
under high vacuum. The crucible is heated by RF induction up to a temperature just below the melting
point of the solid. The gases liberated are quantitatively transferred into a calibrated volume and the
pressure is measured accurately. The composition of the gas is determined by feeding a part of it to
the coupled gas mass spectrometer. After appropriate background corrections, the gas content of the
sample can be obtained easily.

The method allows to analyze 0.05 to l g samples in the range 1 to 6000 ppm (in the case of
hydrogen analysis in cladding). Qualification of the method is performed by analyzing certified
standards. The accuracy amounts to ± 3 %.

2.4. Chemical and rafiochenicai analyses

A wide range of chemical / radiochemical analyses can be performed in close collaboration
with the chemical and radiochemical services of the waste and dismantling research unit of the Centre.
The radiochemical services dispose of infrastructure including hot-cells (for sample preparation and
separation works), radiochemical laboratories, and counting rooms equipped for qualitative and
quantitative a- and y-ray spectrometry and ß liquid scintillation counting.
The chemical services dispose of analytical methods and instrumentation adapted to accomodate Pu-
bearing and medium radioactive samples, e.g. arc/spark atomic emission spectrometry, inductively
coupled plasma atomic emission spectrometry, spark source mass spectrometry, thermal ionisation
mass spectrometry, electrochemical methods.
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Quality control is performed by measurement of standards as well as by internal comparison between
different available techniques and interlaboratory comparisons.

As an example, following analyses are performed :
- chemical and radiochemical analysis of Zircalloy and Stainless Steels (by ICP/AES) ;
- determination of the concentration and/or isotopic composition of U and/or Pu in UO2/PuO2 (by

mass spectrometry and/or a-spectrometry) ;
- determination of 241Am in Pu (by y-spectrometry) ;
- analysis of Gadolinium in irradiated fuel (by mass spectrometry) ;
- analysis of bum-up indicators, e.g. Nd-isotopes, fissile and fertile material (by mass spectrometry

and/or a- and y-spectrometry) ;
- analysis of flux monitors for dosimetry purposes.

2.5. Mechanical tests

2.5.7. Post-irradiation annealing

To determine the maximum permissible temperature for burst and tensile tests consistent with
mimimal recovery of irradiation damage during the actual mechanical test, post-irradiation annealing
tests are conducted. The recovery can be evaluated by microhardness tests.
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A quartz tube vacuum furnace with stainless steel specimen holder is used for the annealing
studies on clad samples. Sections of the cladding are loaded on the specimen holder after -Which the
quartz tube is sealed to the vacuum equipment and evacuated. The furnace, tuned at the specified
temperature is brought over the specimen holder and the specimen temperature is read by
thermocouples. The thermocouples, calibrated against low melting reference alloys and checked at
regular intervals, allow temperature control within ± 2 °C. After a predetermined time, the furnace is
transferred out of the reach of the quartz tube and the specimen holder, and the specimen is allowed
to cool down.

2.5.2. Clad tensile testing

Two Instron floor model universal testing instruments (one 50 kN maximum load capacity, the
other 100 kN maximum load capacity, both with a speed range 0.05 to 50 mm/min) are installed in
a hot-cell to determine the tensile properties of irradiated fuel rod clad specimens. They are of the split
console design for remote handling. Special load trains have been developed, allowing an accurate
alignment of the axis of the test specimen with the central line of the heads. As such, axial tensile
stress is ensured within the gage length. Both instruments are equipped with a furnace and several
thermocouples providing a uniform heating (of up to 450 °C) along the gage length of the test
specimen to within ± 3 °C.

After mechanical removal of the major part of the fuel, the test section can be treated
chemically for complete removal of the fuel. This procedure is evaluated in order to assure that the
chemical attack has no influence on the properties of the cladding. After further ultrasonic cleaning,
outer diameter and inner diameter measurements are performed. On base of these dimensions the end
plugs are manufactured and appropriate mechanical couplings (e.g. Swagelock-type) are selected and/or
manufactured. The end plugs are inserted into the tube ends of the test section and the mechanical
couplings are fastened into position using a pneumatic span system. Different grip systems and load
trains can be manufactured which fit the furnace and tensile test frame to be used.

During the actual tensile test, the load versus displacement is recorded continuously. Both total
and uniform elongation can be derived from this record. Dimensional measurements on the test
specimen before and after the test, by means of a profile projector and/or micrometer (within
± 0.01 mm), allows to determine the reduction in cross sectional area and the total elongation. Finally,
the yield stress, the ultimate stress and the rupture stress can be evaluated on base of both the load
displacement recording and the diametral measurements.

2.5.3. Clad burst test

Clad burst testing is performed to determine the mechanical properties of irradiated fuel rod
cladding under biaxial stress conditions. An in-cell base plate is connected to an out-of-cell pressure-
generating unit by a capillary stainless steel tube. The test specimen is connected to the base plate
using a high pressure mechanical coupling. Both oil and gas can be used as pressurization medium.
A vacuum chamber is mounted around the tube sample in order to limit contamination risks in the hot-
cell on burst of the tested specimen. The vacuum chamber with sample in it is surrounded by a
furnace. This furnace provides a uniform heating (up to ~ 340 °C) along the specimen length and
maintains the nominal test temperature during the testing period within ± 3 °C. To this end
thermocouples are installed to measure the outer diameter surface temperature of the specimen and to
tune the furnace during testing. The pressurization rate is controlled within ~ 7 bar/min and can range
from 7 to 300 bar/min.

Fuelled as well as defuelled specimens can be tested. Specimen preparation and fixing is
analogous as for the tensile test specimens. Filling pieces can be used to minimize the free volume.

The data obtained from the test are the ultimate tangential (Hoop) strength and the ductility
(failure strain on base of the circumferential elongation as determined by transverse metallography).

In addition to foregoing most frequent standard examinations, LHMA has extensive experience
to apply various other techniques to meet customer requirements (e.g. the sampling and analysis of
oxide or crud deposits on metallic surfaces, cladding sensitization tests, ...).
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3. HYDROGEN CONTENT IN ZIRC ALLO Y CLAD
As stipulated above in the overview of the destructive examination techniques available at

LHMA, two quite different methods come into consideration to investigate the hydrogen content in
zircalloy cladding :
- optical microscopic examination of a cross-section with appropriate etching of the cladding to

delineate the clad hydrides, and
- hot vacuum extraction on a cladding sample.
To make an intercomparison between the methods possible and to gather more quantivative information
from the optical observations, samples have been analyzed with both methods and the "qualitative"
information from the optical examination has been quantified by means of an image analysis of the
hydride platelet surface. To this end, photomicrographs of magnification x 500 have been used.

Zircaloy tubes containing different hydrogen contents, from 10 to 11,600 ppm, have been
analyzed. The results are depicted in fig. 6. From this figure it is clear that, in the hydrogen content
range considered, a linear correlation between hydrogen content and hydride platelets surface area is
obtained :

A = 31 x CH

with A = surface area of hydride platelets (in arbitrary units)
CH = hydrogen content in vveigth ppm

The precision (la) of the regression coefficient (31), as obtained from the least square fitting of the
data, amounts to ± 2 (or ± 6.5 % relative).

4. CONCLUSION

The SCK'CEN offers a comprehensive examination of nuclear fuel providing independent
expert services based on its experience in the nuclear field. The most important industrial branches
solicited for are the nuclear power plants, fuel vendors, safety organisms and nuclear waste processing
utilities. The ultimate goal is to demonstrate and continuously improve the safety as well as the
technical and economical performance of nuclear installations.
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Radiometallurgy Division,
Bhabha Atomic Research Centre,
Bombay, India

Abstract

Various non-destructive, destructive and micro-analytical
techniques used for evaluation of irradiated water cooled reactor
fuels in the Radiometallurgy hot cells facility at Bhabha Atomic
Research Centre, India have been reviewed. Some illustration of
typical observations made during examination of experimental and
power reactor fuels are also given.

1 . Introducti on :
Post-Trradiation Examination (PIE) of water cooled reactor

fuels is being carried out at Radiometallurgy Hot Cells Facility
of Bhabha Atomic Research Centre since 1974.. Till date more than
255 fuel elements have been examined which can be broadly
classified as.
a) BWR fuel elements from Tarapur Atomic Power Station.
b) PHWR fuel elements from Rajasthan & Madras Atomic Power

Stations.
c> Experimental fuels irradiated in pressurised water loop of

CIRUS reactor.
d) Metallic fuel elements from research reactors CIRUS and

DHRUVA.
The fuel elements of different categories vary considerably

in their design. material and dimensional details. The nature
and extent of PIE carried out on each fuel element also vary
significantly depending on the problem on which the attention is
focused. Over the years various non-destructive, destructive and
micro-analytical techniques have been incorporated in the PIE
programme and techniques/facilities are being developed to
enhance capability. This paoer provides an over view of PIE
facility and the different techniques applied for evaluation of
irradiated water cooled reactor fuels.
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Fig. 2 a) End cap failure in PHWR fuel
b) PCI/SCC failure in BWR fuel
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2. Post-Irradiation Examination Techniques :
Evaluation of irradiated nuclear fuel is carried out using

non-destructive, destructive and micro-nalytical techniques. The
non-destructive testing techniques include visual examination,
profi lometry, eddy current testing, gamma scanning, leak testing
and replication technique. The destructive testing technique
include released and retained fission gas analysis and ring
tensile testing of clad material. The micro analytical
techniques include Metal 1ography/Ceramography, micro-hardness
testing, Beta, gamma and alpha autoradiography. scanning electron
microscopy and electron probe micro analysis. The typical flow
chart for PIE examination of nuclear fuels is given in Fig.1.
2.1 Non-Destructive Techniques [1]
2.1.1 Visual examination.

Visual examination is the first test carried on fuel
assembly in the as received condition. This forms a very
important part for formulating the scheme of examination to
follow. The first stage visual examination is done to examine
general condition of fuel assembly locating any gross abnormal
features and to ascertain the identity of fuel assembly. In the
second stage, individual fuel elements are examined after
dismantling the assembly. Retailed visual examination is
carried out after identifying the region of interest by non-
destructive testing techniques like eddy current testing, gamma
scanning and prof i lometry. Cursory visual examination is carried
out through viewing windows. Scanning wall periscope and stereo
microscopes are used for detailed examination. Some of the
visually observed features on fuel elements are shown in fig.2.
2.1.2 Eddy current testing.

Eddy current test with encircling coil is a sensitive test
for detecting defect areas in the cladding and localised
dimensional variations like ridging at pellet interfaces or
fretting wear points. In most cases eddy current test is the
first non-destructive test carried out after a cursory visual
examination to identify the region of interest. The nrobe
dimensions and test frequency are chosen according to the
dimension and material of cladding. Typical use of this technique
in studying pellet clad mechanical interaction behaviour in BWR
fuel is shown in fig.3.
2.1.3 Leak testing.

Leak testing is carried out on individual fuel element to
confirm breach in the cladding and identify its location on the
cladding. Four different types of leak tests have been adopted
viz. (a) soap bubble test (b) glycol test (c) Liq N?-alcohol test
and (d1 helium pressurisation test. The type of test applied
depends on the anticipated size of the leak and the dimension of
the fuel element. The easiest test is attempted first.
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2.1.4 Gamma scanning.
The gamma scanning measurement consist of gross gamma

scanning. isotopic gamma scanning, gamma densitometry and gamma
spectrometry. Gamma scanning is carried out to generate
information on axial burn-up distribution, axial distribution of
specific fission product, flux peaking, enrichment mix-ups, loss
of fissile material and ieachable fission product from the defect
site, widening of inter pellet gaps and estimation of dimensions
of fissile and non-fissile component of the fuel element. The
gamma scanning set up uses a fixed slot collimator mounted on the
shielding wall with NaHTL) and HP Ge detector coupled with PC
based multi channel analyser. Observations made by gamma
scanning of a defective BWR fuel element is shown in Fig.4.
2.1.5 PrpfJ 1 omet r y .

Profilometry measurements form an important step in the
scheme of post-i rradiâtion examination. The basic profil ometry
set up was developed in early seventies and has been continuously
mpdified over years to improve accuracy of measurement and ease
of hot cell operation. Presently a fork type of design
[Fig.5(a)] is used which consists of two sets of parallel leaf
springs holding two knife edges. A miniature LVDT is fitted to
the extended part of the knife edge to measure the relative
displacement between them. Diameter profile measurements are
carried out such that a minimum of 5 readings are recorded over
1mm length of fuel element. The digital data is stored in file
on the floppy disc containing all details of sample
identification and irradiation history. Stored data can be
retrieved to compare pre and post irradiation measurements. Part
or whole of the data can be plotted to desired scale for
comparing with other measurements. Fig.Sfb) shows typical olot
of diameter profile on an experimental fuel element.
2.1.6 NOT techniques under development.

A number of non-destructive testing techniaues and their
associated systems are under development to enhance the PTE
capability. The techniaues under development are fa) ultrasonic
testing technique for examination of defects in PHWR end plug
welds and welded appendages (b1 neutron radiography and gamma
tomography facility for studying internal details of irradiated
fuel (c1 Plenum Kr85 monitoring for ascertaining cladding
integrity and estimating released fission gas and fd1 eddy
current testing technique for oxide layer thickness measurement,
on zircaloy cladding.
2.1.7 Pool side inspection plan.

Our experience on PIE of experimental and power reactor fuel
shows that useful information on performance of irradiated fuel
can be generated by combination of NOT techniques like visual
examination, profilometry. eddy current testing and ultrasonic
testing. Destructive tests need to be carried out only on a few
pre-screened fuel elements to generate detailed information.
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Considering the difficulties involved in handling and
transportation of irradiated fuel assemblies from far flung
reactor sites to our hot cell facility. it is planned to develoo
a comprehensive pool side inspection facility. The facility
under development w i l l consist of CC TV for visual examination,
bundle dismantling device, scanning stage for carrying out
profilometry, eddy current testing and ultrasonic testing for
defect detection and oxide thickness measurements. Ultrasonic
test is being specially developed for defect detection at the end
cap weld joint and welded appendages in PHWR fuels.
2.2 Destructive Examination Techniques :

Evaluation of non-destructive test results and their cross
correlation are used to identify the region of interest on which
destructive examination is needed to provide detailed information
on the performance of fuel element. Destructive examination
techniques include ouncturing of fuel element for released
fission gas measurement and sectioning of fuel elements for
taking out samples for metallography/ceramographic examination,
micro hardness testing. beta gamma and alpha auto radiography.
Ring tensile testing is carried out on clad samples for their
mechanical property evaluation. Micro metallurgical studies by
scanning electron microscopy along with electron probe
microanalysis is carried out on clad and fuel samoles for
studying fuel-clad and dad-coolant interaction.
2.2.1 Fission gas release measurement [2]

The accumulation of released fission gases in the fuel clad
gap impairs the gap conductance resulting in lower heat transfer
between pellet and clad. This increases the temperature of fuel
matrix which accelerate the release of fission gases. Released
fission gas is measured by piercing the fuel element in the
plenum region in the hot cell. The piercing unit of a sealed
metallic chamber accommodates the plenum region of the fuel
element. Puncturing of the clad is done by d r i l l i n g the clad at
the plenum region. The fission gas mixture along with the filler
gas He are extracted with the help of a toepler pump. The volume
is measured by pumping the gas to a pré-calibrated volume and
measuring the change in pressure using mercury manometer. The
estimation of fission gases Xr and Kr from the bulk of the gas
containing filler gas He is done by passing a representative
sample through a gas Chromatograph column. Table 1 provides
typical fission gas measurement data collected on BWR fuel
element in the burn up range of 3000 to 25000 MWD./T. Void volume
of the fuel column is also measured to compute the internal
pressure of fuel element during reactor operating condition.
2.2.2 R i ng tens i1e test [3]

Mechanical property change in the cladding of reactor
operated fuel is tested by ring tensile testing method. Ring
specimens of the cladding typically 5mm width are fabricated
inside hot cell. The circumferential tensile properties at room
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TABLE 1 RESULTS OF FISSION GAS RELEASE MEASUREMENTS

Element
No.

Uni
BD
BD
BD

BF1
BD2
BD2
Z A
ZC

Uni
GD1
BD3
KA
TK
TK

t 1
2B01
2B02
3B02
B04
801

Heat
Rati n g
W/cm

85
13 <251
10
18
93

B0285 <251

0098 294
051

t 2

3 275

C0072
C01
DB44

7685
2966

04 <251

285
<285

Fission gas Fission gas
generated released

( c . c ) f c . c 1

882
892
986

954
1 194
1299

1489
1701

427
701

1455

3107
3237

8
16
8

20
27
61

189
62

37
27
130

152
441

.6

.6

.4

.9

. 1

. 1

.6

. 1

.6

.3

.0

.3

. 7

He gas
col lected

f c . c )

82
82
85
65
40
79

57
56

38
84
53

83
57

.8

.2

. 1

.8

.9

.5

. 1

. 7

.0

.9

. 1

.0

.00

Percent
fission
release

(58)

1 .
1 .
0.

2.
2.
4.

12.
3.

8.
3.
a.
4.
13.

0
9
9

2
3
7
7
7

8
9
9

9
6

TABLE 2 ROOM TEMPERATURE TENSILE PROPERTIES
OF TAPS-OPERATED CLADDING TUBE

Ring
speci men

KS1
KS2
GD1
GD2
GD3
«S3
KS4
TA1
TA2
Uni r r a-
di ated

Fuel Ultimate %
element strength
burn up
(MWD/T'
6000
6000
9000
9000
9000
9500
9500
14000
14000

0

el onqati on
Uniform Total

) (MPa)
781 .
807.
802.
820.
825.
773.
822.
875.
837.
662 .

38
59
07
00
52
10
76
17
2
8

6
6
4
4
4
2
2
2
2

1 1

.0

.7

.7

.3

.5

.9

.9

. 7

.6

.0

17
20
14
1 1
14
1 1
14
1 1
14
36

.67

.83

. 17

.88

. 79

.96

.68

. 77

.89

.00

% change in
Ul t i ma te
tensi le
strength

18
21
21
24
25
19
24
32
26

.02

.98

. 15

.00

.00

.79

.27

.00

.00
-

Total
Elong-
ation
50
42
60
67
58
66
64
67
58

.92

. 14

.64

.00

.92

.78

.62

. 31

.64
-
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Fig. 7 a) Fuel element section showing PCI/SCC crack
b) Clad section showing features of PCI/SCC failure
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temoerature are evaluated by subjecting these soecirnens to
tensile test using a specially designed jig with two semi-
circular mandrels. Fig. 6(a) shows the jig used for ring
tensile testing of irradiated fuel cladding. Fig. 6(b) shows the
method used for computing gauge length of a ring tensile sample.
The ring tensile test results are evaluated by means of a semi-
empirical approach using Voce's equations. Table 2 gives typical
results of room temperature tensile property of cladding BWR fuel
in the burnup range of 6000 MWD/T to 14.000 MWD/T.
2.2.3 Metallography/Ceramography [4]

Metallographie studies provide exhaustive information on the
structural changes in the fuel and clad as well as fuel-clad
interactions and dad-coolant interactions. Metallography of fuel
directly provides information about crack morphology. porosity
redistribution, grain growth, fission gas bubble formation at the
grain boundaries and columnar grain growth. Metallography of
cladding provides information on hydriding, hydride platelet
morphology. texture and corrosion of cladding. Metallographie
information has been used for predicting fuel central
temperature. radial temperature distribtion. densificat ion,
fission product migration and creep of fuel. Vital information on
clad failure mechanisms like massive hydriding of clad. fretting
and features of PCI/SCC failure (Fig. 71 are obtained from
metal 1ographic examination.
2.2.4 Beta gamma and alpha autoradiography

Beta-gamma and Alpha autoradiography technique has been very
effectively used in the study of fission product and plutonium
redistribution pattern in the irradiated fuel section. Beta-
gamma autoradiography of fuel sections shows depletion of fission
products at the central zone which coincides with the boundary of
a dark porous zone observed by metallography. Presence of
intergranular porosity in the region showing low fission product
activity indicates a temperature isotherm of 1120°C above which
major volatile and gaseous fission products become mobile. This
isotherm is used as a marker for esimation of centre temperature
of fuel elements operating at low heat ratings. Alpha
autoradiography of irradiated fuel alongwith track counting and
microdensitometry techniques have been effectively used for
studying plutonium redistribution pattern in high burnup fuels.
Increased concentration of alpha activity is seen at the
periphery of fuel pellet. the concentration at periphery becomes
more than twice that at the fuel centre. This distribution
pattern of alpha activity in irradiated fuel has been correlated
with plutonium production by resonance capture at the perinhery
and flux depression in the pellet cross section.
2.2.5 Scanning electrom microscopy (SEM) and electron probe

micro analysis (EPMA) techniques [5]
Fuel-cladding chemical interaction plays an important role

in deciding the integrity of the cladding during its reactor
life. specially during a power ramp condition. The best way of
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Fig. 8 SEM photograph of deposits on the
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studying fuel-cladding interaction is to examine the physical and
chemical nature of the deposits on the inner surface of cladding.
Micro analytical tools like SEM and EPMA have been very
effectively used for this purpose. SEM examination of the
cladding surface provides the insight into the physical nature of
oxide layer on Zircaloy clad and the pattern of the deposits.
The chemical nature of the deposits have been determined by
taking concentration profile of the elements. The deposits
contained U. Zr. Cs. 0. Sn. Ba. Te and Rb with 1.4. weight
percent of Cs and a Cs/U ratio of 0.042. Fig. 8 shows the
features of the deposits on the inner surface of the clad. Zr. U
and Cs distribution across the deoosit thickness is shown in the
i nsert.
3. Summary :

The Radiometal1urgical hot cells facility at Bhabha Atomic
Research Centre is a multipurpose facility catering to the needs
of examination of different types of water cooled reactor fuels.

Various non-destructive. destructive and micro analytical
techniques are employed in the post-irradiation examination of
nuclear fuels to generate understanding of its performance in the
reactor. The methods include cursory visual examination through
viewing windows to high magnification observation of
microfeatures by optical and scanning electron microscopy
techniques. Measurements include dimensional measurement by
profilometry to micro constitutional analysis provided by
electron probe micro analysis technique. The information
provided by one technique complements and/or supplements the
information generated by other techniques for understanding the
behaviour of fuels. Since the commissioning of the hot cells
facility two decades back there has been continuous effort to
update and integrate new techniques and tools to enhance the
capability for carrying out detailed post-irradiation examination
of water cooled reactor fuels.
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DEVELOPMENT OF POST-IRRADIATION EXAMINATION
TECHNIQUES AT THE REACTOR FUEL EXAMINATION
FACILITY

T. YAMAHARA, Y. NISHINO, H. AMANO, K. ISHIMOTO,
Tokai Research Establishment,
Japan Atomic Energy Research Institute,
Japan

Abstract

The Reactor Fuel Examination Facility (RFEF) at JAERI Tokai Research
Establishment started Post-Irradiation Examination (PIE) of power reactor
fuels in 1979. At present, the most concentrated work at the RFEF is PIE of
high burnup fuels, for which the RFEF improved the original PIE techniques
such as puncture test and fuel removal procedure from a shortened fuel rod.
And also, the RFEF developed a thermal diffusivity measurement and a pellet
melting temperature measurement apparatus to response to new PIE needs.
This paper describes PIE techniques developed recently at the RFEF.

1. INTRODUCTION

The Reactor Fuel Examination Facility (RFEF) at JAERI Tokai Research
Establishment has carried out Post-Irradiation Examinations (PIEs) of Light
Water Reactor (LWR) and Fugen (ATR) fuels since 1979. The purpose of PIE is
to confirm the integrity of irradiated power reactor fuels, to verify the
appropriateness for the fuel design and manufacturing and to provide useful
data on fuel behavior [1].

At present, the most concentrated work at the RFEF is PIE of high burnup
fuels. However, the following technical problems arose with increasing
burnup: difficulties to determine the void volume and the FP gas pressure in
the fuel rod in the puncture test and to remove pellets from a shortened
fuel rod on preparing cladding specimen for mechanical property tests. To
resolve these problems, the RFEF improved the original puncture test
apparatus and developed a fuel removal equipment using diamond core drill.
And also to response to new PIE needs, the RFEF developed a thermal
diffusivity measurement apparatus by the laser flush method and a pellet
melting temperature measurement apparatus based on the thermal arrest
technique. The following sections describe PIE techniques developed
recently at the RFEF.

2. IMPROVEMENT OF PUNCTURE TEST APPARATUS

Puncture test of lower burnup fuel rod has been successfully conducted
using the original puncture test apparatus. Puncture test provided data on
the void volume and the FP gas pressure in the fuel rod, the amount of FP
gas and FP gas release rate. With Increasing burnup (above 35 GWd/t),
determination of the void volume and the FP gas pressure in the fuel rod
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Fig.3 Equations to calculate Vf, Afp and Pfp
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became difficult: a long time was required to determine the equilibrium gas
pressure and to refill helium into the fuel rod through the punched hole at
the plenum location. These problems were caused by poor gas fluidity due to
the decrease of the pellet/cladding (P/C) gap accompanied by pellet
swelling, the formation of reaction layer and P/C bonding [2]. For this
reason, the original apparatus was reconstructed. Figure 1 shows an
illustration of the improved puncture test apparatus. The apparatus
consists of a puncture chamber, a direct-reading gas pressure sensor
(strain-gage transducer), three standard expansion volumes, a Baratron
pressure gage (differential pressure transducer), a thermocouple, gas
sampling bottles, vacuum systems, a personal computer (PC), etc. Main
improved points are listed below.

(1) The original puncture chamber was replaced for a new one to reduce its
void volume. The purpose of the replacement was to measure the FP gas
pressure more accurately when FP gas was expanded into the standard
expansion volumes. The void volume of new puncture chamber is about 200 mL
which corresponds to about 1/3 of the original one.
(2) The direct-reading gas pressure sensor (up to 9.81 MPa) was attached to
the puncture chamber to obtain the FP gas pressure data directly at the
moment when the cladding tube was punched.
(3) Three standard expansion volumes were fitted to the gas expansion line.
FP gas released in the puncture chamber is expanded into these volumes (25,
50 and 75 mL) measuring the equilibrium FP gas pressure by a Baratron
pressure gage. An example of the equilibrium FP gas pressure is shown in Fig.
2.
(4) PC was combined in a data processing unit to acquire the expanded FP gas
pressure data and to correct the temperature effect in the gas pressure
data. PC program also indicates the sequence of the test step for the
operator to prevent a careless operation.
(5) The void volume (Vf) and the FP gas pressure (Pfp) in the fuel rod and the
amount of FP gas (Afp) are calculated from the equations represented in Fig.
3.
(6) FP gas collected in the gas sampling bottles are analyzed with a gas
Chromatograph/ mass spectrometer.

In consequence of the improvement of the original apparatus, the
puncture test of high burnup fuel rod up to 48 GWd/t was successfully
conducted. Results of puncture tests of high burnup fuel rods are
summarized in Table 1. The FP gas pressure data measured by the direct-
reading gas pressure sensor are used as reference data for the calculating
FP gas pressure. Both the calculated and the direct reading FP gas pressure
data agreed well except for fuel rod No. 5. Measuring accuracies of the void
volume and the FP gas pressure in the fuel rod are better than ± 1 mL and ±
10 % at the standard conditions, respectively.

From the gas analyses data, gas composition and each relative gas volume
(Ez, He, N2, 02, Ar, Kr and Xe), Xe/Kr ratio and relative isotopic abundance
(S3Kr, 84Kr, 85Kr, 8BKr, 131Xe, 132Xe, 13*Xe and 13eXe) can be evaluated.
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Table 1 R e s u l t s of puncture test of h i g h burnup f u e l rods
( P f f R 17x17 B U = 4 8 G W d / t )

No. of
Fuel
Rod

1

2

3

4

5

6

7

8

9

Void Volume
in the Fuel

Rod

(ml)

12.7

12.3

12.2

13.1

13.1

13.2

12.9

12.5

13.7

The Amount of
FP Gas*
at STP

<mL)

515.6

510.1

518.9

536.2

524.8

527.0

527.6

525.9

531.6

Calculated FP
Gas Pressure

<HPa)

4.11

4.19

4.30

4.15

4.06

4.04

4.14

4.26

3.93

Direct-Reading
FP Gas

Pressure

(MPa)

4.20

4.14

4.15

4.20

4.48

4.17

4.23

4.04

3.98

2. DEVELOPMENT OF FUEL REMOVAL EQUIPMENT

Removal of pellets (defueling) from the shortened fuel rods (~150 mm
long) has been conducted to prepare cladding tube specimens for mechanical
property tests such as tube tensile and burst test. For lower burnup fuel,
it was possible to remove pellets by vibrating slightly the fuel rod, for
example by the use of ultrasonic or air hammer vibration method. However,
this method was not applicable for high burnup fuel because of P/C hard
bonding. To deal with this technical problem, an equipment using diamond
core drill was developed especially for PWR fuel rod. An illustration of the
equipment is shown in Fig. 4. The equipment consists of an electric motor, a
collet chuck, a diamond core drill, a vise to hold the specimen, a basin,
loading weights, a control panel, ect. To develop the equipment, the
following cares were undertaken: to prevent the cladding specimen from
damaging and thermal influence caused by defueling, to avoid the dispersion
of U02 powder into the hot cell and to increase the defueling efficiency.

For defueling, the specimen is held by the vise in the basin filled with
water which is used for cooling the specimen and the diamond core drill and
for collecting the VOz powder during the operation. The centering of the
drill and the specimen held by the vise can be adjusted within ±0.05 mm. To
examine the performance of the equipment, cold tests were performed using
short dummy fuel rod specimens (150 mm long) which contained U02 or A1203
pellets fixed with cladding by epoxy resin. Since the maximum drilling depth
was about 75 mm, pellets were removed from both top- and bottom-sides. It
was found out that the most efficient drill revolution speed and loading
weight for U02 pellets were 2,800 rpm and 19.6 ~ 29.4 N, respectively. The
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drilling rate was about 2.6 mm/min for the drill of 6mm diameter. Illustration
of the diamond core drills and the result of cold drilling tests are shown in
Figs. 5 and 6, respectively.

In the case of high burnup fuel rod specimen (PWR 17x17 type fuel rod, 150
mm long), a hole of 6 mm diameter was drilled at the center of the
pellet-stack, and followed to a hole of 7 mm diameter for enlarging. A thin
annulus of the fuel, about 0.5mm thickness, was left inside cladding as shown
in Fig. 7. This annulus was removed by mechanical picking-work using a die,
and then the inside surface of the cladding tube was cleaned up using a wire
brush. Finally, visual examination of the internal surface was conducted
using a Boar scope to confirm the integrity of the specimen, in which the
appearance was recorded on the video tape.

The fuel removal equipment by the diamond core drill has been
successfully used for high burnup fuel up to 48 GWd/t. The time required for
defueling of the specimen of 150 mm long was about 120 minutes for drilling
and about 60 minutes for removing the remained fuel annulus.

3. DEVELOPMENT OF THERMAL PROPERTY MEASUREMENT APPARATUSES]

Thermal constants, such as thermal diffusivity, heat capacity, thermal
conductivity and melting temperature, are indispensable and basic data for
research and development of reactor fuel. However, there are few data on
the thermal constants of irradiated fuel. In this context, the RFEF
developed a pellet thermal diffusivity measurement apparatus (PTD) and a
pellet melting temperature measurement apparatus (PMT).

3.1 Development of PTD

PTD based on the laser flush method was developed to determine the
thermal diffusivity of irradiated fuel over a wide temperature range up to
1800 °C. The laser flush method has some favorable features such as small
specimen size, high speed measurement and simple structure of the apparatus.
A schematic drawing of PTD is shown in Fig. 8, and main specifications of PTD
are summarized in Table 2. PTD is composed of a heating furnace, laser
oscillator, temperature measurement, vacuum pumping and data processing
systems. The heating furnace is separated from the specimen by a tantalum
tube to avoid the contamination of the heater with radioactive materials,
and each separated space is evacuated independently during the
measurement. The heater is surrounded by the thermal radiation shielding
plates.

The specimen of about 1mm thickness with uniformity in thickness within ±
0.01mm is prepared in the hot cell by slicing the short fuel rod (10~150 mm
long) using a precise diamond wheel cutter with cooling water. Fuel pellet
contains many cracks, so that it is divided into small pieces during slicing
operation. A sector piece is selected for the measurement. A specially
designed specimen holder which has an aperture for measuring the
temperature is used to hold the sector specimen with three screws. Figure 9
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Tab le 2 M a i n s p e c i f i c a t i o n o f pe l l e t thermal d i f f u s i v i t y measurement appara tus

• Technique : Laser Flash Method
• Laser : Ruby Laser (6J/pulse)
• Temperature Range : R.T—1800 °C
• Atomosphere : Vacuum (<1.3 X10~3Pa)
• Temp. Measurement : In—Sb Infrared Detector
« Data Analysis : Half Time or Logarithmic Method
• Reproducibility : ±5% (Standard Sampfe:Ta 3mm
• Max. Radioactivity : 42.6 GBq (5mm $ X1mmt)

shows the specimen preparation procedure. The specimen is transferred from
the hot cell to PTD located in a hot examination room using a special cask,
and then set into the heating furnace by an elevator mechanism. The
temperature of the specimen is controlled by the data processing system and
measured by a W-Re thermocouple located near the specimen. The laser head
is kept in a constant temperature using circulating distilled water to
maintain the stable laser power more than 6 J/pulse within 0.5 msec of the
pulse width.

The temperature change on the back side of the specimen is measured by
an In-Sb infrared detector operated at liquid nitrogen temperature. This
detector has an excellent time response for temperature signal and covers
the temperature range up to 1800 °C. A He-Ne laser in the rear of a ruby laser
is used to adjust the light paths of the laser beam and the infrared ray.
Signal from the detector is recorded on transient memory, and then fed more
slowly to PC. The data sampling time on the temperature is changed from 1
sec to 2 msec in 12 steps.

Unirradiated U02 and U02-Gd203 pellets and the other specimens such as
Ta, ZrOs and A1203 were used for the characterization test of PTD.
Temperature range in the thermal diffusivity measurement was from room
temperature to 1700 °C. Figure 10 shows the result of thermal diffusivity
measurement of unirradiated UOs-GdsOs pellets. The measured values of the
thermal diffusivity agreed well with published data [4][5], Through these
cold tests, it was confirmed that PTD with a sufficient performance would be
applied to the measurement of thermal diffusivity of irradiated fuel.

3.2 Development of PMT

PMT based on the thermal arrest technique was developed to determine the
melting temperature of irradiated fuel. In this measurement, an irradiated
fuel specimen is heated within a sealed tungsten capsule to avoid the
composition change and the vaporization of the specimen. A schematic
drawing of PMT is shown in Fig. 11, and main specifications are summarized in
Table 3. The high frequency (HF) induction heating furnace consists of a
tungsten capsule, a tungsten susceptor, a HF work coil and a vacuum
chamber, as shown in Fig. 12.
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Table 3 M a i n s p e c i f i c a t i o n of pe l le t m e l t i n g temperature measurement apparatus

• Method : Thermal Arrest Technique (Tungsten Capsule)
• Heating Furnace : High Frequency Induction Heating

HF Inverter : Max. 60 kW
Temp. Control Resolution : ±0.05% (3,000 ±1.5 °C)

• Max. Temperature : 3,000 °C
• Temp. Measurement : Fiberglass Two—color Pyrometer

Sensing Element : Si
Measuring Wave Length : 0.8/0.97 fj.m
Measuring Range : 1,500~3,100°C

• Atomosphere : Vacuum (<1.3 X10~4Pa)

Pellets are granulated in order to pack the specimen (about 10~2kg) into
the tungsten capsule and to obtain a uniform temperature in the specimen
during the measurement. The capsule containing the granular fuel is welded
in helium atmosphere by a tungsten inert gas (TIG) welding machine which has
a copper chuck to keep the specimen in a lower temperature. The tungsten
susceptor holds the capsule and heats It uniformly. Multiple heat radiation
shields are also located near the top and bottom of the susceptor. HF
current is supplied using SI transistor inverter (electrostatic induction
type) and fed into the oscillator circuit. A current transformer near the
work coil efficiently supplies the HF current. The temperature control
resolution in this apparatus is± 0.05% (3000± 1.5°C). The temperature at the
bottom well in the capsule is continuously monitored using two-color
pyrometer which set up at the operating room throughout a quartz fiber
glass. The temperature data is fed to PC. A quartz glass window at the
bottom of the flange is a light pass to the pyrometer. A protecting plate
made of stainless steel is attached in front of the quartz glass window. This
plate opened only during the temperature measurement has a function to
prevent the window from the deposition of vaporized materials.

To confirm the performance and the function of PMT, characterization
tests were carried out using cold specimens included tantalum (melting
temperature: 2955 °C). A typical heating and cooling curve for AL203 specimen
is shown in Fig. 13, which indicates a clear thermal arrest peak. The measured
melting temperature was calibrated against the reference data [6]. Figure 14
shows a temperature calibration curve for AIZ03, Y203 and Hf03 specimens. By
these characterization tests, it was confirmed that PMT had an expected
performance. PMT has been installed in the hot cell and adjusted finally.

4. SUMMARY

The RFEF improved and developed PIE techniques to conduct PIE of high
burnup fuels. The improved puncture test apparatus and the fuel removal
equipment were used successfully to PIE of high burnup fuels up to 48GWd/t.

52



2200

2100 -

P
o> 2000

lOJ
g 1900
0)

1800

1700
Time 74.2 sec/div

Fig.13 Hea t ing and c o o l i n g curve for

3000

Ü

22

l
0)
Q.

l
t3
0)

15
Ü

2500

2000

1500

1000

Ref.
AI2O3 2054
Y2Oa 2433
Hf02 2803

1000 1500 2000 2500 3000

Measured Temperature ' C

Ref.
Fig.14 Melting temperature calibration curve

High temperature-high pressures, 1986, vol.18, pp.377-388

53



Improvement points in the puncture test apparatus were reduction of the
void volume of the apparatus and combination of a personal computer for
data processing. The direct-reading gas pressure sensor would be available
for measuring the FP gas pressure. As for the fuel removal, it was found out
that diamond core drilling was very useful for defueling of high burnup fuel
up to 150 mm long.

The pellet thermal diffusivity measurement apparatus (PTD) based on laser
flush method and the pellet melting temperature measurement apparatus (PMT)
based on thermal arrest technique were also developed to response to new
PIE needs. From cold tests using unirradiated specimens, it was confirmed
that PTD and PMT had an excellent performance and function to apply to PIE
of high burnup fuel.
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Abstract

As of September 1994, eight PWRs and one PHWR generate 7.620MW
electricity and about 180 MTU of PWR fuels and 100 MTU of PHWR fuels are
supplied to these reactors every year in Korea. Additional 10 PWRs and 4
PHWRs will be constructed by 2006. About 400 MTU of PWR fuels and 400 MTU
of PHWR fuels will then be needed. The development and preparation of the
fuel service technology are getting more important.

With accumulated experiences, some of the fuel service technologies
for CANDU and PWR have been established. For PWRs, the continuous coolant
activity measurement technology, failed fuel rod detection system and
pool-side visual inspection system have been well established and used.
Recently, a multi-purpose pool-side spent fuel dimensional measurement
facility has been built and are on the testing stage. A total of 28 PWR
fuel assemblies has been repaired by foreign engineers. Some of the
defected PWR fuels are examined in hot cell.

Recently, a plan to obtain overall fuel service technology for the
failed fuel repairement and inpection technologies through R&D activities
are set forth. Because CANDU fuels very rarely fails and are cheap, the
spent fuels are examined only by pool-side periscope. Dry storage casks for
CANDU spent fuels are installed in the Wolsung CANDU power plant site.
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1. INTRODUCTION

1.1 Status of Nuclear Energy in Korea

The more national demand for energy grows, the cheaper and more
abundant energy source was sought. Considering the availability, long-
term supply, economics and technology, the nuclear energy was selected as
one of the major source of energy along with hydraulic, coal and oil.
Since April 29, 1978, when the Ko-Ri Nuclear Power Plant Unit 1 began to
produce electricity, nuclear energy has been one of the major energy source
in Korea. Now, eight PWRs and one PHWR with a total of 7,616 MWe in
capacity (Table 1) are under operation. They supply 43.2 % of the national
electricity requirement. Additionally, 10 PWRs and 4 PHWRs with a total of
12,800 MWe in capacity are planned to be built by 2006. Then, a total
capacity of the nuclear power plants will be 20,416 MWe(Table 2) and cover
47.5 % of the national electricity requirement [1].

Table 1. National Energy Prospects

[ unit : m,(%) ]

Year

1993

1996

1999

2001

2004

2006

Nuclear

7,616
(28.0)
9,616
(29.3)
13,716
(32.9)
14,716
(32.7)
17,716
(34.9)
20,416
(37.7)

L N G

6,198
(22,9)
6,409
(19.6)
7,209
(17.3)
7.609
(16.8)
8,572
(16.9)
9,522
(17.6)

Oil

5,574
(20.5)
5,798
(17.7)
5,739
(13.8)
6,019
(13.4)
4,513
(8.9)
2,593
(4.8)

Imported Coal

4,240
(15.6)
6,800
(20.8)
10,240
(24.5)
11,240
(25.0)
13,990
(27.5)
15,290
(28.3)

Domestic Coal

1,020
(3.8)
1,020
(3.1)
900
(2.2)
1,000
(2.2)
1,000
(2.0)
800
(1.5)

Hydraulic

2,498
(10.4)
3,108
(9.5)
3,877
(9.3)
4,477
(9.9)
4,977
(9.8)
5,477
(10.1)

Total

27,153

32, 751

41,681

45,061

50, 768

54,098
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Table 2. Status of Nuclear Power Plants and Fuels in Korea

( 1993. 11. 23. )

Nuclear
Plant Unit #

Ko-Ri

Young

Gwang

Ul-
JiN

Wol-
Sung

1
2
3
4
1
2

3

4

5

6

1
2

3

4

5

6

1

2

3

4

Fuel Type

14 X 14
16 X 16
17 X 17
17 X 17
17 X 17
17 X 17

16 X 16, CE

16 X 16, CE

16 X 16, CE

16 X 16, CE

17 X 17
17 X 17

16 X 16, CE

16 X 16, CE

16 X 16, CE

16 X 16, CE

37 rods
cluster
37 rods
cluster
37 rods
cluster
37 rods
cluster

F As in
Core

121
121
157
157
157
157

177

177

177

177

157
157

177

177

177

177

4560

4560

4560

4560

Output
me

587
650
950
950
950
950

1000

1000

1000

1000

950
950

1000

1000

1000

1000

679

700

700

700

Commerc.
Start -up

'78. 4
'83. 7
'85. 9
'86. 9
'86. 8
'87. 6

'95. 3

'96. 3

'01. 6

'02. 6

'88. 9
'89. 9

'98. 6

'99. 6

'03. 6

'04. 6

'84. 4

'97. 6

'98. 6

'99. 6

Cycle
Month

15
15
18
18
18
18

12

12

12

12

18
18

12

12

12

12

12

12

12

12

Enrich-
ment, %

3.8
3.8
4.2
4.2
4.2
4.2

3.1/3.6
/ 4.1

3.1 / 3.6
/ 4.1

3.1 / 3.6
/ 4.1

3.1/3.6
/ 4.1
4.2
4.2

3.1/3.6
/ 4.1

3.1 / 3.6
/ 4.1

3.1 / 3.6
/ 4.1

3.1 / 3.6
/ 4.1

natural

natural

natural

natural

Burnup,
MWD/OTU

35, 000
33, 000
40, 000
40, 000
40, 000
40, 000

43, 000

43, 000

43,000

43, 000

40, 000
40, 000

43, 000

43, 000

43, 000

43, 000

8,000

8,000

8,000

8,000
- additionally, two PWRs and one PHWR will be constructed by 2006
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Thesedays, various types of nuclear power reactors are under operation
in Korea. Based on the Westinghouse design concept, Ko-Ri Unit 1 &2 are
two loop plants loaded with different arrays of fuel rods such as 14X14 for
Unit 1 and a 1 6X16 for Unit 2. Ko-Ri Unit 3&4 and Young-Gwang Unit 1&2
of three-loop reactors are loaded with a 17X17 array of fuel rods assembly.
Ul-Jin Unit 1&2 operate three-loop reactors. They are designed by the
Framatome. Their design concept which is slightly different from that of
Westinghouse. Young- Gwang Unit 3&4, 5&6, and Ul-Jin Unit 3&4, 5&6
are designed by the ABB C-E System 80 design concept. One CANDU type
reactor, loaded with a 37 natural Uranium dioxide fuel rod cluster, is
under operation and three more are under construction at Wol-Sung site.
The fuel for CANDU reactor is quite different from that for PWRs in the
design, enrichment, weight and size. Considering the scale of nuclear
energy production capacity in Korea, the varierty of plant designs makes it
complicated to conduct the construction, licensing, maintenance,
improvement and repairs of the plants, as well as fuel design and
fabrication, safety analysis and related engineering services.

Table 3. An Example of Major Job Schedule during Refueling
(Ko-Ri 2 in 1992)

1

2

3

4

5

6

7

8

9

Process

RCS cooling, unification
and drainage and CV
venti 1 at ion
reactor head disassembling

fuel unloading

fuel loading & non fuel
componant exchange

fuel loading

core sealing and
decontam i na t i on

reactor head assembling

coolant feed and degasing
RCS heating, test &
start up

total

Working dates
schedul e

5

6

4

11

4

3

6

4

9

52

worked

11

4

3

13

4

1

5

5

7

53

valance

+6

-2

-1

+2

0

-2

-1

+1

-2

+1

cause of change

RCS high activity and air
contamination in CV due to fuel
failure during the 7th cycle
earlier undertake

higher efficiency

UT scope extenti on emergency
core design

improve decontamination method

higher efficiency
gland seal leak rework and
assembling delay
well preparation and management
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Korean engineers has conducted normal operation, startup, and overhaul
jobs at nuclear power plants(Table 3). When non-routine events such as
fuel damage and steam generator plugging happen, foreign technical advisers
are invited to solve the problems. Some times, busy can not help us in
time. The long distance from their country is another difficulty. Nuclear
service technology is thus urgently needed to be established in Korea to
solve such problems in time. One of the most urgent area is the spent fuel
service technology; ie., pool side spent fuel inspection, fuel repair, and
fuel integity examination. The spent fuel inspection is conducted during
the overhaul period in Korea. However, a more advanced, faster and
reliable inspection system is required to be established.

1.2 Status of Post Nuclear Fuel Cycle in Korea

The TRIGA Mark-II began its operation from 1962 in Korea. Natural
uranium dioxide fuels, slightly enriched (1.4~4.1 %} uranium dioxide
fuels and moderately enriched(~20 %} uranium metalic fuels have been used
in a CANDU, PWRs, and TRIGA Mark-II and III, respectively. The enriched
metalic uranium fuel is out of cosideration because its demand is so low.
Figure 1 shows a block diagram of fuel cycle in Korea, Some processes such
as conversion, reconversion, fabrication of CANDU and PWR fuels and
temporary storage of spent fuels are established. Related to the nuclear
fuel, software development, materials and components development, increase
in utilization of fissile resources, safety analysis, fuel services such as
fuel inspection, examination and repairment and waste disposal are thetasks
on a waiting list. Since the development and application of these
technologies are usually behind a timing to support requirements of the
nuclear industry, it has been seriously considered ready for all-round
nuclear fuel cycle in Korea.

1.2.1 Uranium Resouce

In Korea, the uranium resource is not abundant and, its quality
furthermore, is far below a commercial grade. So, all of the required
amount of the Uranium ore are imported and delivered directly to forign
refinery plants to produce yellow cake(U308). Nowadays, much efforts are
paid for the resource excavation in foreign countries.
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1.2.2 CANDU Fuel

The first CANDU type power reactor at Wol-Sung Unit 1, was
constructed and it generates 680 MWe daily since May 22, 1982. Three more
CANDU power plants are going to be constructed. At the first stage, all
fuels for the CANDU as well as for the PWRs were imported. In 1978, a
pilot plant of about 10 ton/year capacity was constructed for the R&D of
the PWR and CANDU fuel technologies. After the CANDU type fuel technology
was established, the pilot plant was expanded in its capacity and
facilities. It has been producing 100 MTU/year(~ 5,000 fuel clusters/year)
of home-made CANDU fuels of high quality and supplying them to Wol-Sung
Unit 1 since 1986. However, the materials such as Zircaloy-4 tubes, bars,
strips and U308 powder have been imported.

1.2.3 Conversion U308 TO U02

Keeping a pace with the development of the fuel fabrication and
conversion technology has been investigated. From 1985, annualy about 100
MTU of home made U02 powder converted from yellow cake through ammonium
uranyl carbonate(AUC) process were supplied for the CANDU fuel fabrication.
By 1996, A new CANDU fuel fabrication plant of 400 MTU capacity fuels will
be constructed. Then, KNFC will build a new conversion plant in Korea.

1.2.4 Conversion U308 TO UF6

A quotient of converting yellow cake(U308) into UF6 by the over-all
PWR fuel cycle cost is about 2%. The international market seems to be
stable in the near future. All the required conversion works has been
ordered to foreign vendors and the converted UF6 will be directly supplied
from foreign enrichment plants.

1.2.5 Enrichment for PWR Fuel

The uranium isotope separation work is one of the most important part
of the PWR fuel cycle. The amount of enrichment works has been increased
as the number of PWRs increased in Korea. Because of the nuclear
nonproliferation act such as NPT, and the high costs of the facilities,
Korea hardly can afford the uranium enrichment technology. All the
required works has been ordered to the foreign enrichment agency.
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Table 4. Loaded Nuclear Fuels in Korea

Ko-Ri
uni t 1
Ko-Ri
unit 2
Ko-Ri
uni t 3
Ko-Ri
uni t 4
Yongwang
unit 1

Yongwang
unit 2
UI-Jin
uni t l

Ul-Jin
unit 2 .

'78
SPA

'80
S FA

'81

SFA

'82
SFA

'83
SFA

SFA

'84

SFA

SFA

'85

SFA

SFA

SFA

'86

SFA
OFA
SFA
OFA
SFA

SFA

OFA

OFA

'87

SFA
OFA

SFA

SFA .

OFA

-

'88

SFA
OFA
OFA

SFA
OFA
SFA
OFA
OFA

OFA

AFA

'89
OFA

OFA

-

SFA
OFA

OFA

OFA

AFA

AFA

'90

OFA

KOFA
OFA
SFA
OFA
OFA
KOFA
OFA
KOFA
OFA
KOFA
-

AFA
KOFA

'91
KOFA
OFA

KOFA
OFA
OFA
KOFA
OFA
KOFA
OFA
KOFA

OFA
KOFA
AFA
KOFA
AFA
KOFA

'92

KOFA
OFA

KOFA
OFA
OFA
KOFA

KOFA

KOFA

KOFA

AFA
KOFA

'93

KOFA

OFA
KOFA
KOFA

KOFA

KOFA

KOFA

KOFA

KOFA

remark
~'89. 3.4-3.5%
refuel 43 FAs
~'87, 3.47-3.6%
refuel 52 FAs

~'89. 3.48-3.5%

~'89, 3.48-3.5%
~'92, refuel 64FA

•~'90. 3.45-3.5%

~'90. 3.45-3.5%

~'90, 3.48-3.5%

~'90. 3.48-3.5%

SFA : Standard Fuel Assembly, Westinghousc - OFA : Optimized Fuel Assembly, Vestingliouse
AFA : Advanced Fuel Assembly, Fragema - KOFA: KVU Optmizes Fuel Assembly, KAER1. KNFC/Siemens



1.2.6 PWR Fuel Design and Fabrication

For economical reasons and guarantying the integrity of the fuel,
KAERI and KNFC made an technical cooperation agreement with Siemens to
transfer the nuclear fuel design and fabrication technology, and
constructed a nuclear fuel fabrication plant. From 1989, domestically
designed and home-made nuclear fuels have been supplied to all PWR plants
in Korea. For Young-Gwang Nuclear Power Plant Unit(YGN) 3&4, KAERI made
an agreement with ABB C-E for the fuel design technology transfer. Under
the agreement, the fuels for the YGN Unit 3&4 have been designed,
fabricated and supplied. To meet the requirements of the fuels for new
nuclear power plants under construction, two new fabrication plants; one
for PWR fuels and one for CANDU fuels, are under construction.

As discussed, nine nuclear power plants are under operation in Korea.
The 9 reactors are loaded with several different types of fuel assembly :
14X14, 16X16 and 17X17 arrays of 'Standard Fuel Assembly (STD)'; 'Optimized
Fuel Assembly{OFA)'; 'Advanced Fuel Assembly(AFA)'; 'KWU Optimized Fuel
Assembly(KOFA)'; 'Korea Advanced Fuel Assembly(KAFA)'; 'Vantage 5'; and
'Vanatage 5H' are/or will be loaded for Westinghouse type PWRs, ABB C-E
type 16X16 array fuels at ABB C-E type PWRs, and 37 fuel rod cluster type
fuels for CANDU type PHWR (Table 4). Such a variety of fuel design and
fabrication lead KAERI and KNFC having rich technical experiences as well
as problems. Based on their experiences through international
cooperations, KAERI and KNFC are now trying to have their own design,
fabrication and related technologies and improve the uranium utilization,
burnup, man-power efficiency in engineering work and mechanical integrity
of the fuel.

2. FUEL SERVICE and EXAMINATION

2.1 Fuel Irradiation Performance

Since Ko-Ri PWR Nuclear Power Plant Unit 1 started its operation, in
1978, numerous fuel assemblies have been supplied and succesfuly burned as
scheduled. Some of them are recorded to be damaged due to various reasons
(Table 5). The first PWR fuel damage in Korea was recorded due to the flow
induced vibration by the baffle jet injection during the first cycle of
Ko-Ri Unit 1. Some fuels were damaged due to handling mistakes.
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Table 5. DISCHARGED FAILED FUELS

(October 1993)

Ko-Ri
Unit 1
Unit 2
Unit 3
Unit 4

Yong-Gwang
Unit 1
Unit 2

Ul-Jin
Unit 1
Unit 2

Commercial
Operate

1978. 4
1983. 7
1985. 9
1886. 4

1986. 6
1987. 6

1988. 9
1989. 9

Cycles

12
9
7
7

6
6

4
3

Total

Used FAs

561
481
469
469

417
417

313
261

3,388

Failed FAs

18 (17)
56 *
5 (5)
9 (4)

-
-

-
4

92 (26)

Grid Damage

3
-
14
18

28
2

-
7

70

Rod Damage

22
43
13
28

-
-

-
4

110

Debris
Induced

12
-
1
1

8
3

-
-

23

( ) : reconstituted fuel assemblies
* •' Ko-Ri unit 2, discharged after 1 cycle burned at the 9th cycle.

First, a visual inspection and sipping test were applied to inspect
the fuel integrity. Recently, pool-side inspections of one or two times
burned fuels have been conducted using a visual inspection equipment and a
failed fuel rod detection system during each refueling period. Some of the
slightly damaged fuels are collected and repaired by engineers from foreign
countries at the poolside of the spent fuel storage[2].

CANDU fuels rarely induce problems in Korea. Since Wol-Sung Unit 1
has been opertated from the April 22, 1983, numbers of CANDU fuel clusters
were supplied to it by Canadian GE and KAER1. Sixteen fuel clusters are
refueled every day, and a maximum of 5,840 fuel clusters can be refueled
annually. Not many fuels are damaged and any safety problem due to the
fuel has not been issued. Considering these aspects of easy refueling
process even at a full power and the price of the fuel( < $1, 500/cluster),
no elaborate efforts are paid to inspect and examine the fuel integrity.
Recently, slightly enriched CANDU fuels are under development to extend the
fuel life cycle to improve the plant usability and efficiency.
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2.2 Spent Fuel Pool-Side Inspection

For the fuel integrity inspection and damaged fuel rod detection,
under water TV camera, sipping test equipment and failed fuel rod detection
system are fabricated and used in Korea. But the majority of technologies,
equipments and facilities to be used in practical situations are imported
from foreign countries. Considering the fact that so many power plants are
operating, constructing or scheduled to be constucted in Korea, it seems to
be urgent that reliable technologies should be well established to supply
applicable engineering services to each nuclear power plant in time. The
most urgently needed technoloies to be developed and improved are the fuel
inspection, and fuel integrity test and examination.

2.2.1 Visual Inspection

The first step to examine the irradiated PWR fuels integrity is a
visual inspection using an under water TV camera. When any indication of
the fission gas release appears through a continuous coolant activity
measurement, more attention is paid to the visual inspection. This
technology is well established and performed by engineers with experiences.

2.2.2 Sipping Test

During the first cycle of Ko-Ri Unit 1 a possibility of fuel damage
was not expected up until the coolant activity shows the possibility of the
fuel failure. To inspect the irradiated fuel assemblies and separate the
sound ones from failed ones, a visual inspection and sipping test were
performed. The sipping test was conducted to obtain a more reliable
information than that by the visual inspection. An advanced technology was
considered to replace the sipping test to save the time and make the
technician dealing the equipment with ease and simple during the refueling.

2.2.3 Failed Fuel Rod Detection System

For a test and reliable information about the integrity of spent
fuels, a failed fuel rod detection system(FFRDS) using the ultrasonic test
technology was employed during the refueling period at each PWR plant.
After the performance test of the FFRDS was proved to be satisfactory and
engineers are familiar with conducting the test through the

65



WATER PUMP
WORKSTATION-*- CONTROL BOX

Z-TRUCK
MOTORIZATION

WATER FILTER

UPPER MIRROR
FUEL GUIDE
COUNTER WEIGHT
FUEL ASSEMBLYXY TABLE w/ CAMERA

& TOUCH PROBE
INSPECTION CARRIAGE

MAIN FRME

Figure 2 Fuel Integrity Inspection Facility

66



on-the-job-training, Korea has imported the FFRDS and used the system
during each refueling period. However, we still anticipate more faster and»convenient inspection methods.

2.2.4 Fuel Integrity Test and Dimensional Measurement System

To investigate the cause of the fuel failure, damage and performance
during the irradiation for the information to improve the fuel design, and
fuel integrity, a dimensional measurement system was developed. The system
is composed of dimensional measurement equipments such as a micro-meter,
digimetric calipers, depth micrometers and a X-Y table. It is equipped
with the visual inspection equipment such as a under water light and TV
camera, a image processing board and software, a measuring device of
oxidation layer, a measuring equipment of holddown spring force, a survey
meter(G. M. counter), an auto voltage regulator, an uninterrupted power
supply and an encorder {Fig.2). The system needs to be modified and
improved to be used more eficiently in the spent fuel pool side at each
nuclear power plant.

2.3 Hot Cell Post Irradiation Examination

In 1985, a post irradiation examination facility, mainly for
irradiated fuel examinations, was constructed at KAERI, in Daejeon. The
facility is composed of a cask reception facility, a pool facility, hot
cell facilities, and radiochemical laboratory[3][4][5][6], Followings are
more detailed descriptions of each facility:

2.3.1 Cask Reception Facility

The cask of the full size PWR spent fuel as well as CANDU spent fuel
can be handled in the facility. The spent fuel caskes are immersed into
the pool and the spent fuel is loaded into or removed from the spent fuel
cask under the water.

2.3.2 Pool Side Examination

The storage pool water treatment is performed using "resin recycled
process". Major jobs of the pool side examination are as follow;

- Visual inspection with the help of a CCTV camera system
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Metrology with encorder to perform dimensional measurements such as
rod-to-rod distance, assembly and rod length, distance between
grids, assembly twist and bowing, grid spring force, and bowing
and diameter of the rods

- Dismantling assembly and transfering rod into hot cell for
examination

- Eddy current test
- Removal of crud on the fuel rod

2.3.3 NOT of Fuel Rod in Hot Cell

- Visual inspection by means of CCTV camera system and periscope
- Dimensional measurement by using encorder system and LVDT system
- Axial gamma-scanning
- X-ray radiography
- Eddy current test

2.3.4 DT of Fuel Rods in Hot Cell

More detailed examinations following destructive tests are;
- Fission gas sampling; Puncturing, Gas sampling, Resin impregnation
- Ovality measurement
- Length variation before and after irradiation
- Residual gap measurement
- Micro and macro /-scanning

Burnup measurement by Chemical analysis
- Metalography; Fuel rod cutting, Sample mounting, Polishing, Etching
- Fractography
- Density measurement

Chemical analysis of the pellet fragment

2.3.5 Radiochemical Laboratories

Radiochemical laboratory which is composed of a number of lead cells
and glove boxes, has been used for chemical analysis of the radioactive
materials, such as crud which was deposited on the spent fuels, fission
fragments, cladding materials and various experimental specimens.
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TRIGA Mark-II&III have hot cells. Because of limited space and
biological protection ability of the hot cells, highly radioactive
materials such as irradiated fuel can not be handled and examined in here.
For an R&D, only small specimens could be examined. The major works in
the hot-cells have been the isotope production for hospitals and NDT
industries.

2.4 R&D IN THE HOT CELL

2.4.1 PWR Fuel Post Irradiation Examination

Since 1986, seven nuclear fuel assemblies, burned for 1,2,3 or 4
cycles in Ko-Ri Unit 1, have been examined with a under water test and
hot-cell test to evaluate their irradiation performance and integrity[7].
The results will be utilized for the fuel design improvement.

2.4.2 Control Rod Examination

The core of Ko-Ri Unit 3, supplied by Westinghouse, has 52 full-size
hybrid control rod clusters and 24 control rods and spider assemblies[8].
Since 1980, Hafnium rods have been loaded along with Ag-In-Cd rods as
control rods. Several cases of the Hafnium rod damage have been reported
in Korea and Taiwan. A post irradiation examination was performed on the
damaged Hafnium rods. The results showed that Hafnium hydride was formed
due to the preferred hydrogen diffusion into the oxidation layer on the
surface of the clad where Hafnium element was broken due to the mechanical
friction, impacts, hydraulic vibration and/or thermal expansions.

2.4.3 PWR Fuel Cladding Examination

Discharged PWR fuels are examined to investigate the thermal
degradation mechanism of the cladding[9]. It was proved that the internal
pressure and stress, creep rupture, stress corrosion cracking, delayed
hydriding cracking and oxidation of the cladding are the major factors of
the thermal degradation which causes effects on the long-term integrity of
the fuel cladding. The defects on the fuel cladding induce U02 into U308.
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They make the fuel cladding swell so that the crack growing speed becomes
faster. The major factors accelerating oxidation of U02 under the high
temperature and high humidity are proved to be the oxidation temperature,
burnup, and mode of fuel cladding defects. More detailed R&D on fuel
cladding is planned to be conducted near future.

2.5 New Hot-Cell at KMRR

By 1994, Korea Material Research Reactor(KMRR) will be constructed
with hot-cells which will be used to produce isotopes and examine
experimental specimens irradiated in the KMRR. A total number of hot cells
is 24, among which are seven concrete hot cells (Fig. 3) and seventeen lead
hot cells for isotope production. All other experiment and research rooms
are located in the RI building. This facility will be used for the isotope
production and R&D on material development and fuel design improvement.

2.6 Spent Fuel Repair

In Korea, most PWR fuels are successfuly burned up as they are
scheduled. A number of the fuels have shown failed or damaged (Table 5).
Some of them are damaged during the first cycle due to the debris, handling
mistakes, or flow induced vibration. Some fuels are unrepairably damaged.

TABLE 6. REPAIRED FUEL ASSEMBLIES

Year of the f ai lue
happend

1979
1981
1982
1983
1984
1986
1987
1988
1990
Total

Repaired Fuel
Assemblies

3
2
10
1
1
3
3
3
2
28

Repaired Year

1985

1991
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Others are slightly damaged and can be reused with partial repairements.
The fuels which burned for one or two cycles but slightly damaged are
collected and repaired (Table 6) when the plant operation is not at apeak.

We concerned more about the fuels which will be burned in the core
of Young-Gwang Unit 3&4, ABB C-E type reactors, because the reactors are
different types compared to other existing reactors in Korea. This may
require more time to have an emrgency core design for the fuel failures.
Thus, fuel repair technologies are urgently needed to be established in
Korea as the Young-Gwang Unit 3&4 are going to be in a start up.

2.7 Spent Fuel Storering

As the nuclear power generation has been increased since 1978 in
Korea, many spent fuels are discharged and the total amount reches 289 MTU
by the end of September 1993. The spent fuels are stored at the spent fuel
pit at each nuclear power plant (Table 7). Several nuclear power plants
are going to reach their maximum storage capacity with their spent fuels,

Table 7. Status of Discharged Fuel Temporary Storage

(August 1994)

Nuclear Power
Plant

Ko-Ri
Unit 1
Unit 1
Unit 1
Unit 1

Yong-Gwang
Unit 1
Unit 1

Ul-Jin
Unit 1
Unit 1

Wol -Sung
Unit 1

Total

Storage Capacity

225
376
504
316

316
316

200
378 •

1440

4075

Yearly Yield

17
17
22
22

22
22

22
22

95

261

Acumulated Fuel
Assembly

129
196
247
165

164
148

116
83

1055

2303

Saturation
Expected Year

1996
2001
2001
1997

1997
1999

1994
2005

1997

1997
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which is one of the most serious problems on nuclear industry. New
constructions of spent fuel pits or increasing the storage capacity of the
spent fuel pits by the rod consolidation and/or rearranging the fuel
storage racks look like temporarilly one of the solutions to solve the
problems.

3. FUEL DESIGN IMPROVEMENT

3. 1 Fuel Rod Loading Process Improvement to Prevent Scratches

When fuel rods are inserted into and/or removed from the fuel skeleton,
scratches can be made on the fuel rod surface because of the friction
between the rod and grid structure. Some times, the grid spring can be
damaged by the same reason. To prevent scratches on the fuel rod surface
and the damage of grid springs, a method of rod turning simutaneously
pushing fuel rods into and/or pulling them from the scheleton has been
developed. The fuel rods might have scratches on the surface. The scratches
are not deep in the longitudinal direction. They have thin helical shapes
and are along the axial direction of the tubes. The helically shaped
scratches are known to be less harmful than the longitudinal one.

3.2 Debris Resistant Bottom Nozzle Development

A majority of the fuel failure, is from the debris induced fretting
failure. Many ideas are developed and applied to prevent the fuel rod
failure. Most of the efforts focused on introducing more numbers of
smaller size flow holes on the existing bottom nozzle. A bottom nozzle
composed of a grid of thin plates instead of flow holes and flow skirts to
avoid fuel rod failure due to the debris passing through the bottom
nozzle of the fuel assembly are applied. In Korea, three dimensioal design
modification, ie. , a helmet shaped tip with a more number of smaller size
holes than that on the bottom nozzle is considered to prevent the debris
passing through the flow holes without affecting the flow disturbance and
increase of pressure drop. As total flow area of the smaller size holes on
a tip is designed not to be smaller than the flow area of the original flow
holes without the tip.
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3.3. Fuel Rod Suface hardening by Ion Implantation

Most of the fuel failue due to the debris occurred at the lower part
of the fuel rod located under the lowest grid the fuel assembly. To avoid
the fuel failure due to the debris, one method is to prevent the debris
passing through the flow holes on the bottom nozzle. The other concept is
to make the surface of the fuel rod harder and stronger. The high
temperature steam treatment technology to make the metal surface hard,
strong and chemically oxidation resistant is well known over the world.
This technology is introduced to the fuel rod surface treatment by
Westinghouse. In Korea, the high energy ion implantation technology is
under study to apply to the fuel rod surface hardening. The facility for
the ion implantation may be more complex but smaller in size and easier to
control compared to that for the high temperature steam treatment. The
effects by the both treatments are similar in a theoretical point of view.

4. CONCLUSION

Korea has tried to have an all-round fuel cycle technology and applied
them to solve the problems. The facilities and technologies for the
hydraulic, fossil and nuclear energies seem to be almost established, but
the core parts of them are still dependent upon foreigen technologies.
Nuclear energy fulfills nearly a half of the national electricity
requirement and seems to be managed well at the normal operation and
maintenance. But engineering service works surporting the power plants are
in need of more variety of ski 1 full technology to solve non-routine events,
such as spent fuel repairs, investigation of the cause of the damaged fuel.
The nuclear fuel cycle and its related technologies need to be developed
and commercialized to maintain a long-term energy supply in Korea.

The spent fuel repair technology needs to be ready for the fuel
failure. When the fuels burned in PWRs which are desingned by Westinghouse
are failed, slightly enriched or burned fuels are replaced with the
damaged fuels. Several fuels are located in symmetric positions by the
emergency core design. When the fuel in the PWRs designed by ABB C-E
occures to be damaged, more works are expected to obtain an emergency core
design. We may wait until the damaged fuels are repaired. As a result,
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the overhaul period may be extended. The fuel integrity examination is
needed to investigate the fuel failure mechanism and reflect the lesson
learned to fuel design improvements. Some efforts had been devoted to R&
D's to build a pool-side spent fuel integrity examination facility. More
improvements of the facility is still needed to have more accurate and
faster vatiety of information about the spent fuels, in addition to the
fuel fabrication technology. The analysis technologies such as fuel
design, safety analysis and core monitoring should be developed. The
development of new materials for the nuclear fuels is an important part in
the nuclear fuel cycle. The fuel integrity depends on the material of
cladding and grid assembly. The development of new materials should be
done for the stable supply of fuels with a deliberate consideration.

In Korea, the master plan for all-round fuel cycle will be improved as
the number of nuclear plants are growing in spite of the ever changing
public, social and international diplomatic situations, technical assurance
and waste site selection problem. Apart from the diplomatically sensitive
technologies such as enrichment and recycling of spent fuels, the
technologies such as fuel service, treatment of spent fuel, pool-side
inspection and measurement, and storage should be commerialized, secured
and supported by a long-term national plan. Finally, technically
competitive potential in Korea will be obtained through the
self-established development, exchange of information internationally, and
joint R&D works.
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IMPROVED PIE TECHNIQUES AT THE STUDSVIK
HOT CELL LABORATORY

S. BENGTSSON, G. LYSELL, K. MALEN
Studsvik Nuclear AB,
Nyköping, Sweden

Abstract

Since the commissioning at the end of the fifties the demands on the Studsvik Hot Cell Laboratory
have changed. As a result there has been different lines of development. In order to improve the
quantitative aspect of fuel rod post irradiation examination two new measurement methods have
recently been developed.

The first is a method for measuring the cladding hydride content using image analysis of backscatter
pictures taken in a scanning electron microscope. This is a complement to hot extraction also giving
the possibility to evaluate the radial distribution of hydrogen in a Zircaloy tube.

The second is the practical implementation of multinuclide gamma scanning. This allows several
corrections to be directly applied and also makes it easy to analyse the data, for instance to form
quotients of different nuclide activities.

1 Introduction

New demands from our customers due to the need for new types of investigations has led to
development of new measurement techniques

A quantity which has become of great interest is the hydrogen content of irradiated Zircaloy
cladding. Hot extraction is a good way of measuring the average content of a cladding sample.
Optical microscopy and etching of the specimen gives qualitative information of the radial
distribution of hydrides. A method has been developed for measuring the cladding hydride content
using image analysis of backscatter pictures taken in a scanning electron microscope.

In recent years an important part in the improvement of old techniques at the Studsvik Hot Cell
Laboratory has also been to make data more easy to analyse quantitatively.

One such development has been the practical implementation of muiti nuclide gamma scanning on
nuclear fuel rods. The technique allows measured activities to be corrected for dead time losses, self
absorption of gamma rays in the rod and for the decay after the end of the irradiation up to the time
of measurement. Since several nuclide activities are measured simultaneously it is easy to form
quotients or other mathematical combinations of the different activities. This is further made easy
since the collected data are in a form which can be directly transferred to a spreadsheet program.

2 Cladding Hydrogen Content

A method has been developed for measuring the cladding hydrogen content using image analysis of
backscatter pictures taken in a scanning electron microscope. The measurements are performed in
the Studsvik Hot Cell Laboratory SEM specially equipped for handling irradiated fuel and cladding.

Using a LINK Tetra backscatter detector in a JEOL JXA-840 SEM connected to a VIDAS (Zeiss-
Kontron) image analysis system the hydride area fraction can be measured. The atomic number
contrast between the 5-phase hydrides and the Zircaloy matrix of fuel rod cladding is used to obtain a
high quality image of the hydrides without etching. Once the area fraction is known, the hydrogen
content can bee estimated assuming that all phases are near equilibrium.
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Figure 1 a
Example of clad BEI images for hydride content analysis.
From a region with 470±90 weight ppm of hydrogen.

Figure 1 b
Example of clad BEI images for hydride content analysis.
From a region with 370±50 weight ppm of hydrogen.
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The critical step in the measurement procedure is the specimen preparation. The analysis is
performed on a polished metallographic sample. The grinding and polishing must be performed so as
to avoid cold deformation of the surface layer. During the formation of the backscattered electron
image (BEI) care must be taken to avoid competing contrast from electron channeling. Usually an
intermediate working distance and moderate accelerating voltage will provide suitable conditions. If
the surface layer is free of cold deformation the image will consist of only hydrides in a matrix of
Zircaloy. This image is collected by the image analyser and segmented into a binary image.

The binary image consists of objects (hydrides) and non-objects (the Zircaloy matrix). Several
morphological parameters can now be measured for each hydride such as: area, perimeter, length,
orientation, etc. By measuring between six and eight fields across the wall of the cladding tube a
"through the wall" average can be calculated. Furthermore, by repeating the measurement at different
azimuthal positions an average for the cladding sample can be calculated. If the variation in hydride
content in the azimuthal direction over the cladding sample is low, three through the wall measurents
will be made. However, jf the variation is large, as can be the case for defected fuel, care must be
exercised in the reporting of the measurements.

Assuming that the hydrides are insoluble in Zircaloy at room temperature and the hydrides are
stoichiometric 5-hydride containing 17570 ppm H (by weight) and further assuming densities of 5,65
and 6,54 g/cm3 for the hydrides and Zircaloy respectively, the area fraction of hydrides can be
transformed into hydrogen content by the following formula

CH = 1757° (6,54?. 0,89 F) (wt.ppm H)

Several investigations employing this method have been carried out at the Studsvik Hot Cell
Laboratory and the results compare favorably with the hot extraction method.

An example of a back scatter images of a cladding sample with hydrides is shown in Figure 1. The
estimated hydrogen content for the location of the upper image was 470±90 weight ppm of hydrogen
and for the location of the lower image 370±50 ppm. The average values were evaluated from five
fields each.

3 Multi Nuclide Gamma Scanning

3.1 Introduction

Gamma scanning of irradiated nuclear fuel rods has traditionally been performed by slowly moving
the rod in front of a collimator while letting the electronic pulses from a gamma detector placed
behind the collimator pass through a single channel analyser thereby restricting the pulses let through
the system to a certain energy window. Finally these pulses are fed to a rate meter, set to a suitable
integration time constant, which produces the analogue signal recorded on a strip chart recorder thus
producing the gamma scanning curve.

This technique has several drawbacks. Firstly only gamma peaks which stand out significantly above
the spectrum background can be used for scanning if the resulting curve should be reasonably
representative of the nuclide in question. Secondly, high count rates can not be used since dead time
losses will be different at different positions along a rod thus distorting the shape of the gamma
scanning curve. Thirdly, when scanning rods shortly after an irradiation on nuclides having short half
lives, the time it takes to scan the rod becomes a significant fraction of the half life. The decay of the
nuclide will therefore produce a distorted gamma scanning curve with higher activities at the start of
the curve than at the end.

The technique to be described bypasses all these deficiencies.
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3.2 Measurement Strategy

The general principle of "Multinuclide Gammascanning" is to perform the gamma scanning on many
nuclides at the same time. This could be done by using multiple single channel analysers each set to a
specific peak in the spectrum. The calibration of the separate analysers would be a very tedious
procedure and the resulting curves would anyway suffer from the different distortions already
described in the introduction.

The most complete mode of scanning would be to gather a spectrum from each closly spaced point
along the rod and then storing all these spectra in a large file on disk, leaving the analysis of the
spectra to the evaluation stage later on. This would have two drawbacks: First, the file storing all the
spectra would be about 70 Mb in size for a 4 m long rod with 1 mm spacing between the spectra.
Secondly,the analysts of this large file would take at least an hour during the evaluation stage.

It is therefore better to do the spectrum analysis and further data reduction already at the time of
scanning the rod. Data from a 4 m long rod can be reduced to less than 1 Mb with 1 mm spacing
between the measurements.

The strategy chosen here is to make a complete spectrum analysis including:

Peak search on the spectrum
Correction for dead time losses
Correction for variation of detection efficiency with gamma energy
Nuclide identification of the separate peaks in the spectrum
Correction of the measured activities to a specific "sample date"
Conversion of the measured activities to Bq/mm along the rod

This complete analysis is performed for each spectrum collected along the rod using the time
available during the collection of the next spectrum. The resulting data are organised in an ASCII
file containing the measurement positions and the measured activities for a number of specified
nuclides. This file can then be imported in a spreadsheet program where the data can be treated
further by mathematical manipulations or for creating diagrams ("gamma scanning curves").

3.3 Practical Implementation

The whole system is based on a PC (486 DX 3 3 MHz processor) with two extension boards. One is
a gamma spectrum collection board, (Canberra AccuSpec-B) connected to an external ADC
(Analogue to Digital Convenor) type ND-582 and a "Loss Free Counting" module, ND-599. The
other is a digital I/O board which is used to produce a pulse train driving the stepping motor of the
rod transport mechanism. The electronic signals from a germanium detector, observing the rod being
scanned through a collimator, are fed through a pulse forming linear amplifier and then to the
ADC/LFC combination connected to the AccuSpec board in the computer thus producing the
gamma spectrum.

The loss free counting system can be calibrated to yield an almost perfect live time correction even at
high count rates. The software supplied with the AccuSpec board and an extended software package
enabling complete nuclide identification and associated corrections for gamma detection efficiency
and decay time is used for the analysis of the spectra.

The software also allows "autosequences" written in a special command language to be run on the
system. Such an autosequence is used as the control program for the multinuclide gamma scanning.
Subprograms written in "QuickBasic" and DOS batch files are then called by the autosequence to
move the rod by a specified step length to a new measurement position and to sort out the wanted
activities from the output file of the analysis software.
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Scan on Co-60 in the crud layer on a BWR rod.
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Scan on Ru/Rh-106 with high Pu fission yield.
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The size of the file containing the results is somewhat dependent on the number of nuclides scanned
for but as an example the results from a 4 m long rod scanned with a step length of 0,3 mm (13 000
steps) was contained in a file 2 Mb in size.

3.4 Examples of Measurements

The multi nuclide gamma scanning system has now been used for over a year for all the gamma
scans. Two examples are given here.

The ability to scan on low activities in the presence of large disturbing activities was shown by the
possibility to plot Co-60 in the crud along a BWR- rod even though the fuel gamma activity was
disturbing the measurement, see Figure 2a.

Another example shows the extreme dominance of Pu fissions in the yield of Ru-106. A bottom
segment containing an axial blanket of natural uranium was scanned. Plots showing Cs-137 and Ru-
106 indicate a very small influence of enrichment on the Ru-106 production. Comparing the plot of
Cs-137 with the plot of Ru-106 one can see that Cs-137 which has equal yields from Pu or U fissions
is much more dependent on the differences in enrichments than Ru-106 which has about ten times
higher yield from Pu fissions. The distribution of Pu fissions mainly follow the U-238 content of the
pellets.

Normally this would not be so clearly visible with a single channel analyser type of gamma scanning
because Ru-106 has the gamma peak at 512 keV where the compton background from most of the
other fission products has a big disturbing influence. Figure 2b shows the curves for the two
nuclides.
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EXPERIENCE IN LWR POST IRAADIATION
EXAMINATION OF CORE COMPONENTS
AT PSI HOT LABORATORY

G. BART, H. BRUCHERTSEEFER, O. GEBHARDT,
A. HERMANN, R. HOFER, P. SCHLEUNIGER
Paul Scherrer Institute,
Villigen, Switzerland

Abstract

The PSI hot laboratory infrastructure is unique for Switzerland and is therefore used for multiple
purposes ranging from material characterization of accelerator targets and reactor core components,
to the preparation of actinide ceramics. Apart from solving scientific generic and experimental
engineering problems also pure waste and radiation source handling work has to be performed.

Since 1984, the Hot Laboratory is equipped with all necessary facilities for the comprehensive
investigation of irradiated standard light water reactor (LWR) fuel pins and PSI has performed
experimental pre- and post-irradiation fuel characterization for Swiss power stations.

The principal aims of these investigations are the determination of

- fuel and cladding parameters at bumups up to and above 60 GWd/tM, the investigation of
the

- mechanism of waterside cladding corrosion
- post defect behaviour of fuel pins and the
- isotopic characterization of actinides, fission products and burnable absorbers in fuel.

The analysis of irradiated fuel typically includes fission gas release, fuel density, ceramography,
surface analysis by electron probe micro analysis (EPMA) and secondary ion mass spectrometry
(SIMS). Cladding characterization mainly consists in evaluating parameters such as degree of
corrosion (oxide thickness), hydrogen uptake, hydride distribution (metallography), residual
ductility, tensile strength and yield strength. Other techniques include fractography, lithium uptake,
impedance spectroscopy and transmission electron microscopy (TEM) characterization of
intermetallics size distribution and of the microstructure at the metal-oxide boundary.

The characterization of other reactor core components and accelerator target materials mainly
consists in damage analysis. Naturally the same experimental analytical tools ranging from
mechanical testing to surface analytical equipment are applied.

The experimental results are used to develop and validate models of fuel and cladding irradiation
behaviour. This report gives an overview of the available techniques and preparatory methods used
at PSI.

1. Introduction

Fuel and cladding for light water reactors (LWR) generally show low failure rates under normal
operation. Nevertheless as the demands for higher discharge burnups, power station load following,
Pu recycling, operator dose-, waste- and cost minimization continue to increase, a further intense
search for fuel performance improvements and failure rate reduction is necessary. Such
improvements are progressively made by studying the fuel operational behaviour, introducing and
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Fig. l : Hotcell operation area



testing new fuel and cladding concepts, measurements of pre- and post-irradiation material
behaviour and subsequent modelling based on changes of fuel and cladding physical and chemical
parameters.

The Hot Laboratory of the Paul Scherrer Institute (PSI) is experimentally oriented. The main
objectives are reactor material research and development, execution and evaluation of post-
irradiation examinations (project EDEN), but also process engineering for conditioning of
radioactive and particularly actinide containing waste. As it is the only Swiss facility for handling
and characterization of highly active material it is used for accelerator- and reactor core component
characterization, actinide research and even for high level waste treatment and service work for
radiation sources.

The goal of the project EDEN is the examination of reactor core components and fuel rod claddings
after irradiation to investigate the cause of failures, to describe the mechanisms of damage and
corrosion processes and to predict component life expectations. The experimental results are used
to develop and validate models of fuel and reactor material irradiation behaviour.

Due to restrictive factors that are adversely affecting post-irradiation examination (such as radiation
control and transport safety, waste and cost-minimization) comprehensive post-irradiation
examination (PEE) campaigns are being performed in laboratories with minimized resources. It is
thus essential to extract maximum information from individual multi-purpose samples and to equip
the laboratories with versatile state of the art analytical tools.

2, Hotlaboratory infrastructure
The PSI Hot Laboratory is equipped to carry out scientific investigations on highly radioactive cc-
emitting materials, core components of accelerators and of nuclear power plants.

To minimize radiation induced risks to personnel and the environment, highly effective biological
shielding, hot cells and glove boxes under reduced pressure are available to avoid incorporation.

The five main concrete cells are situated in a line (Fig. 1). They are separated from one another by
a movable shielded door. The rear wall of each cell and several sized roof plugs are removable thus
allowing easy access for maintenance and decontamination. Cell 1 is shielded to accept 4x10" Bq
of fission products, cells 2-5 allow handling of 4xl013 Bq of Co-60 equivalent The non-destructive
PEE work is carried out in cell 1. This universal hot cell can handle up to 20 fuel pins with standard
length (< 4,3 m), provided they have been allowed to cool for a minimum period of six months. For
measurements and short term storage purposes the fuel pins arc transferred into a cell extension
flask. At the rear wall of the hotcell Une a completely portable shielded cell which can
accommodate a variety of measuring and testing equipment is (pre)installed (Fig. 2). Such
equipment is installed and tested in glove boxes. A complete such glove box is then transferred
onto the shielded table and inboxed with the 20 ton shielding of the portable cell [1]. The cell is
allowing a rapid exchange of analytical tools. After removal of the main y-emitting activity, the
(still contaminated) a-box can be removed and set aside, provided the low pressure of the glove
box is maintained.

Operations with heavy loads are performed by a 30 ton crane. Within the cells loads up to 80 kg of
weight are operated with a power manipulator. The only cell with a-containment within the hot cell
line is used for fuel cutting and removal after non-destructive testing in the neighbouring cell.
Mainly due to deficiency with shielded testing space, the PSI hot cells are accessed and refurbished
frequently from the maintenance area (Fig. 3) and the cell contamination level is therefore kept
low. The advantage of this clean cell concept is paid for with frequent time consuming
decontamination procedures.
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Fig. 3: Maintenance area of the hotcells

Next to the hot cell line a pool for radiation source dismantling and a dry storage facility for the
LWR fuel pins are installed. However, equipment has now been set up for remote overcanning of
fuel pin remnants as pre-requisite for later back transport to the fuel pool of power stations.

Dispatching of small samples from the hot cell line to individual shielded analytical cells is
performed by shielded flasks movable by hand trolley. The La Calhène double door system is
installed at all individual cells as port.

3. PIE techniques and analytical equipment

During the last decade a large number of samples stemming from reactor fuel, metallic core
components and accelerator targets has been processed within the PSI hotcells. Typically such PIE
work was organized within international programmes and third party cooperations dealing with
high burn up-, MOX- or Gadolinium fuel, fuel post defect degradation, cladding waterside
corrosion or component failure investigation. An overview of these programmes is given in Fig. 4.
Depending on the specific project needs, a variety of available analytical tools had to be applied for
problem solving (Tab. 1). These tools and procedures are now being reviewed starting with
nondestructive tests used for fuel rod analysis.

3.1 Non-destructive characterization of fuel pins

As indicated before, standard length LWR fuel pins are loaded for nondestructive characterization
in hotcell one (Fig. 5). A pin storage rack is situated in the rear of this cell. For cell internal
movement the pins are lifted with two pairs of Wallischmiler manipulators type A-100. If brittle,
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(ABB/OKG) BWR Control Blade Damage Analysis

(NEA - CSNI) TMI Core Remnant Analysis

(JSS-Nagra) Corrosion of Highly Active Waste Glasses

Rg. 4: Fuel high burnup, damage- and corrosion analysis programmes of the past 8 years.



Tab. 1: Analytical Instrumentation, Material Testing and Handling

Radiation Analysis
• -scintillation1) counting and oc-spectroscopy2>
• -spectroscopy3* (options for collimating and surface scanning)
• - and ß-/y-autoradiography3)

Non-destructive Testing

• Fuel pin profilometry2'
• EDDY current defect testing3'
• EDDY current oxide thickness"
• Cold GAP measurement"
Surface Analysis

• Porositmetry2'
• Density measurement: mercury-based3', air-basedj)

• Surface roughness measurement3' (range: 1000 A-1000 kÂ)
• BET surface analysis

• Ceramography, metallography (options for microhardness measur.)
• Oxide impedance spectrometry3'
• X-ray-diffraction2'
• Scanning-electron-microscopy" /SEM/(options for EDX-Analysis)

• Electron-probe-microanalysis3' /EPMA/(options for C-, O-analysis)
• Secondary ion mass spectroscopy3' /SIMS/
• Transmission electron microscopy /TEM/
Gas Analysis
• Hot extraction analysis of volatile elements in solid samples

• Fuel pin fission gas sampling
• Fission gas analysis using quadrupole mass spectrometry
Liquid Analysis
• Ion chromatography
• Electroanalytical methods: polarography, voltametry
• Inductively-coupled-plasma-mass-spectrometry /ICP-MS/)

• Atomic-absorption-spectrometry /AAS, flame/
• Tot. organic/inorganic carbon /TOC/
• UV/VIS spectrometry
Various Testing and Handling
• Permeability measurement under stress (T^90°C, P^60 Mpa)
• Instrumented fatigue testing, tensile testing
• Sharping impact testing
• Gamma irradiation (10kGy/h, 10°C - 60°C)

oo

15 inactive + low ß-/y-active samples
2> 1+ a-active samples
3) 2 + highly ß-/y-active samples
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strongly hydrided, defected pins have to be handled, they are laid on and supported by an equal
length 4 m long tray. The cell infrastructure does not allow to turn a pin up side down. For analysis,
the latter is transferred to the measuring bench, Located directly behind the cell windows. The
measuring bench and all analytical equipment is process controlled by a PDP-11/23 system, which
is also used for data storage, -handling and -plotting. A new process control system is in
procurement. Although stepping motors are used for bench movement, the pin longitudinal position
is also checked against a glass ruler.

The presently available analytical equipment consists in collimated gamma spectroscopy, cold gap
testing, pin length and diameter measurement (profilometry), eddy cunent(EC)- oxide thickness -
and defect determination and last but not least, visual inspection tools. During testing, the pins are
moved through the (firmly installed) analytical instruments. For applying this concept in a 4m long
cell a shielded cell extension flask is requested into which the pins can be slided when lying on the
measuring bench (Fig. 5). The testing equipment is then installed at the cell entrance in front of the
extension. For profilometry, mechanical gauges are applied which allow pin diameter
measurements to an accuracy of ± 5 u,m. Typically a spiral pin movement is applied with 20
measurements for a full 360 cycle of 2 mm length. A similar measurement process is set up for EC
oxide thickness testing, using a point probe. The oxide thickness measuring head is calibrated
against plastic foils. An accuracy of 0.5 u.m is reached. Encircling and point probes (both in
differential and firm reference mode) are applied for EC-defect testing. Normally the phase angle
of the EC signal is fixed in a manner which allows qualitatively to differentiate between pellet
ridging and external and internal pin wall inhomogeneities or possible defects. Integral and nuclide
specific collimated gamma scanning is performed with state of the art intrinsic Ge detectors and a
multichannel analyser. The slit width of the tungsten manufactured collimator is defined according
to the pin activity. The measurement provides a qualitative axial burn up distribution. The spatial
resolution easily allows to detect pellet intercept and mid-pellet activity minima and maxima
respectively, possible Cs diffusion to pellet intercepts in hot fuel and fuel column stack separations.
Cold gap measurements are performed by mechanical tube wall pressing and registration of the
stress-strain curve. Typically these measurements are performed at mid pellet height of every 10th
pellet. The measurements allow to detect the hot gap closure which is reached at burn-ups of 20-
30 MWd/kg depending on the fresh fuel gap size.

The different testing information results are most efficiently used when comparing the signals along
the pin axis (Fig 6), documenting signal irregularities also with photographic prints of the visual
inspection. Clearly an efficient process controller is needed to handle the large sets of data and to
make the best possible use of axial zooming and test signal overlay.

3.2 Destructive characterization of fuel pins and core components

Depending on the goals of a PIE campaign, the cutting plans are defined based on the
nondestructive testing information. Whereas pin cutting and fuel removal have to be performed in
hotcell 2, containing the a-box, cutting and sample preparation for reactor core structural materials
or accelerator components are performed within cells 3-5.

Typical individual destructive test procedures and analytical tools are now outlined.

3.2.1 Fission gas release

The first destructive fuel pin characterization method, naturally before cutting, is mechanical pin
puncturing for fission gas analysis. Depending on the plenum size, varying puncturing equipment-
and gas collection volumes are preselected for fission gas pressure equilibration. The plenum size is
determined by pressure difference measurements, the Xenon and Krypton isotope vectors and the
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noble gas volume ratio is analyzed mass spectrometrically with a Balzers quadrupole mass analyser
GAM 442 equipped with a differential-orifice gas inlet system. The gas mass spectrometer is
calibrated with an artificial gas mixture of natural Xe and Kr. The accuracy of the gas component
analyser is 1-2% (relative to all gas components) the isotopic vector can be determined with 0.02-
2% accuracy (depending on the isotopic abundance).

3.2.2 Chemical and instrumental Nd-148 burn up determination

5-10 grams of fuel are dissolved in 6n HNÜ3 at 140 C during 8 hours. In a tedious work including
intensive Chromatographie procedures, Nd, U and Pu are then separated with and without spike
addition and loaded into a thermal excitation sector field mass spectrometer [2], More recently, the
work intensive and cumbersome chemical separation techniques have been automated by coupled
instrumental HPLC1 - ICP-MS2-analysis. A check of this instrumental analysis procedure is given
in Table 1 and Fig. 7 where the isotopic vector of Nd was determined out of a 1 % U solution
containing 14 additional rare earth elements in a concentration range of only 200 ng/g.

3.23 Ceramographic and metallographic analysis

A variety of sample preparation methods is available for remote mounting of ceramic and metallic
specimens. Samples can be embedded in low melting alloys or (more frequently) in epoxy resin,
both at normal pressure as well as in vacuum. Standard procedures for plain and polarized light
metallography and chemical and electrochemical etching procedures for grain boundary and
secondary phase analysis are then applied. As example for accurate sample préparation, Fig. 8
shows the hydrided fracture front of an axial zircaloy fuel pin fracture. The position of the crack tip
was determined before by EC-defect point probe.

As hydride- and irradiation induced hardening often are of importance, Vickers microhardness
testing is frequently applied on metallographic sections.

3.2.4 High depth resolution surface analysis by scanning electron
microscopy (SEM)

SEM analysis of low and intermediate activity samples is performed on a new unshielded SEM,
type Zeiss DSM962 equipped with secondary- and back scattered (Robinson type) electron
detectors and an energy dispersive X-ray analyser with Si(Li) detector for the identification of
elements from boron up to the actinides. Pictures and spectra are digitalized and processed by a
Voyager system. A versatile sample stage allows the characterization of specimens with dimensions
up to 200 x 150 x 50 mm. As example for the effectiveness of SEM application in damage analysis,
a fractured stainless steel surface is presented in Fig. 9 revealing the intercristalline SCC break
character and the zone of ductile transcristailine forced ligament break.

Even on a standard non-shielded equipment, MOX ceramic samples can be analyzed as
demonstrated if the necessary sample transfer cautions are taken (Fig. 10).

1 High Performance Liquid Chromatrograph
2 Inductively Coupled Plasma Mass Spectrometer
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intercristalline SCC fracture mode

ductile transcristalline forced open ligament

Fig. 9: Fractography analysis of a stainless steel sample

3.2.5 Quantitative elemental distribution measured by EPMA

The Camebax-R50 EPMA is a very powerful tool for accurate quantitative elemental analysis on a
prepolished surface. Four wave length dispersive X-ray analysis detectors can be used
simultaneously. The instrument was intensely used for MOX fuel analysis of differing production
routes which resulted in variable amounts and size distributions of Pu rich grains leading to volatile
fission product diffusion due to high local power values during irradiation (Fig. 11). Another
successful field of application consisted in the characterization and interpretation of reprecipitation
phases of core remnants after the reactor accident of Three Mile Island (TMT). Apart from
identifying newly formed metallic- and ceramic- solid solutions and stoichiometric phases (Fig. 12)
it was shown based on the UZrO system, that the resolidifying melt must have been kept at
- 1750 K for a significant amount intiroe (Fig. 13 ).

3.2.6 Hydrogen hot gas extraction

Hydrogen hot gas extraction is performed by remote operation of a LEGO type R-402 equipment.
The samples are inductively heated up to 2000 °C. Melting temperatures above this upper fusion
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Fig. 12: EPMA of metallic and ceramic solid solutions and stoichiometric phases in TMI core
debris sample
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temperature limit are reduced with fluxing agents. The extracted hydrogen is transported in Argon
carrier gas. Steam is separated in a column containing molecular sieve. Hydrogen is analyzed in a
thermal conductivity cell. The system is calibrated both with hydrogen gas of known pressure and
with NBS and LECO reference steel samples with known hydrogen concentration. The hydrogen
detection limit in a l g sample lies at 0.001 ppm, which is accessible with a precision of I %
relative reproducibility. As demonstration for hydrogen measurements the relative H enrichment in
Zircaloy samples at pellet intercept positions is plotted against H concentration values analyzed at
mid pellet positions inbetween (Fig. 14).
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3.2.7 Analysis of radionuclide concentrations and concentration distributions

Several types of instruments are available for radionuclide-concentration and -distribution analysis.
Most frequently used is the semiconductor based y-spectroscopy which is coupled to an
Canberra/Packard multichannel analyser equipped with efficient software for identification of y-
emitters. The system (operable in multitasking mode) is controlling also several types of sample
changing equipment linked to sample storage racks and x/y stepping motors for collimated analysis.
An example of collimated y-spectrocopy, nuclide identification and activity distribution is given in
fig. 15. It represents the acitivity distribution in a target of Uranium after irradiation in a 590 MeV
proton accelerator to evaluate the proton induced fast fission and spallation transmutation rate [6].

3.2.8 Neutron radiographie and neutron diffraction analysis

PSI has a long tradition in using reactor neutrons for diffraction purposes. Compared to X-ray
diffraction, this technique allows to deeply penetrate into a sample without the prior need of
specimen homogenization and selection of a small aliquot for analysis. This technique was
successfully applied for the characterization of ~ 1 cm3 sized samples of TMI core debris (Rg. 16).
Out of all analyzed samples it became clear that tetragonal (Zr,U)O2 was not present and that some
of the intermetallic phases were stoichiometric and not random solid solutions. The same source of
neutrons was used for radiographie purposes and it could be shown that cladding hydride
accumulations were clearly linked to local oxide minimal, indicating local hydride accumulation at
sites with oxide spallation (Fig. 17). Unfortunately the reactor had to be shut down and a new
spallation neutron source has first to be finalized before neutron analytical techniques will again be
available for PEE testing.
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Fig. 16: Neutron diffraction analysis of a TMI core debris sample
Neutron intensities are plotted versus 2 theta diffraction angle

3.2.9 TEM analysis of cladding metal-oxide interphase

TEM microstructural analysis of the metal oxide interphase was approached for programmes
focusing on possible mechanistical differences in the corrosion reactions of various Zircaloy
materials with differing corrosion resistance.

Thinning of such metal-oxide interphase specimens to < 100 nm thickness to make them
transparent for 200 kV electrons is requesting a very sophisticated sample preparation technique,
which is including precise cutting, mechanical grinding, polishing and dimpling procedures
followed by low impinging angle ion milling. Due to stresses induced by the variation in molar
volumes of the metal compared to the oxide phase and due to radiation hardening, the risk of
breaking and loosing the extremely thin samples during the preparation step is large. After a long
testing and improving phase, PSI was successful in preparing such samples with the concept of
merging to specimens with their respective oxide phase side by side on a sample holder, thus
increasing the sample stability with this symmetrical approach. The high quality sample preparation
techniques are now being applied also to other materials studies.

3.2.10 SIMS and ICP-MS lithium analysis in fuel cladding

The efficient application of secondary ion mass-spectroscopy (SIMS) and inductively coupled
plasma mass-spectroscopy (ICP-MS) is demonstrated here in the case of answering questions about
possible lithium rate enhancement of waterside cladding corrosion.
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For total Li concentration determination in ZrO2 layers, the latter are dissolved in HNO3 and HF
after previous fractionated dissolution of the Zry base metal in Br/EthanoI. It could be shown that
Li is indeed enriched within the ZrO2 layer and that this lithium is strongly bound to the oxide and
is not leachable. The proof of these facts is only possible if the analytical instrument has very low
detection limits as shown in Fig. 18 [4].

To measure the Lithium concentration gradient across the oxide layer, SIMS depth profiling was
performed through thin oxide films < 10 [im, whereas line scans across tapered sections were
analyzed for thick oxides. Although the results are afflicted with large depth uncertainties it is
concluded presently that Lithium within the analyzed specimens did not penetrate to the metal-
oxide boundary, hence should not be responsible for direct corrosion enhancement. Further details
of SIMS applications in PDE are given in [5]. A new equipment with significantly improved
vacuum and primary beam spot size is in procurement and will be applied for measuring fuel rim
effects, to study hydrogen distributions and to continue to characterize corrosion effects.

25-

uts:21.6kN

uts-.U.25kN

05 10 15 20 25 30 35
strain/mm

Fig.19: Stress-strain curves for material samples before and after irradiation to a fast neutron
fluence of 4xl02lncm"2.
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3.2.11 Cladding burst testing

Hydriding and irradiation hardening is deteriorating cladding ductility. With the installed burst
testing equipment pressurization at strain rates of 0.006 min"1 at temperatures < 350 °C will be
applied with defueled high burnup cladding. Mechanical strain gauges are installed for differential
strain measurement Remote tightening of heavily hydrided (H> 1500 ppm wt) autoclave corroded
cladding samples and burst testing at > 80 MPa were successfully performed as qualification tests.
After burst testing the uniform plastic strain is measured by mechanical gauges mounted on a lathe.

3.2.12 Tensile testing of metallic components

For remote operated tensile testing instrumented MTS tensile testing machines are available. The
maximum applicable loads being 100 and 250 kN respectively. Tests can be performed in the
temperature range between -80 to 350 °C. Sample preparation typically includes remote operated
programmed spark erosion cutting. As example of such a test Fig. 19 shows the stress strain curves
of a highly irradiated stainless steel sample compared to its unirradiated reference state.

4. Conclusion

A description of the multipurpose hot cells is given and the possibility of our hotlaboratory for
examining LWR fuels, claddings, fuel rods and reactor structural material is demonstrated.

Reorientation of the research programmes towards the fields of reactor safety and waste
management has required the hot cell facility to perform damage analysis of radioactive reactor
structural components as well as investigations of high burn-up UO2, and MOX fuels.

There is a continuing requirement to refurbish and re-equip facilities to take into account
technological advances and to cope with the requests of new areas of research.

Tab. 2: Determination of the isotopic composition of Nd in an Uranium matrix [3]

A) Experimental parameters:

• 1 % uranium solution containing 200 ng/g of each lanthanide
• 5 injections with 1 mi-loop
• peakjumping measurement of the neodymium isotopes
• peak area integration

B) Results:

samples

natural isotopic abundance
mean of 5 injections
sd

Nd-142
[%]
27.09
27.22
0.19

Nd-143
[%]
12.14
12.17
0.09

Nd-144
[%]
23.83
23.93
0.04

Nd-145
[%]
8.29
8.28
0.07

Nd-146
[%]
17.26
17.12
0.10

Nd-148
[%]
5.74
5.75
0.08

Nd-150
[%]
5.63
5.52
0.13
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Special emphasis has been put on improvements of test procedures in order to provide
comprehensive and reliable information concerning the actual state of irradiated reactor fuel rods.

Cladding waterside oxidation is an important aspect in high burn-up LWR fuel rod performance.
PSI is focussing in exploring the corrosion reaction.

The investigation of the phenomenon of irradiation-assisted stress-corrosion cracking (IASCC) is a
major field of concern for aging LWR's and the institute is increasing its efforts to understand the
fundamental radiation induced materials microstructural changes.

In order to improve the characterisation of high bum-up fuel, more quantitative information is
required than can be provided by existing analytical techniques. The application of micro-sampling,
micro-structural and chemical analysis shall be explored in the future mainly by using the
techniques SIMS nad TEM.
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Abstract

The report summarizes more than 8 years of experience with the operational
application of a complex Fuel Monitoring System at all 4 reactor units of the Dukovany NPP.
In addition to practical results obtained from the fuel elements cladding hermeticality test
during a nuclear reactor operation and shutdown periods, this report also summarizes
experience with parallel applications of the installed technical means, above all:

• results obtained from the continuous primary circuit (PC) tightness monitoring

• monitoring the transport of radiologically significant fission products in
technological areas of the hermetic zones

• application of the above mentioned system to minimize discharges during nuclear
reactor transients etc.

1. HISTORY OF THE FUEL MONITORING SYSTEM
DEVELOPMENT

Due to not always sufficient information on operational reliability of Soviet (or
Russian) nuclear fuel, operational inspection of nuclear fuel has been paid special attention
since the early days of the WWER-440 type nuclear reactors operation. Based on a system
analysis, the most perspective method for identification of an untightness and tracing its
development during the operation of a WWER-440 reactor, on-line gamma spectrometry of
primary circuit has been selected. Based on research accomplished in VUJE Jaslovské
Bohunice [1], a primary coolant activity on-line monitoring system using a Ge-Li detector
and placed on a by-pass of the water purification system (WPS) SVO-1, was put into
operation in the late seventies along with commissioning of the VI nuclear power plant. High
grade of automation and a sufficiently powerful computer enabled the beginning of creation
of the special software products to analyze the obtained data on the primary coolant

109



instantaneous radiation situation as early as in the first months after the operational reliability
of hardware was proved. Gradually computer programs were being developed that

• analyze data on the primary coolant radiation situation at the steady states in order to
obtain a reliable estimation of the number of damaged fuel elements in the core at the
moment of measurement of the fission products activity levels

• predict the development of the radiation situation in the primary coolant during
transients, which followed the estimation of the number of damaged fuel elements
obtained at the reactor steady state.

To verify the developed models, independent measurements have always been used.

• In case of estimation of the number of damaged fuel elements - it has been the data
obtained from the fuel assemblies inspection during refuelling, which was initially
done by a standard gastight can test in the spent fuel pond, later by an in-core sipping
test on a facility bought from KWU company (Germany) with subsequent
confirmation of the suspected assemblies by a gastight can test.

• In case of the radiation situation prediction - it has been the confrontation of the
calculated radiation situation with the real state during the transient, which was
obtained both by on-line primary coolant spectrometry and based on the laboratory
evaluation of grabbed samples.

Because it was impossible to better verify the models of transport of arising fission
products in ceramic fuel, fuel element gap, and coolant, which were being developed, with
the help of the loop instrumentation experiments, the development of robust computer codes,
taking into account the key transport mechanisms that prevail in the range of the given
operational conditions, was necessary. The loss of generality at models developed in such a
manner was compensated by their computing stability and simplicity of their operational
application.

After a trial run of the developed software (SW) products in the VI and V2 NPP
(Jaslovske Bohunice), they were installed at the Dukovany NPP. The hardware (HW) part of
the monitoring system was formed by commercially available products of the Canberra
Electronics company (USA) using the HPGe detectors. On-line gamma spectrometry was
controlled from a Chemistry department computer network based on the DEC computers
(first computers POP 11, later microVAXes). Properly arranged computer network enabled
the software to be supplemented and upgraded and thus use of all the information obtained
within the framework of the primary coolant radiation situation monitoring (estimation of the
total amount of organized and unorganized primary coolant leakages, calculation of leakage of
primary coolant to the secondary circuit as a consequence of steam generator tubes
untightness, etc.).

In parallel with the fuel element cladding integrity inspection during a reactor
operation and with the development of the derived S W products, a development of programs
was started to optimize the power burden of individual assemblies during their exploitation
in a nuclear reactor with the aim to minimize the probability of their damage as a consequence
of a mechanical fuel-cladding interaction. The computer code, based on the calculation of
values of the so-called conditioned power in 365 x 10 points of the core, calculates reserves of
local power in every moment of the fuel cycle and the total power reserve of the reactor unit
until the critical value of stress in the fuel element cladding is reached. The code is
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implemented directly in the computer module of the VK 3 system at the Dukovany NPP
(EDU), with alarm levels set to warn the operators when the limit values of local power are
being approached and with a module that selects the optimum strategy for maneuvering the
power output.

At the beginning of 1992, ail S W products along with HW began their trial run.
The successful result of the trial run allowed for the whole system to become a standard
inspection method.

2. FUEL MONITORING SYSTEM DESCRIPTION

The principal schematics of the Fuel Monitoring System is depicted in Fig. 1. It
consists of two independent parts:

• the part that determines the probability of damage as a consequence of mechanical
interaction fuel-cladding (PES), on-line version, with the aim to continuously provide
information on the power local and global reserve up to the critical value of stress in
the cladding, and off-line version that aims to enable optimization of refuelling.

• the part that determines the actual state of fuel cladding of elements present in the
core during a nuclear reactor operation and that enables estimation of the
consequence of further operation with regard to the transient parameters (PEP A)

2.1 The part of the damage prediction - PES

The damage prediction as a consequence of a mechanical interaction fuel - cladding
and optimization of the power ramps is assured by the developed code PES, whose
theoretical basis as well as a detailed description can be found in [3].

2.1.1 Brief characteristics of the technical means used

a) On-line version

The program itself has been implemented in the VK3 computer system that assures
for a continuous calculation of the instantaneous local power in 365 x 10 core points. The
output is directed to the system printer. Current archivation for the case of a necessary system
restart is done to a magnetic tape. This inconvenient set-up is due to the archaic conception of
the Control System and the computer network at the WWER-440 reactors at EDU.

b) Off-line version

The program has been installed on a PC 486 within the DOS 6;2 environment. The
input data is being taken from the latest archivation of results at the VK3 after preceding
overwriting of a magnetic tape record onto a diskette. A direct data transfer is not technically
possible. Further technical equipment consists of PC 486, 8 MB RAM, 200 MB HD, SVGA
card, color SVGA monitor.
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Fig. 2 Computer Code PES

2.1.2 Brief characteristics of the programs developed

In both versions, the program reads input data containing the instantaneous value of
the local power m 365 x 10 core points and based on a calculation of the so-called local
conditioned power, the program:

a) tests whether the instantaneous stress level in the fuel cladding exceeded or is
approaching the critical stress value

b) sets a reserve of the local power until the critical value is reached (critical value of a
power jump within the time given)

c) sets the total reserve of the reactor unit power until the critical value is reached

Constants characterizing the course of conditioning and deconditioning of the power
were obtained based on a calculation of behavior of a fuel element for a model power ramp
course by the program STOFFEL [3].

Critical values of cladding stress were set experimentally and depend on burn-up.
The dependence character was set based on a power history analysis of the identified damaged
fuel assemblies.

An example of a user environment typical for working with the PES code off-line
version can be seen in Fig. 2.
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2.2 Fuel element cladding state inspection during nuclear reactor
operation and the activities prediction

The system for a fuel element cladding state inspection and activities development
prediction consists of:

• an on-line gamma monitor installed at each Dukovany NPP unit

• S W products for evaluation of the number of damaged fuel elements and the degree
of their damage and also for a prediction of the development of primary coolant
activities during transients.

2.2.1 Brief characteristics of the technical means installed

A necessary condition for the SW application determined to the fuel element (FE)
cladding state inspection is the realization of the on-line primary coolant spectrometry. The
direct primary coolant activity measurement system consists of:

• a detection block placed at a by-pass of primary water purification system
which comprises

• a collimation system

• a detector inch the power supply

• a connection to the superior computer network of the EDU department 3100

In the place of measurement (rooms No. A, B 305/1,2), primary coolant has the
following parameters:

temperature: cca 60 deg C

pressure: the same as in the primary circuit

The collimation table represents a little difficulty. Water purification technology
allows for a flow through one ionex column the flowrate of which is approx. 20 t/h, or a flow
through two ionex columns with the total flowrate of 40 t/h. The initially installed fixed
collimation system did not prove to be safe. In real operational conditions, it was very difficult
to distinguish between the signals from individual WPS branches. The measurement dead
time was relatively high. The system was not able to measure with sufficient accuracy within
the whole range of operational conditions, when such arrangement was applied. Due to the
reasons above, the detection block has been thoroughly reconstructed. The existing detection
block can be seen in Fig. 3, while a typical PEPA code screen in Fig. 4. This solution makes it
possible to measure with a reasonable error up to the maximum design accident activities.
This applies for both one and two ionex columns in operation. Measurement sensitivity allows
for registration of the initial stage of a defect development in which the fission products
activities reach the levels of several tens, max. hundreds of kBq. (See Fig. 5 and 7).
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This part of the system is assured by the following technical means:

• microVAX 3100, (resp. PDF 11 ), DEC Net, VMS environment, mouse

• PC terminal 486, 8 MB RAM, 200 MB HD, SVGA color monitor, mouse,
MS DOS 6.2.

2.2.2 Brief characteristics of the installed SW means

a) The part assuring for fuel element cladding state inspection during a nuclear reactor
operation

The inspection is based on comparing the measured activity level of the key gaseous
and volatile fission products to the model prediction [1,2].

• The prevailing mechanism of releasing the generated fission products in ceramic fuel,
under operational conditions typical for WWER-440 reactors, is the diffusion.

• Damaged fuel elements are sorted into three groups (small, medium, large) and each
of them is characterized by its own constant of mass transfer between the free
volume of a fuel element and primary coolant.

• Evaluation of the radiation situation can be performed only after several days of
steady parameters operation.

Then, such an amount of sources is looked for (damaged FE's in individual classes of
damage), so that the sum of squares of differences between the predicted and monitored
activity level is minimum. For the purpose of the analysis, above all, the activity levels of a
group of noble gases are used, where the chemical and physical-chemical effects affecting the
measurement (sorption, desorption in place of measurement) can be neglected in the
equilibrium state.

b) The part assuring for the primary coolant radiation situation development prediction
during nuclear reactor transients

The SW for the primary coolant activities prediction during transients is linked with the
results of evaluation of the number of damaged FE's and the degree of their damage. The
calculation of primary coolant activities level during a transient is based on the following:

• the activity spike, in general, depends on the gradient of power and pressure

• within the range of conditions of WWER-440 reactors, it is possible for individual
classes of defects that a semi-empirical function is found, which characterizes the
speed of mass transfer between the free FE volume and primary coolant; this function
is a function of gradient of power and pressure.

• the spikes dynamics is determined by the water purification system work in case of
chemically active radionuclides (radio-iodines, Cs, etc.) or by the total amount of
organized and unorganized releases of primary coolant.

The calculation code then solves balance equations for the relevant nuclide in fuel, in
free FE volume, primary coolant and WPS. Analytical solution of a set of differential
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equations allows then for obtaining the expected estimation of the coolant activities course, in
a relatively short time (seconds), in relation to the expected transient course (e.g. shutdown).
The interactive data inputs characterizing the shutdown course enables to minimize the total
amount of fission products released from damaged FE's with respecting the necessary
operations within the framework of the transient.

3. SUMMARY OF THE RESULTS OBTAINED

The Fuel Monitoring System completely installed at the Dukovany NPP has been
functioning for more than two years now. Its key parts have been operationally verified at
WWER-440 units for more than ten years. If we speak only about the Dukovany NPP, the
following can be stated:

a) the optimization of transients as regards minimization of the probability of FE's
damage by the Pellet - cladding interaction (PCI) mechanism

In accordance with the theory of a conditioned power, taking into account the power
burden of fuel in WWER-440 reactors, the most dangerous period -as regards the PCI
mechanism - is the period of increasing power after the preceding longer (i.e. longer than 5
days) period of a reactor lower power. This situation occurs above all during refuelling, when
at the end of the last fuel cycle, as a consequence of technology faults, or due to operational
causes, the power was kept low. At each shutdown, the presupposed fuel load is checked with
the help of the off-line version PES code, and in case of approaching the limit values of
cladding mechanical stress, the maximum soft and slow mode of a reactor start-up is selected,
respecting, however, all other technological requirements.

A similar way is used in cases of necessary longer-lasting reactor power decrease.

A check-up with the help of the on-line version PES code proved sufficient reserves
until maximum allowable local power burden values are reached during the selected modes of
a reactor start-up.

b) The FE's cladding state inspection at the Dukovany NPP 1. - 4. reactor units

The fuel state inspection during reactor operation, based on the results of the on-line
primary coolant gamma spectrometry measurement, has been functioning for more that 5
years. The installed system reliably registered all cases of FE damage that arose to date at all
EDU units.

The results showed high measurement sensitivity and ability to discover all
development stages of a defect ranging from microdefect (see Fig. 5, 7), that could not be
confirmed by subsequent in-core sipping test, to the stage of a developed defect (see Fig. 6, 8,
9, 10).

The estimation of the number of damaged FE's present in a reactor during a fuel
cycle, incl. quantification of the range of their damage, can be seen in Fig. 11, 12a, 12b.

The obtained estimations were subsequently confirmed by an in-core sipping test of
all present fuel assemblies during the shutdown (see Fig. 13) and by a classic gastight can test
performed in a spent fuel pond (Fig. 14).
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c) Optimization of transients with regard to minimization of fission products release

The hitherto number of damaged fuel assemblies practically did not allow for the use
of a module for optimization of a shutdown course with regard to minimization of releases.
The function of this module is illustrated in an example (Fig. 15). It is apparent from the curve
of activities of practically all radiological nuclides, that during a shutdown, a strong release of
the cumulated activity occurs, above all due to power changes and primary coolant pressure
variations, which is caused predominantly by the prescribed test of a pressurizer relief valve.
Yet before the shutdown beginning, the program performs the following:

• prediction of the activities development of more than 20 radiologically significant
nuclides incl. the estimation of spikes size based on the specified technological
parameters course (power decreasing, additional cooling, pressure and water
changes).

• in case of prediction of too high coolant activities (greater amount of damaged FE's
present), it enables to optimize individual required steps so that the total activity
released from damaged FE's is kept minimal (proper set-up of flow through the WPS
SVO-1, postponement of pressurizer relief valve test, etc.).

The accordance of the prediction with the real radiation situation development is
plainly seen in Fig. 15.

Small defects
Middle defects

Large defects

CD
CO
CM

Fig. 11 Fuel elements state evalution (7th fuel cycle, reactor unit 1, Dukovany
NPP)
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Small defects

Middle defects

Large defects

Fig. 12a Fuel elements state evalution (7th fuel cycle, reactor unit 2, Dukovany
NPP)

00

Fig. 12b Fuel elements state evalution (8th fuel cycle, reactor unit 2, Dukovany
NPP)
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d) Application in the current primary circuit tightness inspection

Continuous monitoring of the coolant activity provides further useful pieces of information
for indirect inspection of the technological processes barriers state. Especially

• the possibility of calibration of methods monitoring the leakage of primary coolant
through a steam generator (SG) tubes untightness and

• a check-up of correctness of their functioning during a reactor operation.

A quantitative monitoring of SG tubes tightness during a reactor operation will soon
be done by two independent measurement systems:

• S G blowdown activity measurement

• Sharp steam activity measurement

In case of SG blowdown activity measurement, the predominant activity of Na 24 is
monitored; this sodium isotope is generated by activation of sodium which is present in
KOH. KOH is used to control primary coolant pH (the so-called ammonia-potassium
chemistry). The instantaneous and very precise knowledge of Na24 activity in primary coolant
enables conversion of blowdown Na24 activity data to the amount of primary coolant (1/min)
released through SG tubes untightness in the time of measurement regardless of variations of
KOH content during a fuel cycle.

Nowadays, an independent method for SG tubes tightness check-up is being
introduced. This method is based on measurement of Xel33 and N16 activities in sharp
steam. The sharp steam noble gases activity, however, is a function of both the SG tubes
untightness (i.e. instantaneous leakage value in 1/min) and the instantaneous primary coolant
activity level of this nuclide, which will vary significantly with the amount of damaged FE's,
the degree of their damage, and the reactor operational mode (steady state, transient).
Knowledge of the instantaneous value of this parameter is a necessary precondition to
correctly convert the Xel33 activity values measured in sharp steam to a parameter
characterizing tightness of SG tubes at the moment of measurement (1/min).

Since the second monitored nuclide (N16) activity measurement cannot be performed
directly and the needed data for balance that enables conversion of activity to the required
parameter (1/min) is obtained by a calculation, the Xel33 activity method represents an
independent and current check-up of calibration of the N16 activity measurement.

4. CONCLUSION

The installed system in its today's form represents an easy-to-use system requiring no
special knowledge of the problem itself and provides needed information on:

a) the probable number of damaged FE's present in a nuclear reactor core during a
steady state operation as well as estimation of the scope of their damage and a trend.
In case of the first defect, it also provides estimation of probable burn-up of a
damaged FE with the accuracy sufficient for identification of a time for which the
damaged FE was inserted in the core (first, second, third or fourth fuel cycle).
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b) the probable primary coolant radiation situation development during reactor
transients with the possibility to optimize technological parameters during transients
(optimization of the final shutdown stage).

c) the probability map of operational fuel assemblies damage in relation to the hitherto
local power history of individual assemblies in each moment during operation and
during optimization calculation of future refuelling.

d) the instantaneous power local reserve to the critical level corresponding to the
damage risk as a consequence of a mechanical fuel-cladding interaction.

e) the power global reserve of a reactor unit for every moment of operation

f) the prediction of the noble gases activity level in the secondary circuit during
transients accompanied by SO tubes untightness.

g) the estimation of noble gases activity instantaneous level in some operationally
important areas of the hermetic zone.

Based on hitherto experience, it can be stated that the installed system, whose cost was
relatively low, reliably fulfills the required function within the range of operational conditions
up to the maximum design accident.
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NEW POST-IRRADIATION EXAMINATION TECHNIQUES
AT CHALK RIVER LABORATORIES: GAMMA TOMOGRAPHY
AND GRAIN-BOUNDARY-INVENTORY MEASUREMENTS ON
IRRADIATED FUEL

P.M. ELDER, D.S. COX, L.W. DICKSON, R.V. MURPHY
AECL Research Chalk River Laboratories,
Chalk River, Ontario, Canada

Abstract

Two new post-irradiation examination (PEE) techniques have been developed at the Chalk
River Laboratories (CRL) of AECL Research: gamma tomography and grain-boundary
inventory measurements. Gamma tomography is a nondestructive technique that can provide
two types of images: computed tomographs (either emission or transmission tomographs) and
digital radiographs. The irradiated-fuel tomography scanner (IFTS) was developed as a
practical means of performing tomography on irradiated fuel assemblies to assist in the PEE of
severe-fuel-damage (SFD) tests. The IFTS images can provide a variety of information,
including the condition of the fuel (pellet damage, fuel foaming, UO2 dissolution) and the
amount of flow area blockage. Gamma tomography images have been used in the PIE of in-
reactor SFD tests and have proved useful in determining the geometry of fuel assemblies and
in guiding subsequent metallographic examinations.

The grain-boundary inventory of noble gas-fission products in irradiated UO2 fuel has been
measured by a preferential oxidation technique. The test samples are trace re-irradiated to
introduce short-lived isotopes that are used to determine release from the UO2 matrix during
measurement of the grain-boundary inventory. The technique has been used to measure radial
variations in grain-boundary inventories and the data can be used to validate calculations by
fuel performance computer codes.

1. INTRODUCTION

AECL Research conducts a wide range of post-irradiation examination (PIE) on irradiated
nuclear fuel at its Chalk River Laboratories (CRL). These include post-test characterization
of fuel assemblies used in in-reactor severe-fuel-damage (SFD) tests and those used in
investigations into the fission-product source term from CANDU* and light-water reactor
power reactor fuel. Two recently developed techniques, irradiated fuel gamma tomography
and fission-product grain-boundary-inventory measurements, are presented here. While these
techniques were developed as part of the reactor-safety research program, they also have
application to normal operating conditions and fuel waste management studies.

2. GAMMA TOMOGRAPHY

The irradiated-fuel tomography scanner (EFTS) was developed at CRL as a practical means of
performing gamma-tomography imaging of irradiated fuel assemblies to assist in the PIE of
SFD tests [1]. Extensive PEE is necessary after SFD tests, to obtain information to support

CANDU: CANada Deuterium Uranium; registered trademark.
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the development, assessment and validation of severe-accident models. Typically, such PIE
involves destructive metallographic examination in a hot-cell environment. Gamma
tomography provides nondestructive imaging techniques that can be used to examine
irradiated fuel prior to destructive examination in a hot cell. The information obtained by
tomography can be used to guide, enhance or even replace some of the traditional hot-cell
PIE examinations.

The IFTS at CRL can perform two types of imaging: digital radiography and computed
tomography. These images give direct information on fuel-assembly geometry and on density
variations within the assembly. A wide variety of data can be obtained, including: UO2 pellet
density, cross-sectional area of different materials (UO2, U, Zr(O) alloys), the extent of rod
twisting or bowing, numbers of missing or damaged pellets, degree of UO2 dissolution, extent
of fuel foaming, debris bed formation, degree of cladding disruption, and percentage of flow
area blockage.

2.1 Computed Tomography

Computed tomography (CT) is an imaging technique that measures density variations within
an object nondestructively [2]. The transmission of beams of penetrating radiation (X- or
gamma-rays) is measured in various orientations, allowing the computation of a two-
dimensional map (a tomograph) of photon attenuation in a measured cross section. The CT
image comprises a matrix of picture elements (pixels). The value of the attenuation
coefficient of each pixel is reconstructed as an average for the associated sample volume.
The measured distribution of attenuation coefficients is related to the distribution of density.
The value of the absorption coefficient in each pixel has an error (image noise) resulting from
radiation counting statistics. Image noise limits the density resolution. The size of the beam
and corresponding spacing distance determine the pixel size and the spatial resolution. CT
images are usually presented visually as colour-coded maps, with different colours
representing different values of the absorption coefficient. Evaluation is performed on digital
CT data, from which numerical values of densities and density gradients are obtained.

The IFTS can measure both emission and transmission CT images. It uses a 32-detector array,
comprising gadolinium orthosilicate scintillators and a 1110 GBq (30 Ci) 60Co source. It is
designed to provide CT images with 1 mm spatial resolution (0.5 mm sampling distance and
pixel size) and 1.6% contrast resolution relative to UO2. The gamma-rays from the 60Co
source have an average energy of 1250 keV and are filtered through a tungsten film to
eliminate low-energy backscattering lines. The scanner is equipped with a tungsten
collimator, with a 2 mm x 2 mm aperture in front of each detector. The collimator defines
the beam dimensions and limits the background radiation reaching the detectors from the
radioactive samples. Scanner resolution can be improved by changing the collimator and
introducing software corrections to the sampling. The IFTS has a "pivot-rotate" geometry,
where the object rotates on a turntable and the source and detector pivot about the source
axis. This arrangement has the advantage of providing increased spatial resolution with a
smaller number of detectors. Objects up to 12.5 cm in diameter and 50 cm long can be
scanned. Multislice scans can be programmed to be performed automatically, at any height on
the object. The IFTS is installed in a concrete pit in the National Research Universal (NRU)
reactor building at CRL. The fuel assemblies are loaded into the IFTS using a transfer flask
in a hot cell, as shown in Figure 1.

A special technique is used to correct false readings of the line integrals due to fluctuations in
the radioactive background when moving the specimen during scanning. The IFTS is designed
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Figure 1. Schematic diagram of the Irradiated Fuel Tomography Scanner (EFTS).

Figure 2. CT image of BTF-104 fuel log in grey scale (white is highest density material,
black is lowest density material).
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to collect emission data alternatively with the transmission data. Each projection is measured
twice: first with the shutter covering the ^Co source to measure the emission data, and next
in the usual mode, using the 60Co source to measure transmission data. Emission data are
then used to correct transmission line integrals, before the CT image is reconstructed. CT
emission images can also be reconstructed, showing the distribution of gross emissions in the
measured cross-sections.

Examples of CT images produced by the IFTS are shown in Figures 2 and 3. These were
acquired as part of the PEE of the BTF-104 experiment performed in the Slowdown Test
Facility (BTF) in the NRU reactor [3]. The primary objective of the BTF-104 experiment
was to perform an in-reactor, all-effects test to measure fission-product release from a
previously irradiated CANDU fuel element at a volume-average fuel temperature of 1550°C
under loss-of-coolant and loss-of-emergency-cooling conditions. The intent of the experiment
is to provide data for validation of codes used in safety and licensing analysis for CANDU
reactors.

Figure 2 shows a CT image near the bottom of the BTF-104 fuel element. This is a grey
scale image, with the pixel colour changing to a darker grey with decreasing density. The
fuel pellet is the most dense material in the scan and shows up as the white disc in the centre
of the CT. A small piece of fuel is visible just beside the pellet. Metallographie examination
revealed this to be a fuel fragment from another location in the fuel stack. Some debris is
visible in the flow channel (dark area around the pellet), which was found to be
thermocouples or fragments of Zircaloy sheath. The other rings of material are the various
layers of insulation in the thermal shroud surrounding the fuel (low- and high-density
zirconia). Using image analysis of the CT, it is possible to calculate the flow area around the
fuel element.

Figure 3 shows a CT image of the sieve plate in the debris retainer at the bottom of the fuel
stringer. This image was included to show the resolution of the IFTS. The holes in the sieve
plate are 3 mm in diameter and can be clearly seen in the CT. The grab sample lines that
pass through two of the holes in the sieve plate are visible in the holes on opposite sides of
the plate.

2.2 Digital Radiographs

A digital radiograph (DR) is a projection of a 3-dimensional object onto a 2-dimensional
surface. Colours assigned to each pixel in a DR represent the product of density and path
length through the object at that location. DR images are formed by collecting a single
projection at a given axial location and then moving the scanner (or object) to collect other
projections at different elevations along the axis of the object parallel to the first one. The
DR images contain the same information as would be obtained using traditional radiography
with film. However, the information is stored in digital format and various image processing
techniques (e.g., edge detection, contrast stretching/reduction, histogram equalization) can be
employed to enhance the image.

The IFTS can obtain digital radiographs of the whole assembly from a number of orientations
(e.g., two radiographs 90° apart). The digital radiographs are normally used to determine
where to collect CT images. However, they also give information on the extent of rod
twisting and/or element bowing. The spatial resolution of the digital radiographs is the same
as for the CTs.
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Figure 3. CT of sieve plate in BTF-104 debris retainer in grey scale.

Figure 4. Digital radiograph of 50 cm section of the BTF-104 assembly. The section includes
the entire fuel stack.
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Figure 4 shows a DR of a 50 cm segment of the BTF-104 assembly. The segment contains
all of the fuel element. The area at the top of the image is darker because the ZrO2 insulation
has a higher density in that region. The image was used as a guide for CT and other PIE. A
gap in the pellet stack is visible (about 4 cm below the top of the image), and debris in the
flow channel is visible at lower elevations. These features were confirmed by further
investigation using CT or metallography. A slight bowing of the fuel element may also be
observed in the DR.

CT and DR images produced in the IFTS have been used in the PIE of both BTF-104 and the
B attelle/Uni ted States Nuclear Regulatory Commission series of Full-Length High-
Temperature (FLHT) experiments [4]. The images were used to guide subsequent
metallographic examinations, and in some cases to replace them.

3. GRAIN-BOUNDARY-INVENTORY MEASUREMENTS

A technique for measuring the fission-product grain-boundary inventory in irradiated fuel was
developed as part of fuel-source-term research at CRL [5]. The fission-product inventory in
irradiated UO2 fuel can be divided into three major components: the inventory in the fuel-to-
sheath gap, the inventory on the grain boundaries, and the inventory in the UO2 matrix. This
last component can be sub-divided into fission products within bubbles in the fuel matrix,
fission-product atoms in solution or at defects, and fission products that have reacted to form
insoluble compounds in the matrix. The distribution of fission products is generally a
function of the fuel irradiation history (linear power and burnup), since fission products can
diffuse within the grains and along grain boundaries during irradiation. During normal
operation in a power reactor, certain long-lived volatile fission products (Cs, I, Kr, Xe)
become concentrated on the grain boundaries. In any given accident scenario, the inventories
from the grain, grain boundary or gap can be released by different mechanisms at different
times. Therefore, it is important to know the distribution of the fission products within the
fuel prior to the onset of accident conditions. In order to validate the fuel performance codes
used in safety analysis, experimental measurements are required. The gap inventory of noble
gases is routinely measured during post-irradiation examination of discharged fuel by puncture
techniques and gas analysis, but the grain-boundary inventory has not yet been well
quantified.

Grain-boundary inventories have been measured using a number of different techniques.
Stroes-Gascoyne et al. [6] have used low-temperature (150-350°C) partial oxidation and/or
crushing of sections (about 25 g of UO2 ) of fuel elements followed by leaching to measure
the 137Cs, 90Sr and 99Tc instant-release source terms. The leaching releases both the gap and
grain-boundary inventory. The concentrations of the fission products in the leachants were
determined by gamma spectrometry (for 137Cs) or by beta-counting following chemical
separation (for 90Sr and 99Tc). Separate measurements of the gap inventory were performed
by leaching without oxidizing or crushing the fuel. The grain-boundary inventory was
determined by comparing the measurements of gap plus grain-boundary inventory with those
of the gap inventory.

Mogensen et al. [7] have used a combination of electron probe micro-analysis (EPMA), X-ray
fluorescence (XRF) and quantitative image analysis (QIA) to determine the radial variation of
the Xe grain-boundary inventory in irradiated fuel pins. The grain-boundary inventory is
determined from the difference between XRF analyses (which give a measure of total retained
Xe (i.e., matrix, intragranular bubbles and grain boundary)) and EPMA analyses (which give
a measure of Xe in the UO2 matrix). QIA is used to correct the difference between XRF and
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Figure. 5a Figure. 5b

Figure. 5c Figure. 5d

Figure 5. SEM micrographs showing the various stages of UO2 oxidation.
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EPMA, to account for Xe retained in intragranular bubbles. This technique provides good
radial spatial resolution (0.35 mm), but the errors in calculated grain-boundary inventories are
large (at best 30% relative error, excluding the error due to QIA), because the grain-boundary
inventory is calculated as the difference between two measurements of similar magnitude.

The technique used at CRL is based on the fact that preferential oxidation occurs along grain
boundaries during air oxidation of UO2 to U3O8 at temperatures between 450 and 600°C [8].
The steps in UO2 oxidation at 500°C are shown by the scanning electron micrographs in
Figure 5. At the beginning of air oxidation, the grain boundaries are oxidized preferentially
and the corresponding volume expansion separates the grains, releasing the grain-boundary
inventory of fission gases (5a). The exposed grains begin to swell due to U3O8 formation
(5b). As the oxidation to U3O8 continues, the grains crack, due to volume expansion (5c).
Finally, complete conversion to U3Og creates powder fragments that are smaller than the
original grain size (5d). The conversion to U3O8 and the fragmentation of the grains allows
some of the matrix inventory to be released, in addition to the grain-boundary inventory.

To differentiate between the release of the grain-boundary inventory and release from within
the grains, the fuel samples were re-irradiated at low power prior to testing, to introduce trace
amounts of some short-lived isotopes. The re-irradiation was done using the modified Nose
Cone Irradiation Facility (NCEF) in the NRU reactor at CRL. The re-irradiation creates a
small inventory of short-lived fission products (tracers) distributed throughout the fuel matrix.
Since the re-irradiation is at low power (and hence low fuel temperatures), the newly
generated fission-product tracers do not migrate from where they are formed, and are
predominantly located within the matrix. By comparing the releases of the isotopes generated
during the power reactor irradiation to those of the tracers, release from the matrix during the
oxidation at 500°C is determined.

The measurement process uses small fragments (0.2 to 1.0 g) of irradiated fuel. The
fragments are obtained either by vibrating them out of fuel elements or by cutting them from
known radial locations using a wafering saw. The samples are heated to 500°C in an inert
atmosphere, and once the temperature is stable, air is introduced to oxidize the samples. The
evolved gases are monitored by gamma spectrometry. The sample is heated to a higher
temperature (1050 to 1150°C) to drive off the remaining fission gases.

The experimental apparatus used for grain-boundary inventory measurements is shown
schematically in Figure 6. The fuel fragment was placed in a quartz basket inside a quartz
reaction vessel. The vessel was placed inside a crucible furnace capable of heating to
1200°C. The atmosphere in the system, either Ar/2%H2 or air, was supplied from commercial
gas cylinders. The gas flowrate was controlled by rotameters. After passing through the
reaction vessel, the gas flowed through a volatile fission-product scrubbing system. After
scrubbing, the gas was routed to an out-cell gamma-counting station and on to a charcoal
filter for final iodine removal.

Two gamma spectrometers were used to monitor the fission-product releases. One was
sighted directly on the fuel specimen through a collimator in the roof of the hot cell (the
direct-viewing spectrometer). The other one was located at the out-cell counting station for
measurement of noble gases (85Kr and 133Xe).

To date, tests have been done to measure the noble gas grain-boundary inventory. The
releases of the long-lived Kr isotope, 85Kr (half-life 10.72 years), are compared with those of
the 133Xe tracer introduced by the re-irradiation. The results of two typical tests are shown in
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Figures 7 and 8. The plots show percent releases of 85Kr and I33Xe for tests on two different
fuel fragments, along with the sample temperature profile during the test. The fragments used
in these tests were about 1.0 g each and came from the mid-radius region of the fuel cross-
section. The first fragment (Figure 7) was from a CANDU fuel element with a burnup of 539
MWh/kg U (22.5 GWd/Mg U) that had operated at a peak power of 56 kW/m. The second
fragment (Figure 8) was from a CANDU fuel element with a burnup of 420 MWh/kg U (17.5
GWd/Mg U) that had operated at a peak power of about 40 kW/m.

In the first test (high-power fuel fragment), (22.7 ± 1.9)% (la) of the 85Kr was released at
500°C, compared with (3.0 ± 0.1)% of the 133Xe tracer. For the analysis it was assumed that
100% of the 133Xe was released by the end of the hold at 1050°C. The grain-boundary
inventory is the difference between the two values or (19.7 ± 1.9)%. The uncertainty in the
grain-boundary inventory arises from the statistical error in the gamma counting. In the
second test (lower-power fuel fragment), the grain-boundary inventory was determined to be
(1.2 ± 1.0)%. The uncertainty is higher for the lower-powered fuel because similar fractions
of krypton and xenon were released at 500°C. The difference in the two results is due to the
difference in power history of the two fuel elements.

The results of grain-boundary-inventory measurements have shown that large variations in
grain-boundary inventory exist. The grain-boundary inventory is dependent on the power
history (both burnup and linear power) of the fuel. The radial spatial resolution of this
technique is currently set by the size of the samples removed by cutting (~1.8 mm). The
technique has provided experimental data for the validation of fuel performance codes.

4. CONCLUSIONS

Two new PIE techniques have been developed at CRL. Gamma tomography of fuel from in-
reactor SFD experiments has proven to be useful in determining the fuel geometry and in
identifying locations for detailed metallographic examinations. Grain-boundary-inventory
measurements, obtained using the CRL oxidation technique, have provided data suitable for
validation of fuel performance codes.
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Abstract

Gamma scanning of an irradiated fuel rod is an examination technique widely used in hot
laboratories. It enables the dimensions of the fissile column (diameter, length) to be measured
and the behaviour of the fuel (fission product migration and release) to be analysed. Moreover,
in addition to a quantitative measurement of fission products, this method can be used to
determine the power released by the fuel and its burnup, without in any way interfering with
fuel rod integrity.

Cross-scanning of the fuel rod under different angles of incidence is a less widely used
technique. Associated with a deconvolution tomographic method, it offers the possibility of
non-destructive locating of fission products in a fuel section. The reconstruction program used,
the ISARD program, is based on an iterative method minimising the difference between
measured and calculated projections. This method takes into account auto-attenuation of the
gamma emitters in the fuel as well as their attenuation in possible external containment
structures.

The spatial resolution, limited by the width of the scanning slit, can be improved by the number
of projections. With a 0.5 mm slit and four projections at 45°, a resolution of 500x500 urn can
be achieved on a slightly deteriorated fuel.

This method has been used in the "Service d'Etudes du Comportement des Combustibles"
(Fuel Behaviour Study Section) within the context of the VERCORS safety programme on
fuel rods having been subjected to an accidental sequence at 2600 K. The radial distribution of
fission products remaining in the fuel after the test evidenced significant deterioration and
relocation of the fuel as well as differing behaviour of fission products, a useful phenomenon
for safety analysis of serious reactor accidents. Subsequent destructive metallographic
examinations have confirmed these observations.

1. INTRODUCTION

Gamma scanning of an irradiated nuclear fuel rod is an examination technique widely used in
hot laboratories. It enables the dimensions of the fissile column (diameter, length) to be
measured and the behaviour of the fuel (fission product migration and release) to be analysed.
Moreover, in addition to a quantitative measurement of fission products, this method can be
used to determine the power released by the fuel and its burnup, without in any way interfering
with fuel rod integrity [1].

Cross-scanning of the fuel rod under different angles of incidence is a less widely used
technique. Associated with a deconvolution tomographic method, it offers the possibility of
non-destructive locating of fission products in a fuel section. This paper describes the
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technique set up in the "Service d'Etudes du Comportement des Combustibles" (Fuel
Behaviour Study Section, SECC). The reconstruction program used, the ISARD program [2],
is based on an iterative method minimising the difference between measured and calculated
projections. This method takes into account auto-attenuation of the gamma emitters in the fuel
as well as their attenuation in possible external containment structures.

Gamma-emission tomography has been used to study the radial distribution of the fission
products inside a PWR fuel rod after a severe accidental test, up to 2600 K on the fuel, within
the context of the VERCORS safety programme. It evidenced significant deterioration and
relocation of the fuel as well as differing behaviour of fission products between the volatile

low volatile (l^Ba) ancj those elements that are generally linked to the fuel (^Zr,
Subsequent destructive metallographic examinations have confirmed these

observations.

2. SET UP OF GAMMA-EMISSION TOMOGRAPHY

2.1. Acquisition of measurements

The fuel rod is positioned horizontally on the ANDRE multi-function bench, located in the
"Laboratoire d'Analyse des Matériaux Actifs" (LAMA) of the SECC, installed in a shielded hot
cell. The bench is equipped with two gamma-scanning systems for analysing the rod
longitudinally or transversally. During a transversal scanning, used for tomographic
examination, the rod is displaced perpendicular to its axis in front of a collimator defining a
17 x 0.5 mm rectangular window. The collimator slit points in the same direction as the rod
axis and delimits a gamma beam emitted by the slice of fuel in view. The beam is caught by a
coaxial Ge(HP) detector.

A spectrum is established without movement for each position of the rod. A transversal
projection consists of several spectra joined together, obtained by moving the rod through a
step equal to the thickness of the collimator slit. For example, for a standard PWR fuel rod, a
projection represents 40 to 50 spectra and the acquisition time, needed to gain a statistically
valid count of the main gamma emitters, is about 20 to 30 min per spectra.

The rod is rotated around its axis and several transversal projections are made at different
angles, equally distributed between 0° and 180°, so as to obtain enough information to
reconstruct, by tomography, the activity of the gamma emitters in the section of the fuel
scanned.

2.2. Description of ISARD code

2.2.1. Calculation principle

The aim of the ISARD code is to determine the gamma activity at a certain point M(x,y) of a
section of a fuel pin, from several transversal measurement projections carried out under
different angles of incidences. Gamma activity is reconstructed on a square grid made up of
NxN elementary cells, the width of which is equal to the thickness of the collimator slit
(figure 1). The reconstruction is obtained by using an iterative method which minimises the
discrepancy between the calculated and the measured projections. By comparison with
analytical methods, more commonly used in the field of medical tomography, this iterative
method is necessary in this particular case, to take into account the auto-attenuation of the
gamma rays inside the fuel and the attenuation in the containment structures (cladding, jackets,
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etc.)- Moreover this method is more efficient when there are a small number of projections,
which is often the case, given the long acquisition time involved (about one acquisition day for
only one projection).

2.2.2. Initialisation of the calculation

Before running the iterative calculation, the activity of each cell must be initialised. The ISARD
code proposes two "initial model" options :

- the "homogeneous model", which consists in attributing the same value to all the cells,

- the "revolution symmetry model", which precalculates the activity, from a mean half
projection, in concentric rings, starting at the periphery of the rod and working toward
the centre. This model is preferable when the number of projections is small (2 to 4
projections).

2.2.3. Iterative models

Setting :

P(k,8): measured activity value at k position, at incidence 6

R.(n)(k,6): calculated activity value at the ntri iteration, for k position at incidence 6

R(n)(k,0) is modelled by the following expression :

where :

y4 " is the activity of the cell (i,j), which is assumed to be homogeneously distributed
inside the cell, at the (n-l)th iteration

f is the self-attenuation factor, through the fuel and the possible containment
structures, for the cell (i,j) at incidence 6

^ is the surface fraction of the cell (i,j), when intercepted by the gamma ray at
incidence 0

Two iterative methods were used in the ISARD code to achieve convergence between
R(n)(k,6) and P(k,0) :

- the A.R.T. method (Algebraic Reconstruction Technique), which ensures fast
convergence of the system, because it makes secondary corrections on the cells during
each iteration, but which is sensitive to the background noise of the measurement,

- the I.L.S.T. method (Iterative Least Square Technique), which is less sensitive to the
background noise of the measurement and provides sufficient convergence by using a
damping factor for each iteration.
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Practice has shown that if only two to six projections are available, the most accurate
convergence is obtained using one ART iteration at the beginning, then about ten I L S T
iterations On the other hand, when the number of projections is greater than ten, the ART
method gives an inaccurate solution, and it is better not to include an A R T iteration, but run
only I L S T iterations (about thirty)

3. APPLICATION TO THE VERCORS SAFETY PROGRAMME

3.1. Aims and implementation of the VERCORS programme

The VERCORS programme, which extends the HEVA experimental programme, is devoted to
the source term of fission products (FPs) released from Pressurised Water Reactor (PWR) fuel
samples during a sequence representative of a severe accident This programme, implemented
by the Nuclear Reactor Division of the French Atomic Energy Commission, CEA, is defined by
the "Institut de Protection et du Sûreté Nucléaire" (Nuclear Protection and Safety Institute -
IPSN) and cofunded by IPSN and "Electricité de France" (EOF, French Electricity Board)

The aims of the programme are

- to improve and validate models used in the ESCADRE system codes describing the risks
of fission product transfer into the environment during a severe accident,

- to create a realistic data bank for computing the behaviour of FPs in the primary circuit
and the containment and, as a result, for assessing the potential waste Essentially, this
could lead to the re-evaluation of safety margin on envelope data currently available

The measurements taken during the tests are thus aimed at characterising

- the release kinetics and the total release of FPs and structural material as a function of
fuel temperature and oxidising/reducing conditions of the environment,

- the aerosol source as a function of temperature, of dilution in the vector gas and of
structure materials present,

- the chemical behaviour of the FPs in the fluid and in their interaction with the walls

The experiments are conducted in a shielded hot cell of the LAMA laboratory The test fuel
sample comprises a fuel rod section from an EDF power plant and includes three pellets in
their original cladding Two half-pellets of depleted uranium oxide are placed either side of the
test sample and held in place by crimping the cladding The sample is placed vertically on a
zirconia crucible (latter in a thoria crucible for the test designed to reach the fuel fusion
temperature) This fuel is re-irradiated at low power in the SILOE experimental reactor in
Grenoble, in order to recreate the most important short-lived FPs for the purpose of safety-
related analysis These short-lived FPs include volatile FPs (tellurium and iodine), gases
(xenon) and the less volatile FPs (molybdenum, barium/lanthanum, etc ) The accident
sequence takes place about 30 hours after the re-irradiation of the fuel rod
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Figure 3 - VERCORS TEST GRID

Reference test
Fuel burnup (GWd/tU)

Reirradiation

Heat up rate (K/s)
Max fuel temperature (K)

Duration of plateau (min)

Injected gas H2

during plateau : H20
(mg/s) He
Impactor temperature (K)

Date of test

VERCORS 1

43
SILOE

1

2070

17

0.05

2.5

870

21/11/1989

VERCORS 2

38

SILOE
1

2070 (*)

13

0.5

25

870

06/06/1990

VERCORS 3

38
SILOE

1

2570

15

0.5

25

870

14/04/1992

VERCORS 4

36

SILOE

1

2570

30

0.2

0

8

870

22/06/1993

VERCORS 5

36

SILOE

1

2570 (*}

30

0

25

870

30/11/1993

VERCORS 6

55

SILOE

1

2620

30

0.5

25

870

07/06/1994

(*) : Several plateaus at low temperature (between 1070 and 1770K) before accidental simulation



The experimental device (figure 2) includes, the following main components, in the fluid flow
direction :

- a supply of steam and hydrogen constituting the fluid in which the experiment is
conducted,

- an induction furnace for heating the sample to high temperature, 2600 K at present (fuel
fusion temperature by next year),

- a cascade impactor, placed in a resistance furnace with an adjustable temperature range of
500 K to 1000 K, which traps the aerosols on different stages according to their
dimensions,

- an iodine filter, heated to 400 K, which traps non-gaseous forms of iodine at this
temperature.

6 VERCORS tests have been conducted since 1989 (figure 3). The principal parameters
varying from a test to another are the temperature, the plateau duration at this temperature, the
oxidising/reducing conditions of the fluid and the burn-up of the fuel.

Apart from the traditional analogical measurement of temperature, flow rate, pressure, the on-
line instrumentation includes three gamma spectrometry stations for measuring FP release
kinetics, respectively focused on the fuel rod, on the top of the impactor and on a gas capacity
placed just after the condenser.

After the test, the fuel is coated in situ with an epoxy resin and X-rayed. A longitudinal gamma
scan of the fuel is conducted to measure the final FP inventory so that the percentage of FPs
emitted by the fuel during the test can then be calculated. All the components of the loop
(impactor stages, filters, condenser, dryers, etc.) are then gamma-scanned to measure and
locate the PFs released during the test and to draw up a balance of these FPs. For some tests, a
transversal gamma scan is carried out for several angles of incidence to determine the spatial
location of the FPs remaining inside the fuel and analyse probable interactions of these FPs
with cladding components (traps of tellurium or barium in the cladding, delaying their
emission). Finally, a ceramographic examination is carried out on each pellet of the fuel rod to
analyse the changes in the microstructure of the cladding and the fuel.

3.2. Tomographical results on VERCORS 4 and VERCORS 5 tests

To show the contribution of gamma-emission tomography in the analysis of the VERCORS
tests, some results on the VERCORS 4 and VERCORS 5 tests are presented below.

3.2.1. Summary of VERCORS 4 and VERCORS 5 tests

During both these tests the fuel sample was heated to 2580 K for 30 min, under hydrogen
atmosphere for VERCORS 4 and pure steam atmosphere for VERCORS 5. This high
temperature plateau was preceded by intermediate plateaux : one plateau of one hour at 1580
K under steam and hydrogen atmosphere for VERCORS 4, so as to pre-oxidise the cladding,
three plateaux at 1080 K (30 min), 1280 K (30 min) and 1580 K (70 min) also in steam and
hydrogen atmosphere, in order to improve the knowledge of release kinetics of the volatile FPs
and gases at low temperatures. At the end of these tests, 90% to 95% of the volatile species
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VERCORS 4 - Radial distribution of Zr95 (724 keV) in the fuel after the test
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Figure 5 - Ceramography of VERCORS 4 fuel after the test
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(tellurium, iodine and caesium) were released out of the fuel, 65% of the barium and only 5%
to 10% of the species generally considered to be linked with the fuel (zirconium, ruthenium)

3.2.2. Relocation of the fuel (VERCORS 4 test)

The transversal acquisitions consisted of four projections at 45° intervals The reconstruction
of 95Zr by tomographic deconvolution (figure 4) shows that the fuel was severely damaged and
was relocated at least in two well separated parts In fact, this image is an average over a 17
mm height of fuel (corresponding to the height of the collimator slit), so it includes the entire
central pellet and the inner side of the other two pellets In addition, the resolution of this
image is significantly limited by the small number of projections, insufficient here to reconstruct
accurately such a heterogeneous distribution

However, the ceramographic examation (figure 5), which was performed afterwards in the
centre of each pellet, confirms the tomographic analysis by showing a fuel which is radially
cracked and separated into several pieces The cladding appears to be completely oxidised and
has fractured under the outward thrust of the fuel The pieces of fuel are more clearly
separated on the side where the cladding is fractured and there is no contact between cladding
and fuel The microstructure of the fuel shows a wide intergranular porosity and a fine
intragranular porosity The fuel looks like a sponge Moreover, a wide zone about 500
thick can be seen with a very large open porosity, emphasised by a black border

3.2.3. Differing behaviour of volatile, low volatile and non volatile FPs (VERCORS 5
test)

The more comprehensive transversal acquisitions consisted of 18 projections every 10°,
producing a better spatial resolution The reconstruction of 95Zr is entirely contained within a
mean diameter of 10 5 to 10 7 mm, reached by the fuel after the test In this case, no
separation of the fuel occurred The radial distribution is depleted toward the centre of the fuel,
because of the neutron flux distribution during re-irradiation and probably also because of the
partial accumulation of metallic precipitates (Ru, Zr, Mo, etc ) at the periphery of the fuel

The ceramographic examination confirms this result (figure 7) The fuel, which presents the
same microstructure as VERCORS 4 ("spongy fuel"), stayed upright, with some radial cracks
having even closed up during the high temperature plateau The external zone with wide open
porosity, emphasised by the black border, reached a thickness of 1 mm A notable
concentration of metallic precipitates can be seen inside this zone The cladding, entirely
oxidised, is broken into several parts and there has been a strong contact between the fuel and
the cladding In some places, evidence of strong interactions between the cladding and the fuel
can be seen (sticking of pieces of cladding to the fuel after shrinking during cooling,
penetration of a porous zone (U, Zr, O) inside the fuel, which might have been in a liquid
phase

The reconstruction of 137Cs (figure 8) shows two phenomena

- the 137Cs remaining inside the fuel remains within a mean diameter of about 8 3 mm The
periphery of the fuel, with its wide open porosity, about 1 mm thick, has been entirely
emptied of its volatile FPs,

155



Ui
ON

VERCORS 05 - Radial distribution of Zr95 (724 keV) in the fuel after the test
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Figure 7 - Céramography of VERCORS 5 fuel after the test
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VERCORS 05 - Radial distribution of Cs137 (662 keV) in the fuel after the test
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VERCORS 05 - Radial distribution of Ba140 (1596 keV) in the fuel after the test
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- a local accumulation of 137Cs can be seen, beginning at the fuel-cladding interface and
continuing over the entire thickness of the cladding. This represents 13% of the caesium
remaining inside the fuel, i.e., 0.6% of the initial caesium inventory (95% of caesium was
released during this test), and could be the sign of a chemical compound of caesium with
another elements, a compound which would be less volatile than caesium.

The reconstruction of 140Ba (figure 9) remains within a mean diameter of 11.5 to 12 mm and
presents two concentric zones :

- the first, located in the centre, like caesium, has a mean diameter of 8.3 mm. and
corresponds to the inner fuel zone, excluding the wide external open porosity,

- the second is a 1 mm thick ring, exactly located on the site of the cladding. The maximum
concentration inside the cladding reaches the value at the centre of the fuel ; the total
quantity of barium, stored in the cladding, is 34% of the barium remaining inside the rod
(fuel + cladding) after the test, i.e., 12% of the initial barium inventory (65% of barium
was released during this test). The local accumulation of caesium, observed in the
cladding, corresponds to a zone where the barium is practically non-existent.

4. CONCLUSION

Transversal gamma-spectrometry of an irradiated nuclear fuel, coupled with a tomographic
reconstruction method of the gamma emitters inside a fuel section, is a very efficient non-
destructive technique if a sufficient number of projections can be obtained. For a non-damaged
fuel, 4 to 6 projections equally distributed over 180° are generally enough, when using a
revolution symmetry initial model. For a severely damaged fuel, it is necessary to establish at
least 18 projections at 10° intervals; the initial model is then a low sensitive parameter

This method has been used within the context of the VERCORS safety programme. It
enhances our knowledge of the fuel behaviour under severe accident conditions and of radial
migrations of fission products. The location of the gamma emitter fission products provides
complementary information compared with another techniques, optical techniques
(ceramography), chemical techniques (microprobe). Finally, because it is a non-destructive
technique, it may, in certain circumstances, be the only available technique.
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COMPARISON OF NON-DESTRUCTIVE AND DESTRUCTIVE
TECHNIQUES USED AT THE LECI PIE FACILITIES FOR
OXIDE THICKNESS MEASUREMENTS

J.M. COUELLAUD, I. FLEURY
Commissariat à l'énergie atomique,
Centre d'études de Saclay,
Gif-sur- Yvette, France

Abstract

This paper presents the two techniques used at the LECI for the determination of the thickness of
zirconia on PWR fuel rods.

The first technique is a non destructive method applied to the rod : the permascope.
The rod is held on a vertical bench. The measurement rest is able to travel in elementar pitches of
10 mm. The driving and measurements are controlled by microcomputer.
Uncertainty on position of acquisition is set at ± 1 mm and the thickness of zirconia at ± 2 urn.
The second technique is metallography which is a destructive test. It is used to observe fuel samples
at various altitudes on the rod.
The position of the sample is set at ± 1 mm. This is due to the cutting method.
This examination of external zirconia is made on polished samples under a microscope with a x400
or xlOOO magnification. The thickness is determinated using an optical lens with calibrated cross-
hairs. The values are given with an accuracy of ± 1
In the last part of this paper, a study covering twenty PWR fuel rods irradiated over 1 to 5 cycles
proves the good agreement between the two techniques which are complementary.

I - INTRODUCTION

Two different techniques are used at the LECI for measuring the thickness of external zirconia:

- a non-destructive technique, permascopy, which is used to provide a continuous measurement of
the zirconia thickness on a fuel rod along one or more generatrices,

- a destructive technique, metallography, which provides the local thickness of zirconia at a specific
point.

This publication sets out the two methods used in a technical plan and compares the results obtained
with them.

II - METHODS USED

II - 1 Non-destructive examination: the Permascope

// - 1.1 Purpose of the measurement

This is a non-destructive measurement of the thickness of the layer of zirconia formed by the corrosive
action of water on the cladding of PWR fuel rods.
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// - 1.2 Principle underlying magnetic induction

This principle can be applied to measurements of combinations of coating and substrate:
• non-magnetic/ ferromagnetic,

• non-conducting/ferromagnetic.

The principle of magnetic induction is based on the well known phenomenon which alters magnetic
forces in the region of a ferromagnetic material (concentration of the field inside the material).

The extent of this concentration depends on the distance of the probe and on the permeability of the
substrate.

The variation of the field is larger, the smaller is the distance between the probe and the ferromagnetic
substrate.

For non-magnetic materials the relative permeability p. is identical to that for air, in other words n = 1.

Consequently, identical variations will occur if the probe is separated from the substrate by coatings of
different thicknesses. A measurement of the size of the variation in the field will give a direct
indication of the thickness of the coating.

Zirconia thickness readout

measunng
bridge

radiofrequency
oscillator

zirconia layer

DIAGRAM ILLUSTRATING THE PRINCIPLE OF THE METHOD
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Apparatus

One procedure for detecting changes in a field consists in measuring the voltage it induces in a
winding.

In this particular case, as the measurement is taken using a fixed probe, the field still be variable when
contact is made with the object to be examined. This means that the field used must be created using an
electromagnetic process, hence the use of a low-frequency alternating field.

An alternating current crossing a primary winding produces a magnetic field which induces a voltage in
a secondary winding. The amplitude of this voltage depends on the degree of coupling between the
two windings and consequently on the length and nature of the magnetic path. This path depends in
turn on the thickness of the coating. The voltage produced in the winding is recorded and converted
into a corresponding thickness indication.

// - L3 General description of the test

II - 1.3.1 Device

The measurements are taken on a vertical bench of a similar type to that shown in Figure 1. The
examination area is bounded by two "dead" zones, resulting from the way the rod is held and the size
of the measuring head.

The bench measuring rest is capable of travel. The standard basic pitch of travel is 10 mm. The
measuring head comprises a diamond-tipped sensor excited by a high frequency current (2 to 3 MHz).
The measurements are controlled by a microcomputer.

// - 1.3.2 Measuring conditions

The first stage involves calibrating the device using a standard of known thickness consisting of a tube
with the same dimensions as the fuel rod to be examined and covered with mylar film to simulate
zirconia.

The second stage consists in inserting the rod through the measuring head.

The third stage is measurement of the thickness of the zirconia. This is carried out in the conventional
manner along four generatrices offset at angles of 90° from one another. Figure 2 shows a typical
measurement profile for the thickness of zirconia on a PWR fuel rod.

Accuracy of measurements

The absolute position of the acquisitions is set at ± 1 mm. The measurements of zirconia are accurate to
within ± 2 jam. The method was qualified using metalJographic examinations.

II - 2 Destructive examination: optical microscopy

// - 2.1 Purpose of the measurement

Metallography is a destructive technique which can be used to observe samples taken from specific
points on the fuel rod.

These samples are taken to an accuracy of within ± 1 mm.
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Figure 1
Metrology bench
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Of the various purposes of the metallographic examinations carried out in our laboratory on fuel rods,
to understand the structure of the oxide, the interaction between the oxide and the cladding and
examination of the cladding, the last point will be adopted to show hydridation and oxidation of the
cladding.

The thickness of the zirconia on the outer surface of the cladding is determined using this method to an
accuracy of the order of within one micron.

II - 2.2 Procedure

Metallographic preparation of the samples takes place within cells shielded either to 25 curies or to 100
curies of 1 MeV.

The procedure set out below is the only one used for measuring zirconia. The procedure is much
longer with other metallographic examinations. It includes a more comprehensive preparation and
monitoring of the sample. The zirconia measurement carries on polished samples.

II - 2.2.1 Preparing the sample

A 10 to 20 mm section of fuel rod (depending on the specific case) is impregnated with araldite in a
vacuum. The resulting sample is cut in a liquid* in the transversal direction on a slow motor saw. The
sample is then coated in a preform. Polishing is carried out using a liquid* on the polishing machine
using one of the following:
- paper (240, 320, 400 and 600),

- felt with diamond compound with a particle size of between 8 pm and 2 |im.

Apparatus:

Impregnation device manufactured by the CEA
Buehler ISOMET slow cutting lathe
Encapsulation device
CEA-SOFIDEC standard variable-speed buffer

// -2.2.2 Examining the sample

The macroscope is used to take a preliminary macrograph with a magnification factor of xlO. The
cladding is examined under a microscope with x400 and xlOOO magnification. Snapshots are taken.

The outer zirconia layer is measured from 16 regularly distributed angles. This measurement is made
using an optical lens with cross-hairs, calibrated in advance with an object micrometer.

Figure 3 shows a snapshot of cladding covered with an external layer of zirconia on a PWR fuel rod.

Apparatus:

Remote-control macroscope (manufactured by CERCO)

Telatom Reichert (part of the LEICA company) microscope with a magnification factor of up
between x75 and x 1000, giving 9x12 "Polaroid 55" negative/positive type snapshots.

Measuring accuracy: ±0.5 |0jn.

*The cutting and polishing liquid is either water or decalin.
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Figure 3
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Ill - RESULTS AND DISCUSSION

Table 1 below gives a comparison of the values for the thickness of zirconia obtained using
metallography and permascopy.

The values obtained using permascopy are shown in brackets. The comparison covers approximately
twenty PWR rods which have undergone 1 to 5 irradiation cycles. Figure 4 compares the average
values obtained using metallography and permascopy.

Table 1

Comparison of zirconia thickness obtained by metallography and by eddy currents (in brackets) for
different burn-ups and different rod levels.

Average
thickness (|im)

8(6)
14(17)
29 (26)
72 (79)
26 (28)
90 (85)
25 (26)
90 (93)
34 (35)
88 (92)

98 (105)
27 (24)

3(0)
4(1)
3(5)
6(6)
8(6)
11(8)
5(2)
10(8)
5(3)
8(6)

29 (29)
8(8)

30 (28)
3(0)
4(0)
3(2)
5(6)
7(4)

17 (17)
6(6)

12(15)
44(43)

Maximum
thickness ((J.m)

9(9)
16 (23)
32 (30)
86 (90)
30 (29)
98 (90)
26 (28)
110(98)
37 (37)

104(101)
114(114)
30 (26)
4(0)
5(3)
4(6)

7(13)
10(7)
12(9)
7(3)
13(9)
7(4)

10 (10)
50 (52)
10(11)
36 (34)
3(0)
5(0)
3(3)
6(8)
7(5)

19 (19)
7(9)

14 (20)
47 (46)

minimum
thickness ((J,m)

7(2)
12(10)
27 (22)
60 (73)
19 (28)
84 (83)
24(25)
71 (87)
31 (33)
78 (83)
82 (87)
24 (21)

3(0)
4(0)
3(3)
5(3)
7(5)
9(7)
4(1)
7(6)
4(2)
5(5)

24 (28)
7(4)

25 (23)
2(0)
4(0)
2(1)
4(4)
5(2)

16(14)
5(5)

10(13)
40 (40)
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Comparison of mean values obtained
using metallography and permascopy

Comments

The comparison of NDT and DT carried out shows that these two methods are generally in harmony,
with the exception of uncertainties and local effects.

The two techniques are entirely complementary:

- high accuracy in metallography, but analysis is local and destructive, in the one case,

- global non-destructive analysis by permascopy, but less accurate in the other case.
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NON-DESTRUCTIVE PIE EQUIPMENT IN THE
NEW STAR FACILITY FOR PWR FUEL RODS

B. LACROIX, T. MARTELLA
Commissariat à l'énergie atomique,
Centre d'études de Cadarache,
Saint-Paul-lez-Durance, France

Abstract

In 1991, it was decided to adapt the new STAR facility, first designed for conditionning gas-graphite
spent fuel elements, to Non Destructive Post Irradiation Examination of PWR fuel rods

In this way, an horizontal bench has been designed and installed in one of the three Hot Cells of the
STAR facility

This bench allows the displacement of the fuel rod from inside the cell towards an external lead jacket,
which is fixed outside the cell

The fuel rod ( 0 < 12mm, L < 4300mm ) moves m front of classical Non Destructive Post Irradiation
equipments, made of removable cassettes (LxWxD 250x150x60)

• Metrology with inductive transducers (SCHLUMBERGER)
Implementation of Laser metrology is planned for 1995

• Oxide thickness measurement (FISCHERSCOPE)
• Eddy Current testing (FAST-EDDY)
• Gamma Spectrometry (CANBERRA)
• Visual examination with video recording (CERCO)
• X Ray examination with PASECON camera, realized through the lead jacket, outside the cell

Ordered in September 1992, the new bench has been delivered in April 1994 and should be in operation
as soon as the STAR facility starts up, that is to say in September 1994 at the soonest

This paper presents a new equipment of the french C.E. A. (Commissariat à l'Energie
Atomique) for Non Destructive Testing of fuel rods from Pressurized Water Reactors. It is a
bench, called MEGAFOX, that is installed in a new faculty, STAR (Station de Traitement,
d'Assainissement et de Reconditionnement).

STAR is a new hot laboratory, located at Cadarache. It was designed for specific
treatement and conditionning of gas-graphite spent fuel elements. The MEGAFOX bench is
installed in the cell number three, and the first irradiated rods have been received in September
1994.

PRESENTATION OF THE BENCH

Various non destructive measurements can be performed on the MEGAFOX bench:
diameter measurement, oxide thickness measurement, cladding soundness control,
gammascanning, visual examination, and X-ray control. X-ray control is a technique under
development in the laboratory, whereas the other techniques have been already experienced
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A view of the bench and its main components inside the cell number three, is shown on
the figure 1. Fuel rods move in front of the different measurement cassettes. The fuel rod
length being around 4 meters and the cell length 5 meters, a lead extension (19) has been built
to allow fuel rod displacements.

The collimator (2) for gamma spectrometry, the gamma detector (3) and its nitrogen
bottle for cooling, the periscope for visual examination (4), and the lead container for storage
of the rods (11) can be seen on the same figure.

The rod is clamped in a mandrel which is fixed on a table, and can have a rotation
movement thanks to a first "step by step" motor (7). Another motor (9) drives a ball screw
(10), and moves the table in translation. The measurement cassettes (1) are at the far right of
the cell.

The X-ray material is outside the cell. There is a slit hi the lead extension for letting the
X-ray pass through. The material is isolated in a cabin (18), to minimize the irradiation risks.

The bench can be manually driven by buttons, in front of the glasses (20), or computer
controlled. In this case, the movements and speeds can be selected, and the measurement
acquisitions performed.

In short, the main characteristics of the MEGAFOX bench are as following:

- It controls irradiated PWR rods. It can accept rod whose dimensions can be a length
of 4.4 meters, and 9 to 10 mm in diameter. Thanks to a software process especially developed
by the team in charge of the bench operation, movements and data acquisition can be computer
controlled.

- The rotation and translation movements are given by two "step by step" SLOSYN
motors.

- The accuracy of axial displacement is better than 0.1 mm. The cassette dimensions are
about 60 x 150x200.

The following paragraphs present the various available measurements in more details.

MEASUREMENTS

2.1 Metrology

Metrology measurement can be performed with the first cassette ( {a} on figure 1).
More details can be seen on figure 2. The rod is clamped by two pieces (see the blown up
down right of the figure 2), and the displacement of one device with regard to the other is
monitored. These two pieces can be largely opened up, automatically with a little motor, or
with a telemanipulator, to introduce the rod.

Measurements are performed one diameter at a time, and specific features such as Fuel-
Cladding Interaction and ovalization can be seen. The figure 3 represents a profilometry of the
full rod on the left side and, on the right side, a "zoom" showing fuel cladding interaction.
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Aims :
- Diameter measurement
- Fuel Cladding Interaction
- Ovalization

Characteristics :
- Measurement with contact
- SCHLUMBERGER inductive transducer
- Measurement range: 8-12 mm
- Accuracy: +/- 5 jim
- ADC data acquisition
- 10 measurements/second
- In 1995 : LASER metrology is planned

1000 2000 3000 4000

9.45
9.44"
9.43
9.42
9.41'

950 1000 1050 1100

Figure 3
Metrology measurement
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The probe is an inductive transducer from SCHLUMBERGER, the measurement range
being from 8 to 12 mm, and the accuracy of 5 micrometers. Data acquisition is completed with
an Analogic Digital Converter (ADC), with card located in the computer, and possibility of
more than 10 measurements per second.

A LASER metrology device is under development to be installed in 1995.

2.2 Oxide thickness

The measurement cassette is operated in the same way as the metrology one (figure 4).
Two support pieces can be opened up to introduce the rod. When the measurement takes
place, the probe is clamped on the rod. It is very important to have a permanent contact
between the sensor and the rod.

Measurement is performed with an Eddy current technique, with a frequency of
3 MHz. The probe is a diamond sensor to minimize the erosion of the device. The range is
from 0 to 100 micrometers, according to our calibration standards, for diameters of 8 to 12
mm, like for metrology.

The electronic equipment FISCHERSCOPE is connected to the computer through a
serial port. The acquisition speed is about 1 measurement per second.

An example of axial repartition of oxide thickness along a three cycles irradiated rod is
shown on figure 5.

2.3 Cladding soundness control

The cladding soundness is controlled by an Eddy current technique, using two circling
coils, that can be seen on figure 6. They are fixed on a support and are distant of two
millimeters from each other. All the device can be removed from the cassette for replacement.

The Eddy current control is an impedance measurement. The presence of a metallic
material (the rod) inside the circling coils modify the impedance of the coils. This impedance
depends upon the quantity of metallic material, and the magnetical and electrical characteristics
of the material. If there is a geometrical or magnetical defect in the cladding, the impedance of
the coils is slightly modified. In fact, it is the difference of impedance between the two coils
that is measured to obtain a better precision. The coils are supplied with an alternative voltage,
and the variations of impedance are measured by the variations of the current intensity and
phase. These mesurements give the real and the imaginary part of the impedance.

The aim is thus to detect geometrical or magnetical defects in the cladding. The used
frequency is 250 kHz, the equipment is a FAST-EDDY. Like the metrology, the acquisition
speed can be of 10 measurements per second. It's an analogic measurement.

Figure 7 shows an example of Cladding soundness signal. At the left side the signal for
a complete rod can be seen. The two curves are the real and the imaginary part of the
impedance. Fuel Cladding Interaction and spring can be recognized. There is no defect. On the
standard signal ( on the right side), signals due to an internal defect, a hole, and an external
defect can be identified.
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Aim : external oxide thickness measurement

Characteristics :
- Eddy current technique

Frequency : 3 MHz
- Measurement with contact
- Diamond probe
- Electronic equipment: FISHERSCOPE
- Measurement range:

oxide thickness : 0 -100 \im
- Accuracy: +/- 5 % (mini 5 jam )
- Serial port data acquisition
- 1 measurement/second

10

3000 3500 4000

Figure 5
Oxide thickness measurement
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coil support

Figure 6
Cladding soundness cartridge
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Aim : detection of geometric or magnetic defects
in the cladding

Characteristics :
- Eddy current technique

Frequency : 250 kHz
- Detectors: two encircling coils

Differential mode
- Electronic equipment : FAST-EDDY
- ADC data acquisition
- 10 measurements/second
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Figure 7
Cladding soundness measurement
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2.4 Gammas canning

The gamma spectrometry controls the axial distribution of fission and activation
products. These radioactive products emit gamma rays at various energies, each energy being
characteristic of a product. The gamma detector and the electronic equipment receive and treat
the gamma rays, and give the number of measured counts for selected products or for the total
amount of activation and fission products, that is representative of the quantity of products.

The measurement cassette (figure 8) is essentially a lead shield for external gamma rays.

What is more important is the lead collimator, whose characteristics are 1 mm width,
20 mm height and 160 mm length.

The detector is a high purity germanium one, from CANBERRA. The spectrometry
equipment and the computer communicate through a specific card from CANBERRA.

The figure 9 gives an example of spectrometry signal showing interpellets and the
influence of the grids. The total number of counts per second is represented here, with a blown
up at the right. Each thin diminution of the signal is due to an interpellet. Indeed, because of
the geometry of the pellets (presence of dishings and edges), there is less fuel at the extremity
of each pellet, and then less fission products.

2.5 X ray control

This technique, under development in the laboratory, aims at revealing the fuel aspect
and more particularly measuring the fissile column length, and visualizing interpellets or cracks
in the fuel if there are any.

The equipment is located outside the cell number three (figure 10). The wall is 1200
mm width, so the fuel rod is equipped with an extension to be fully controlled.

The Xray generator is located in a cabin, as well as a brightness amplifier, with a
camera. The X rays are created by the generator, they pass through the rod, where they are
partly absorbed, and the image of the inside of the rod is transmitted to the amplifier, and then
is filmed by the camera. The camera and the computer are connected. The data are analysed by
a software, and stored hi an Optic Numeric Disk. There is no film.

The aimed detector limit of defect size is less than 100 micrometers.
~-rf ÎÎÎThe same equipment has been previously experienced in the LDAC laboratory. Figure

11 gives an example of image. The rod is horizontal, the cladding is in white, and the fuel in the
middle. Dishing and edges of the pellets can be seen.

LDAC : Laboratory of Cutting of Fuel Assemblies at Cadarache
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Figure 8
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Aims: axial distribution of fission and activation
products

Characteristics:
- Collimator

Slit width: 1 mm
Slit height: 20mm
Length: 160mm

- Rod/detector distance: 1500 mm
- High Purity Germanium detector
- Efficiency: 30 %
- Acquisition: ACC card from CANBERRA
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Figure 9
Spectrometry measurement

185



oo
ON

cell

E

ci> caö/n

X-ray
generator,

O

raJTiT-

/rod .r."0
c';ô'.o

extension °.° • TV..J.,"
; <> ' o

caö/r?

X-ray
generator

end piece j

zn—n

- O fro/
are

rod

brightness
amplifier

j|=———=-^^=———=^=^=^=W- —i - ——JL

ji_ ___L

Figure 10
X Ray equipment



Aims:
-Fissile column length
-Visualization of interpellets, cracks in the

fuel

Characteristics:
-X-ray generator up to 220 kV
-PASECON camera and computer image

acquisition
-Storage of numerical images
-Image analysis
-Expected accuracy: detection of

defects > 100 ^m (at least)

Figure 11
X Ray measurement
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3 CONCLUSION

A new bench for non destructive testing of four meters long fuel rods has been
designed and installed in the STAR facility. The available techniques (metrology, oxide
thickness measurement, cladding soundness control, gammascanning, visual examination and
X-ray control) including software process, are at the calibration stage.

The first fuel rods to be controled have been received in September 1994. The first
results of non destructive testing are planned to be obtained before the end of 1994.
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ASSEMBLY DIMENSIONAL MEASUREMENT STATION
USING VIDEO IMAGE PROCESSING

K. KJTAGAWA, S. MATSUMOTO
Nuclear Fuel Industries, Ltd,
Osaka, Japan

Abstract

We developed the 'Assembly dimensional measurement station using video
image processing'. Items which this sysytem can measure are 1) Assembly
growth 2) Grid axial position 3) Fuel rod gap 4) Top nozzle and fuel rod gap
5)Leaf spring height. It takes about 1.0 hour to measure dimensional data
of an assembly by automatic processing mode.

Accuracy of measurement are ± 0. 25~ ± 1. Omm.
We have already experienced about 2500 assemblies' measurements for

Japanese PWR fuels. By using this system, accurate measurement could be
done in shorter period. Accumulation of the on-site-PIE data could be
achieved and reliability of evaluation of fuel integrity was improved.

1.INTRODUCTION

At PWR in Japan, after irradiation cycle, all of nuclear fuels are
discharged and the fuels which will be loaded in the core at next operation
cycle are inspected by underwater TV. After it is confirmed that the fuels
have no problems in this inspection, the fuel charge to the next irradiation
cycle will be permitted.

The inspection system by underwater TV consists of camera system of under
water part, fuel set frame, and image VTR system of air part. The camera
system can measure moving amount of top and bottom direction (vertical
direction of fuel) of camera by encoder.

Mainly fuel appearance, fuel length, leaf spring height, top nozzle and
fuel rod gap, and fuel rod gap will be examined by this inspection system.

The inspection at nuclear site has been implemented only on check of the
main dimensional measurement in order to reduce the process time. Detailed
evaluation is required to perform with VTR tape recorded by image VTR systm.

So, we developed the 'assembly dimensional measurement station using
video image processing' . This system can make following actions easy.

1)to trace the fuel performance after each irradiation cycle
2)to chech the fuel integrity comparing with design curve and criteria
3)to accumulate the on-site-PIE data and design feed back

Also reliability of evaluation of fuel integrity was improved.
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2.ASSEMBLY DIMENSIONAL MEASUREMENT STATION

2.1 Measurement item
.•

Items which will be evaluated from a view point of fuel integrity are as
follows.

1)Assembly growth
2)Grid axial position
3)Fuel rod gap
4)Top nozzle and fuel rod gap
5)Leaf spring height

In these items, 3)Fuel rod gap is dimensional measurement of horizontal
direction and the others are all dimensional measurement of vertical
direct ion.

2.2 System constitution

Constitution of assembly dimensional measurement station is illustrated
in Figure 1.

It consists of a video image processing basically, VTR and its tape image
monitor, personal computer and CRT to control video image processing and to
table or graph of measurement data, and laser printer to output the results.

Although VTR shows S-VHS and U-matic in the figure, this system can be
applied to any kind of VTR system.

2. 3 Accuracy of measurement

Accuracy of measurement were evaluated on the known dimension of dummy
fuel assemblies by using this system. The results were as follows.

Dassembly lengh ±1. Omm
2)grid axial position 11.0mm
3)fuel rod gap ±0. 3 mm
4)nozzle and fuel rod gap ±0.25mm
5)leaf spring height ±0.25mm

The accuracy of the 1) and 2) items depend on the accuracy of the encoder
of under water TV system recorded in VTR image. Accuracy of the other items
depend on the VTR' s pixel value because of its measurement in one image
field using video image processing.
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2.4 Processing time

This system has automatic processing mode and semi-automatic processing
mode which partly has manual operation.

It takes about 1.0 hour to measure dimensional data of 17X17 type of fuel
by automatic processing mode and 1.5 hours by semi-automatic processing
mode. Though that processing time depends on the speed of video image very
much. This Processing time is based on the average speed of video image
during under water TV inspection performed at Japanese reactors.

3.MEASUREMENT METHOD

3.1 VTR image

During undewater TV inspection, two TV cameras are used. Right one
supports the right side view of the assembly and left one supports left side
view at the same time. Recorded VTR image is illustrated in Figure 2.
Date, fuel Ho., span No., and encoder value which shows axial position are
supported in each right and left image of view. This system can read this
encorder value by character recognition.

3. 2 Calibration

VTR' s pixel value is calibrated basically by nozzle height, or height or
width of grid's window. In other words, it is obtained how many pixels on
VTR image are corresponding to the known dimension of height and width, from
which, it is obtained what mm of the pixel value 1 corresponds to.

3.3 Underwater TV inspection sequence

TV camera is stopped at the positions shown in Figure 3. From the top,
these are leaf spring position, top nozzle upper and lower edge, top nozzle-
fuel rod position, each grid position, and bottom nozzle lower edge.

These stopping positions should be the measurement points. This system
monitors the encoder value all the time, and it regards the camera as
stopping and starts to measure automatically in the event of monitoring the
same value 2 times in succession.

In the case of measuring the points at which the camera does not stop, if
the encoder value of the position required to measure is previously input,
this system will regard a position beyond this input value as a measurement
point and start to measure automatically.
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F i g . 3 TV camera stopping positions
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3.4 Measurement method of each item

3.4.1 Assembly growth
j

Encoder values at the lower edges of the top and bot tom nozzle are read,

and that d i f ference is identified as the whole length of the fuel assembly,
and di f ference between that whole lengh and as built dimension in the same
part is regarded as the fuel assembly growth.

3 . 4 . 2 Grid axial position

Illustration of the way to measure grid axial position is shown in Figure
4 a, and typical examples of the image by automat ica l measurement mode and
manual mode is shown in Figures 4 b and c.

Gr id ax ia l pos i t ion is ob ta ined f r o m the cen te r va lue of the grid.
First, this system read the encorder values at the camera stopping position.

Second, i t c o r r e c t s the d i f fe rence between the stopping position and grid
cen te r posi t ion wi th the pixel value in the image field, and then, gr id
axial positionis obtained.

In automat ical measurement mode, f i rst , brightness profi le is determined
according to the hor izontal prof i le line, and the window part of the grid
corresponding to the dark positions is searched. A f t e r obtaining the window
positions, second, brightness profile according to the vert ical profi le line
is determined, and the top and bottom edge of the window whose br ightness
change great ly is searched, then, f rom whose pixel value, pixel value of the
center grid is obtained. Third, co r rec t value is obta ined f r o m the pixel
value of the camera stopping posit ion and the pixel value of the cen te r .
Finally, the encoder value is compensated wi th this co r rec t i on value and
then, grid ax ia l pos i t ion is de termined. An example of the br ightness

prof i le is shown in Figure 4 b.
In manual mode, as shown in Figure 4 c, the co r rec ted value is obta ined

by ad jus t i ng the top and bo t tom edge of the g r i d ' s w indow to c ross -ha i r
lines.

3 . 4 . 3 Fuel rod gap

Illustration of the way to measure fuel rod gap is shown in Figure 5 a,
also, typ ica l examples of the image by a u t o m a t i c a l m e a s u r e m e n t mode and
manual mode are shown in Figures 5 b and c.

The Span cen te r posi t ion is s e t t e d at the measu remen t po in ts and the
image plane should be stopped.
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In automatical measurement mode, the brightness profile is determined
according to the horizontal profile line at this stopping position. The
pixel value of the brightness level's width which has been setted in advance
with this brightness profile means the fuel rod gap. Besides the brightness
level should be setted accordant to the results at the position of the known
fuel rod gap.

In manual^ mode, as shown in Figure 5 c, it is obtained by adjusting the
cross-hair lines to fuel rod gap position.

3. 4. 4 Top nozzle and fuel rod gap

Illustration of the way to measure top nozzle and fuel rod gap is shown
in Figure 6 a, and typical examples of the image by automatical measurement
mode and manual mode are shown in Figures 6 b and c.

In automatical mode, ve r t i c a l brightness profile which integrates
horizontal one is obtained in the image field of the top nozzle and the fuel
rod position, and maximum and minimum of which is obtained. Next, the
maximum brightness position is searched by obtaining horizontal brightness
profile at the maximum. A f t e r t h a t , the position of the 1st order
differential value's conversion from plus into minus within previously
setted is obtained by finding vertical brightness profile at this position.
These positions correspond to the head edge of the upper end plug of the
fuel rod and the chamfer of the top nozzle. The top nozzle and fuel rod gap
is obtained by correcting the dimension of end plug's head to the difference
of pixel value at these positions.

In manual mode, as shown in Figure 6 c, it is obtained by corresponding
the top nozzle lower edge and the head edge of fuel rod's upper end plug as
in automatical mode to cross-hair lines.

3.4.5 Leaf spring height

Illustration of the way to measure leaf spring height is shown in Figure
7a, also, typical examples of the image by automatical mode and manual mode
are shown in Figures 7 b and c.

In automatical mode, first, the leaf spring survey scope and leaf center
is setted. Second, the position which shows the first maximum under leaf
center is searched by obtaining vertical brightness profile which integrates
h o r i z o n t a l brightness value w i t h i n the survey scope. This position
corresponds to lower end of the leaf spring. Third, the position whose
brightness value is high is searched within the survey scope by obtaining
horizontal brightness profile on the leaf center. Fourth, in that position,
the 1st order differential value of vertical brightness profile is obtained,
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and peak position is searched within a quarter of the upper side in the
image field. The peak position of these 2 operations as above is surveyed
and the maximum position is obtained. This position correspond to the leaf
spring upper end. Leaf spring height is obtained by being regarded as
difference of pixel value for the upper and lower end of the leaf spring.

In manual mode, as shown in Figure 7 c, it is obtained by corresponding
cross-hair lines to the upper and lower end of the leaf spring.

4.CHARACTERISTICS OF MEASUREMENT SYSTEM

Characteristics of this system are summarized as follows.

1)Automatic measurement mode can be changed into manual mode.
2)Identification data, parameters and comments can be input.
3)Measurement data and graph are displayed on CRT and printed out. One

of examples of the results is shown in Figure 8. This is a graphic
summary for the results from measuring a fuel assembly.

4)The function of checking errors are provided. These can previously set
proper predicted scope for each measurement item. Errors are displayed
when they deviate from this predicted scope.

5)The function of tracing data are provided. These can find out where
some data have measured, and automatically play back the VTR image in
having measured that data. So, it is easy to check the data again.

5.EXPERIENCE OF USE

This system has been applied 55 times so far, and total number of the
fuel assemblies measured by this system is about 2500.

The example comparing the measurement results using this system with
design curve is shown in Figures 9 a~d. In these Figures, horizontal axis
shows burnup and vertical axis shows the ratio of the design value. Fuel
assembly growth this shown in Figure 9 a, 0.3% tile gap closure of rod bow
in Figure 9 b, and decrease amount of the top nozzle and fuel rod gap in
Figure 9 c. It is easy to prove that all are performances within the design
curve and there is no problem on fuel integrity. Also leaf spring height is
shown in Figure 9 d. It is easy to prove that leaf spring is higher than
the design value and has enough force to hold down the fuel assembly.
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6.SUMMARY

By using this sysytem, accurate measurement could be done in shorter
period. Also it became to take only seven days to check the fuel integrity
after under water TV inspection. In addition, it became easy to trace the
fuel performance after each cycle, and then accumulation of the on-site-PIE
data could be achieved and reliability of evaluation of fuel integrity was
improved.
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SOME METHODS OF NDE MEASUREMENT OF GAS
PRESSURE IN POWER REACTOR FUEL RODS

YU. BffilLASHVILI, A. ZELENCHUK, A. NOVIKOV,
V. PASTUSHIN, F. SOKOLOV
A.A. Bochvar All-Russia Scientific Research

Institute of Inorganic Materials,
Russian Federation

Abstract

ND control of gas pressure inside power reactor fuel rods
directly after their manufacturing IB very important from both
technical and economic points of view. -100% ND control of fuel
rods (as a finished product) before irradiation gives a guarantee
that only securely leak-tight fuel rods of specified
pressurisation get Into reactor core. Also it is important in
case of irradiated fuel, especially for dismountable fuel rod
assemblies.

In this paper, the results of methods and hardware
developments for non-destructive measurements of gas pressure in
power reactor fuel rods before and after irradiation are described
and discussed.

INTRODUCTION

The gaseous mixture Inside a power reactor fuel rod Influences
significantly on Its characteristics. That's why It Is mostly
important to measure gas parameters in fresh fuel as well before and
after irradiation.

The authors of this report support the idear of using non-
destructive methods of gaseous mixture measurement inside fuel rods
on a wide scale. The authors are absolutely confident that non-
destructive methods used in this field give not only a positive
ecological and economic effect but they yield objective results.
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There Is a field where non-destructive methods of gas
parameters examination are always used and that Is - Inspection of
irradiated fuel rods to identify individual defective or failed
ones. The development of efficient measuring systems is the main
task for the specialists dealt with dismountable fuel rod
assemblies.

Until recently the gas pressure in fuel rods has been measured
In industrial processes by selective punching the cladding of a
finished product. It resulted In a loss of those products but It
wasn't effective enough. That's why the development of methods and
systems for rapid and non-destructive measurements of fuel rod gas
pressure on an Induustrlal scale was a problem of great necessity,
A successful use of the newly-developed system in the Novosibirsk
plant of chemical concentrate and in the Moscow plant of polymetals
has product a good economic effect.

Presently in Russia two types of systems are in use for
non-destructive control of gas pressure inside power reactor fuel
rods and In different fuel rod simulators designed for research
purposes. The SAID-A system Inspects unirradiated objects under
normal conditions (fuel production plant, "clean" laboratory) while
SAID-C system inspects irradiated objects under specific
conditions (cooling pool, hot cell). Significant experience has
been gained in operation of SAID type systems. Enthusiasm relevant
to their technical abilities and cost effectiveness has gradually
faded to give way to business-like comments and proposals.

The comments are relevant to the following aspects:
- cost effectiveness
- reliability
- cost of operation and servicing
Proposals are concentrated on the following directions:
- to widen the range of objects to be controlled
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- to widen the range of parameters to be controlled
- to shorten time needed to control a single object
- to transfer from "means of measurement" concept to the
concept of flexible technological line of control that
is capable of b'eing rebuilt for effective fulfilment of a
specific task.

Taking account of the comments and proposals two new
measurement systems, namely HORIZONT and SNIPER, have been
developed. HORIZONT is to replace SAID-A and SNIPER is to replace
SAID-C. The authors have traditionally used the thermophyslcal
method of measurements.The essence of the method is as follows: in
a local area of a fuel rod plenum fixed thermal agitation of
cladding Is produced that results In natural convection in a gas
volume. The cladding-gas heat exchange depends upon gas type and
pressure. By recording the temperature field of the cladding in
space and time one gets information on a parameter being measured.
The information is interpreted with the help of calibration
characteristics received for standard specimens.

1. Automated Measurement System for Pressure
Gas Control in Unlrradiated Fuel Rods (HORIZONT)

Automated measurement system (AMS) HORIZONT is designed for
non-destructive control of the known gas pressure under cladding of
leak-tight cylindrical objects. An object to be controlled must
have cladding not more than 20 mm and not less than 4 ram o.d. and a
wall thickness oJ mm to 2 mm. Under the cladding there must be an
internal free space not less than 50 mm long. In the process of
control an object must be In a horizontal position.

The system consists of apparatus-software complex on personal
computer base, hardware designed as an Instrument and pneumatic
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manipulator with a pressure sensing probe. All operations relevant
to measurements, processing of results and readout are accomplished
in an automated mode. While In operation the system carries on
self-tests of the incorporated devices. The manipulator with the
probe can be Installed on the fuel rod production line, in a
research laboratory, etc.

Table 1 lists the main technical characteristics of HORIZONT.

Table 1
Main Technical Characteristics of

HORIZONT

Technical characteristics Value

Pressure measurement range, MPa
Helium
Argon
Krypton
Xenon
Nitrogen

Error of pressure measurements, MPa
Time of single measurement, s

0.1 - 15.0
0.1 - 15.0
0,1 - 5.0
0.1 - 5.0
0.1 - 15.0

0.1
30

AMS HORIZONT was designed for non-destructive gas pressure
measurements In the following objects:

- experimental fuel rods;
- power reactor full-scale fuel rods, WER, RBMK, BN;
- internally pressurized specimens to study
physico-mechanical, corrosion and other properties of fuel
claddings;

- internally pressurised specimens to study fuel behaviour.
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AMS HORIZONT is to be used under laboratory and commercial
conditions.

AMS HORIZONT was tested using the above objects and it
is in successful operation at ARSRIIM.

The application of the device curtailed the expenditures for
studies into the properties and behaviour of claddings and fuel as
well as Improved the credibility of the results of the studies.

2. Automated Measurement System for Pressure
Gas Control in Irradiated Fuel Rods (SNIPER)

Generally speaking, the gas composition in irradiated fuel
rods 1s known to be subject to changes for several reasons. First,
the technological scatter in the initial filler gas. Second,
scatter In fuel properties and operation conditions. Third, the
feasibility of leaking, primarily helium. These circumstances
directly lead to an error of measurements carried out with devices
that require the stability of composition. In this connection it
was an urgent task to design a device for gas pressure measurementP
in irradiated fuel rods that would not require a stable gas
composition.

The gas under the cladding of an irradiated fuel rod is a
multicomponent one. If desired one can detect more that several
dozens of constituents. We do not (yet) claim a device that would
nnri-destructively control all component r in. Irradiated fi^-l rod,«:
like a mass-spectrometer. Here we are speaking of the control of
pseudobinar:/ mixture. There Is a model according to which the gas
contains two components: a filler gas (helium) and gas resulting
from irradiation (FGP). The task was to quantify those components.

The design of the system retained the thermoconvective
principle, I.e., gas convection is effected in a plenum and the
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temperature field at the cladding outer surface is recorded. To
modernised, the algorithms of processing the recorded signals were
completely altered. If in the design of UDAV and SAID-C facilities
the efforts were directed against the influence of the gas
composition on the results of measurements, now the modernization
was related to the maximal development of this particular effect.

Table 2
Main Technical Characteristics of

SNIPER System
Technical characteristics Value

Pressure measurement range, MPa
Helium pressure measurement range,MPa
FGP pressure measurement range, MPa
Error of pressure measurement, MPa
Error of helium pressure measurement, MPa
Error of FGP pressure measurement, MPa
Total time of single fuel rod measurement, min
Environment

0.10 - 5.0
0.10 i.O
0.10 - 2.0
0.15
0.15
0.15
15

water, air

This system is free from defects inherent in ultrasonic and
gamma-mass-spectroscopic techniques used for fuel rod
investigations. Compared to other devices it has the following
advantages :

- no influence of a plenum arrangement (top or bottom);
- applicability under diverse conditions (cooling pools, hot
cells, storage facilities etc.);

- feasibility of controlling fuel rod leakage based on the
results of periodically measured pressure;
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- possibility of controlling leak-tightness and detecting
defective fuel rods based on either of the following
parameters:
a) low partial pressure of helium
b) abnormally low or high total gas pressure
c) availability of water or steam in a fuel rod

- possibility of testing both single or individual fuel rods
within a fuel assembly (periphery row)

- acquisition of a large scope of unique Information on
quality that is only comparable to that acquired in
puncture tests (partial pressures of components and total
pressure of gas mixture, its composition,fuel rod
leak-tightness and leakage).

SNIPER system is in pilot operation in one of the hot cells at
SRIAR (to control irradiated WER-1000 fuel rods).

Conclusion

For several years a group of engineers has designed a
complex of devices for non-destructive control of gas contained by
leak-tight objects relevant to nuclear power.

The experience gained In the design, tests and operation
confirms that the designed devices can be successfully used'in the
following areas:

1. At commercial NPPs for inspection of standard or
experimental FAs ( to improve their reliability and life-time), in
reconstitution of defective FAs, in studies of conditioning of the
fuel rods after their long-term storage.

2. For research reactor tests of special specimens or
experimental and promising fuel rods as well as for studies of new
operation conditions for fuel rods.
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3. In commercial production for non-destructive control of
filler gas pressure in fuel rods, absorbers, vessels, cylinders
etc, for inspection of process equipment working under pressure.

4. In plant radiation and ecology protection services to
control equipment for leak-tightness.

Wide practical application of the described developments
promotes higher economical efficiency of NPPs, safety of personne],
protection of environment. The benefits of its application are
accounted for by:

- acquisition of credible and exclusive information on gas
parameters of irradiated fuel rods to be used for fuel rod
improvement,increase of fuel rod life-time and reliability,
determination of the limit of attainable fuel burn-up and optimal
fuel rod operation schedule, optimal storage conditions and
shipping of defective radioactive fuel rods;

- minimisation of operations relevant to Irradiated FAs
reconstitution (in case of repairable assemblies) to return them to
reactor to be afterburned;

- upgrading NPP capacity factor and fuel cycle cost
effectiveness as a result of improvement of design models and
optimization of fuel rod and assembly operation schedules based on
quantitative data on gas parameters in irradiated fuel rods.

To-day the work is under way in the following directions:
- upgrading the characteristics of the existent equipment;
- widening the ranges of .application of the designs;
- designing of a measurement system to inspect fuel rods
without PA dismantling.
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Abstract

The accumulations of fission products (FPs) and radiation defects, and the
change of O/M ratio at high burnup bring about fuel microstructural changes,
which must influence FP release characteristics. Moreover, PCI performance of
the fuel rod is affected by irradiation hardening due to fast neutrons or fission
fragments spike at cladding inner surface and by oxidation due to free oxygen
liberated from fuel pellets.

In order to obtain detailed information on pellet microstructural changes,
swelling and FP release behavior in fuel pellets and hardening of zirconium liner
cladding inner surface, the following apparatuses were developed. All were
modified in order to apply for post irradiation examinations, but no deterioration
of their performance were confirmed by tests using non-irradiated specimens.
(a) High resolution scanning electron microscope
(b) Knudsen cell mass spectrometer
(c) Thermal diffusivity measurement system
(d) Mercury intrusion porosimeter
(e) Dynamic ultramicro hardness measurement system

This paper presents these apparatuses and results obtained from examinations
conducted on irradiated BWR fuels.

1. Introduction

In order to reduce the amount of spent fuels and to improve the fuel cycle
cost, maximum fuel discharge burnup for light water reactors (LWR) has been
gradually extended. In Japanese BWR, step-by-step burnup extensions have
been implemented to keep fuel reliability. Fuel surveillance programs, such as
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the "Proving Test on BWR Fuel Assemblies" and the "Verification Test on
BWR High Performance Fuel", have been carried out by the Nuclear Power
Engineering Corporation (NUPEC) to confirm the fuel reliability before com-
mercial introduction [1-5]. Another program on Step II Lead Use Assemblies
(LUA) is currently in progress. In the program, the application of advanced
techniques for post irradiation examinations (PIE) was planned for the purpose
of investigating the high burnup fuel behavior in detail.

Among various aspects of fuel behavior, fission gas release, cladding water-
side corrosion and change cladding inner surface property had been considered
to be potential design limitation factors, due to their impact on internal pressure,
cladding wall thinning and PCI performance of the fuel rods, respectively.

Fission gas release behavior is closely related to the fuel temperature, which
may be affected by the degradation of the pellet thermal conductivity mainly due
to the dissolution of soluble FPs [6,7] and fuel microstructure change at pellet
periphery with burnup higher than about 30GWd/t resulting from the accu-
mulations of FPs and radiation defects [8-10]. And the properties of LWR oxide
fuels may also be affected by the oxygen-to-metal (O/M) ratio and the chemical
state of FPs in fuel pellets.

While, from the viewpoint of PCI performance, information on both pellet
cladding chemical interaction, cladding inner surface change caused by fission
fragments spike and free oxygen liberated from fuel pellets are needed to de-
scribe the initiation of fuel rod PCI cracks.

Therefore, more accurate knowledge on fission gas release and the chemical/
mechanical properties of LWR oxide fuels as well as the cladding inner surface
property change at high burnup is required. The advanced PIE techniques were
introduced in order to obtain detailed information on pellet microstructural
change, swelling and FP release behavior in fuel pellets,and inside oxidation and
hardening of zirconium liner inner surface.

Every apparatus was modified taking into account remote operation. An
automatic data acquisition system was also adopted.

2. Features of the modified apparatuses

2.1 High resolution scanning electron microscope

A commercial Hitachi model S-900 field emission type scanning electron
microscope (HR-SEM) was shielded by Pb blocks (70mm thick) and was in-
stalled in gamma-ray shielding box (about 2x2x2m, LxWxH). Fig.l shows
a photo of the apparatus. The electron multiplier was also shielded by lead
plates to decrease noise due to gamma ray activity from the sample. Maxi-
mum load capacity was approximately 1.1 GBq of FPs, which corresponded
to about a lmm(W)xlOmm(L)xlmrn(H) fuel sample with a burnup of about
60GWd/t. The sample was transported by using a small lead casting cask and
was remotely put in the sample holder. An FE (field emission) type electron

212



gun and an in-lens type objective lens made it possible to obtain maximum
resolution of 8A and maximum magnification of 800,000x.

2.2 Knudsen cell mass spectrometer

A Knudsen cell mass spectrometer, Finnigan MAT model 271 mass spec-
trometer, was introduced for the purpose of understanding the release
behavior of gaseous and volatile FPs, the chemical state of FPs, and fuel
pellet O/M ratio. A photo of the modified apparatus for the radiation shielding
is shown in Fig.2. The high temperature furnace and mass analyzer were
shielded by Pb blocks (120mm thick) and stainless steel blocks (60mm thick).
The vacuum system and sample handling tool were installed in a frame which
prevented workers from approaching the shielding box. Maximum load capa-
city is about 0.6GBq of FPs. A small cubic sample (Immxlmmx 1mm) was
prepared and put in the Knudsen cell in the hot-cell, and transported by the
small Pb transporting cask. After setting the cell assembly by using a handl-
ing tool and the aid of a CCD camera equipped in the shielding box, the as-
sembly was then automatically moved into the furnace. Samples were heated
by radiation below 900°C and by electron bombardment from 900°C to
2000°C.

2.3 Thermal difftisivity measurement system

A thermal diffusivity measurement system, Shinku-riko model TC-7000
UVS, was introduced and installed in a gamma-ray shielding box (2.7x1.8x
2.5m,LxWxH). Maximum load capacity was about 0.3GBq of FPs. Specimens
of 3mm(j)xlmm thick were transported from the hot-cell by using a radiation
shielded cask. Thermal diffusivity was measured by the laser-flash method
over the temperature range from room temperature to 2000K. Preliminary
results from experiments are shown in Fig.3. Fig.3(a) shows the effect of
sample size on thermal diffusivity and Fig.3(b) shows the results conducted
on simulated high burnup pellets (SIMFUEL) of a size of 2mm<j>x 1mm thick,
which simulates irradiated fuels by doping them with soluble impurities
(synthetic mixture of oxides of FP elements). The results agreed well with
previous SIMFUEL measurements [9].

2.4 Mercury intrusion porosimeter

A mercury intrusion porosimeter, Carlo Erba Instruments Model 4000RA
porosimeter, was used to evaluate open porosity of irradiated fuel pellets. Pore
size and pore volume distribution in the range of 19 to 75,OOOA radius could
be determined by an electron static capacitance system. The analytical unit,
mercury intrusion apparatus and vacuum pump were installed in the hot-cell
and the pressurizing and control system were set in the operating area. The
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Fig.l A photo of high
resolution SEM

Fig.2 A photo of Knudsen
mass spectrometer

(a) Eflecl of sample size on thermal diffusivity (b) Thermal diffusivities of simulated fuels.
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(a) pellet center
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Fig.7 SEM and HR-SEM pictures of fracture surface
(pellet burnup: 45GWd/t)
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equipment was modified to allow manipulator operation. Results of mock-up
experiment using green pellets are shown in Fig.4. There was no deterioration
in maximum attainable pressure and other performance, due to the modifi-
cation for remote handling.

2.5 Dynamic ultramicro hardness measurement system

A dynamic ultramicro hardness measurement system, Shimazu model
DUH-50, was introduced to study the change in the cladding hardness at the
inner surface. The apparatus was installed in a gamma-ray shielded glove
box (1.2x1.2xl.7m,LxWxH). Maximum load capacity was about 0.03GBq of
FPs. Fig.5 shows a schematic drawing of the equipment. In order to measure
the hardness change along the cladding thickness precisely, a triangular based
pyramidal shaped indenter was employed rather than the quadrangular pyr-
amid indenter used for Vickers measurements. The variable load was applied
by an electromagnetic force with a resolution of around 20^iN, and the
indenter was attached to a linear differential transducer sensitive to
movements of lOnm. Dynamic hardness was calculated as the applied load
divided by the square of the penetration depth. A typical example of an
indentation impression is shown in Fig.6. The decrease in impression size
near the inner surface means that hardness decreased with increasing depth
from the inner surface.

0 100 200 300^-
Distance from pellet periphery(ß m)

400

Fig.8 Pictures of sub-divided grain structure
(pellet burnup: 45GWd/t)
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3. Results

3.1 High resolution SEM

Typical high resolution SEM pictures of a fracture surface of the irradiated
fuel pellet are shown in Fig.7. Compared with SEM pictures shown in Fig.7,
pellet microstructure was clearly observed. At the center portion of irradiated
fuel pellet, precipitation of gas bubbles smaller than 0.1 jxm were observed as
shown in Fig.7(a). Fig.7(b) and Fig.8 shows the unique microstructural change
so called rim structure observed at pellet rim in the fuel with the burnup of
about 45GWd/t. At a region about 20jim from the pellet periphery, as-
fabricated grains could not be observed, and the grains appeared to be divided
into sub-grains of about 0.1 to 0.3|j,m. The loss of definable grains and
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precipitation of many bubbles were identical to previously reported
observations [6,11]. As shown in Fig.8, the as-fabricated grains still appeared
to remain at about 370 |im from the pellet periphery, and the sub-divided
grain structure was also clearly seen there. Examples of high resolution SEM
pictures and pore size distributions are shown in Fig.9. Relatively large size
pores were distributed at the pellet periphery and a large number of gas
bubbles smaller than 0.1 jim were distributed at the pellet center. Optical
microscopy and high resolution SEM observations indicated that the
microstructural change with sub-grain structure extended deeper into the
interior of the fuel pellet than highly porous rim region [12]. The formation
mechanism of the rim structure has been elucidated by transmission electron
microscopy (TEM) studies at NFD, in which it was concluded that high
density dislocations and intragranular bubbles were formed by the clustering
of radiation-induced interstitial and vacancies, respectively, and their
accumulation with burnup extension caused sub-divided grains and coarsened
bubbles [13,14]. The accumulation of high resolution microstructure
observations are expected to contribute to obtain more accurate knowledge on
rim structure.

3.2 Dynamic ultramicro hardness measurements

Dynamic hardness distributions (converted to Vickers hardness) at the inner
surface of the irradiated zirconium liner cladding are shown in Fig.10 [3,15].
Hardness decreased with increasing depth from the cladding inner surface and
saturated at a depth of around lOjim, without regard to sample burnup. A
small increase in hardness with burnup observed at a depth of several microns
from the inner surface.

For the purpose of elucidating the hardening mechanism, IMA (ion micro
probe analysis) measurements, calculation of the depth profile of fission
fragments and thermal annealing experiments were conducted. Fig.ll shows
Cs-133 depth profile along the cladding thickness measured by IMA. Similar
to the hardness distribution, ion intensity increased near the inner surface and
the decrease of intensity saturated at a depth around 10 u,m from the surface.
And thermal annealing experiments showed that the hardness at a portion
deeper than lOpim from the inner surface decreased slightly by annealing and
a residual hardened layer was still observed at the region nearest to the
surface. From the results of these experiments, it seemed that the dominant
hardening mechanism for the region to a depth of lOjLtm from the inner
surface was damage and/or solution hardening induced by spike of fission
fragments and it was irradiation damage caused by fast neutrons for the
region deeper than 10 [im from the inner surface [15,16].

219



400-
o
>~a
o>
C
"S
03

£
0>

300

200

100

0

O: 18GWd/t
D: 35GWd/t
• : 42GWd/t

0 5 10 15
Depth from cladding inner surface(j*m)

20

Fig. 10 Hardness distributions at Zr-liner cladding inner surface
(sample burnup: 42GWd/t)

0 5 10 15
Depth from cladding inner surface(^m)

20

Fig. 11 Cs-133 ion distributions at Zr-liner cladding inner surface
(sample burnup: 42GWd/t)

220



4. Conclusions

In order to study high burnup fuel behaviors, several advanced apparatuses
were introduced. All were modified in order to apply for PIEs, but no
deterioration of their performance were confirmed by mock-up tests using non-
irradiated specimens. Some were applied to irradiated high burnp BWR fuels
and detailed informations about pellet microstructural change and about increase
in hardness of Zr-liner cladding inner portion were obtained.
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Abstract

The grain-boundary chemistry of used CANDU fuel is being systematically
investigated by X-ray photoelectron spectroscopy (XPS) using a McPherson ESCA-36
instrument that has been adapted for routine studies of highly radioactive materials.
Initial stages of fuel corrosion under various storage and disposal conditions can be
identified from chemical-shift effects for uranium. For example, pervasive but highly
selective grain-boundary oxidation has been revealed in CANDU fuels exposed to
moist air at 150°C for extended periods, suggesting aggressive radiolytic processes
operating in a thin film of adsorbed water. Pronounced segregation of a number of
fission products to cracks and grain boundaries in used CANDU fuels has been
explicitly demonstrated by XPS as well. Model calculations and composition depth
profiles are indicative of near monolayer films. Some correlations between fuel power
history and fission-product distributions have been established and possible evidence
of migration during moist-air exposure has been obtained. The key advantages and
limitations of XPS in this context are discussed and illustrated with selected results.

1. INTRODUCTION

The grain boundaries within ceramic U02 can play a central role in nuclear fuel
performance not only in-reactor but also during subsequent storage and after ultimate
disposal [1-4]. Accumulation of defects and fission products on grain boundaries
contributes to degraded heat transport and hence increased operating temperatures.
Several fission products that are known to migrate along grain boundaries and cracks
to the cladding have been implicated in fuel failures caused by stress-corrosion
cracking [5]. Segregated fission products are readily mobilized from defected fuel
elements immersed in reactor coolant or storage-pool water and also increase the
potential for release of radioactivity in the event of a severe accident [4]. Storage
experiments designed to assess the long-term oxidation of used fuel exposed to warm
air have revealed pronounced differences in behaviour as a function of relative
humidity [6]. In dry air, oxidation proceeds simultaneously into the grains as well as
down the grain boundaries and would normally be greatest in the vicinity of an element
defect; conversely, in moisture-saturated air, pervasive but extremely selective attack
occurs down the grain boundaries, which points toward aggressive radiolytic processes
operating in a thin film of adsorbed water. Finally, preferential leaching of segregated
fission products by groundwater could dominate the release of radionuclides from a
flooded disposal vault [3].

Fission products with limited solubility in UO2 segregate to the grain boundaries
during reactor operation by thermal and radiation-enhanced diffusion [1 -4,7-9]. Further
diffusion along the grain boundaries is generally presumed to be comparatively fast
and volatile species can be vented to the element void space through tunnels formed
by interlinkage of fission-gas bubbles on grain-boundary intersections [1,3,8]. Direct
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evidence for the accumulation of fission products on grain boundaries has been
provided by the detection of compressed Xe and Kr in discrete bubbles and the
frequent identification of metallic alloy particles containing Mo, Ru, Rh, Pd and Tc
[7,10]. The presence of other fission products, notably Cs and I, in a distributed form
on grain boundaries has been inferred from their preferential release in fuel leaching
experiments and recently confirmed using surface analytical techniques [3,10,11].
Mixed oxide inclusions have also been found at the grain boundaries in higher
power/burnup fuels [7]. The extent and nature of fission-product segregation is
correlated with the fuel power history in a complex fashion; typically, CANDU fuels
operate at higher power and hence with higher centreline temperatures but to lower
burnup than light-water reactor (LWR) fuels. The mechanical restraint provided by the
thin-walled, collapsed Zircaloy cladding on CANDU fuels may also strongly inhibit
development and interlinkage of fission-gas bubbles [11-13].

The oxygen potential within U02 fuels has been recognized as the most important
factor controlling their solid-state chemistry [7]. A small degree of hyperstoichiometry
(UO2+X with x < 0.01) increases thermal lattice diffusion rates by several orders of
magnitude through enhancement of the uranium vacancy population [2,4,11]. The
valence state of several key fission products (Mo, Te, Sn, Cd and Tc) also changes
over the accessible range of oxygen potentials, with profound implications for their
segregation behaviour. All as-fabricated UO2 fuels are probably slightly
hyperstoichiometric (x < 0.001) and there can be a further increase in the oxygen
potential with burnup. Plutonium fission is more oxidizing than uranium fission because
it yields a larger proportion of the noble metals [7]. The impact of burnup should thus
be greater for low-enriched or natural UO2 fuels, like CANDU , which burn more 239Pu
than 235U [14]. Consumption of oxygen by the Zircaloy cladding could severely
decrease the oxygen potential in U02 fuels; however, the conditions under which this
occurs remain uncertain. The CANLUB graphite layer on the interior cladding surface
of CANDU fuels appears to act as an effective barrier to oxygen gettering by the
Zircaloy at least under normal operating conditions [15].

The grain-boundary chemistry of used CANDU fuel is being systematically
investigated by X-ray photoelectron spectroscopy (XPS). This technique offers high
surface specificity, with a sampling depth of ~1 nm, quantitative analysis capability and
detailed chemical-state information. The surface morphology of each sample is also
examined, for fracture mode and other key features, by scanning electron microscopy
(SEM). About 200 discrete fragments obtained by intergranular fracture of CANDU
pellets, spanning a range of power histories and storage conditions, have been
characterized. Determination of the degree of oxidation of the U02 grain boundaries
after prolonged exposure to dry or moist air has remained a prime objective throughout;
however, fission-product distributions have increasingly become the focus for studies
of fuel from defected as well as intact elements. The principal advantages and
limitations of XPS in the present context will be illustrated with selected results taken
from recent work.

2. EXPERIMENTAL PROCEDURES

A McPherson ESCA-36 instrument has been extensively upgraded to achieve
enhanced performance and specifically adapted for XPS studies of small highly
radioactive samples [16]. X-ray photoelectron spectra are excited by Mg Ka radiation
and precisely referenced to the Fermi level using various primary and secondary
standards. Data are collected from a rectangular area on each fuel fragment, -400 urn
by ~2 mm, determined by the focussing properties of the spectrometer and electronic
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aperturing of the position-sensitive detector. The results thus constitute an average
over about 104 individual fuel grains, which represents a significant limitation of the
present system. Composition depth profiles are compiled by sequential XPS analysis
and Ar+ sputtering at a rate of 1 Â/min calibrated for UO2. Further details of the
instrument modifications and operating procedures have been reported elsewhere
[6,11,16-18]. The SEM examinations are performed subsequently using a shielded
Hitachi model S-570 microscope equipped with a Microspec model 2A wavelength
dispersive X-ray analyzer [19].

The high surface specificity of XPS necessitates particular caution to avoid
contamination during sample preparation. Flowing Ar is used to cool the Zircaloy
cladding as it is cut, to the minimum extent required, with a silicon-carbide or slow-
speed diamond saw. Because of the radiation fields involved, all of the preliminary
operations must be done remotely in a hot cell, but the final, critical steps are
performed manually, using long tweezers, in a shielded fume hood. Discrete fragments
of fuel, normally ~3 mm in size, are affixed to individual AI mounts using Ag-based
conductive epoxy, which is then masked with colloidal carbon. Typical radiation fields
are ~1 R/h y and -100 rad/h ß measured at a distance of ~5 cm. The radiation
exposure incurred through preparation of a batch of 4 typical CANDU fuel fragments,
mounted together on the instrument carousel, is now <20 mrem to the whole body and
<250 mrem to the hands.

The strategy employed to obtain suitable fuel fragments for XPS analysis has
evolved to meet divergent requirements. Where the objective is to assess the
chemistry within grain boundaries penetrated by storage atmospheres, loose shards
of fuel are selected from previously fragmented pellets. Vibrations during element
handling and cladding removal are sufficient to cause pronounced crumbling of CANDU
fuel pellets after prolonged exposure to dry and especially moist air at 150°C. Crack
surfaces formed in-reactor can be sampled in a similar fashion for higher power fuels.
Conversely, where the objective is to access previously intact grain boundaries, large
chunks of fuel or whole element segments are partly crushed in a vice. This method
is appropriate for exploring the initial stages of fission-product segregation but has
some risk of yielding transgranular fracture. The relatively brief air exposure that
occurs during fragment selection and mounting is considered insignificant for long-term
storage experiments; however, it is a key limitation for studies of intact fuel. Radial
location can also be specified in only a rudimentary fashion when the fuel is severely
fragmented.

The grain-boundary chemistry of the 14 CANDU fuels listed in Table I has now
been investigated to varying degrees using XPS; surface alteration of fragments from
several other fuels leached in groundwater or exposed to storage-pool water has also
been studied but will not be considered here. After exploratory work on intact element
BF12059C/18 had demonstrated the potential of the technique, fission-product
segregation was thoroughly characterized for intact element BF21271C/15
(bundle/element) [11]. Limited measurements were performed on the next four fuels
in Table I, because their greater specific activity restricted the acceptable sample size
and increased the difficulty of obtaining good data. This reflects another important
limitation of the present active XPS system: only fuels with modest burnup and/or long
cooling times can be readily accommodated. Extensive XPS studies have been
conducted on the remaining eight fuels in Table I, after exposure to either dry air
(CEX-1) or moisture-saturated air (CEX-2) at 150°C for prolonged periods. At the
beginning of these storage-exposure experiments, the outer elements of intact fuel
bundles were intentionally defected by drilling a single 3 mm diameter hole through the
cladding. In several cases, fuel from two different elements belonging to the same
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bundle has now been analyzed during successive interim storage examinations (ISE)
several years apart. For about a decade, the fuel bundles were stored in sealed
containers with a limited air supply, which was replaced only during the infrequent ISE,
but this has recently been changed to unlimited (CEX-1) or frequently replenished
(CEX-2) air.

TABLE I. HISTORIES OF USED CANDU FUELS STUDIED BY XPS

Fuel3 Burnup Linear Power1" Discharged
Bundle (MW-h/kg U) (kW/m) (month/year)

BF12059C
BF21271C
BG38031W
BJ98324C
BJ98315C
BJ03311W
BE04323C
BF06605C
P26244C
P11171W
BF18910C
P30053C
PA08336W
BF17267C

269
328
311
605
583
543
186
212
222
204
181
203
260
239

50(38)
50(39)
51(40)
54(42)
48(43)
58(42)
33(30)
39(32)
48(44)
50(46)
22(21)
43(40)
45(41)
53(36)

09/1979
05/1979
04/1985
06/1988
06/1988
06/1988
12/1977
12/1977
12/1973
12/1973
12/1977
10/1973
12/1976
04/1979

Fission-Gas
Release (%)

3.4
2.8
2.9

14.8

23.3
0.09
0.16

5.3
0.05

2.3
1.7

Subsequent
Exposure0

Intact
Intact
Intact
Intact?
Defect
Intact?
CEX-1
CEX-1
CEX-1
CEX-1
CEX-2
CEX-2
CEX-2
CEX-2

a Information provided on outer elements of the designated fuel bundles.
b Peak linear power with burnup-weighted average power in parentheses.
c Intentionally defected elements that were stored in dry air or moisture-saturated

air at 150°C for extended periods are designated CEX-1 and CEX-2 respectively.

3. RESULTS AND DISCUSSION

3.1. Grain-boundary oxidation

The original motivation for undertaking XPS studies of used CANDU fuel was
provided by the unexpected observation of widespread grain pullout in
metallographically prepared element sections during the first ISE for the CEX-2
experiment [20]. Although selective oxidation of the UO2 grain boundaries was
suspected, attempts to confirm this by XRD or FTIR analysis and SEM examinations
proved fruitless. Procedures had been previously developed to determine the degree
of surface oxidation of unirradiated U02 electrodes from chemical-shift effects in the
uranium photoelectron emission spectrum [21]. Figure 1 illustrates the method with
examples taken from recent studies of used CANDU fuel. Curve resolution of the
broadened U 4f7/2 peak envelope into two components identified with uranium in the
+4 and +6 valence states yields a quantitative measure of the degree of oxidation of
the fragment surface. The relative intensity of the U 5f peak, which progressively
declines as UO2 is oxidized to U03, offers an independent, but qualitative check on the
curve-resolved measurement. For the examples shown, the slight oxidation (<10 %U6+)
determined for the transgranularly fractured shard from the intact element is typical of
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Figure 1. Curve resolution of the U 4f7/2 peak envelope into U4+ and U6+ components

for two fragments of used CANDU fuel: fresh transgranular fracture (TGF)
surface after 1 day in room air and intergranular fracture surface after
extended exposure to dry air at 150°C (CEX-1).
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clean U02 after modest air exposure, whereas the severely oxidized (>80 %U6+) CEX-1
fragment reflects prolonged exposure to dry air at 150°C.

Pervasive grain-boundary oxidation (GBO) of used CANDU fuel exposed to
moisture-saturated air at 150°C was confirmed by XPS analysis of 16 fragments from
elements BF17267C/8 (58 months) and A08336W/7 (69 months) during the second ISE
for the CEX-2 experiment [6]. On average, the degree of surface oxidation of these
fragments was determined to be 66 %U6+ and 50 %U6+ respectively. Consistent with
widespread grain pullout throughout the elements, there was little indication of any
trend in GBO as a function of distance from the cladding defect. Extensive XPS
measurements on many fragments from additional elements of all four CEX-2 fuels
were completed during the third ISE, after up to 93 months cumulative exposure [18].
Unfortunately, the BF17267C pressure vessel leaked during the third storage period
and the fuel showed evidence of dry-air exposure, but still with the greatest GBO,
50 %U6+ on average. The least grain-boundary attack was found for the two lower
power/burnup fuels, with only 39 %U6+ and 23-40% grain pullout on average.
Surprisingly, the average %U6+ measured for the A08336W/13 fragments (third iSE)
was slightly less than that determined previously for A08336W/7 (second ISE). This
may simply reflect almost total consumption of the available O2, which probably
occurred within the initial three weeks of the storage period.

Indirect evidence from SEM examinations and increased grain pullout,
approaching 100% for A08336W/13, certainly indicated progressive grain-boundary
attack. Scattered patches of fine-grained secondary crystallization were located on
otherwise clean intergranular-fracture surfaces, especially on fragments from near the
cladding defect. Formation of dehydrated schoepite crystals by a dissolution-
precipitation mechanism in a thin film of adsorbed water has been suggested [18],
possibly followed by partial reduction to U308 during the 02-depleted phase [22]. A
network of microcracks was also observed on many grain surfaces, which is
characteristic of the growth of a U3O7 layer on U02 more than 20 nm thick [18,22].
Analysis of powdered fuel by XRD, even from the vicinity of the cladding defect, still
revealed little or no indication of bulk oxidation. Characterization of more fuel after 22
months of further exposure to moisture-saturated, frequently replenished air at 150°C
is now in progress.

Selective internal oxidation of used CANDU fuel exposed to dry air at 150°C was
initially demonstrated by XPS analysis of 8 fragments from element BF06605C/8
(second ISE of CEX-1 experiment, after 99 months cumulative exposure) [6]. The
degree of fragment surface oxidation was greatest near the cladding defect (55 %U6*)
and generally declined with distance away from it (to <30 %U6+). Metallographie
examinations showed extensive grain pullout in the vicinity of the cladding defect (over
about 6 pellets) and limited grain pullout, mainly along cracks, elsewhere. Because the
gentle procedures used to obtain fragments for XPS analysis would have favoured
existing cracks and well-penetrated grain boundaries, the XPS results are qualitatively
consistent with the overall pattern of attack. Bulk oxidation of grain cores was visible
only near the cladding defect and tentatively identified as U307 by XRD [6]. Analysis
of the residual storage atmosphere revealed partial (-70%) consumption of the
available 02 and further exposure was therefore conducted in unlimited air.

Extensive XPS measurements on many fragments from additional elements of all
four CEX-1 fuels have recently been completed, which indicate significantly advanced
oxidation during this last storage period (40 months at 150°C in unlimited air). The
degree of surface oxidation, 70 %U6+ on average, was determined to be essentially
independent of the fuel power history; however, a distinct trend with distance from the
cladding defect, declining from >90 %U6+ near it to <60 %U6+ toward the far end of the
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element, was still apparent. Visible indications of GBO in secondary electron images
were still muted, consisting mainly of grain-edge separation plus scattered, very fine
grained, secondary crystallization (possibly U308 nucleation). Further evaluation of
data from the third CEX-1 ISE are in progress and the results will be reported in more
detail later.

A modest degree of uranium oxidation (-25 %U6+ on average) has also been
consistently measured by XPS for fragments obtained from intact CANDU fuels by
intergranular fracture. Because significant levels of various fission products (below)
were always found on these surfaces as well, limited GBO could be associated with
their in-reactor segregation. Alternatively, the presence of the fission products might
have simply accelerated oxidation during the brief air exposure when the fragments
were being selected and mounted. The detection of oxidized tellurium on grain
boundaries appears to support the former argument, as a comparatively high oxygen
potential would be required to stabilize it even as a mixed oxide [7,11]; by comparison,
tellurium segregated in an elemental state would be expected to occur as particles with
a low effective surface coverage. Grain-boundary oxidation has also been inferred
from more conventional post-irradiation examination of high-burnup intact CANDU fuels
but remains unproven and controversial [15].

3.2. Fission-product segregation

Pronounced segregation of fission products to cracks and grain boundaries in
CANDU fuels has now been well established by XPS, despite the few studies of intact
elements that have been conducted: Cs, Rb, Te and Ba have been commonly found,
often at high levels of surface enrichment, whereas lesser amounts of Mo, Cd, Sn, Sr
and I have been occasionally detected. The more extensive data on fuels exposed to
storage conditions provide valuable support, although there are subtle indications of
changes in fission-product distributions during the exposure period that need to be
recognized. Chemical-shift measurements are generally indicative of oxidized species,
probably mixed uranates, except for the identification of iodide [11]. As noted above,
caution must be exercised in inferring the in-reactor chemistry, because even the
fragments from intact elements were air-exposed, albeit briefly. Segregation at
monolayer-leve! coverages has been confirmed by sequential XPS analysis and Ar+

sputtering. Calculations based upon an idealized thin-film model are consistent with
the composition depth profiles [11]. The results from recent studies appear to offer
further insight into the dependence of fission-product segregation on power history.

Low-binding-energy portions of XPS spectra recorded from fragments of
BJ98324C/3 fuel (unsputtered) and BG38031W/1 fuel (unsputtered and after Ar+

sputtering for 1 and 3 min) are displayed in Figure 2. The distributions of Cs, Rb and
Ba within BG38031W/1 are similar to those previously detailed for BF21271C/15, which
was operated at almost the same power to comparable burnup [11]. Silicon
contamination, probably introduced as an impurity during fuel fabrication, has
contributed some excess intensity to the peak at ~104 eV, through overlapping of Si 2p
and U 5d3/2 emission, but is largely removed after just 3 min of Ar+ sputtering. The
relative abundance of barium here is again rather below the level that would be
expected just from ß-decay of 134Cs and 137Cs since the fuel was discharged. As
discussed elsewhere in detail [11], there are two potential explanations for this
apparent barium deficiency: (1) isotopic fractionation of cesium in the segregation
process could lead to an enhanced proportion of stable 133Cs on the grain boundaries,
and (2) the recoil energy of 134Ba and 137Ba nuclides created during storage by ß-decay
of segregated 134Cs and 137Cs could be sufficient to allow local redistribution. Diametral
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Figure 2. Low-binding-energy portions of XPS spectra recorded from fragments of
BJ98324C/3 and BG38031W/1 fuels.

230



12 pm

Figure 3. Secondary electron images of three fragments from intact CAN DU fuel
elements: (a) BG38031W/1, (b) BJ98324C/3 and (c,d) BJ03311W/4.
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y-ray scans of BG38031W/1 sections for 134Cs and 137Cs showed modest cesium
release from the central 3-4 mm and suggested a slight dip in the 134Cs/137Cs ratio,
equivalent to scans of BF21271C/15 sections [11]. The morphology of the clean
intergranular fracture surface of the BG38031W/1 fragment, as revealed by SEM
examination (Figure 3a), with extensive fine texture rather than distinct fission-gas
bubbles on many grain faces, was also similar to that reported for BF21271C/15 fuel
[11].

The BJ98324C/3 fragment by comparison (Figure 3b) exhibits more coarsely
textured grain surfaces dusted with an exceedingly fine-grained precipitate; absence
of appreciable grain growth indicates a non-core location. Combined with the intense
Cs 4d spin-orbit doublet (Figure 2), the strongest yet observed relative to the U 5d
emission for any fragment, this suggests development of a heavier fission-product
deposit, probably in a cooler region of the pellet. Another fragment from the core
region of the even higher power BJ0331W/4 element (Figure 3c, 3d) showed equiaxed
grain growth, well-developed fission-gas bubbles decorated with noble metal particles
and grain-edge tunnels; however, only minor levels of Cs and Ba were detected on it
by XPS. Diametral y-ray scans of BJ98324C/3 and BJ03311W/4 sections for 134Cs
and 137Cs revealed almost complete exclusion of cesium from the central 6-7 mm, in
qualitative agreement with the XPS and SEM findings. Inhibition of fission-gas tunnel
formation, through the mechanical restraint provided by the collapsed cladding, is
evidently a significant factor in retaining volatile fission products on the grain
boundaries within the core region of more typical CANDU fuels [11].

Representative low-binding-energy portions of XPS spectra recorded from typical
fragments of the four CEX-2 fuels (after cumulative exposure for up to 93 months) are
compared in Figure 4. The relative abundances of the fission products Cs, Ba and Rb
on the surface increase with peak linear power for the first three fragments but then
decrease somewhat for BF17267C/14; a better correlation is obtained with burnup-
weighted, average linear power. Different fragments of each fuel showed some
variability, especially in barium, without changing the overall trend. As illustrated in
Figure 5, there is no clear dependence of the fission-product abundances on radial
location, but possibly a modest increase with distance from the cladding defect. The
high peak power reported for BF17267C is misleading because it was achieved early
in the irradiation and maintained for only a short period. A comparatively low fission-
gas release (Table I) and the absence of any radial migration of cesium, as indicated
by diametral y-ray scans for 137Cs, are also consistent with modest fission-product
segregation. Assignment of the minor feature near 133 eV in the BF18910C/8
spectrum to Sr 3d emission is reasonably convincing — it has also been seen for
several additional fragments of the same fuel and is eliminated by Ar+ sputtering
(Figure 6) — but is nonetheless perplexing. Strontium is relatively soluble in the
uraninite matrix and no indication of its presence has been detected by XPS for any
other fuel [7,11 ]. Examination of the BF1891OC/8 fragments by SEM revealed mainly
smooth intergranular fracture surfaces (in the absence of secondary crystallization) with
large, isolated sintering pores [18]. Fine texturing of grain faces was common only for
the fuels operated at higher power, with BF17267C/14 possibly showing rather less
than P30053C/7, and distinct fission-gas bubbles were rare even for PA08336W/13.

A sequence of low-binding-energy XPS spectra collected from one fragment of
PA08336W/13 fuel, at increasing intervals of Ar+ sputtering, is displayed in Figure 7.
The pattern of fission-product removal seen here is similar to that observed for
fragments taken from intact elements and indicates monolayer-level coverage with
probably some inhomogeneity [11]. Conversely, the initial abundance of barium is
unusually high and even exceeds that of cesium. Generally higher levels of Cs and
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Figure 4. Representative low-binding-energy portions of XPS spectra recorded from
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Rb but lesser amounts of Ba were found by XPS on PA08336W/7 fragments during the
second ISE (after 69 months of storage exposure) [17]. This could merely reflect
variability from one fuel element to another; however, it may also be evidence of
fission-product migration and subtle redistribution on grain boundaries exposed at
150°C to moisture-saturated air. Analyses of the storage-container atmosphere and
water have demonstrated continued, significant release of Xe, Kr and Cs from the
defected elements [17].

Representative XPS spectra covering the 210-260 eV binding-energy range,
collected from typical fragments of the four CEX-2 fuels during the third ISE, are
displayed in Figure 8. Rubidium and cesium both have secondary photoelectron peaks
in this region (Rb 3p1/2 - 247 eV, Rb 3p3/2 - 238 eV and Cs 4s » 232 eV), which are
clearly seen only for the PA08336W/13 fragment with the greatest surface abundance
of these elements. The other three spectra all show distinctive Mo 3d doublets, at
binding energies characteristic of molybdenum in the +6 valence state, although MoO3
cannot be easily distinguished from a molybdate [23]. Further oxidation of
molybdenum presumably occurred during the storage exposure, but whether it was
initially in a tetravalent or metallic state remains uncertain. Oxidized molybdenum has
been commonly observed at similar and higher levels on other fragments of low-
intermediate power/burnup fuels from the CEX-1 and CEX-2 experiments [11]. The
higher power/burnup CANDU fuels that show the greatest segregation of other fission
products have rarely yielded any convincing evidence of molybdenum regardless of
exposure.

The relatively clear Mo 3d emission obtained from BF17267C/14 fragments may
again reflect the duplex power history of this fuel, which was operated below 30 kW/m
throughout the final 30% of the irradiation period. Thus, unlike other fission products,
the presence of molybdenum in a distributed form on CANDU fuel grain boundaries
has a strong inverse correlation with linear power and/or burnup. There are several
potential explanations for such odd behaviour in terms of molybdenum speciation. For
example, high power might favour rapid incorporation of segregated molybdenum into
noble-metal alloy particles where it would be effectively hidden from XPS [7,11].
Alternatively, increased oxygen potential at higher burnup could favour growth of
molybdenum-rich oxide inclusions [7]. Possible redistribution as well as (further)
oxidation of molybdenum during exposure to storage conditions would also be very
sensitive to the segregant form.

4. SUMMARY AND FUTURE DIRECTIONS

X-ray photoelectron spectroscopy has emerged as a powerful technique for
investigating the grain-boundary chemistry of used nuclear fuel. The initial stages of
UO2 oxidation can be quantitatively measured before any significant bulk alteration is
detectable using classical analysis methods. This capability has been exploited to
characterize the nature and extent of pervasive grain-boundary attack in used CANDU
fuels exposed to moist or dry air at 150°C for prolonged periods. Segregation of
various fission products to cracks and grain boundaries within used CANDU fuels has
been unequivocally demonstrated by XPS. Relative elemental abundances can be
determined semiquantitatively and new information on chemical speciation is available.
Some correlations between fuel power history and fission-product distributions have
been established, although the rich complexity of detail suggests greater potential yet
to be realized. Evidence of fission-product migration and redistribution on grain
boundaries during moist-air exposure has been obtained as well.
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Evaluation of extensive XPS data on used CANDU fuel exposed to unlimited dry
air at 150°C for 40 months is currently in progress. Further XPS studies of used
CANDU fuel exposed to moisture-saturated, replenished air at 150°Cfor22 months are
just underway. There is a dear necessity for an expanded data base on fission-
product segregation within intact CANDU fuels over a wider range of power histories.
The methodology employed to extract, select, mount and verify fuel fragments for XPS
analysis has continued to evolve, but this remains a critical and difficult task. Improved
control over radial location and refinement of fracture techniques is both desirable and
feasible.

A second generation active surface analysis facility could be designed to
overcome other important limitations of the existing capability. Recent advances in
XPS instrumentation would permit chemical-state imaging at the UO2 grain level.
Some uncertainties associated with current sample preparation could be eliminated by
in situ fracture of fuel cores in a suitable ultra-high vacuum chamber. An auxiliary
high-performance electron gun would allow prior verification of fracture mode by
scanning electron microscopy and elemental mapping by scanning Auger microscopy.
Finally, higher burnup, advanced CANDU or LWR, fuels and shorter cooling periods
should become accessible through reduced sample volume requirements and improved
shielding options.
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Abstract

A melting temperature measurement technique for irradiated oxide fuels is described. In
this technique, the melting temperature is determined from a thermal arrest on a heating curve
of the specimen which is enclosed in a tungsten capsule to maintain constant chemical
composition of the specimen during measurement. The measurement apparatus is installed in
an alpha-tight glove box within a gamma-shielded cell and operated remotely. The irradiated
oxide fuels are enclosed in a sealed tungsten capsule in order to prevent from chemical
composition change of the fuels during a measurement. The melting temperature is determined
from a thermal arrest on the temperature history curve. Excellent reliability of the
measurement is demonstrated through measurement of reference materials. The obtained
results on unirradiated and irradiated oxide fuels show that the melting temperature of
unirradiated (U, Pu)O2 fuels decrease with plutonium content at a rate of about 5 K per 1 wt%
of PuO2 addition, and that the effect of burnup on the melting temperature of (U, Pu)O2 is
considered to be negligible at burnup up to 36 GWd/t.

Introduction

In a design of oxide fuel rod, temperature of fuel pellet centerline is limited not to exceed
the melting temperature of a fuel pellet. During irradiation, the melting temperature of fuel is
considered to decrease slightly with increasing burnup due to buildup of soluble fission
products in a fuel matrix. Chemical composition of fuel also changes and affects the melting
temperature. Accurate evaluation of melting temperature is important especially for designing
high burnup fuel.

For irradiated and/or unirradiated UO2 and (U, Pu)O2 fuels, many workers have
determined melting temperatures by so-called V-shaped filament method [1]. However, there
have been large variation in the results which might be caused by the change of the oxygen to
metal ratio and/or the vaporization of the specimen at high temperature. To avoid these effects,
Lyon et, al. applied the thermal arrest technique to determine solidus and liquidus
temperatures for unirradiated UO2-PuO2 phase diagram [2]. In this technique, an oxide fuel
specimen is heated within an sealed tungsten capsule, so that effects of the composition
change and vaporization of specimen can be avoided during a measurement. Aitken and Evans
[3] also evaluated the melting temperature of unirradiated (U, Pu)O2_x as a function of
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plutonium content and oxygen stoichiometry, 2-x, using this technique. However, the melting
temperature of irradiated fuel is not included in these reports. At the AGF/PNC, this technique
has been applied to determine the melting temperature of irradiated fuels remotely and
accurately. For more than ten years, measurements of the melting temperature were performed
on UO2 and (U, Pu)O2 fuels irradiated in fast breeder reactors (FBRs), an advanced thermal
reactor (ATR), and/or boiling water reactors (BWRs). In this paper, the melting point
measurement technique at the AGF/PNC together with recent advancement and some results
for water reactor fuels are described.

Specimen Preparation

Specimens to be examined are both irradiated and unirradiated UO2 and (U, Pu)O2 fuel
pellets. Irradiation of these fuel pellets were performed at BWR and ATR type power plants in
Japan up to 36 GWd/t. Initial plutonium content for (U, Pu)O2 fuel pellets varies from 2 wt%
to 6.2 wt%. At first, fuel pellets are granulated by either drilling or crushing in order to pack
the fuel specimen into a tungsten capsule. For irradiated fuel pellets, an irradiated fuel pin is
cut into small pieces about 40 mm in length and claddings are removed,before granulation.
Then about nine grams of granular fuel is carefully introduced into the capsule. The capsule
containing the granular fuel is then sealed in a high vacuum of 10"* to 10"5 Torr by an electron
beam welding machine. The welding machine has a specially designed cold chiller which
consists of a copper chuck lined with tantalum, so that temperature of the specimen can be
kept low enough to maintain original chemical composition of the specimen during welding.
These preparations are carried out remotely in an alpha-tight glove box inside a
gamma-shielding cell.

Description of the Melting Temperature Apparatus

The main part of the apparatus is located in a gamma-shielding cell. Schematic drawing
of the apparatus is shown in fig. 1. The furnace unit is installed in an alpha-tight glove box
inside the cell. The vacuum chamber is evacuated to 10"5 Torr. The specimen, sealed in a
tungsten capsule, is located in a tungsten crucible which is set in the center of the induction
furnace to heat up the tungsten capsule uniformly. The water cooled concentrator is equipped
to provide the magnetic field with the crucible efficiently and to shield glass furnace from high
temperature radiation.

A schematic drawing of temperature monitoring system is shown in fig. 2. The
temperature of the specimen is continuously monitored by two sets of two-color pyrometers.
Heating power is controlled by a signal from the upper pyrometer. The temperature of the
specimen is monitored with the lower pyrometer sighted on a small diameter well at the
bottom of the capsule, which simulates a black body. The light path traverses through the
revolving protection glass disk, the vacuum enclosure window, and the shielding cell
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window. The revolving protection glass disk which is nearest to the furnace, prevents the
vacuum enclosure window from being coated by vapor deposition. When the protection disk
is dimmed, the disk is rotated to provide a new clean light path.

Since the heat of fusion of oxide fuels is relatively small, it is preferable to increase the
specimen weight and also to reduce the wall thickness of the capsule to obtain a clear arrest.
Specimens of about 9 gram and a capsule of 14 mm diameter, 40 mm long, and 1.5 mm thick
are most appropriate for our measurements. The specimens are heated at a rate of 20 K/minute
usually. The solidus temperature is determined from thermal arrest temperature on the heating
curve.

Generally, the temperatures measured by two-color pyrometer are affected by several
reasons such as emissivity change, vapor deposition on the glass window, and so on. In our
measurement, to obtain accurate temperature, two reference capsules containing pure
molybdenum (2903 K) and tantalum (3263 K) respectively, are heated before and after every
measurement. Then, the measured temperature of a fuel specimen is calibrated against these
references[4].

Recently, the temperature monitoring system was modified to improve accuracy and
reproducibility of the measurement. The modification mainly consists of two parts,
improvement in monitoring the temperature of the tungsten capsule and in the calibration
procedure.

The tungsten capsule has a small diameter well at the bottom. The objectives of this well
are to measure temperature of fuel specimen within the capsule directly, and to keep
emissivity of the capsule constant during a measurement. However, its small diameter (1 mm)
and long distance (2 m) between the well and the pyrometer caused low signal to noise ratio
of the temperature monitoring system. Furthermore, thermal expansion of the apparatus
disturbed constant sighting of the two-color pyrometer at such a narrow well. To eliminate the
noise and keep constant sighting, the diameter of the well was enlarged up to 2 mm.
Consequently, higher signal to noise ratio and exact sighting were obtained.

As mentioned above, in order to obtain accurate temperature, measured apparent
temperature is calibrated against the reference temperatures. In the former procedure, the
melting of reference metals was detected by direct observation of specimen surface, and the
melting temperature was determined by the temperature of the black body well measured by
the lower two-color pyrometer at the instance when the melting was detected. However,
improvement of signal to noise ratio of temperature monitoring system enabled detection of a
thermal arrest for the reference metals, which increased reproducibility, consequently.

Experimental Results and Discussions
1) Reliability of the measurement

Typical heating curves for unirradiated UO2 measured by the former temperature
monitoring system[5] and by the new one are shown in fig. 3. Improvement in signal to noise
ratio is clearly seen. Also seen is that both curves have clear plateau. Averaged melting

244



2900

u
oo
D-a

(Ual

2850

2800

2750

2700

2650

Thermal ï rrest

2900

0 102 4 6 8
Time (minutes)

a) monitored by the former system.

2850

U
ob
-ë 2800

§
«
g. 2750

1

2700

2 4 6 8 10
Time (minutes)

b) monitored by improved system.

Fig. 3 Monitored heating curves for UO2. (The temperature is not calibrated.)

\ i i . , . . . . , , .

3300

^ 3200

g 3100

Ç Method
V-shaped filament method
Thermal
Thermal

arrest method
arrest method

^ + Improved

- 4
£ i I IT I L

H 1 $ i 55 Ï
g> 3000» I -1 *T
Sl

2900

osnn

r T i »•§ f» — -* ^^IP

"*

(

[jF
r •

apparatus

i ,
k T^

jLr
^r ^^ •

* **

À

k

t

PuO?(wt%) Reference ^ .
A 20-25 Krankota et al. [8]
D 18-20 Komatsu et al. [9]

• 29 Yamamoto et al. [7] -y

i
i

_

k

-

* • '
—

1 , L I I I . , 1 • 1 1 1 •

20 40 60 80

Burnup (GWd/t)

100 120 140

Fig. 4 Determined melting temperature of irradiated (U, Pu)O 2 fuels by various
measurement methods.

245



temperature of several independent measurements on U02 specimen is 3118 ± 12 K, and is in
excellent agreement with the IAEA recommended value of 3120 ± 30 K evaluated by Rand et.
al. [6].

As to reference metal specimens, the melting temperature of several molybdenum and
tantalum specimens were examined. Obtained standard deviation in six molybdenum
specimens using the former temperature monitoring system and the modified one is 15 K and
3 K, respectively, and that in six tantalum specimens is 19 K and 4 K, respectively.
Considerable advancement in reproducibility is obvious.

Fig. 4 shows the melting temperature of (U, Pu)O2 fuels irradiated in FBRs as a function
of burnup, comparing the data measured by Yamamotoet al.[7] with the results reported by
Krankota and Craig [8] and by Komatsu et al.[9]. Krankota et al. obtained by V-shaped
filament method. Yamamoto et al. used thermal arrest technique with the modified temperature
monitoring system at AGF/PNC and Komatsu et al. measured by the same thermal arrest
technique at AGF/PNC, but with the former temperature monitoring system. By comparison
of measurement uncertainty among these three measurements, prominent reliability is
confirmed.

2) The effect of plutonium content
The melting temperature of unirradiated (U, Pu)O2 fuel for the BWR, the ATR [10], and

the FBR use was measured at AGF/PNC. The data are plotted against plutonium content in
fig. 5, comparing with the data reported by Lyon et al. [2]. The melting temperature decreases
with an increase in plutonium content. Lionet al. obtained solidus and liquidus temperatures
of unirradiated UO2-PuO2 system. Their melting temperatures also decrease monotonously
with plutonium content.

Epstein [11] correlated the melting temperatures of (U, Pu)O2 applying ideal solution
theory. If a binary system of UO2 and PuO2 is treated as ideal solution, composition and
melting temperature are calculated by the following equations:

Ahm(U02)
R

Ahm(Pu02)
R

1
Tm(U02)

1
Tm (Pu02)

1
T>-m

1
T-1 m

1-lnI
-In

XS(U02)

X* (PU02)
Xs (PuU2)

where Tm is the melting temperature of the UO2 - PuO2 solution, Tm(i) and Ahm(i) are the
melting temperature and the heat of fusion, respectively, of the pure substance i, X'(i) and
Xs(i) represent the mole fraction of component i in the liquid and solid solution, respectively,
and R is the gas constant.

The calculated melting temperatures are shown in fig. 5. The calculated value is in good
agreement with measured, and decreasing rate of melting temperature is estimated to be about
5 K per 1 wt% of PuO2 addition.
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3) The effect of burnup
The melting temperature of UO2 and (U, Pu)O2 fuel irradiated in water reactors up to 36

GWd/t measured at AGF/PNC is shown in fig. 6 as a function of burnup, including the data
previously reported by Yoshikawaet al. [10] and Yamanouchi et al. [12]. Dependency of the
melting temperature on plutonium content is still obvious after irradiation. However, the
burnup dependence of the melting temperature is not clear among the data with the same initial
plutonium content. This may be partly because the experimental data for each plutonium
content are not enough to evaluate it.

As shown in fig. 4, the burnup dependence of the melting temperature of (U, Pu)O2 fuel
irradiated in FBRs is clear [7], and decreasing rate was estimated to be about 5 K per 10
GWd/t for 29 wt% PuO2 -UO2 fuel. Ignoring the difference in plutonium content, using this
rate, decrease of the melting temperature at the highest burnup investigated can be deduced to
be 18 K. This value is almost comparable to experimental uncertainty. Therefore, additional
measurements on the higher burnup water reactor fuels beyond 40 GWd/t may make the
burnup dependence clear.

Christensen [1] measured the melting temperature of irradiated UO2 fuel by V-shaped
filament method, and found decrease with burnup at a rate of 3.2 K per 1 GWd/t, which
decrease rate is illustrated in fig. 6. Bates also measured the melting temperature of UO2 fuel
irradiated up to 8 GWd/t by V-shaped filament method, and detected no melting temperature
decrease with burnup[13]. In V-shaped filament method, small amount of fuel specimen is
heated on a V-shaped filament and is free to vaporize incongruently. These are thought to
cause chemical composition change of the specimen and affect measurement reliability. Our
measurement is based on thermal arrest technique, in which fuel is sealed in a tungsten
capsule to maintain chemical composition during heating, and highly reliable. Thus the effect
of burnup on the melting temperature of UO2 and (U, Pu)O2 is considered to be almost
negligible at burnup up to 36 GWd/t.

Summary

A technique for melting temperature measurement on irradiated oxide fuels is described.
In this technique, the fuel is enclosed in a sealed tungsten capsule to prevent chemical
composition change, and heated in the induction furnace. Temperature of a specimen is
monitored with two-color pyrometer. The melting temperature is determined from thermal
arrest of the heating curve. Using this technique, measurements of the melting temperature of
UO2 and (U, Pu)O2 were performed and obtained following results.

Obtained melting temperature decreases almost linearly with plutonium content at a rate
of about 5 K per 1 wt% of PuO2 addition. The effect of burnup on the melting temperature of
UO2 and (U, Pu)O2 is considered to be almost negligible at burnup up to 36 GWd/t.
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DEVELOPMENT OF A NEW MEASUREMENT METHOD
FOR REACTOR FUEL BURNUP USING A SHIELDED
ION MICROPROBE ANALYZER

N. KUSHIDA, K. MAEDA, N. NAKAE
Fuels and Materials Division,
Oarai Engineering Center,
Power Reactor and Nuclear Fuel Development Corporation,
Ibaraki, Japan

Abstract

A new method of fuel burnup measurement using a shielded ion microprobe
analyzer (SIMA) has been developed. This method is based on the direct
isotope analysis of U, Pu and Nd in an irradiated fuel by means of the
secondary ion mass spectrometry. The new method can measure the burnup on
a fuel in shielded apparatus remotely and directly. Thus, the time for
measurement was reduced to about one tenth of that by the conventional
method, and a human radiation exposure became negligible. The burnup
measurement of the MOX fuels from ATR (advanced heavy water reactor)
"FUGEN" and BWR "TURUGA" has been carried out by the SIMA. The
results by the SIMA are in good agreement with those by the conventional
isotope dilution method within 0.2 at%. In addition, the micro area surface
analysis by the SIMA provides the local burnup distribution in radial direction.
As the results, the increased burnup at pellet periphery region by thermal
neutron absorption have been observed. The total contribution of errors can be
estimated to be approximately <±4.6 %.

1. Introduction
Generally, the axial burnup distribution of fuel rod was measured by using

surface ionization mass spectrometry which requires the chemical separation of
fission products and heavy metals. This conventional method [1] takes a rather
long time and accompanies human exposure to radiation during the handling of
irradiated fuel. Therefore, it is important to reduce human exposure by
radioactive samples and analyze very precisely and quickly with the sample in
small area.
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The purposes of developing the new measurement method for irradiated fuel
burnup can be achieved by using a shielded ion microprobe analyzer (SIMA)
[2],[3]. This paper describes the detail of analytical method and results of
burnup measurement as the fuel rods irradiated in BWR "TURUGA" and ATR
(advanced heavy water reactor) "FUGEN".

2. Experimental Procedure
2.1. Apparatus of the SIMA
The schematic sectional drawing of the apparatus is shown in Fig. 1. The

present apparatus of SIMA has been constructed with the following concepts:
1. Metallographie examination is done in transverse sections.
2. The sample holder is transferred automatically from a hot cell to the

sample chamber of the analyzer.
3. Gamma shielding is provided by lead or tungsten surrounding the

transfer tunnel and the sample chamber is made to reduce the radiation
level of less than 2 mR/h (5.16X 10"7C/kg • h) for 5 Ci (1.85 X 10"" Bq)

60,of a Co source.
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4. Except for the beam alignment procedure, operations are performed
remotely with the central processing unit.

5. A large amount of numerical data is stored, rearranged, and printed out
by using a data processing system.

The metallography cell of fuel monitoring facility (FMF) consists of the
sample preparation box and the observation box. The SIM A was installed
carefully to its penetration point in the observation box to keep an inert
atmosphere in the cell at -40 mm in water and to avoid contaminating outside
the cell.

2.2. Theoretical Basis
The burnup of irradiated fuel is defined by Eq.(l):

BU(at.%) =
NPu + NfISS

where
BU : burnup
NU : number of uranium atom at PIE (atom/cm3)
Npu : number of plutonium atom at PIE (atom/cm3)
N(JSS : number of fission atom (atom/cm3)

The N1]SS value is calculated by the following equation:
Nflss = Nff / FY^ (2)

where
Npp : number of fission product atom at PIE (atom/cm3)

FY-pp : fission yield of the fission product.
The fission product that should satisfy the following characteristics must be

selected for the burnup measurement using the SIM A:
1 . The fission product has a relatively large fission yield.
2. The fission product that does not easily migrate from the position

generated.
3. Another fission product having the same mass number (isometry) does

not exist or scarcely exists.
4. A standard sample of the fission product can be obtained.
5. The fission product has a large ionization efficiency by primary ion

sputtering (apparatus constant).
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The fission product of neodymium- 145 should satisfy these conditions and it
was used for the selected fission product in the present analysis.

The irradiated fuel of which the number of atoms of uranium, plutonium
and neodymium measured by using conventional method was used as a standard
sample in measuring the ionization efficiency ratios.

In the secondary ion mass spectrometry, ionization efficiency depends on the
composition of materials. Therefore, it is necessary to determine the accurate
ionization efficiency ratios of the objective elements (Pu,145Nd) to a standard
element (U). In this measurement of fuel burnup, uranium (major element of
fuel) has been chosen as a standard element.

Note the following ionization efficiency ratios:
a p^ : ionization efficiency ratio between plutonium and uranium
a N(VU : ionization efficiency ratio between neodymium and uranium.

The ionization efficiencies of a p^ and a Nci/u are expressed by Eq.(3):
X

Iu Npu

CCNd/U = ̂  X £U-
lu NNd

where
NNJ : number of neodymium atom at PIE (atom/cm3)
Iy : secondary ion intensity of uranium
IPU : secondary ion intensity of plutonium
IN, : secondary ion intensity of 145Nd.

Ionization efficiency ratios, a ^^ and a wu, can be determined by measuring
IU5 IK, and lw of the standard sample in which Ntf N^and N^ are already
known.

The irradiated fuel of which the number of atoms of uranium, plutonium
and neodymium measured by using conventional method was used as a standard
sample in measuring the ionization efficiency ratios.

By replacing Nff in Eq. (2) with N^ Eq. (4) can be obtained by substituting
Eqs. (2) and (3) in Eq. (1) :

BU (at.%) = lu x aNd/u x FYNd

Iu x «Pu/u lu x «Nd/u x
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where FY^ is a fission yield of 145Nd and calculated from Eq. (5), so that

FYxu — V ' X ^ Y FYNd~tj7^; ; &
where

<r, : fission cross section of isotope i of plutonium and uranium
AF, : atomic fraction of isotope i of plutonium and uranium
FY, : fission yield of l45Nd from isotope i of plutonium and uranium.

The value a, and FY, of each plutonium and uranium isotope are shown in
Table l [4J. In this study, a, and FY, of 2 3 5U, 2 3*U, 2>'Pu, and 24"Pu isotopes
were used for the calculation of FY^. The 24lPu isotope was excluded from the
calculation in order to remove error caused by 241Am content due to the fact
that the secondary ion mass number 241 contains 241Am. The 236U and 242Pu
isotopes were also excluded, because their contents are very small (AF, <
0.005).

The AF, value is determined by the secondary ion intensities of plutonium
and uranium, and the ionization efficiency ratio of plutonium, uranium. Hence
the localized burnup can be obtained from the measured secondary ion
intensities of uranium, plutonium and neodymium.

Table I Fission Cross Section ( at ) of Plutonium and
Uranium Isotopes and145Nd Fission Yield (F1-)

Nuclides
235 U

236 U

238 U

239 Pu

240 pu

241 pu

242 Pu

*«b)
1.629
0.157
0.069
1.697
0.518
2.155
0.410

FY,- (%)

3.760
3.759
3.732
2.967
3.146
3.246
3.411
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3. Experiments
3.1. Sample preparation condition
Schematic illustration of the sample used for analysis is shown in Fig.2.
The sample surface condition can influence the ionization efficiency. Because

the fuel itself and the epoxy resin using for sample embedding are electrical
insulators, coating the surface with Au is effective in preventing ion from
charging up at the surface.

Fuel Pellet Polished Surface Resin

Cladding

Sample Holder
A Sample of transverse
cross section of fuel rod

Fig.2 Schematic Drawing of Sample Forms for
Burnup Measurement

3.2. Analysis of Irradiated Fuels
The O2

+ ion was used for a primary ion with an accelerating voltage of 15
kV. The sputtered secondary ions were introduced to the mass spectrometer
with a 3 kV accelerating voltage. A scan of the sample surface was repeated ten
times. The diameter of the primary ion was ~1 mm. An illustration of the ion
optical system of the SIMA is shown in Fig.3. The detailed description of the
ion detection system was already reported [5].

The secondary ion intensities of uranium, plutonium and neodymium were
measured at the midpoint of the fuel radius by scanning the depth ten times
(mass range from M/e = 120 to 260). The ion intensity obtained and averaged
was substituted in Eq.s (4) and (5) to calculate the burnup.

Burnup measurement method using the SIMA is shown in Fig.4 together
with the conventional method of chemical separation-mass analysis.
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Table II Fuel Specifications of samples

Fuel Type

BWR
"TURUGA"

ATR
"FUGEN"

UO2

MOX

MOX

Pellet form

Solid

Hollow

Solid

235U
Enrichment

(wt%)

2.60

NU(0.7)

NU

Pu/(U+Pu)
(wt%)

6.21

0.55

4. Results and Discussion
The burnup measurement of fuel rods irradiated in "TURUGA" and

"FUGEN" has been carried out by using the SIMA. The fabrication
characteristics of these fuel rods are shown in Table II.

The result from the measurements of uranium sample as irradiated in BWR
"TURUGA" is showed in Fig.5. And the result from the measurements of
mixed-oxide sample as irradiated in ATR "FUGEN" is showed in Fig.6.

Fig.7 shows the axial burnup distribution measured by the SIMA and the
conventional method together with the calculational prediction.

In axial distribution of fuel rod, though axial analysis positions are slightly
different between the SIMA measurement and the conventional measurement,
the results of the SIMA measurement are in good agreement with those of the
conventional measurement within 0.2 at%.

The degree of thermal neutron depression on the radial direction of the fuel
pellet was experimentally confirmed. Fig.5 and Fig.6 show a steep increase of
burnup at the pellet periphery because of production of Pu that was caused by
the neutron resonance absorption [6] of 238U at pellet periphery.

As for reliability of measured burnup data by using the SIMA, principal
error factors in the present measurement are thought to be followings:

#1. error due to secondary ion intensity ratio
#2. error due to the ionization efficiency ratios
#3. error due to elimination of 241Pu from plutonium isotopes
#4. error due to uncertainties for 145Nd fission yield.
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From Eq. (3), the contribution of the error factor #2 is equal to that of the
error factor #1. From the measurement of ionization efficiency ratio, the
standard deviations for a wu and a ^ are 2.6 and 1.8 %, respectively.
Contributions of error factors #1 and #2 are estimated to be -2.9 %. Error
factor #3 and #4 are estimated to be 0.4 and 1.0 %, respectively. Contributions
of error factors #3 and #4 are estimated to be -1.7 %. The total contribution
of four types of errors can be estimated to be approximately <±4.6 %.

5. Summary
Measuring method of axial and radial burnup distribution of irradiated fuel

rod was developed by direct measuring of isotope composition of U, Pu and
Nd in the fuel cross section using the SIMA.

From the present investigation for the development of a new burnup
measurement method using the SIMA, the following results have been
obtained:

1. The present method enables a rapid and accurate measurement of fuel
burnup, and to avoid human exposure to radiation during sample
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preparation and analysis. And it can contribute effectively to the safe
operation and management of hot laboratory.

2. The values of axial burnup distribution obtained by using the SIMA are
in good agreement with those by using the conventional chemical
separation mass analysis.

3. Localized radial burnup of fuel rod in small area can be measured
(200 IJL m to 1 mm in diameter).

4. The phenomenon of thermal neutron depression in the radial direction
of the fuel pellet and the effect of neutron resonance absorption of
238-uranium at the pellet periphery region as irradiated in thermal
reactors were experimentally confirmed.

The present burnup measurement should be applicable for accurate
measurement of highly irradiated fuel, because large production amount of
145Nd can increase its secondary ion intensity that contributes accurate burnup
measurement by using the SIMA.
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DETERMINATION OF HYDROGEN CONTENT IN
IRRADIATED ZIRCALOY CLADS AT THE
LECI PIE FACILITIES

T. BREDEL
Commissariat à l'énergie atomique,
Centre d'études de Saclay,
Gif-sur-Yvette, France

Abstract

In this paper we present the technique used in Saclay to determine the hydrogen
content in irradiated clads and also the last works based on a new method using image
analysis.
In the first part we detail the clad sample preparation. The following is a simplified
description of the installation in the hot cell and in the inactive area.
The third part comprises a description of the main stages in the manipulation, i.e.
degassing the installation, blank sampling, working method used to optimize
hydrogen metering and sample heating mode.
In order to obtain the hydrogen profile determination, an image analysis on a
metallographical sample is performed. As this examination is non-destructive, we are
able to practice one or more crossing of the clad in order to determine a possible
heterogeneous distribution. A correlation between hydro gen measurements by dosing
and by image analysis has been established up to 300 ppm. For higher hydrogen
contents, the image analysis can't be used because of an insufficient resolution.

The zirconium alloy structural components in nuclear reactors absorb part of the hydrogen produced
by the reaction of zirconium with the coolant water. This leads to increasing embrittlement of the
material, which may have a decisive influence on the lifetime of the zirconium as a cladding and
structural material in PWR.
In order to assess the extent of corrosion of irradiated clads, we have to measure the hydrogen content
and the oxyde layer thickness (using eddy currents and metallographical methods).

1 - Clad sample preparation

The samples are 10 mm-long fuel clad segments . The cutting is carried out without lubrification in
order to avoid external hydrogen pollution. The fuel is removed by stamping. The clad sample is
cleaned by brushing its inner surface with a special bronze brush and then with an ultrasonic cleaner
using a non hydrogenated solvant (CCLj.). At the end it is air dried (with a hair drier) and weighted.
The mass value is the mean of three determinations.
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2 - Hydrogen measurement

a) Description of the sampling installation for gases occluded in irradiated materials.

In this chapter, a simplified description of the installation is provided.
Figure 1 shows a photograph of the installation taken during the cold laboratory calibration stage.
Figure 2 shows the heating system in operation.
The installation includes the following equipment :

* In the hot cell
- sample insertion system
- heating system (fig. 2)
- pumping system, including a primary pumping circuit and a secondary pumping circuit

* In the inactive area (accessible to operators)
- primary pumping component, consisting of a vane pump
- secondary pumping component, consisting of a turbomolecular pump
- measurement and sampling system for gases extracted during the heating sequence, comprising a
TOEPLER mercury pump equiped with a burette and a sampling phial.
- reaction follow-up logging system, comprising a mass spectrometer set off hydrogen and a graphic
recorder
- neutral gas sweeping system.

b) Hydrogen dosing

This chapter includes a brief description of the main stages in the manipulation and the working
method used to optimize hydrogen metering.

* Degassing the installation
After hydrogen metering in each set of four samples, the installation has to return to atmospheric
pressure in order to empty the crucible and insert new samples in the feed drum. Degassing has to
precede each metering operation. This involves obtaining optimum vacuum conditions in the
installation during an extended period of pumping, interspersed with high temperature (about 1 500
°C) heating sequences aimed at removing residual gases.

* "Blank " sampling
Before and after each measurement, a "blank" has to be implemented, i.e., the residual gases in the
installation are sampled, after the latter has operated for the same heating period, at the same vacuum
and temperature level as during the measurement. This is necessary because residual gases are
permanently present despite degassing.
Of all the gases which can be metered by the installation (H2, He, Xe and Kr), only hydrogen is
present in the "blank", in small, but variable, quantities. When the hydrogen concentration is
calculated, the volume of hydrogen in the "blank" must consequently be substracted from the metering
result.
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* Working method optimizing hydrogen metering.
Since the hydrogen volume in the blanks can vary from one heating sequence to the next, in order to
ensure accurate metering, the quantity of hydrogen extracted from the sample must be considerably
higher than the quantity contained in the blanks sampled before and after the metering operation.
In order to be able to work under satisfactory conditions, a ratio of 1 : 10 between these volumes is
considered necessary.

* Sample heating mode.
For assessment of the hydrogen content in zircaloy samples, the heating sequence is set at 1200 °C for
20 minutes, which is sufficient for extraction of the whole volume of this gas without melting the
sample (these experimental conditions were determined on the basic of laboratory experience in the
field of hydrogen metering in PWR clads).
The turbomolecular pump is then used to remove all the gases extracted during the heating sequence to
the inactive area (it is consequently used as a tranfer pump for this stage of the operation).
The gases removed to the inactive area are then sent to a TOEPLER mercury pump equiped with a
burette for measurement of their volume. They are then drawn off into a phial and sent for analysis.
The analysis technique used is gaseous chromatography (GPC). It is then possible to determine the
mean value of hydrogen content in the whole sample that is to say the hydrogen which is present in the
zircaloy and in the zirconia.

3 - Hydrogen profile determination

Due to the reactor thermal gradient, the radial repartition of the hydrides in the clad is not
homogenous. In order to obtain the hydrogen profile determination, a metallographical examination is
performed on an adjacent sample. It is then possible to establish a correlation between oxide thickness
and hydrogen content using the data of the laboratory.
As the metallographical examination is a non-destructive method, it is possible to practice an image
analysis, on one or more crossings of the clad (fig 2). This examination gives us the occupation rate of
the hydrides in the clad thickness and permits to visualize possible different distributions on one
sample.
As the samples for hydrogen dosing and image analysis are adjacent, we suppose that they have the
same hydrogen content. This later corresponds to the area under the histogram. It is then possible to
evaluate the hydrogen profile determination.
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DESCRIPTION AND PERFORMANCES OF MICROPROBE
ANALYSIS TECHNIQUES IN SACLAY HOT CELLS
APPLICATIONS TO LWR FUELS

M. PERROT, P. WINTER
Commissariat à l'énergie atomique,
Centre d'études de Saclay,
Gif-sur-Yvette, France

Abstract

Within the framework of a surveillance programof the PWR' fuels, it was necessary to nuclearize
a Castaing1 s electron probe (EPMA).

This work was realized at the PWR Fuels Research Laboratory (LECR) of the Technological
Studies and Fuel Irradiation Department (SETIC) of the Saclay nuclear Research Center.

The used EPMA is a CAMECA instrument, type SX 50 R.
This document presents the modifications realized by the constructor in cooperation with our

laboratory staff, concerning the nuclearizationof the apparatus as well as its implantation in a shielded
hot cell.

We will also present the radioactive sample preparation and the various problems of analysis
connected with this sort of sample.

Some first results will be presented.

1 - INTRODUCTION [1]

Many phenomena occurring during operation of nuclear reactors
necessitate the analysis of very small volumes of radioactive materials for
which the shielded microprobe has been found to be particularly suitable.

This device is used in the field of the study of the behaviour of nuclear
fuels under stable-state or transient conditions, in the field of reactor
safety and the expert examination of radioactive samples.

2 - CHARACTERISTICS OF SAMPLES

Samples may be emitters of a, ß or y radiation. Each sample may exhibit a
maximum average y activity of 4 Ci of 0.75 MeV, corresponding to around
12 Ci of 137Cs (0.72 MeV) or 160 mCi of 60Co (1.17 and 1.33 MeV).
These activities represent an irradiation intensity of around 160 rad/h at 10
cm.

3 - DESCRIPTION OF DEVICE

3.1 -Imagery

The SX 50-R electronic probe X-ray microanalyser, associated with a
scanning electron microscope (MEB) can be used to form images from
secondary, back-scattered or absorbed electrons.
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It is possible to make highly enlarged X-ray maps (> 2000) by electron
beam scanning or slightly enlarged ones by displacement of the object
movement system (the probe remaining stationary) avoiding loss-of-focus
problems). In the latter case, it is possible to explore the entire sample,
whatever its dimensions.

As all the data is digitised, it is possible to analyse pictures both with
electronic images and X-ray images.

3.2 - Analysis

X-ray analysis is carried out using four spectrometers (WDS) each
equipped with two crystals (LiF-PET; TAP-PET; PET-PC2; LJF-PC1).
Spectrometer No. 1 is equipped with a gaseous flow proportional counter
(argon-methane at 10%) at high pressure, the three others being at low
pressure.

The analysis ranges of the different crystals are indicated in the following
table:

CRYSTAL

LiF

PET

TAP

PC1

PC2

ANALYSIS RANGE

K LINE

Se - Se

P- Cr

F- Si

F- 0

C- B

L LINE

I - At

Sr - Pm

Mn - Sr

M LINE

Re - Md

La - Os

The Pseudo-Crystals (lead stéarate) formerly used in the low energy range
have been replaced by layered synthetic microstructures which are of far
higher efficiency and offer a better peak:trough ratio.

They consist of alternate layers of a heavy scattering material and a light
spacing material, the deposits being made on a substrate by evaporation or
spraying.

This system makes it possible to select the stacking period d. Thickness
of the heavy element is calculated so that multiple orders of diffraction are
almost totally eliminated.

The efficiency of a layered microstructure is greatest for a narrow
waveband. It is therefore necessary to have a range of suitably selected
ones for very light elements to be analysed:

PC1, 2d = 6 nm for analysis of N, 0 and F
PC2, 2d = 9.5 nm for analysis of C and B
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3.3 - Modification relative to the standard SX 50

The study was carried out by the company CAMECA in collaboration with
the CEA. The modifications made incur no penalties and the quality of
analysis is comparable with that of a standard device.

3.3.1 - Shielding of device

The gaseous proportional counters are extremely sensitive to the ß and y
radiation emitted by the radioactive sample. To protect them and thus
reduce the background noise due to such radioactive radiation, shielding of
the sample holder, the object chamber and the spectrometers is necessary.

The following diagram shows the positioning of the shielding:

Figure 1

The object movement system (1) consists of a block of denal (a tungsten
alloy) of a thickness of 7 cm in which the capsule housing is located (2).

The object chamber is shielded by a denal ring in which a number of
passages have been machined for the X-photons to enter the
spectrometers, for the secondary electron detector and for evacuation.

To enable shielding of the part between the object movement system and
the spectrometers (3), the focusing circle has been increased (Radius =
180 mm instead of 160 mm) and the travel of the spectrometers has been
reduced on the low sine 9 side.
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The inside of the spectrometers (4) is shielded and there is also shielding
around the proportional counters. The secondary electron photomultiplier
(5) is protected from ß and y emissions from the samples by the shielding
at the object movement system and by the curved shape of the light guide
(6).

If it is necessary to work on the shielded cell (to change the filament for
example), the chamber can be entered without wearing a mask and
without evacuating the sample. In this case the object movement system
(capsule being closed) is placed under a denal bell (Figure 11).

3.3.2 - Modification of sample introduction system

In standard devices, samples are introduced via an airlock. In our case, for
safety reasons, the sample holder was completely redesigned to provide
shielding and to make it possible to remove the sample irrespective of any
problems arising in the motors controlling X, Y, Z and <j> movements.

The object movement system is mounted on a lift which is moved laterally
and set in position at work surface level. The sample introduction and
removal cycles are automatic.

In the event of an incident, it is possible to control the motors directly and,
if the motors fail, manual controls can be connected. Manual movement
of the object movement system is only possible in the sample removal
direction.

3.3.3 - Power controls

X, Y, Z and 4> movements are power-driven as in the standard SX 50. The
modifications made relate to power operation of the loading system
(vertical and lateral movement), of changing and centring of diaphragms,
of the capsule opening-closing push button and the gun valve.

Movement of the sample and spectrometers is by d-c motors, with
positioning by optical encoders. In the shielded microprobe, all object
movement electronics are distant from the sample to avoid exposure to y
radiation. The result is that, unlike in the standard device, there is a
mechanism between the encoders and the object movement system. It is
therefore necessary to take up any play when localising the ranges to be
analysed.

3.3.4 - Introduction and removal of liquid nitrogen

For the analysis of light elements, particularly carbon, a cold surface traps
any residual oil vapours in the object chamber. It was found necessary to
modify the liquid oxygen feed line (to avoid condensation in the tank) and
to provide automatic positioning of the heating tube.

3.3.5 - Optical sight

As it is not possible to use a binocular viewer, the sample is observed with
a colour-video system featuring x400 enlargement.
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3.3.6 - Geometry of samples

"Standard" samples are placed in a sealed capsule (Figure 11). Although
this contain two 25 mm diameter samples and two control grids, only one
radioactive sample is analysed at a time to avoid increasing the
background noise. The second position is reserved for control samples
before irradiation.

It is possible to examine samples of diameters up to 80 mm, in which case
it is necessary to change the upper part of the object movement system
shielding (Figure 11).

To be able to examine the entire surface, the position of the sample is
offset from the axis of the beam. As movement in the X and Y directions
is 40 mm x 40 mm, it is possible to examine the entire surface in a single
operation. The sample is therefore rotated to 90 degrees to successively
analyse the four ranges with a one millimetre overlap between each.

In this configuration, there is no room in the object movement system for
control pieces, it is therefore necessary to prepare the analysis before
fitting the shielding back in place. The gun and spectrometers are adjusted
with the sample door fitted with a previously-described capsule. The
settings are then stored.

4 - LAYOUT OF DEVICE

4.1 - Shielded cell

Unlike the shielded MS 46 microprobe, the technology of the SX 50
prevents providing biological shielding at the object holder and the
electronics column (Figures 7 to 11).

The physical part of the device is therefore installed in a shielded cell
consisting of heavy concrete 33 cm thick, which has the advantage over
lead of reducing the amount of radiation back-scattered.

A sliding steel-covered lead door provides access to the cell for
maintenance of the device. The door only opens if the containment does
not contain a sample or if the sample is placed under the protective bell at
the front of the device (7 cm of denal) (Figure 11).

A window (300 mm x 400 mm) and two type MA11 telemanipulators are
used for loading and unloading the capsule into the object movement
system. A video camera system is used to check that the sample is
properly positioned.

The SX R is equipped with two vane pumps installed inside the shielded
containment. The pump discharge is connected to the containment
extraction duct with a hose.

The stainless steel working surface is mounted on a carriage which can be
removed from the containment if work on the front face of the device is
necessary.

273



The electronics of the device are in an adjoining room with light-weight
partition walls (Figures 6 and 7).

4.2- Electrical power supply

The device is supplied with electrical power from a 7.5 kVA conductor in
the roof. A remote control system which transmits alarms is located in the
analysis room.

The microprobe is connected to an electronics grade independent earth
with an impedance of less than 3 Ohms, and is connected to the device by
a shielded cable. A star connection at well level links the measurement
earth to the building earth.

To avoid disturbances caused by static electricity, the floor is of
conducting resin earthed with copper strips.

4.3 - Cooling

Due to the risk of fouling or chemical corrosion of the cooling circuits, the
SX-R cannot be supplied from the main water supply for continuous duty.
It is connected in a closed loop to an air condenser FACIS type RF 35 HA
cooler.

The device is installed in the roof, and in the event of an accident an alarm
is transmitted to the analysis room.

The SX-R is automatically by-pass connected to the domestic water supply
to avoid shutdown of the microprobe in the event of lack of cooling. The
flow, pressure and temperature specifications must be met and the time
for which this supply is used must be as short as possible.

To protect against failure of a hose, flood detectors are provided (with
transmission to the control panel) in all gutters.

4.4 - Ventilation

A slight overpressure is maintained in the analysis room to avoid the
ingress of dust or the possibility of contamination from the laboratory. Air
taken from the laboratory is inducted through a filter at a rate of 100
m3/h.

An underpressure is maintained in the shielded containment by extraction
at a rate of around 80 m3/h. It is equipped with a system that
permanently monitors the atmosphere to detect any contamination.

The two rooms are air conditioned.

5 - FIRE SAFETY

Smoke detectors are installed in the analysis room and the shielded
containment with alarms in the laboratory and the central control panel. In
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the event of detection, the electrical power supplies are shut off and
extraction of air from the shielded containment is reduced.

In the event of fire in the shielded containment, it is flooded with carbon
dioxide by two bottles located in the analysis room.

6 - PREPARATION OF SAMPLES

6.1 - The SEMIRAMIS line

The samples are prepared in the a, ß and y shielded cell line (Figure 6).
The walls providing protection against ß and y radiation are of steel-clad
lead 15cm thick. Sealed stainless steel chambers are placed inside to
provide protection against a radiation. The line comprises four chambers
(Figure 6):

- a chamber reserved for shearing and coating operations,
- a polishing chamber,
- a decontamination, ion stripping and metal coating chamber,
- a chamber for observation of the sample and transfer to the microprobe

cell.

These cells are equipped with remote manipulators. There is a horizontal
loading turret at the rear end of chamber No. 2 and two PADIRAC type RD
1O flask connection systems on chambers No. 1 and 2.

6.2 - Coating

The sample taken from the fuel element enters the SEMIRAMIS line in the
form of a cylinder approximately 7 mm long. This sample is mechanically
secured with two screws to a nickel-plated steel cup with a diameter of
25 mm.

The sample is centred in the cup by a brass centring piece cut cross-wise
to allow the molten alloy to pass.

The sample is then metallically impregnated with a tin-bismuth alloy. The
Sn-Bi eutectic melts at 138°C, it is relatively hard and does not exhibit
creep at the surface of the sample during the shearing and polishing
operations. This alloy also has the particularity of swelling slightly on
cooling, which makes it possible to effectively immobilise any
contamination in cracks. Impregnation takes place in three stages:

- outgasing in a vacuum at 130°C,

- melting in a vacuum at 170°C,

- cooling in argon at a pressure of 30 bar, by passing air through the
copper core.
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After impregnation, the cup is sheared. The remaining sample has a height
of no more than 0.5 mm, in order to reduce its mass and hence its y
activity. If the maximum activity is 4 Ci of 0.75 MeV, it is important to
minimise it to meter the minority elements or light elements under the best
possible conditions.

granules (Sn-Bi)

coating alloy (Sn-Bi)

sample
centring piece

(brass)
heating collar

sample

cup (nickel-plated steel)

Figure 3 - Sample after metallic impregnation

coating alloy (Sn-Bi)

temperature
probe

pressure

pumping

\
t * -

* * *'*

sample

s
;rv.;

;&• mlj -
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centring piece (brass) cup (nickel-plated steel)

Figure 3a - Sample after shearing
Figure 2 - Metallic impregnation system

After preparation, the sample is in an extremely strong form, which is
important for properly carrying out the decontamination operations.

6.3 - Po//s/i//ig

The metallographic preparation of the sample is limited to mechanical
polishing to a mirror finish. These operations are carried out using
abrasive papers then with diamond abrasive down to 1 micron. In the
event of carbon analysis, the diamond analysis is replaced with alumina.
Before entering the decontamination chamber, the sample is degreased by
immersing it in an ultrasonic acetone bath.

6.4 - Decontamination and checking the cleanness of sample

Decontamination is by successive immersion in alcohol baths agitated by
another ultrasonic bath.
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The cleanness of the sample is checked by measuring the ß and y
radioactivity level in the containers used for ultrasonic cleaning. The latter
(plastic cup) are changed after each pass making it possible to monitor the
decrease in contamination.

When contamination is no longer detected in the cups, decontamination is
ceased.

All the preparation operations (cutting, polishing and decontamination) are
carried out with anhydrous liquids to preserve the phases containing
caesium which is soluble in water.

To eliminate the traces of alcohol, the surface of the specimen is stripped
by bombardment with argon ions.

If the sample is not conductive, carbon is deposited on it.

6.5 - Transfer

In the last cell, there is an optical microscope for observation of the
sample. Using the device shown in Figure 12, the sample is placed in a
sealed capsule.

The capsule is transported from the SEMIRAMIS preparation line to the
microprobe cell, and subsequently returned, by a pneumatic installation
operating by air suction with an intermittent duty cycle. These machines,
of which there are two, are installed in the roof of each cell, and are
operated by a time delay relay adjusted for the cursor lateral movement
time.

The transfer speed is adjustable between 5 and 10 m/s, which gives a
transit time of less than 1 second. As the tube is at a height of 3.5 m, it
was not considered necessary to provide shielding.

7 - PROBLEMS ASSOCIATED WITH THE TYPES OF SAMPLES
EXAMINED

7.1 - Absence of control pieces

The concentration of an element in a sample is calculated from the le/lt
intensity ratio at a characteristic line.

le: Sample intensity
It: Control piece intensity

There are no samples which can be used as control pieces for analysing
certain elements such as technetium, xenon and iodine.

In such cases, the intensity is deduced by interpolation with the curve I
(c.s'1.nA-1) as a function of the atomic number Z of the elements
surrounding that sought (Figure 4).'
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Figure 4 - Determination of the intensity of characteristic lines
in the absence of control piece(s)

7.2- Fragility of certain phases

Certain phases, particularly those which are caesium-based, are degraded
by heating under the electron beam (migration and evaporation).

In this case the analysis is made with the lowest possible electronic beam
intensity (depending on the count rate) for short periods and with the
beam out of focus.

7.3 - Superimposure of lines

a) Analysis of caesium and plutonium

In spent fuel, plutonium is analysed using the Pu Mß characteristic
line, but its measurement is disturbed by the My line of uranium
(Figure 5).

The same phenomenon occurs with the La line of caesium and the
M III O IVV line of uranium.

Continuous background measurement is therefore not possible with
conventional methods (either interpolation of counts on either side of
the peak, or a single count and the slope).

The background noise of the Mß line of plutonium (BGPu) is calculated
as follows:

BGpu = BGMAX + (BGMIN - BGMAX)KPu

278



r—r smieta
o.«

BGMIN "BGMAX
1 ' •*-•• T

3.« 3.B 3.1
BGMIN BGMAX

Figure 5 - Spectrum obtained with a fuel element

where:

kpu

BGMIN

BGMAX

the ratio between the My line of uranium and the
background noise present at the wave length of the Mß
line of plutonium measured on an inactive UÛ2 control
piece

count on U My line

count between Pu Mß and U Mß lines

The same calculation is made for caesium by transposing BGMIN and
BGMAX. The coefficients Kpu and KCS can be changed depending on
the crystals.

In the case of analysis with determination of the plutonium or
caesium, the quantitative programme searches for uranium, then
applies measurement of the background noise on the basis of the
method described above.

b) Analysis of complex samples

For certain elements, there is no isolated characteristic line. In the
case of highly complex samples, it becomes necessary to carry out
deconvolution.

Table 1 shows the complexity of analysis for a sample of spent fuel
dissolution residues [4].

Text cont, on p. 292.
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Table 1 - Characteristic lines for a sample of spent fuel dissolution residues

X en
A

5,52
5,42
5,18
5,13
5,22
5,06
5,03
4.93
4,90
4,86
4,79
4,75
4,74
4,63
4,61
4,53
4,50
4,45
4,38
4,30
4,27
4,19
4,15
4,08
4,03
3,95
3,92
3,73
3,71
3,69
3,52
3,50
3,49
3,47

Mo

La
Lßl

Lfl4
LB3
Lß2

Lyl

LY2

Tc

La

Lßl

Lß4
Lß3

Lß2

LYI

Lï2

Ru

LL1

La

Lßl '

Lß4
Lß3

Lß2

Lyl

Ly2

Rh

LL1

La

Lßl
Lß4
Lß3
Lß2

Lyl

L72

Pd

LLl

La

Lßl
Lß4
Lß3

Lß2
Lyl

My2

U

Ma
Mß

MniNiv
My

Pu

Ma

MB
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Figure 8 - View of part A
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Figure 9 - View of part B
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Figure 10 - View of part C
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(1) Object-holder for diameter 80 mm sample

(2) Object-holder for diameter 25 mm sample

(3) Capsule

(4) Denal bell

(5) Object movement system

Figure 11 - View of the two sample holders
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Figure 12 - Capsule loading system
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8 - APPLICATIONS AND PERFORMANCE

The installation was completed early in 1989, and we began working on
radioactive samples after an adjustment period of three months.

Since entering service, no contamination of the device or the containment
has been detected.

This section gives the various results of the analyses made in the last few
years in the context of agreements or contracts with EOF, Framatome and
the IPSN.

8.1 - UOa and MOX fuel [(U, Pu)O£] with and without ramp

8.1.1 - Radial quantitative analysis: migration of xenon and caesium as a
function of burn-up

Figures 13 and 14 show the diametrical distribution of plutonium and
fission products in UÛ2 fuels at different burn-ups [5].

Neodymium is an element which does not migrate, and represents the
fission distribution in the pellet cross-section.

Figure 14 shows two types of release of xenon: one thermal at the centre
of the fuel and the other associated with a local increase in burn-up at the
periphery of the pellet.

8.1.2- MOX Fuel

8.1.2.a - Comparison of two MOX fuel fabrication processes

The quantitative analysis of the uranium and plutonium was carried
out on two MOX fuels of different fabrication irradiated to 20 GWd/tM
[8]. In one there is a uniform distribution of plutonium and the other
exhibits nodules rich in plutonium (Figure 15).

8.1.2.b - Study of nodules rich in plutonium - effect of irradiation

Figure 16 shows the start of homogenisation of the plutonium under
the effect of irradiation. The presence of nodules rich in plutonium
results in a local increase in burn-up and hence higher fission product
content (Figures 17 and 18). It is found that the xenon has migrated.
It nevertheless remains occluded in pours located at the periphery of
the nodules — the pours being created under irradiation.
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8.1.2.C - Quantitative analysis of a nodule rich in plutonium at the
periphery of a MOX pellet

Example of a MOX/MIMAS rod subjected to irradiation over two cycles
(Figure 19).

X-ray image acquisition shows the distribution of plutonium and xenon
in a nodule rich in plutonium located at the periphery of the pellet, as
well as the quantitative penetration corresponding to this nodule for
the elements neodymium, xenon and caesium.

8.2 - Expert examinations of safety: PHEBUS test clusters

In the context of the experimental heavy core damage PHEBUS
programme, samples were analysed to study the phenomenon of
interaction between UÛ2 and oxidised zircaloy [61.

Maps of the various elements have been drawn up, for the entire thickness
of the cladding, by low enlargement X-ray acquisition (Figures 20 and 21).

This analysis shows the diffusion of uranium into the cladding and
dissolution of the outer layer of zirconia.

9 - CONCLUSION

The electronic microprobe described above makes it possible to make
qualitative and quantitative analyses of components of metal, ceramic and
radioactive samples.

This instrument also makes it possible to obtain digitised images from X-
rays or secondary and back-scattered electrons under satisfactory
conditions.

An image analysis programme makes it possible to process the data
acquired.

The modifications made to the SX 50 microprobe make it possible to
operate in perfect safety with samples of activities up to 4 Ci of 0.75
MeV.

The performance of the device and the analysis capability are essentially
the same as with a standard microprobe.

The method of preparation makes it possible to work with totally-
decontaminated samples, which greatly facilitates maintenance of the
device. No contamination has been detected to date.
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X-RAY MICROANALYSIS OF RADIOACTIVE MATERIALS.
IMPACT OF SPONTANEOUS SPECTRUM

G. EMINET, C. LEMAIGNAN, Y. FAURE
Commissariat à l'énergie atomique,
Centre d'études nucléaures de Grenoble,
Grenoble, France

Abstract

With the increased use of X-ray microanalysis (on EPMA or SEM) as an
advanced research tool for the determination of local chemical composition and related
behaviour of irradiated materials, a need arises to consider quantitatively the contribution of
the spontaneous X-ray spectrum of the radioactive sample to determine accurately the
material composition.

Indeed, the radioactive decay of the different isotopes present in the sample
analysed, affects both the X-ray spectrum, due to the local interaction of the electron beam
with the sample, and its detection:

• Without irradiated material, the X-ray photon flux, due to the interaction of the
electron beam with the surface of the sample, is clearly defined as the sum of a continuous
background and of several peaks corresponding to the K, L, M transitions. The
determination of the local composition is then performed after correction due to photon
yield, absorption and fluorescence (ZAP). On rough surfaces, advanced ZAP computer
corrections, consider the background/peak ratio to enhance the corrections due to the wavy
free surfaces.

• For irradiated materials, there is a spontaneous photon flux due to the
radioactive decay. This flux, emitted by the bulk of the material, is a combination of the y
photons from nucleus transitions, the Compton photons and the X-rays due to electronic
transitions connected with the nuclear reactions or to the fluorescence induced by the y on
the material.

During the microprobe analysis of a radioactive material, this spontaneous
spectrum is added to the one induced by the electron beam. The effects are the following :

• Due to a higher flux, the efficiency of the detector is affected since the "dead
time" for processing is dependant of the energy of the photon analysed : A very high dead
time is obtained without electron beam, but decreases when the electron beam is on. Thus,
the exact emission due to the electron beam is not a straightforward subtraction of the two
spectra (with and without electron beam)

• The spontaneous spectrum is not a simple function of the material
composition, due to the complex internal transitions fund after nuclear transition (K capture,
Internal conversion, and ß decay)

• The shape of the continuous background is highly perturbed, therefore the
ZAP corrections for rough surfaces cannot be used anymore.

The paper will present in detail the values of the spontaneous spectra for
activated materials of various compositions and for irradiated fuel, after different decay
times. In addition examples will be given for which more complex neutron activation routes
have to be considered. At the end, a procedure for the correction of the X-ray microanalysis
of irradiated material wil! be presented.

SUMMARY

Increasingly sophisticated techniques, such as X-ray microanalysis, are needed in
order to carry out detailed studies of materials in the nuclear field.
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From observation made when working on radioactive materials, a "spontaneous
spectrum" is obtained without any electron excitation beam. This spectrum consists of a
continuous background and a number of discrete peaks. These peaks result from the decay
of radioactive elements in the sample under study. A list of the most probable elements has
been drawn up, taking into account their period and the sample cooling time

When using a semi-conductor detector, the spontaneous spectrum is acquired with
a high dead time which decreases when the electron beam is on. This can be explained by
the fact that the counting system switches to stand-by for a much longer time during high-
energy y photon processing than during X-ray processing from electron-matter interactions.
In addition, the sample activity leads to a reduction in detector resolution and shifting of the
discrete peaks towards high-energy zones.

For quantitative processing of a spectrum from a radioactive sample, it is first
necessary to deduct the spontaneous spectrum from the spectrum to be studied if both
spectra were obtained with the same acquisition time. However, if the spontaneous
spectrum does not contain any discrete peaks which interfere with a peak of the spectrum
to be studied, then it is possible to work by ignoring the spontaneous spectrum.

I. INTRODUCTION

Increasingly sophisticated techniques must be used in order understand the
behavioural mechanisms of irradiated materials. One of these techniques is X-ray
microanalysis which is normally associated with a scanning electron microscope or a
microprobe.

Numerous problems arise when working with active materials:

Before setting up these techniques the instruments must be adapted
to working conditions in shielded cells.

These radioactive materials disturb the y-ray measurements, of the
same type as X-rays but of much higher energy.

The latter point will have an impact on local measurements as a result of the
presence of a "spontaneous spectrum" which is the background spectrum detected by the
instrumentation in the absence of a SEM or microprobe electron beam.

This paper will start with a presentation of the spontaneous spectrum morphology,
and the manner in which acquired X-ray microanalysis spectra can be processed, for an
EDS detector on active materials, taking into account the spontaneous spectrum.

II. X-RAY SPECTRUM EMITTED BY A RADIOACTIVE SAMPLE

11.1 The reference X-ray spectrum [1]
An X-ray spectrum emitted by a target bombarded with an electron beam is

generated mainly by collisions between the incident electrons and those of the target
material atoms. An X-ray spectrum consists of a continuous spectrum (also know as
Bremsstrahlung) made up of a continuous distribution in relation to energy, and a series of
discrete peaks.

The continuous spectrum is produced by X-ray photons emitted when the electrons
are slowed down in the strong magnetic field of the nuclei of atoms by non-elastic collisions.
Each electron is slowed down by a succession of non-elastic collisions where energy
transfer is random. For each collision, an X-ray photon is emitted and this explains the
continuous form of the spectrum. The continuous spectrum intensity varies in proportion to
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the number of incident electrons, with the mean atomic number of the target and with the
electron acceleration voltage.

The discrete peaks of an X-ray spectrum are generated by the emission of an X-
ray photon when an atom is de-energised. This means that an incident electron has ejected
an electron from the inner shells. This results in a de-energisation chain reaction whereby
the atom passes through weaker and weaker excitation levels until it returns to a stable
state. Each photon emitted during an electron transition stage is characterised by the K, L,
M peak which indicates the initial excited transition level, and a letter a, ß, y, 1, which
indicates the type of electron transition involved.

For local microanalysis, the discrete peak spectrum is the only spectrum of any
interest, as each set of peaks is a characteristic of a given atom and the intensity of each
peak depends on the concentration of the element.The spectrum measured by the detector
corresponds only to that part of the X-ray photon spectrum released by the surface of the
sample. Since the X-ray photons are emitted at a depth which depends on the atomic
number and the electron acceleration voltage, interaction occurs between the X-ray photons
and the atoms of the material. This interaction gives rise to photoelectric absorption of the
X-ray photons by the atoms of the material and a fluorescence phenomenon. The X-ray
photons produced by the electron-material interaction will in turn ionise the atoms of the
target and emit X-ray photons. All associated corrections are made by means of a ZAP
program.

11.2 Spectrum generated by a radioactive sample

A radioactive sample emits various types of radiation, including a high-energy
gamma and X-ray. The detector will therefore be subjected to a complex emission of X-ray
photons and gamma rays. It should be possible to record an X-ray spectrum on the diode,
without an incident electron beam from the SEM, for example. This spectrum is called the
"spontaneous spectrum"

11.2.1 Radioactive decay and X-ray emission

When a radioactive material, ^M* decays, various processes may give rise to the
emission of X-ray photons characteristic of a material having an atomic number (Z-1, Z,
Z+1) close to that of the radioactive atom [21. The following mechanisms are involved:

- decay by K capture (emission at Z-1),
- internal conversion (emission at Z),

- ß~ emission.

a) Decay by K capture
K capture corresponds to the situation of a radioactive atom, generally activated by

neutron capture, which has excess protons in its nucleus. A proton then changes into a
neutron by capturing an electron from the inner shell of the electron cloud. A new atom is
obtained with a nucleus missing one proton; the electron cloud of this new atom will be
rearranged by emission of an X-ray photon corresponding to this new atom. This
succession of transformations can be schematically represented as follows:

A 0 A+1Neutron activation: ZM + i n •> ZM*
Electron capture: A+zM*+ °e * A

z
+] M*e

X-ray photon emission: z*iM*e •* z+--|M + 9Ka(z-i)
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This X-ray emission may occur at an energy corresponding to all the K, L, M
transitions with variable probabilities for each material. The atom returns to its equilibrium
state, rearranging its electron cloud by emitting an X-ray photon.

b) Internal conversion

When a radioactive nucleus is transformed only by the emission of a y photon, the
chemical nature of the atom is unchanged (transition from a meta-stable state to a
fundamental state). In this case, an interaction may occur between the y photon emitted and
one of the electrons in the cloud. This atom returns to a stable state by emitting an X-ray
photon corresponding to the energy of a K, L, M peak, according to the following scheme:

A+1 A+1Electron capture: zMm •* ZM + cpy

cpy -^ <py' +• fpXK« (fluorescence)
c) ß~ emission

This is the decay of nuclei with surplus neutrons, a process that may be
schematically represented by the transformation of a neutron into a proton by emission of
an electron; the charge of the nucleus will increase according to the following reaction:

The emitted electron can interact with the electron cloud of the atom and the new
atom created will return to an excited state at a fundamental level by emitting an X-ray
photon of a K, L, M peak of the new atom, corresponding to Z + 1 .

11.2.2 Spontaneous spectrum observed on nuclear fuel

In a radioactive sample, several elements may be found which will decay in
accordance with one or other of the transitions described above. However, not all the
ionisation possibilities have the same probability of occurrence. An accurate table of X-ray
emissions associated with nuclear transformations is available in the JEF-2 data bank of the
OCDE [3].

By determining which material could correspond to a given X-ray emission, it was
found that a small number of bodies could have been involved; all bodies with a period
shorter than a few hours were eliminated, as were all those which did not have a fission or
neutron activation fabrication mode. Only two categories of radioactive materials were
retained, corresponding to fission products and the activation of pure chemical compounds.

Given 10 mg of observed fuel, a burnup of 35 GWd/tU, a cooling time of one week,
three months and three years, and assuming the X-ray emission yields proposed by [4], the
instantaneous X-ray photon rates, Ka, can be determined. Moreover, assuming an overall
diode yield of 0.1%, the counting rate actually registered by the diode can be determined.
The result of this compilation is given in Table 1.

Given that, in practice, a fuel is observed only after a one year period of cooling,
only the Ba, Pr and Te peaks are observed on the spontaneous spectrum with a low-
strength Pd. A spontaneous spectrum showing Ba peaks indicates that the observed
radioactive sample contains 137Cs. Te indicates the presence of 125Sb, and Pr comes from
144Ce decay. The observations made on fuels corresponding to the above-mentioned
values do indeed confirm the presence of mostly Ba and then Te and Pr peaks on the
spontaneous spectrum.

In a similar way, this type of computation has been extended for the case of the
activation of alloys and compounds. Details of the computation procedure and of the results
are given in another paper [2].
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Ka
Emission

Tc
Rh
Ru
Pd
Pd
Ag
Cd
Te
Te
Te
Te

1
Te

1
1
1
1

Xe
Xe
Cs
Ba
Ba
La
Ce
Pr
Pr
Pr
Pm
Pm
Sm
Sm
Sm

Emitting
Isotope

99m Tc
103 Ru

103m Ru
105 Rh
106 Rh

1 10m Ag
111 Ag
125 Sb
127 Sb

1 25 mTe
127m Te
127 Te

129m Te
129 Te

131m Te
131 Te
132 Te
131 I
132 I

133 Xe
136 Xe

137m Ba
140Ba
140 La
141 Ce
143 Ce
144 Ce
147Nd

1 48m Pm
1 48m Pm
148 Pm
151 Pm

Half-time

6 h
40 d

36 5 h
30 s

250 d
7 5 d
2 y

93 h
58 d
105d
9.3 h

33 5 d
74 mm
30 h

25 mm
77 h
8d

2.4 h
5 27 d
13 2 d

2.63 mm
12.8 d
40 5 h
32 8 d
33 h

290 d
11 3d
41 3d
41 3d
5 37 d
27 5 h

High half-time
precursor

(if any)

99Mo 17 h

106Ru 1 y

125Sb 2 y

127mTe 105d

129mTe 33. 5d

131 mTe 30 h

132Te 77 h

137 Cs 27 y

140Ba 12.8 d

Detection rate on Si Li (efficiency
0.001) after cooling of

8 days

3600
2475

198000
26
139
12
15

925
180
427
950

7
10800

11
37
10

36000
5000
450

49500
285

1444
3948
2352

44520
3060

20700
33450

526
482
27

853

3 months

0
585

46800
0

118
9
0

800
0

427
570

2
1056

2
0
0
0
4
0
0
3

1444
42
25

7476
0

17100
174
130
119
0
0

3 years

0
0
0
0
18
0
0

400
0

244
0
0
0
0
0
0
0
0
0
0
0

1197
0
0
0
0

1485
0
0
0
0
0

Table 1 : Spontaneous spectrum components of an irradiated Fuel (10mg, 35 GWd/tU)

II23 Conclusions on the spontaneous spectrum

A spontaneous spectrum is thus observed every time a radioactive sample is
studied. This spectrum is characterised by a continuous background and by a series of
discrete peaks. These peaks results from the decay of radioactive elements, with X-ray
photon emission, or from fluorescence of the sample observed induced by the y rays
emitted by the radioactive material.

By identifying the peaks, it is possible to determine the chemical compounds which
produced them and which are included in the observed sample. This can be very
interesting. For example:

Ba peaks are observed on the spontaneous spectrum,

• The presence of these peaks confirms that the sample contains Cs.

If the Cs is uniformly distributed in the sample, and in small quantities (~ 1%), a
conventional X-ray analysis will not reveal its presence.
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Validation
porf«

Fig. 1 : E.D.S system chain of analyse

It would appear necessary to establish this spontaneous spectrum in order to
identify these discrete peaks which, since they originate from the entire sample, could
distort the findings of a spectrum obtained by local analysis of a radioactive sample.
Another contribution, more difficult to evaluate, is linked to the fluorescence of the entire
sample by the decay y rays. Thus, in the presence of irradiated UO2, the L peaks induced
by fluorescence on of uranium atoms can be detected.

III. RADIOACTIVE SAMPLE ANALYSIS TECHNIQUES

The experimental study [5] on the processing of X-ray spectra from radioactive
samples was carried out by Scanning Electron Microscopy (SEM) using a JOEL JSMT 330-
A, associated with a LINK-Analytical standard Si-Li diode (Energy Dispersion
Spectrometer). The resolution of the detector was 148 eV on the K<x peak of Mn.

111.1 The spontaneous spectrum
This spontaneous spectrum is obtained by placing the radioactive sample in the

SEM chamber under conventional analysis conditions. An analysis is performed for a live
time of 100 s and over an energy range of 0 to 20 keV. In certain cases, it is better to
extend this range to 0 - 40 keV in order to visualise discrete peaks with energy levels
between 20 and 40 keV. When processing, since the spectra are generally acquired in the
0-20 keV range, the effective spontaneous spectrum is that acquired in this energy range.

This spontaneous spectrum includes a continuous background, locally similar to
that of a conventional spectrum. In certain cases, a relatively high continuous background
intensity has been noted for low energy levels (between 1 and 3 keV).

The spectrum also includes discrete peaks which may originate from the
fluorescence of the bulk material, caused by y radiation of the radioactive elements present
in the target or their radioactive decay emissions.

The acquisition of this spontaneous spectrum is also characterised by a high dead
time. This may be as much as 95% or even 100% (100% dead time means that it becomes
impossible to analyse the spectrum).
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Fig. 2 : Evolution of % dead time as a fonction of the Nb of counts
received by the detector with (a) and without (b) radioactive
specimen ( 0.50 mCi)

100,000 cps/sec.



III.1.1 Detection components and instrumentation

Figure 1 shows the analysis components of an EDS system.

Dead time is defined as the time during which the analyser processes a one photon
signal and, consequently, the time during which no further acquisition can be made. The
relationship between live time, real time for spectrum acquisition and dead time is
expressed as follows:

R.T. = L.T. + (D.T. x R.T.) * R.T. = 1 jfp T (1)

The analyser cannot acquire photons during:

- the entire discharge time of the preamplifier capacitor, plus a time
referred to as the "Restore time", during which new X-ray pulses from the
preamplified current induced by an X-ray photon absorbed by the detector, will not
be counted despite having the required amplitude response,

- the processing time of an X-ray pulse; this processing time, of variable
duration, can be divided into two parts:

- the first part, called "Processing Time", which can be adjusted
between 10 and 60 us, is used to detect a threshold overshoot, to reject the
stack of coincident photons and to shape the signal;

- the second part, called "Protect Time", lasts 30 us and is used to sort
the pulse in the multi-channel analyser.

III.2 Variation in dead time with an electron beam
When the incident electron beam is activated, the dead time is reduced (Fig. 2).

this reduction may be more than 50% of the spontaneous spectrum dead time. This is quite
surprising as it seemed reasonable to assume that the superimposition of a flux of X-ray
photons from electron-material collisions with a flux of X-ray photons from the radioactive
sample would have led to an increase in dead time.

For high activities, however, it was noted that there was no reduction in dead time
in the presence of an electron beam. The variation in dead time observed between
spontaneous spectrum acquisition and acquisition of the spectrum to be studied can be
explained by the fact that the y pulses, corresponding to the high-energy X-ray pulses,
create a disturbance on the detector equivalent to a succession of X-ray photons. As the
analyser is incapable of distinguishing between several X-ray photons of the same energy
and an X-ray photon whose energy is the sum of the elementary photon energies, it decides
to process them as a coincidence of two X-ray photons and triggers the stack rejection
procedure. The system then changes over to dead time for as long as there is ,no X-ray
photon to be analysed whose energy is compatible with the system. In the case of the
spontaneous spectrum, acquired without an electron beam, this possibility of passing over
to counting time will depend on the proportion of low-energy X-ray photons (< 60 keV -
adjustable maximum threshold from the analyser) in the spectrum of the radioactive sample.

When the sample is bombarded with an electron beam, the number of X-ray
photons that can be analysed by the detector increases considerably, without in any way
modifying the flux (y + X rays) from the radioactive sample. This will result in the analyser
switching over to counting time, and will thus reduce dead time.

By increasing the the electron beam intensity, the number of X-ray photons arriving
on the detector will be increased. The processing time is thus increased and, as a result,
the dead time is then higher. In this way, the shape of the curve in Fig. 1 is qualitatively
explained.
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It may be concluded that a single y photon can increase the dead time to 100%
and thus block the measuring instruments. Moreover, certain cases exist where no
reduction in dead time occurs, even in the presence of the electron beam; this implies that
the number of y rays arriving on the detector is always much higher than the number of X-
ray photons from electron-material collisions. As a result, the analyser cannot switch over to
counting time.

The performance of such a counting system is thus highly dependent on the nature
of the spectrum of the photons emitted by the sample.

III.3 Quantitative analysis of radioactive samples
111.3.1 Other disturbances due to the sample

The quality of an EDS spectrometer is given by its resolution on the Ka peak of Mn
which, for existing detectors, is of the order of 135 to 140eV. Working on radioactive
samples will lead to a reduction in this resolution, as shown in Table 2.

Element

Ti

Cu

Source

none

0.5 mCi

none

0.5 mCi

1.5

Resolution (eV)

130

212

163

182

236

Table 2: Variation in resolution as a function of sample activity

The discrete peaks are also found to be systematically shifted towards higher
energies by about 20 eV, i.e., for a peak at 8041 eV (Cu Ka), an error of 0.25%.

These two disturbance factors are of great importance in the quantitative
processing of a spectrum from a radioactive sample, as is the case here, because
standards have to be used in order to set the energy level of the measurement system and
to make allowance for the variation in resolution as a function of the detected number of
events.

The above two consequences mean that, when working with a reference sample
for energy calibration and resolution variation calibration as a function of counting time,
these two calibration procedures must be performed in the presence of the radioactive
sample. This implies that the calibration procedure must be completed each time the
sample is changed, as the settings are not valid from one sample to another. The
acquisition of the spectra to be studied and the calibration of resolution as a function of
number of counts will take place in the zone where dead time is minimum.

III.3.2 Quantitative analysis

Quantitative processing of a spectrum obtained from a radioactive sample will
obviously be disturbed by the spontaneous spectrum and it is important to find out how this
spontaneous spectrum can be taken into account.

To check the method, semi-quantitative processing (using virtual references) was
performed on a structural steel sample, with particular attention paid to its Mn content. The
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first idea was to deduct the spontaneous spectrum from the spectrum under study. This
spontaneous spectrum includes Ka and Kß peaks of Mn caused by the radioactive decay of
^Fe into Mn (K capture, see 11.2.1.a).

The strict deduction (i.e., both spectra were acquired with the same Live Time),
gives rise to the elimination of the Mn peak in the spectrum. The analysis shown in Fig. 3 is
then obtained. Table 3 summarises the spectra acquisition data and Table 4 the values
obtained after semi-quantitative analysis.

Spectrum

A (Fig. 5-a)

E (Fig. 5-b)

Live
(s)

100

100

Real
(s)

188

500

Dead Time (%)

45

80

Table 3: Acquisition conditions of the spontaneous spectrum (E) and of the
spectrum to be studied (A), in the presence of an electron beam, from a radioactive sample.

Spectrum A

Spectrum C

Chemical compo

Cr

0.4

0

0.2

Mn

1.6

0

1.5

Mo

0.2

0

0.5

Ni

1

0

0.7

Fe

96.8

100

97.1

Table 4: Mass % obtained after semi-quantitative treatment of the uncorrected
spectrum (Spectrum A) and Spectrum C = (Spectrum A - spontaneous spectrum). Both
acquired during the same Live Time; comparison with ingot analysis values.

It was found that direct deduction of the spontaneous spectrum from the spectrum
to be studied gave rise to incorrect results.

The other possibility is to deduct the spontaneous spectrum from the spectrum
under study acquired during the same real time. In this way, allowance can be made for the
variation in dead time between the spontaneous spectrum and the spectrum under study
and, therefore, the contribution made by the spontaneous spectrum during the acquisition
of the spectrum under study can be deducted. In practice, the spontaneous spectrum is
measured for a live time of 100 s with a real acquisition time that will depend on the dead
time. The variation in dead time in the presence of the electron beam is then estimated. It is
thus possible to calculate the real counting time of the spectrum to be worked on, as
illustrated by the following example:

Spontaneous spectrum: Live Time 100s Dead Time 80% Real Time 500s
Spectrum under study: Dead Time 45%

Calculation of the live counting time, to reach the real counting time of 500 s, with a
dead time of 45% (according to the relationship (1)): the live counting time will be 325 s (the
dead time values are calculated every two seconds and vary during the acquisition; the
calculated values are thus values which give an order of magnitude to within about ten
seconds.
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If this reasoning is applied to the example given, the following values are obtained:

Spectrum B

Spectrum D

Chemical comp.

Cr

0.4

0.4

0.2

Mn

1.8

1.4

1.5

Mo

0.6

0.6

0.5

Ni

0.8

0.8

0.7

Fe

96.4

96.8

97.1

Table 5: Mass % obtained after semi-quantitative treatment of the uncorrected
spectrum (Spectrum B) and Spectrum D = (Spectrum B - spontaneous spectrum). Both
acquired during the same Real Time; comparison with ingot analysis values.

It is found that deduction of the spontaneous spectrum from the spectrum under
study, acquired during the same real time, gives satisfactory results.

It is obvious that if the discrete peaks of the spontaneous spectrum do not interfere
with a peak on the spectrum under study, then it is possible to work directly with the
spectrum under study without having to worry about the spontaneous spectrum which,
generally speaking, has a negligible intensity compared to the spectrum to be studied.

IV. CONCLUSIONS

Radioactive samples can be analysed by dispersive energy spectrometry on
condition that various acquisition processing precautions are taken. In this case, a
spontaneous spectrum exists which is a spectrum acquired on the analyser without an
electron excitation beam. This spontaneous spectrum is due to the emission of X-ray
photons resulting from radioactive decay of the components elements of the sample. The
list of these elements in relation to their decay mode was drawn up for irradiated fuel. The
spontaneous spectrum is also due to a fluorescence phenomenon for the entire sample,
caused by y photons emitted by the sample.

Working on radioactive samples will give rise to a decrease in detector resolution
and a shift in the discrete peaks towards higher energies.

The spontaneous spectrum is acquired with a long dead time; this time decreases
when a spectrum is acquired in an electron beam. This variation is caused by interaction
between the y photons and the detector which will block the measurement system
(changeover to "dead time"). In the presence of an incident electron beam, the fact of
having to process the X-rays from the electron-material interaction will enable the
measurement system to revert more easily to the counting time.

The qualitative processing of spectra acquired on radioactive samples, must be
carried out with care being taken to deduct the spontaneous spectrum from the spectrum
under study, on condition that both spectra were acquired with the same real acquisition
time.
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Abstract

The remote controlled Electron Probe Micro Analyzer(EPMA) and Secondary Ion Mass Spectrometer
(SIMS) which were shielded by each lead box have been developed to study and research the
characteristics of highly irradiated fuel pellets and cladding tubes. EPMA and SIMS are
utilize to investigate the distribution or composition of fission products(FP) and intermetalIic
compounds,etc. in detail. This paper describes the summary of these instruments and the example
of applicat ions.

As a sample is automatically transferred by rack-and-pinion,which was specially designed in
each instrument, from the sample handling cell to the analytical chambers , the outer surface of
instruments has no radioactive contamination. It means the maintanance of instruments is easy
and speedy.

EPMA was installed in 1991,and had been applied to examinations of irradiated fuel pellets
and cladding tubes.

SIMS is under a mock-up-test using unirradiated samples. This instrument has several
features as shown below.

(1) Cs+ ion gun and 0V ion gun were attached to the analytical chamber. The minimum diameter
of Cs * ion beam is ̂0.2 /«m and that of Q2+ ion beam is ̂ 2 #m.
Ion guns w i l l be suitably selected according to the analytical elements or the size of
analytical area,etc.

(2) Auger electron spectroscopy(AES) other than SIMS was attached. This makes possible speedy
quantitative analysis to supplement the results of SIMS.

(3) The conpact machine which fractures a specimen by tensile tension was attached to AES
chamber. The clean surface fractured under ultrahigh vacuum condition can be analyzed.

1 . Introduction
The extension of fuel burn up has been desired in order to improved the utilization

of uranium resources and reduce spent-fuel volumes. Therefore,Nuclear Power Engineering
Corporation(NUPEC) has promoting verification tests on high performance fuel under the
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sponsership of the Ministry of International Trade and Industry(MITI). The purpose of
this project is to verify several possible phenomena that w i l l manifest at the extention
of fuel burn up , even though at the current burn up does not appear.

It is generally considered as fuel rod water side corrosion and fission gas release
are important factors that might l i m i t the operating life of fuel rod. Therefore, the
remote-controlled Electron Probe Micro Analyzer(EPMA) and Secondary Ion Mass Spectrometer
(SIMS) have been developed (*'to comprehend these phenomena as a part of this project,and
were installed in the fuel hot laboratory of Nuclear Development Corporation(NDC).

This report describes an outline of these instruments and several apprication data.

2. EPMA
2.1 Outline of the EPMA

The EPMA has been utilized for analyzing element compositions and its distribution
in high burn up fuels, cladding tubes, etc.. Shimadzu EPMA8705 was modified for the
analysis of highly activated samples and was installed in 1991. The EPMA and the SIMS
were set up adjacent to the sample handling cell which had equipped a pair of
manipulator. The carbon or gold coating to the sample surface and the sample setting
to a holder are carried out in this cell. However, the cutting or polishing of samples
is performed in the other cells to keep this cell clean , and a sample is quickly
transferred to the sample handling cell through a pneumatic tube. The layout of the
EPMA ,the SIMS and the sample handling cell is shown in fig.1.iThe composition of the EPMA is shown in fig.2. The analytical components except
for the operation controller were covered with the box-type biological shild made from
lead. The thickness of lead walls was calculated for the analysis of samples with
activities that did not exceed 20GBq.

All analytical works are performed in remote control without using a manipulator or
a tong to transfer a sample. As a sample mounted on a holder moves only on the rails
installed inside the sample introduction chamber and the analytical chamber , the outer
surface of this instrument is out of contact with a contaminated tong,etc. Therefore ,
the maintenance can be performed in almost the same way as a standard EPMA by extracting
the instrument to trie outside of the biological shield. It is easy to extracting the
instrument , as it has wheels on rails.

In order to reduce the background noise by r-ray emitted from a irradiated sample ,
the sample holder and the X-ray slits adjacent to detectors were made of the tungsten
alloy. The pulse height analyzer which is originally attached to a standard EPMA is
effective to improve S/N .also. The different analysis modes can be available the

* EPMA and SIMS have been developed in collaboration with Shimadzu which is a instrumental
vendor.

316



ÜAJ

Large eel

-'Manipulator
W i ndow

F i g, 1 The layout of sample hand I ing ce 11

TV camera

Biological shield

Electron gun

T ^. Analytical chamber

L- /

Electron detector

Automatic measurement
System

Ä
o
CPU

Mapping system

o
dH

CPU

Rail

Fig.2 The composition of EPMA
317



inUO>ino

c
oü
21X

03-*-»

3UUUU

80000^

70000

60000

50000

40000

30000
20000

10000
0

\ • Xe
A Cs

X + Nd
-•*
. *

L- .............r^ . . l . . . . l . : . : . î :
-

0 500 1000 1500 2000 2500 3000 3500 4000

Distance from pellet edge (/^m)
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following :1)X-ray wavelength spectrum scan 2)1 ine scan 3)area scan. For the area
scan , two methods can be available. One is analyzed by the electron beam scanning ,
another is analyzed by moving the sample stage without scanning the electron beam.
In the latter method , a computer controls the sample stage, records the counts of
characteristic X-ray ,and processes the data after the analysis.

2.2 Applications of the EPMA
The radial profile of Xe, Cs and Nd in a fuel pellet was analyzed by the EPMA.

(1) Sample
The sample is a standard pellet irradiated in a coirmercial PWR reactor. The

assembly burnup is about 37GWd/t. The sample was cut in a small fragment to reduce
the background noise. The polished sample was applied to the elemental analysis ,and
the etched same sample was applied to the observation by the secondary electron image.

(2) Analysis
About twenty point analyses along a radial direction were conducted with a spot

size of about 5 urn. The measuring time is 50sec a point ,and the accelerating voltage
is 20kv. The amount of background noise caused by r-ray was measured in each analysis
position , and was considered to estimate the net characteristic X-ray counts.
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(3) Result
The radial distributions of Nd, Cs and Xe are shown in fig.3. Nd ,which indicates

the degree of fuel burnup,and Cs increased and Xe decreased, as the analysis points
are nearer at the edge of the pellet. These phenomena are accordance with other
papers<

t
1>~(3> Secondary electron images are shown in fig.4. Many small pores (at urn)

were observed on both the grain boundaries and the in-grain within about 50//m from
the edge. On the other hand , the larger pores than at the edge were observed only
on the grain boundaries at the center of the pellet.

These results w i l l be important as the reference data of high burnup pellets
in future.

3. S I MS
3.1 Outline of the SIMS

SIMS is a kind of surface analytical instrument to perform the mass spectral
analysis. The mass spectral analysis is carried out by separating the emitted
secondary ions according to the energy and the mass of a ion. SIMS has various general
characteristics ,for example high sensitivity analysis, the light element analysis
including hydrogen, depth analysis, isotopic analysis, etc.. The local burnup
measurement u> in a radial direction of the pellet , the distributions analyses (5>~(8)

of P or burnable poisons (i.e. Gd),etc, have been performed in other fuel hot
laboratories by utilizing effectively these characterisitis.

The SIMS was installed in M)C fuel hot laboratory in September 1994 , and it is
under a mock-up-test. This SIMS is different from the conventional SIMS.
The characteristics of this SIMS are shown following.

The photograph , the illustration and the principal specifications of the SIMS
are shown in fig. 5 , fig. 6 and table 1 .respectively.

This SIMS is composed of Shimadzu/Kratos S930 and the Auger electron analytical
component of Shimadzu/Kratos XSAM800pci which is a compound surface analytical
instrument. That is the two coimiercial instruments were combined. Therefore , the
analytical chamber , the vacuum system , the instrumental support with the vibration
absorbers ,etc. were specially designed for this SIMS. For the secondary ion mass
spectrometry , most elements can be detected with a sensitivity in the ppm range.
On the other hand , it has been known that the quantitative analysis of high
concentration elements in the percent range is difficult , as the sputtered ion yield
is quite different"' according to analytical elements. Therefore , Auger electron
spectroscopy(AES) which analyzes the surface compositions as secondary ion mass
spectroscopy was supplemented. The speedy quantitative analysis of elements in the
percent range is possible by AES.
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Table.1 The principal specification of the
1 trems

S 1 MS

AES

Tensi le machine

Ion beam size

Mass analyzer

Vacuum pressure

Detector type

Vacuum pressure

Fracture
Temperature

Load

Spec i f i cat i ons

© Q!* ion gun è 2 fj.m
(Duoplasmatron ion source)

(2) Cs4" ion gun ̂  0.2̂  m
(Liquid metal ion source)

Ouadrupole (Detectable mass

6.7 X 10 ~aPa (at the best

rangea 500)

condition)

Concentric spherical analyzer(CHA)

6. 7 x 10 ~8Pa (at the best condition)

Room temperature

2̂00kgf

The components of SIMS and AES were attached to each analytical chamber,and joined
with a gate valve. The sample introduction chamber besides the analytical chambers was
attached in order to keep ultrahigh vacuum condition. A sample is taken m and out
from the sample introduction chamber , and automatically transferred to the analytical
chambers by rack-and-pmion. This method succeeded that of EPMA The scheme of the
sample transfer system is shown in fig.7

The 02+ ion source gun and the Cs + ion source gun were equipped to use properly
according to the kind of analytical elements or the analytical area. The 02+ ion
source is suitable for the depth analysis u t i l i z i n g high current density ,or the high
sensitivity analysis of metallic elements The Cs * ion source is suitable for the
micro area analysis with its fine beam ,or the high sensitivity analysis of nonmetalIic
elements. The minimum diameters of each ion gun are 2 am for 02 + ion ,and 0. 2#m for
Cs* ion

The tensile machine which fractures a metallic material under the ultrahigh vacuum
condition was attached to the AES chamber. A standard sample size is approximates 30mm
in length and the maximam tensile load is 200kgf. The two fragments are withdrawn from
the instrument under the remote control .respectively The overview of the tensile
machine is shown in fig 8.

The sample stages using m AES and SIMS have 5 axis. That is a sample can be
moved m the direction of X ,Y ,Z .R(rotation) and T(tilt). A sample is mounted on
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a transfer carriage and can be optionally transfer between AES and SIMS by rack-and-
pinion.

50mm thick lead shields to decrease the background noise by r -ray were equiped
between the sample stages and the détecters for AES and SIMS.

The box-type biological shield was made from lead. The base of the shield design
is the same as the EPMA.

The SIMS can be withdrawn from the shield to the open space in the same way as
the EPMA.

3.2 Applications of the SIMS
The distribution analysis of the hydrides in an unirradiated fuel cladding tube was

carried out to confirm the function of the area scan as a part of the instrumental
adjustment.

(1) Sample
A standard zircaloy4 was charged with about 400ppm hydrogen by the gas hydriding

method. The sanple was fixed with epoxy resin to polish the cross section of the
cladding tube. After the polishing , the epoxy resin was taken off to keep the ultrahigh
vacuum condition.

(2) Analysis
The Cs + ion gun was used for this analysis. The beam size is about 5jum , and

analytical area is about 200X 200//m.
(3) Result

The result of the area scan which has detected hydrogen as ZrH " ion is shown with
the optical micrograph in fig.9. Though this data was taken as a part of the
instrumental adjustment , the possibility of the quantitative hydrogen analysis using
the metallographic samples has been suggested.

i. Conclusions
The remote-controlled EPMA and SIMS have been developed in order to study and research

the characteristics of highly irradiated fuel pellets and cladding tubes.These instruments
were covered with the box-type biological shield made from lead for the safety operation.
The maintanance can be performed at the open space ,as the outer surface is not contact
with what is radioactive contamination. It means the maintanance is easy and speedy.

The SIMS having several attachments ;(1) two kinds of ion guns ;(2) AES analyzing
function ;(3) the tensile machine was installed Though it is under a mock-up-test using
an unirradiated sample , it w i l l be very helpful to study and research high burnup fuels
in future.
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Abstract

The understanding of processes happening in fuel element materials under
irradiation is connected with application of the modern instruments and techniques
providing the largest body of information on changes of chemical and isotopic
composition, crystalline structure, micro- and macrodefects, phase composition and
distribution.

It is the practice study by sampling techniques providing the representativity of the
results obtained.

Last years at the FSC RIAR hot laboratory the technique of integrated analysis
is extensively used for gain a large information body by the same sample. Itisachieved
due to application of mutually co-ordinated instruments providing for examination of
irradiated specimens of the same shape and dimension, quick fulfilment of transport
operations between the instruments, specimen surface being without contact with the
air in certain cases.

The detailed non-destructive and traditional destructive techniques make it
possible to choose the most representative and informative part of an irradiated fuel
element for sampling and examinations. As an example of the WER fuel, fuel element
cladding investigations it was shown the main advantage of the integrated
microscopy application, Auger-spectroscopyofX-raymicroanalysisfor examination of
fuel element cladding materials and corrosion effects observed in fuel and coolant,
secondary ionic and X-ray microanalysis for study of fuel composition.

Introduction
The improvement of techniques for research of construction, fuel and

absorbing materials of the WER fuel assemblies is important in the body and
confidence of information obtained at the stage of post-irradiated examination
of material properties and phenomenon of corrosive,radiation or thermal origion.

The significant step in examination of the full-scale fuel assemblies is the choice
of more representative and informative fuel elements, preparation of the specimens
taken from the places of interest to the detailed investigations. That is why the
minimization and unification of the specimensforthe different types of material science
investigations is an important factor that allows the complex analytical technique to be
consistently used and the integrated set of information to be obtained. It is also specified
by the requirements of radiation safety with completing the examinations by the
complex instruments without remote control systems (Auger-, ionic microanalyzerand
others).
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It is important also to decrease the volume of wastes formed during the investiga-
tions. Therefore, the RIAR hot laboratory gains thirty-year experience in research of the
WER fuel elements and assemblies, improvement of methodology and development
of techniques for destructive and non-destructive examinations.

1. ON METHODOLOGY OF THE WER FUEL ELEMENT INVESTIGATION
Since 1989 the WER-440 and WER-1000 full-scale fuel assemblies have been

investigated at RIAR. Above twenty fuel assemblies irradiated in the NPP of Russia
and abroad were investigated. As a rule, all the investigations follow the complete
program including the more complex techniques of investigations. The diagram of
program is given in Fig.1.

The main result of the program involves information on production technology,
operation regulations and design decisions. Themainelementoftheprogram is material
science investigation. The structural scheme for arrangement of such investigations
involves technique of fuel elements sampling for destructive testing, cutting of fuel
element into samples, preparation of special specimens, carrying out of mechanical,
thermophysical corrosion investigations and structural changes in post-irradiated
materials.

The choice of fuel elements for destructive examination is the most important
logical multiparametrical task taking account of both the results of non-destructive
examinations and analysis of irradiation conditions. In this case always takes place
intuition and experience of an investigator, statistical confidence of information which
also must be taken into account. An important role plays the check of the results obtained
by experimental samples manufactured from irradiated fuel elements, initial materials
and those irradiated in the RIAR research reactors.

2. MATERIAL SCIENCE EXAMINATION OF WER FUEL ELEMENTS
In carrying out the material science examination of the WER fuel elements the

following techniques are used in RIAR:

- For estimation of conditions of inner and outer surface of cladding (corrosion,
depositions)

Optical metallography (up to 1000X magnification)
Scanning microscopy Local elementary analysis

- Main material of cladding:
Optical microscopy;
Transmission microscopy;
Mechanical tensile testing from 20 to 1200° C;
Local elementary and phase analysis;
Scanning microscopy and Auger-spectroscopy of sample destructive
surface;
Measurement of thermal-physical properties
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- Nuclear fuel:
Optical metallography
Local elementary analysis
Gamma-scanning of section surface

measuring of fuel stoichiometry
Measuring of fuel porosity
Gas release from fuel with heating up to melting temperature
Measuring of thermal-physical fuel features.

It should be noted that in practice of the hot laboratory the optical metallography
is one of the essential techniques providing the choice of the more representative local
section of specimens for further examination. The soft-hardware system for the images
processing of metallographical structures was developed in order to receive the
statistically significant information with earring out the metallographical testing.

The analyzer of videopicture allows for solving the following tasks:
- digital display of frame (black-and-white and colour) coming from TV camera,

compression and presentation of obtained file in PCX and TIFF format;
- editing of digital image;
- production of a hard copy of imagesdis by laser printer;
- image filtering to separate boundaries of isolated parts;
- morphological operations with image;
-quantitive analysis (volume portion of phases, distribution over areas, diameter

of particles).
Theworkisunderwayon organisation of videopicturesdatabase and introduction

of new methods of mathematical morphology for image processing.
The fuel structure of the WER-1000 fuel element and volume parameters obtained

during the quantitive processing are presented in Fig.2.
The samples of fuel composition along radius of pellet are taken by local ultrasonic

boring with a core drill of 1.6 mm diameter.
The minisamples from fuel assembly parts made of zirconium alloy are

manufactured by mechanical and electro-erosion methods. The miniature specimens
are used for production of the objects studied in electron microscopes and electron
analyzers.

The equipment for structural-elementary analysis consists of seven various units
which can be classified as a basic equipment and three of them as an auxiliary one.

The basic equipment involves as follows: X-ray microdiffractometer K3fl-l, sec-
ondary ionic mass-spectrometer MC-7201, secondary ionic mass-spectrometer (ionic
probe) MC-7202, scanning electronic microscope P3M-101; differential
spectrometer Auger-electronic 3CO-3 and 3CO-5, transmission electron
microscope fl3M-10u. The main characteristics of the instruments above are
presented in Table 1.

The set of units concentrated in one section allows the realization of various
schemes of investigations and making of confidential information on structure
and distribution of elements in the irradiated articles. One of the most customary
routines of investigations conducted on the work bay is follows: after mechanical testing
an operative piece of 2-5 mm long involved the fracture place is cut from the specimen
involved the fracture surface. Such specimen is located into the vacuum chamber
of scanning electron microscope to study the surface failure. When examination in
the scanning microscope was completed the specimen is placed into the Auger-
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Table 1
Equipment for technique of fine structural analysis

Facility Purpose Main
characteristics

Application

X-ray diffractome-
ter (K3fl-l)

Secondary ionic
mass-spectrometer
(MC-7202M)

Auger-electon ana-
lyzer (3CO-3) and
(3CO-5)

Scanning electron
microscope
(P3M-101)

Transmission elec-
tron microscope
(POM-100)

Qualitative and
quantitative phase
micro-analysis

Qualitative and
quantitative ele-
mentary and iso-
topic analysis of
sample surface

Study of surface
microstucture and
topography, analy-
sis of all elements
after helium

Microstructure ma-
terial study

Fine structure
study of construc-
tion materials

Minimum area for
analysis - 04 mm2.
Necessary mini-
mum mass-5 g.

Detection limit of
mass content 1Q-4%.
2-5 atomic layers
of analysis depth.
Ionic etching.

0.1-1% sensitivity.
Minimum area for 6
mkm analysis. Depth
-about 5 atomic lay-
ers. Ionic etching.
0.1 mkm probe di-
ameter.

Magnitude 70000

5E resolution. Mag-
nification 400000

Phase analysis of
substance in micro-
volume

Fine films and sur-
face effects, hydro-
génation, chemical
composition of
depositions, corro-
sion.

Segregation ef-
fects, material
chemical composi-
tion before and af-
ter destruction

Microstructure of
fracture surface,
depositions, corro-
sion products

Dislocation struc-
tures, porosity,
grain boundary.
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spectrometer chamber for elementary analysis of the specific parts of surface or for
shape study of element distribution.

When the first quantitive results on distribution of basic matrix elements was
received the sample is placed into one of the secondary-ionic mass-spectrometers
differed from the Auger-spectrometer by more high sensitivity. However the quantitative
analysis in this case is integrated with the great difficulties. If necessary to carry out
the local investigations on the surface the specimen is placed into the spectrometer
MC-7202M or MC-7201M. After mass-spectrometric study the possibility exists of
determining phase composition by X-ray d iff racto meter IOfl-1, refining of the specimen
up to 0.1-0.3 mm thick, punching disks and following refining by the ionic beam
or by the facility of electrolytical refining and testing of structure by the transmission
microscope I13M-100. If necessary the specific scheme of investigation can be differed
from the described above.

As the most part of work is concerned a certain specificity is available for
specimens preparation and investigations. In addition to the usual requirements to
the purity of the investigated surface in the scanning microscopy it is necessary to
restrict the residence time of the specimen in the vacuum chamber of microscope
because gamma-background of sample decreases the sevice-life of scintillation crystal
of detector of secondary electrons and increases the noise level. Auger-spectrometer
is more tolerating to the presence of background from the specimen under investigation
but in this case the level of white noise is increased but ionic etching leads to
accumulation of alpha-, beta-activity into the vacuum chamber of spectrometer and
hence, decreasing of sensitivity. To a greater degree the radioactivity of specimen
influences on the operation of the secondary ionic mass-spectrometers, because a
continued ionic etching of surface occurs in the radioactive specimens under mass-
spectrometric examinations. Therefore the difficulties occurred in the process of
examination of radioactive materials must be taken into account by the developed
techniques.

The structural investigations are widely used within the scope of the program on
study of vibropack fuel for thermal reactors. It was shown formerly that technology based
on fuel elements vibropacking makes it possible to simplify their manufacture with
use of power plutonium and to introduce a burnable absorber in the fuel composition
as well as to profile the concentration of fuel composition in the fuel element length
for flattening of energy release field in the reactor.

In 1992 uranium-plutonium oxide vibropac fuel elements were manufactured for
testing in the MIR reactor as well as the mock-ups involved oxide fuel and additives of
burnable absorber of metal gadolinium powder were tested and investigated. The
choice of burnable absorber in the metal state allows its simultaneous application
as a getter decreasing the rate of chemical processes occurred in the fuel element. In
this case the thermal conductivity of ceramic matrix improves too. Three experimental
fuel elements of 200 mm long were manufactured for irradiation in the MIR reactor in
order to study the formation of structure and kinetics of interaction between the
gadolinium particles and uranium dioxide matrix. The cladding made of the alloy 3-110
was 9.15x0.65 mm diameter and thick. The testing time was 360 hr, uranium dioxide
burning-up - 8 MWtday/kg, linear power up to230Wt/cm, cladding temperature up
to 400° C.

The investigations showed that formation of structure was typical of oxide fuel. As
Fig.3, 4 showed no marked interaction between the metal gadolinium powder and
uranium dioxide matrix was observed at irradiation temperature 120° C. Nevertheless
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Fig.5. Composed flat specimens
a - with notch and crack, b - smooth specimen

the out-of-pile investigations of UO2 + 7%Gd composition showed the possibility of
mixed (UGd) oxide formation at temperature 1800° C.

As shown in Fig.4, no interaction between the metal gadolinium and cladding
of 3-110 alloy was observed with metallographic investigation after irradiation.

The structural investigations in combination with the technique for measuring
of fracture toughness parameters of the WER fuel element cladding materials is of
practical interest. The parameters of fracture toughness (K ,J ) or J-R curves are
specified while testing the specimens of special geometry and rather large thickness.
The material state of bulk round blank differs from thin-walled cladding tubes. In order
to study fracture toughness of the thin-walled cylindrical and spherical shells the
methods are developed with using the flat specimens of sheet materials.

However no sheet materials are available identical with cladding tubes made of
zirconium alloys, for example. Therefore the flat specimens made of cladding tubes
are well approached to the true material.

The technique developed for the tubes made of zirconium alloy is multipurpose
and suitable for the thin-walled tubes of alternative materials. Two types of the flat
specimens were considered: a plate in size 70x20 mm with middle cross crack M(T)
or one side edge crack SE(T). The more high sensitivity to the change of crack size
as well as more length of ligament-section at the same crack and width dimensions
are achieved on the SE(T) specimens. The SE(T) specimen is favoured from the
view of machening and convenience for testing in the hot cell when crack-mouth
clip gauge is installed with manipulators. The specimens are presented in Fig.5.

The specimens are manufactured by electron beam welding of three plates . The
middle plate is a working part of the specimen manufactured by the mechanical planing
of tube section cut along the axis. The welds 1mm wide and the heat affected zone does
not exceed the cladding thickness. Though this approach may be critisized, it allows
the production of specimens from the true material with notch or crack orientation
to the direction of crack growth in the cladding tubes.
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The working part of the specimen can be cut from the cladding unfolded at a
different angle to its axis for studying the properties anisotropy. The application of
thermal treatment providing the recovery at a temperature restricted by the conditions
of tube treatment decreases the effect of cold work. The initial slot (notche) about 0.2
mm wide is made by spark method. The fatigue crack from the tip of the notch is growed
under the cyclic loading conditions specially selected for the material.

When testing the records are obtained "load P - load line displacement " and
" load P - crack mouth opening". The starting values of J or K can be obtained as
characteristics of fracture toughness depending on the material behaviour. As in
othersimilartechniques, in thiscaseit is necessary to use data obtained in the tensile
specimens without notches or cracks.

Conclusion
The complex of equipment and techniques are created and put into operation at

RIAR to study the structure and composition of the WER irradiated materials for
production of more full information by single miniature specimens.
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Abstract

A secondary ion mass spectrometer (SIMS) was installed in 1978 in the Hot-Laboratory
of the Swiss Paul Scherrer Institute (PSI). The equipment was subsequently modified to allow
for the remote handling and analysis of alpha-, beta- and gamma-radioactive samples up to an
activity level of 1 MeV GBq. Following an extended period of inactive commissionning
including test runs on steel and glass samples, the SIMS was brought into active operation in
1982 as the only shielded instrument worldwide. Since that time, the instrument has been
intensively utilized for material research in nuclear fuel cycle optimization.
- Radial actinide-, fission product- and gadolinium isotopic profiles were determined in

uranium (gadolinium) oxide- and (uranium, plutonium)-oxide fuel.
- The effect of Li uptake and corrosion enhancement in the waterside Zirconium-oxide layer

on PWR cladding was studied.
- Actinide- and fission product-distributions were also analyzed at the cladding inner surface

after fuel leaching during reprocessing.
- Depth profiling was intensely applied to study the concentration profiles of 18 different

nuclides through the gel layer of corroded highly active glass samples.
- SIMS was successfully applied when participating in the OECD project for TMI-2 core

debris characterization, to classify groups of elements from fuel and structural material.
Included were minor fission products that regrouped following melting to form new
ceramic and metallic phases.

- By using a Cs ion gun, it was possible to quantify the carburization of stainless steel fast
breeder reactor cladding following irradiation with uranium plutonium carbide fuel.

During the 10 years application of SIMS for radioactive material research, the equipment had
to be decontaminated and refurbished on several occasions. The paper reviews the highlights
of analytical results gained mainly on non-conducting sample material and evaluates
possibilities for future applications in the nuclear fuel cycle with currently available SIMS
equipment.

1. INTRODUCTION

In the last 10-15 years secondary ion mass spectrometry (SIMS) has developed into a
mature and established analytical technique [1]. The first commercial SIMS instrument for
microanalytical applications was built in the early sixties. The intention was to have available
an instrument for the analysis of extraterrestrial material brought back to Earth during early
„space age".

The advantages in the SIMS technique lie in the very low detection limits for some
elements (< 1016 atoms per gram), the accessibility of atomic concentrations and isotopic
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vectors of elements, the possibility to analyze low Z elements including hydrogen. The fact
that targets may be conducting or electrically insulating. Finally, analytical information can
be gained from the first few nanometers of surface layers (static SIMS), as well as several
microns in depth of a sample (dynamic SIMS) [1].

Of course, SIMS has disadvantageous characteristics as well. Even today, quantification
of elemental concentrations analyzed by SIMS is not straight forward. Chemical enhancement
effects of primary ions, mass interferences due to the formation of molecular secondary ions
and atomic mixing in the substrate, in summary, the complex nature of the secondary ion
formation process on the target and specimen preparation effects may blur the true chemical
concentration information of a sample.

Nevertheless, the availability of surface and indepth elemental and isotopic
concentrations (even if relative) on metallic and ceramic substrates and the fact that radiation
should not disturb secondary ion analysis led PSI to decide 15 years ago to install and exploit
this promising technique for use in nuclear material research. A commercially available
instrument was therefore bought in 1978 and shielded during the subsequent years. Today,
PSI has evaluated and ordered a new state of the art equipment which should be installed
during 1995. The present paper is reviewing the past 15 years of (prototype) SIMS experience
including equipment refurbishment and mayor analytical results.

2. THE INSTRUMENT

The instrument bought in 1978 is an „a-DIDA RASTER-IONENMIKROSKOP".1
Since the modification described in [2] the sample posting system was improved by a vacuum
lock. The primary ion beam line was furnished with a neutral particle suppression. Two
generations of analysis process control- and data handling-systems have been installed and
upgraded. Fig. 1 shows the instrument in its present shape. The primary ion source is outside
the lead shielding. As an alternative to the original sources, producing O2

+ or Ar+ ions, a Cs+

ion source2 was also set up. Prepared radioactive samples are loaded into the glovebox
through a posting system commonly used in the hot laboratory. By means of a simple tong
manipulator, the specimens are brought to the sample holder of the opened sample loading
vacuum chamber. This chamber is then evacuated and the specimens are transferred into the
recipient, where their position is controlled by two stepping motors. Secondary ions pass
through the ion optics system, consisting of an electrostatic energy filter and a quadropole
mass separator, which is mounted on the rear of the recipient inside the lead shielding. The
recipient is overviewed by a video system. A monocular microscope for sample surface
observation leads through the lead shielding. The primary beam can be scanned. In this way
lateral distribution images for relative single mass count rates can be produced. When
measuring depth profiles, an electronic gate is suppressing secondary ion signals from the
outer part of the scanned area, thus avoiding crater edge effects. When insulating material is
analyzed, the primary beam charge is compensated by electron bombardment. The analysis
process control and data acquisition is now performed by an Atomika 4000 series system.

1 ATOMIKA Instruments GmbH, Bruckmannring 40, D-85764 Oberschleissheim, Germany
2 General lonex Corporation, 19 Graf Road, New Bury Part, 01950 MA, USA
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Fig. l : Shielded secondary ion mass spectrometer in the PSI Hotlaboratory
(1) ATOMIKA 4000 series SIMS process controller
(2) power supply, electronics
(3) stepping motor control
(4) primary ion source
(5) glove box
(6) shielding door (open)

3. MATERIAL SCIENTIFIC INFORMATION GAINED BY SIMS ON RADIO-
ACTIVE SPECIMENS

During the long period of experience in characterization of radioactive metallic core
components, fuel, cladding, waste glasses and other material it has been shown that the PSI
selected shielding- and contamination control concept was successful. The tungsten shielding
in the secondary ion formation system allowed low back ground counting. Chemical
decontamination of internals for channeltron replacement or primary beam line repair was
possible with reasonable effort at any time. The major operational and analytical problems
encountered were connected to electronic system malfunctioning and to the mainly
technological nature of typical core samples analyzed, containing surface oxide deposits
and/or showing high local resistivity and inhomogeneities. Nevertheless the engagement led
to many international post irradiation examination (PIE) projects and to highly interesting and
useful results, some of which are summarized in the chapters below:
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Fig. 2: Plutonium isotopic distribution on irradiated MOX fuel cross section
a) SIMS experimental measurements.
b) Modelled Pu isotopic distribution with code TUBRNP [4].

3.1. Radial plutonium and fission product isotope profiles in mixed oxide fuel

In order to extend the data base on MOX fuel behavior which is used for design and
licensing purposes, several international programs were organized by Belgonucléaire. In the
context of these programs the radial burn-up of Plutonium and Uranium was assessed
together with the qualitative distribution of some fission products (Fig. 2). Combined with
EPMA results on the same fuel cross section the SIMS results could be quantified [3]. The
application of SIMS allowed to bypass a cumbersome process of mechanical or ultrasonic
fuel microdrilling followed by sample dissolution, radiochemical separation and mass
spectrometric isotopic dilution analysis. The PSI results are now being used to test the
neutronic burnup code TUBRNP [4].

3.2. Gadolinium burnup in Gd doped PWR fuel

Utilisation of burnable absorbers in nuclear light water reactors is a method for
implementing short term improvements such as 18 months fuel cycles and maximized
average fuel bumup. Among the burnable absorbers, Gd2O, is a leading candidate. It has been
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used in boiling water reactors for some years. When the two isotopes '55Gd and I57Gd with
thermal neutron capture cross sections of 61000 and 254000 barn are burnt out, the residual
poisoning is negligible. As Gd2Q, can readily be mixed with UO2, it can be implemented at
the most appropriate locations in the fuel assemblies without negative effects on heat transfer
or water/fuel ratio for example. Additionally, it does not adversely affect spent fuel storage
and reprocessing.

Because uncertainties in the burnup calculation of Gd rods are still too large and since
experience on the effect of Gd presence on high burnup behavior is limited, it has not been
possible to fully exploit its possibilities. As in the case of MOX fuel isotopic analysis after
irradiation, Belgonucléaire has also initiated and organized several international programs to
characterize the radial burnup of Gd doped fuel and to chemically and physically describe
irradiaion induced fuel changes. In this context the PSI shielded SIMS again proved to be a
very valuable analytical tool to assess the radial Gd isotopic vector. Fuel samples with an
initial U-235 enrichment of about 3.5% and Gd2O3 concentrations of about 3 and 7% have
been analyzed. The burnup values lay between 2 and 6 GWd/t of heavy metal.

For the analysis of polished cross sections of irradiated fuel, an O2
+ primary ion beam of

12 keV energy was applied. The beam current used was about 50 n A with a spot size of about
20 }4,m. Surface scans were performed by moving the specimen across the primary beam in
steps of 0.25-0.50 mm in the x- and y-directions, resulting in about 200-800 point areas
analyzed per fuel sample. In order to smooth out inhomogeneities in isotopic composition
caused by selfshielding in the gadolinia grains, the primary beam was scanned over an area of
about 100 x 100 Jim2. Evaluation of radial isotopic Gd distributions was effected using GdO+

peaks, because the count rates for the oxide ions were about 2-3 times higher than for the
metallic ions. The interference risk of fission product ions is also thus reduced.

Several SIMS surface scans of the same sample showed a standard deviation in the Gd
isotopic profile of less than 10% (relative), provided that the residual isotopic abundances
were higher than ~"1%. As a first step in data evaluation, all the gadolinium count rates were
divided point for point by the count rate for 160Gd. With a thermal neutron capture cross
section of 0.77 barn, it can be assumed that the original 160Gd content is not significantly
changed during fuel irradiation at low burnup. This step eliminates most geometrical and
chemical effect. These normalized count rates were then transformed into local isotopic
compositions by comparing the average SIMS values with radiochemically determined
isotopic compositions of adjacent samples.

In Fig. 3 three-dimensional presentations of the radial 155Gd distribution are shown
together with the relative axial l37Cs distribution evaluated by gammaspectrometry. The l37Cs
distribution is a measure of the local fuel burnup. The three-dimensional pictures show
qualitatively, how the width and height of the !55Gd distribution vary in function of the local
fuel burnup. For quantitative information, this type of data presentation is not suitable [5].

If informations on more than one nuclide are to be compared, it is easier to extract a
part of the data, e.g. along a diameter, and to plot them in line graphs as in Fig. 4. This figure
shows the distribution of the Gd isotopes 155-158 along the diameter of a fuel pin cross
section. The plot shows how the two isotopes 155Gd and IS7Gd are converted into 156Gd and
158Gd respectively. The conversion is caused by thermal neutron capture and starts at the
periphery of the pin. The lower isotopic contents in the central part compared to the original
natural isotopic abundances of 14.80% (IS5Gd) and 15.65% (l57Gd) are due to resonance
reactions with fast neutrons.
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Fig. 3: Radial155Gd distribution at different burn-up levels in a nuclear fuel pin with
Gd2O., doped fuel. The axial 137Cs distribution evaluated by gamma spectrometry
represents the burn-up profile along the pin.
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Fig. 5: '55Gd (left) and 1S7Gd (right) variation with radius on a fuel pin cross section.
Comparison of measured and calculated isotopic abundance.

For comparison with theoretically calculated burnup, average experimental values for
ten concentric annuli were calculated. Theoretical values were calculated by LWRWIMS, a
comprehensive scheme of computation for studying the reactor physics aspects and burnup
behavior of typical lattices occurring in modern light water reactor designs. An example is
shown in Fig. 5. The results in general show reasonable agreement for 155Gd burnup between
the experimental SIMS results and the modelled data points.

3.3. Li depth profiling in PWR cladding water side corrosion layers

Cladding autoclave corrosion experiments performed in concentrated Li environment
(> 70 ppm wt) clearly show enhanced corrosion rates. It is therefore questioned whether Li
added for pH control into the primary water loop of PWR's (< 3 ppm wt) could still
deteriorate the cladding corrosion resistance especially at high fuel linear power rates, where
sub-cooled boiling on the cladding surface does occur and Li might be enriched. Methods
have therefore been set up at PSI to analyze the total weight-specific Li concentration within
water side cladding corrosion layers by ICP-MS3 and to analyze the Li concentration in
function of the corrosion layer depth by SIMS. This latter task was performed by depth
profiling through ZrO2 layers < 10 Jim of thickness. For thicker oxide layers a tapering
technique was developed to spread the layer depth so that Li could then be assessed by lateral
step measurements. As with other ceramic, technical grade quality samples, problems were

ICP-MS = Inductively Coupled Plasma-Mass Spectroscopy
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Fig. 6: Lithium depth profile through the water side ZrO2 corrosion layer of PWR fuel
cladding.

encountered with primary ion beam charge compensation and with sample inhomogeneities
(e.g. surface roughness, porosity, crud deposition). The analysis was typically performed with
an O2* primary ion beam energy of 12 keV and 20-100 n A of current. For crater depth
analysis electronic gating was performed to omit crater edge effects. An example of a Li
depth profile is presented in Fig. 6. The secondary ion count rates of Li-7, Cr-52, Fe-56, ZrO-
106 and Sn-118 are normalized to the count rate of Zr-90. The profiles show the transition
region of the metal-oxide interface with generally lower secondary ion count rates in the
metal phase due to lower chemical ion yield enhancement effects. The Lithium profile shows
a plateau in the outer oxide layer. Li decreases towards the oxide-metal interface earlier than
do the other nuclides. The initial sample roughness and selective surface sputtering result in a
smeared oxide-metal interface. Nevertheless, knowing the total Li concentration by ICP-MS
analysis, the Li concentration at the innermost (barrier) oxide layer can be interpolated to be
close to background level.
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Fig. 7: Uranium- and fission product concentration profiles through the cladding inner
wall oxide layer into Zircaloy metal. The lightest fission product Sr-88 is
penetrating deepest into the cladding wall (recoil effect).

3.4. Actinide- and fission product-cladding contamination after fuel dissolution during
reprocessing

During the discussion of acceptance criteria for reprocessed fuel waste the question was
raised in our Institute whether or not hulls and endcaps from the dissolver basket could be
further decontaminated and to what expense. A prerequisite to solve this question was to
characterize the residual activity and -distribution of a larger batch of such industrially
processed hulls from UP2-400 plant in La Hague. A part from standard radioanalytical
techniques, SIMS was applied in this context to characterize the contamination depth
distribution on cladding pieces. These analyzes showed that uranium is deposited or adsorbed
almost exclusively on the surface and, to a small extent, in the thin oxide layer. Compared to
this, the fission products penetrate further into the inner surface due to their recoil energy
(Fig. 7). The fission product profiles also show that the lowest weight fission fragments (e.g.
Sr-88) penetrate deeper into the cladding wall than the higher weight products Cs, Ba and
La. With this result it became understandable why additional cleaning steps efficiently helped
to further reduce the alpha activity whereas the fission product activity remained constant [6].
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Fig. 9: M-316 stainless steel cladding sample after irradiation with mixed carbide fast
breeder fuel. The carburization was assessed with Cs+ primary ions. PSI measured
SIMS carbon results correspond well with data obtained on the Harwell nuclear
microprobe.

346



3.5. Carburization of stainless steel fast breeder reactor (FBR) fuel cladding

As possible alternative to oxide FBR fuel mixed carbide was prepared during the
eighties at PSI applying the sol-gel process. The heat treated spheric fuel material was
subsequently irradiation tested and compared to pelletized carbide fuel. Apart from
advantages of this fuel (higher heat conductivity hence lower temperature, lower thermal
expansion coefficient) one major draw back consisted in cladding carburization especially if
the fuel was hyperstochiometric. SIMS was therefore used to measure this carburization
effect. Carbon is best assessed by negative C" analysis and the samples were therefore
bombarded with a focussed Cesium primary ion beam. For secondary ion yield calibration
steel reference samples with accurately known carbon content were analyzed first (Fig. 8).
The calibrated instrument was then used for measuring and quantifying the carburization
effect on irradiated cladding (Fig. 9) [7].

4. FUTURE PLANS FOR SIMS INSTRUMENTATION AND ANALYSIS

Major not improvable draw backs of the existing 15 year old instrument at PSI lie in its
broad primary ion beam, the mediocre vacuum, the weak possibilities for elemental dot
mapping and imaging and the large geometric uncertainties in positioning the primary ion
beam. A new SIMS system has therefore been evaluated with significantly improved analysis
parameters. This new instrument will be used for studying high burnup fuel rim effects, PWR
cladding hydriding and lithium uptake, mineral specific radionuclide sorption studies from
final repository model experiments and absorber material radial burnout. New techniques like
the Cs cluster ion method and an easy to handle Cs ion gun should allow to instantaneously
switch to Cs primary ions and to apply the Cs cluster method for secondary ion yield
concentration calibration. Significant improvements are expected with the new machine in
lateral resolution (< 1 \i) and in ion imaging techniques.
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LOCAL GAS RETENTION MEASUREMENTS BY
FUEL SUBLIMATION

M. BOIDRON, P. MENUT, D. LESPIAUX
Commissariat à l'énergie atomique,
Centre d'études de Cadarache,
Saint-Paul-lez-Durance, France

Abstract

In the PWR fuel elements, the main way to characterise the gas behaviour is the rod
puncturing that gives the overall gas release rate. Nevertheless, the knowledge of the local
gas content is useful for the understanding of the radial behaviour of the gas.
In high burnup fuels, the measurement of the xenon concentration with a microprobe does
not lead to the determination of the real content because part of the gas located at the grain
boundaries or in small pores in the grains escapes the detection. Sublimation of the fuel
allows the determination of the total gas content that can be compared to the results of the
microprobe measurements, and axial coring of the fuel can be used to precise the gas
content in a given area of the fuel.
To perform the measurement, radial pellet slices or fuel core samples are set in a tungsten
crucible under vacuum, induction heating allowing the fuel to sublimate and release the
fission gases. All these operations are carried out inside a shielded hot cell, while the
vacuum unit and the gas sampling device are set outside the cell. After collection, the gas is
analysed with a mass spectrometer. This method allows the determination of the local gas
content with an accuracy of around 1.6%.
This paper describes the technical device, the methodology of the sublimation and the
accuracy of the measurement.

1. INTRODUCTION

For industrial PWR, an important parameter for the knowledge of the fuel rod
behaviour under irradiation is the gas release rate of the fuel, measured by volumetric
analysis after rod puncturing. This measurement leads to the determination of the overall
gas release rate which is representative of the general behaviour of the fuel column. In this
kind of fuel element, characterised by the axial homogeneity of the neutron flux (the mean
bumup is 10% lower than the maximum one), local gas retention measurement is limited to
the case where a precise knowledge is required. However, the study of the radial behaviour

s

of the gas in the PWR fuel, together with the limitations in the local content measurement
with a microprobe, support the need of an additional technique for the determination of the
gas content in a given area of a fuel pellet.
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An apparatus allowing the sublimation of the fuel under vacuum is used in the laboratory
mainly -for the study of the local gas content of fuel samples after coring as well as to
ascertain the total content of fuel samples adjacent to ones being examined with a
microprobe. The technical device, methodology and accuracy are described here,

2. TECHNICAL DEVICE AND LOCATION

The technical device is composed of an induction furnace situated inside a shielded cell, the
vacuum device and generator being located in the rear cell zone (figure 1).

2.1. Inside the hot cell

The part located inside the hot cell is composed of a tungsten crucible that holds the
irradiated fuel (parts 1 and 2 on figure 1) , inside a quartz tube (3) surrounded by an
induction coil (5) and connected to a vacuum unit using a tone joint for the tightness.

High
Frequency
Generator

[REAR ZQNEJ

Gas sampling
tube

Cold trap
N2

Rotary
pump

Pump

Toepler pump

VACUUM
UNIT

GAS SAMPLING
DEVICE

Figure 1. Rear cell zone
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2.2. Outside the hot cell

The parts located in the rear zone outside the cell (see figure 1) are the generator of high
frequency electric power (380 V/50 A 50 Hz/15 kW), the vacuum unit and the gas sampling
device
The vacuum unit is composed of a primary pump (7m3/h) and a diffusion pump (200 1/s).
The gas sampling device consists of a cold trap (alcohol, -40°C), a Geissler tube, a mercury
pump, a primary pump (Alcatel 7 m3/h), a Toepler pump (Strohleim Gmbh) and a cryogenic
pump working with liquid nitrogen associated with a primary pump for reference
The Toepler pump is a mechanical device working with mercury between 10 and 10-3

torrs This kind of pump works with a high outflow and a high pressure ft is used here to
transfer the gases from the in-cell volume to the volume measuring unit in the rear cell. It
operates by the alternate lowering and raising of a column of mercury with the consequent
alternate production of a vacuum in one tube and the exhausting of the gas through another
The sampling part consists of two tubes, the first one is graduated in cm3 for the volume
measurent and the second one is used for the pressure measurement This last value is
obtained by the measurement of the height of the mercury column
The mercury pump is used to evacuate the gas in the sampling part by acceleration of the
molecules towards the Toepler pump
Two Geissler tubes (Pyrex tubes with two electrodes connected to a high voltage generator
of 1500 v) located at the sampling part are used to make an approximate control of the
pressure (10-2 mbar)

3. METHODOLOGY

3.1. Sublimation

The fuel sample (core sample or a radial cut of fuel separated from the clad) is weighted
with a precision scale with an accuracy of 1/10 mg Then the sample is set into the tungsten
crucible and inside the quartz tube in which the pressure is lowered (down to 3 to 4 10-5

mbar) using the primary and diffusion pumps
The crucible is heated by the induction coil up to the temperature of 2600 K, under vacuum
(the melting temperature is around 3 100 K for the oxide under 1 atm)
The calibration of the apparatus has been made using a pyrometer to determine the power
level needed for the final sublimation A value of 5 kV is used for the induction coil
The emitted gases are collected all along the heating using the Toepler pump The mean
sublimation time is about 80 to 100 minutes
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3.2. Results

The total volume (Vtot) of fission gases located in a fuel sample is calculated at standard
temperature and pressure conditions ( STP = 0°C, 760 mm Hg):
Vtot = f(V.P)/760j.(273/(273+T)l
with V: volume (in cm3) of the gas located in a graduated tube,

P: measured pressure in the volume V, in mm of Hg.
T: measured temperature of the volume V, in °C.

After the measurement of the pressure P, an aliquot quantity is prepared to be analysed by
mass spectrometry. This aliquot quantity is obtained by the expansion of the gases present
in the volume V at pressure P, in a gas sampling tube under vacuum. This gas sampling tube
is then carefully sealed with a blowtorch.
Two different analysis are performed on the gas sampling:

a/ The volumetric percentage of different gases (Xe, Kr, N2, CO2 etc)
b/ The isotopic analysis of Kr and Xe isotopes.

With the results of the first point it is possible to calculate the total retained gas value for
the xenon and krypton gases in mm-5 STP/g for each examined sample, and also to check
the Kr/(Xe+Kr) ratio.

4. LIMITS and POSSIBILITIES

4.1. Accuracy

The uncertainties on the different measured quantities are the following:
1. Weight: AW= 1 mg , this uncertainty is greater than the

one of the apparatus to take into account the in cell conditions
2. Total volume A Vtot = 0.05 cm3

3. Gas pressure AP = 1 mm Hg
4 Temperature AT = 0.5 °K
5 % in volume (Xe + Kr) A[% (Xe + Kr)] = 0.06 %

For a high burnup PWR fuel retention analysis, typical values are:

Fuel weight

500 (mg)

Total Gas pressure
volume
13 (cm3) 3 00 (mm Hg)

Temperature

300 (K)

(Xe+Kr)

16.5 %

So, with these values and the absolute uncertainties listed above , the relative uncertainty
on the retained gas measurement is ± 1.6%
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4.2. Gas analyses

The different gases observed by mass spectrometry are: H2, He, Xe, Kr, N2, O2, CÛ2,
C2H4, CH4, C2H2, CO and H2O.
These gases can be classified in three parts.
I: filling gas (He)
II: fission gases (Xe, Kr)
III: parasite gases (CxHy N2, O2) due to the fact that the operation is performed under
static vacuum (these gases come from the leak of the apparatus).
H2O (and the dissociation in H2) is coming from moisture atmosphere.
CO and CO2 are coming from carbon located in the heated zone (tube, crucible and sample)

5. MAIN APPLICATIONS

The measurements of the local gas content has been used on PWR fuel samples irradiated 2
to 5 cycles with burnups ranging from 25000 MWj/tU to 58000 MWj/tU.
In connection with the microprobe measurement, fuel sublimation was used to determine
the gas content of two PWR samples situated on both sides of a third one that was further
used as a standard for the microprobe measurement [1]. In this case, the measured fission
gas contents (xenon + krypton) were 704 and 699 mm^XeKrSTP/gUO2, in good
accordance with a calculated absolute uncertainty of ± 11 mm3XeKrSTP/gUO2 (±1.6%)
For a high burnup fuel, measured total xenon and krypton contents of two samples were
1469 and 1521 mm-^XeKrSTP/gUO2, in good accordance with a calculated absolute
uncertainty of ± 27 mm3XeKrSTP/gUO2 (±1.8%).
In high bumup fuels, the measurement of the xenon concentration with a microprobe does
not lead to the determination of the real content because part of the gas located at the grain
boundaries or in small pores in the grains escapes the detection. This is noticeable in the
central and in the peripheral parts of the fuel pellet, where for example only 80% and 65%
of the created gas are seen respectively (for a total release measured by pin puncturing of
about 1%), whereas in the medium part (from about 0.4 to 0.9R) nearly all the gas is
measured.
In these cases, sublimation may be used to precise the gas content in the central part of a
sample after coring.
This method will be used on a range of core samples in order to precise the gas content in
the central and medium areas of high burnup fuels and so to estimate the gas content in the
peripheral part.
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6. CONCLUSION

The retained gas measurement by fuel sublimation under vacuum is a suitable method to
precise the behaviour of the fission gas in the PWR fuels. Complementary to the overall
release gas measurement by rod puncturing, it allows the precise determination of the total
local content as well as the one of different fuel zones after coring.
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PRESENTATION OF SOME MECHANICAL TEST DEVICES
DEVOTED TO TESTING IRRADIATED PWR MATERIALS
IN THE LABORATORY OF MECHANICAL
CHARACTERIZATION

J. GAUVAIN, J. ROYER, R. SCHILL
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Centre d'études de Saclay,
Gif-sur-Yvette, France

Abstract

The knowledge of the evolution of mechanical properties of nuclear materials is of prime interest for
design people as well as for modelling people. An experimental irradiation in a MTR without a well-buil-
ded charaterization programmes looses a great part of its interestThrough surveillance programmes and
experimental irradiations it is possible to get very interesting informations on the specific behavior of
these materials under neutron flux and after irradiation :

- For example, the decrease of ductility may cause problems during handling of the fuel assemblies
and has to be continuously checked.

- In the case of severe transients the dynamic behavior of the fuel cladding has to be known in order to
understand the failure of the rod.

- Some specific loading schemes of power plants like load follow may cause some fatigue dammage
and need an evaluation to meet the Safety Authorities requirements.

- The fuel cladding behavior is also very useful for PCI modelling.

In order to get answers on all theses problems and many other ones, CEA has created about 30 years
ago, the Laboratory of Mechanical Characterization. The first scope of this laboratory was to test irradia-
ted materials essentially for breeders, but now, the laboratory has been reoriented towards PWR pro-
grammes.

In this presentation, we describe three equipments working on irradiated materials and used to test
PWR core and fuel assemblies materials :

- an " almost standard " static tensile machine.
- a specific tensile machine devoted to high temperature and speed tests. This

machine is used mainly for safety tests.
- a machine used to pressurize tubes by oil. On this machine, it is possible to per-

form burst tests, fatigue tests as well as primary creep and relaxation tests.

For each machine, we describe the experimental device, give indications on the sample preparation,
the test operations and the data processing. Some experimental results are showed to illustrate the capabi-
lities of these machines.
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I - INTRODUCTION

The Laboratory of Mechanical Characterization (LCM) was created about 30 years ago

in order to perform mechanical tests on irradiated materials for the CEA programmes. During

this period, test facilities were developped with the main purpose of testing metallic materials

for FBRs. The reactors RAPSODIE and later PHENIX provided thousands of steel samples

which were tested in the laboratory.

About five years ago began the reconversion of the laboratory with the first tests on

PWR vessel and fuel rod materials. Most of the apparatus were able to perform the required

tests. However, some special types of tests were developped to meet specific requirements of

the PWR programmes, especially in the field of safety.

The LCM is included in the High Activity Laboratory on the CEA Saclay Center

where are installed a series of hot cells giving a large possibility of mechanical

characterization of irradiated materials. These cells contain the equipments necessary for

sample storage, cleaning and machining (by electro-erosion), machines for static or dynamic

tensile tests, for internal pressure test, for rupture mechanics test and resilience tests

(figure 1). The LCM is also equipped for thin strip preparation, chemical etching, optical and

SEM microscopy.

We will describe hereafter three equipments very useful for testing PWR core and fuel

assemblies materials : two tensile machines (static and transient tests) and the internal

pressure test device used for tube testing.

II - STATIC TENSILE TEST MACHINE

II-l Device

Tensile test of materials consists in applying an axial monotonous force to a sample at

constant strain rate up to rupture of the sample. This test allows to determine the yield stress

and the ultimate tensile strength, as well as the ductility of the material.
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LEVEL 0

Figure 2 : The LCM static tensile test machine

The LCM static tensile machine is installed in a hot cell equipped with two remote

telemanipulators as shown on figure 2. The tensile machine is an hydraulic one manufactured

by the MA YES company.

It comprises an actuator, an hydraulic unit, a furnace or a cold-device depending on the

test temperature, a displacement tranducer and a force transducer.

The construction of this test machine is based on a new design. In order to facilitate

manipulations inside the shielded cell, the colums of the tensile machine have been removed:
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Figure 3 : View of the mside of the cell
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Figure 4 : View of the basement of the cell



Table 1 : Main characteristics of the LCM statical traction test

machine (CEA-SACLAY)

LCM CEA-Saclay WORKING CELL 11... : Statical traction
CONSTRUCTOR : CEA (F.W.) + MA YES IN OPERATION since : 1988

PERFORMANCES :

* Traction machine load and position controlled
Actuator displacement velocity
Load cell capacity
Displacement transducer stroke

0.05 mm/mn
5000 daN
+ 50 mm

< V < 100 mm/mn

* Heating by vertical furnace with resistors in 3 zones
Control by furnace thermocouple or sample thermocouple
Temperature ramp rate
Maximal temperature
Precision
Stability in temperature

0.5°C/s
1000 °C
± 1 °C (TC in contact with sample)
+ 0.1°C

* Heating by Joule effect
Control by sample thermocouple and analogical regulator
Temperature ramp rate
Maximal temperature
Precision

500°C/s
1250 °C
+ 2°C (TC in contact with sample)

* Cooling by liquid nitrogen tank
Control by liquid nitrogen and argon flowrate
Minimal temperature
Precision
Stability in temperature

-170°C
± 2°C (TC in contact with sample)

* Axial extensometry on sample heads
Inductive transducer (choice possible)
Operating temperature
Stroke
Precision

25°C to650°C
± 5 mm to ± 25 mm
± 1 urn to ± 5 f*,m

* Digital acquisition with micro-computer, compatible PC XT
equipped with an acquisition card ANALOG DEVICES
Sampling frequency
A/D converter resolution
Precision

30 kHz (Mode scanner)
12 bits
± 0,02 % (Scale 10 V)

* Computer analysis of test results
Conventional analysis (engineer analysis)
Rational analysis
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Fig 5 : Machined tensile sample

the upper sample holder is fixed directly at the roof of the cell with a special adapatation

(fig. 3), while the lower one is linked to the actuator through the load-cell (fig. 4).

The strain is deduced from the actuator displacement. Main characteristics of the

machine are summarized in the table 1 .

The tests can be performed from - 170°C up to 1 100°C. The temperature is controlled

by a thermocouple set near the sample.

A liquid nitrogen cooled tank allows tests between - 170°C and room temperature. The

temperature regulation is ± 1°C.

Hot tests are performed in a 3 -zones vertical furnace. Each zone of the furnace is

separately regulated to reach a uniform temperature along the sample. The heating rate is

about 0,5°C/s and the thermal stability is about ± 0,1 °C.

II-2 Sample test preparation

Most of the irradiated samples are plates, tubes, or others which have been machined

before irradiation (fig. 5). In the case of materials coming from commercial PWR, or not

machined before irradiation, the samples have to be prepared. The technique used is electro-

erosion. Special electrodes are machined with the "negative" shape of the required sample.

This technique which was initially developped for plates is now also used with tubes.

In fact, for fuel cladding specimen, a special preparation is needed. In the past, two

adapter plugs "Swagelok" were crimped at each ends to fix the sample on the machine. In the

case of highly irradiated materials, there were mainly two risks: the zirconia layer which has
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Fig 6 : Tensile sample machined from fuel cladding

nearly no ductility, compromises the Swagelok tightness, and, the clad being little ductile, the

tube could crack during crimping. Finally, for a tube, the gage length of the sample is not well

defined.

To prevent from all these difficulties, the specimen is now machined, in order to obtain

a well defined gage length, from a 60 mm piece of cladding previously defuelled and from

which the zirconia layer has been removed (Fig. 6).

If-3 Test operation and data processing

All the samples are measured (width and thickness) before test in order to get a

accurate value of the test section. The shape of the sample holder depends on the shape of the

sample and has to be sometimes adjusted.

After preparation, the sample is keyed in the jaws with cotter-pins when possible or

screwed on them. The test begins after thermal stabilization of the whole system. During the

test, load and displacement are recorded by a compatible PC-computer.
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The load versus displacement curve gives the engineering parameters.

- Sy0 apparent yield stress

yield stres with 0,2 % plastic strain

yield stress with 0,5 % plastic strain

Ultimate tensile strength

Uniform elongation

total elongation

" Syo,5
- Su

- Su

- et

The rational curve (Fig. 7) can also be calculated with four preprogrammated

constitutive laws :

- er = ao s n

- a = so (s + eo)n (see fig. 6)

- a = cro + asn

- polynomial.
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Ill - TENSILE TEST DURING THERMAL TRANSIENTS

IIM Device

To fulfill the needs of the Safety Programs, we have développée a tensile test during

thermal transient.

The static or dynamic tensile test is performed after one or two successive heating

ramps eventually followed by a step at the test temperature. The starting ramp temperature is

low enough (usually 400°C) to avoid any annealing before the thermal transient.

The tensile machine is an hydraulic one (MAYES); the actuator can reach 500 mm/s ;

the load is usualy measured with a 2500 kg load cell, but a 500 kg load cell can be added in

series ; a 100 mm displacement gauge registers the displacements of the actuator. A fast

numeric data acquisition device (NICOLET) registers the evolution of the load and the

displacement versus time. The main characteristics are summarized on table 2.

Heating is performed by resistance, the gauge length of the specimen, with a smaller

section, being the only part to be significantly heated. A thermocouple (0,5 mm diam.) welded

on the gauge length of the specimen is used to monitor the temperature. A 16 segments

programmer allows relatively complex temperature histories.

HI-2 Sample preparation

As for quasi-static tests, the tensile specimen is machined by a sparkling technique,

directly from a 60 mm piece of cladding previously defueled. To avoid temperature gradients,
the gage length of the specimen, heated by Joule effect, is usually very short (5 mm) ;

Moreover, as the elongation of the specimen is calculated from the displacement of the

actuator, it would be necessary to take into account the deformation of the shoulders. This

contribution is unfortunately difficult to calculate as the shoulders are at lower and uneven

temperatures. On the contrary, as their temperature is lower, and thus their mechanical

resistance higher, their contribution is much lower than it would be in an isothermal specimen.

After its preparation, the sample is linked to the sample holder with inserted copper-

pins to obtain a good electrical contact. To be sure to remain in a tensile state, the sample is

slightly preloaded to compensate the thermal expansion during the fast heating.
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Table 2 : Main characteristics of the LCM dynamical traction test

machine (CEA-SACLAY)

LCM CEA-Saclay WORKING CELL 11...: Dynamical traction
CONSTRUCTOR : CEA (F.W.) + MA YES IN OPERATION since : 1976

PERFORMANCES

* Traction machine load and position controlled
Actuator displacement velocity
Load cell capacity
Displacement transducer stroke

0 < V <
2500 daN
+ 50 mm

500 mm/s

* Heating by vertical furnace with resistors in 3 zones
Control by furnace thermocouple or sample thermocouple
Temperature ramp rate
Maximal temperature
Precision
Stability in temperature

0.5°C/s
750 °C
± 2°C (TC in contact with sample)

* Heating by Joule effect (50 Hz)
Control by sample thermocouple and analogical regulator
Temperature ramp rate
Maximal temperature
Precision

500°C/s
1250 °C
± 2°C (TC in contact with sample)

* Digital acquisition with oscilloscope NICOLET
Sampling frequency : 2 MHz
A/D converter resolution : 12 bits
Precision : ± 0,02 % (Scale 10 V)
Data storage : floppy disk

* Digital acquisition with micro-computer, compatible PC XT
equipped with an acquisition card ANALOG DEVICES
Sampling frequency : 30 kHz (Mode scanner)
A/D converter resolution
Precision

12 bits
± 0,02 % (Scale 10 V)

* Computer analysis of test results
Conventional analysis (engineer analysis)
Rational analysis
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III-3 Data processing and operating mode

The test starts with the dynamic heating of the sample at the required temperature ramp

rate. Thermal dilatation is compensated by load regulation. Then, immediatly after the final

temperature is reached, the tensile test is run. Figure 8 illustrates the sequence.
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Figure 9 : Example of temperature dépendance of tensile strength
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The load versus displacement curve gives the engineering parameters :

- Syo Apparent Yield Stress

- Syo 2 Yield Stress at 0,2 % plastic strain

- Sy g 5 Yield Stress at 0,5 % plastic strain

- Su Ultimate Tensile Strength

- Eu Uniform Elongation

The total elongation is useless in that case: when necking of the specimen starts, the

section on the gage length is no longer uniform and an overheating then occurs at the neck;

the monitoring of the temperature of the specimen becomes erratic, depending on the position

of the thermocouple relative to the neck.

However, the uniform elongation is generally sufficient for designer as far as part of

the plastic strain capability of the material is considered as a margin before failure.

As an example, figure 9 shows the relative variation of Zy-4 ultimate tensile strength

versus temperature up to 1200°C. Other similar results have also been obtained on steels in

the frame of international programs.

IV INTERNAL PRESSURE TEST MACHINE

IV -1 Device

An internal pressure test of cladding consists in applying a pressure to a tube, either

monotonous (burst test), either reciprocating (fatigue test), either constant (creep test) or

decreasing to maintain a constant deformation (relaxation test). Biaxial loading allows, by

comparison to uniaxial loading, to test the material anisotropy; moreover, this loading is more

similar to the one to which cladding is submitted in reactor.

The LCM pressure test machine, installed in a hot cell equipped with two remote

manipulators, comprises principally an actuator, an hydraulic unit, a furnace and four

displacement transducers (see figure 10 and Table 3). In order to make easier an intervention

on the sensitive part of the hydraulic system, the actuator and the oil reservoir are installed

outside the radiation shielding.
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Figure 10 : The hot cell for fatigue, burst and creep test by internal pressure

The furnace is vertical with heating resistor in 4 zones (figure 11). Before a test series, a

thermocouple assembly, equipped with five standard thermocouples axially distributed, allows

to adjust the relative power of the 4 zones in order to minimize the thermal gradients on the

tube portion (which is observed to be less than 2°C). During the test, a thermocouple set on

the tube sample, near the center of the furnace, allows the temperature regulation with a

precision of ± 1°C.
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Table 3 : Main characteristics of the LCM pressure test

machine (CEA-SACLAY)

LCM CEA-Saclay WORKING CELL 1128: Burst/Fatigue/Creep by internal pressure
CONSTRUCTOR : CEA (F.W.) + MA YES_______IN OPERATION since : 1989

PERFORMANCES :

* Hydraulic actuator pressure and position controlled
Fluid : high temperature oil
Maximum frequency in fatigue
Maximum pressure
Pressure control

Pressure ramping
Actuator stroke
Position control

up to 400°C (maximum)
IHz
150 MPa
± 0.1 MPa for scale 40 MPa
± 0.3 MPa for scale 150 MPa
0,04 MPa/mn to 20 MPa/s
20 mm
± 10 jim

* Heating by vertical furnace with resistors in 4 zones
Control by furnace thermocouple or sample thermocouple
Stabilization in temperature
Maximal temperature
Precision
Stability in temperature

12 hours
400 °C
± 2°C (TC in contact with sample)
±0,5 °C

* Double diametral extensometry
Measures along 2 perpendicular directions
4 inductive transducers with zirconia probes
Stroke : ± 5 mm
Precision : + 1

* Digital acquisition with micro-computer, compatible PC XT
equipped with an acquisition card ANALOG DEVICES
Sampling frequency : 30 kHz (Mode scanner)
A/D converter resolution
Precision

12 bits
± 0,02 % (Scale 10 V)

* Computer analysis of burst test results
Conventional analysis (engineer analysis)
Rational analysis

* Digital cycle counter linked to the data acquisition system
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The test sample is pressurized with high temperature oil which can work up to a

maximum value of 400°C. The actuator with its hydraulic unit allows to reach pressures up to

150 MPa (measured at test tube end). The device is pressure controlled or strain controlled.

Two pairs of displacement transducers, working by difference, are used to measure the

deformation according to two perpendicular diameters (see figure 11). These transducers are

set in the center of the furnace, corresponding to the middle of the test sample. Zirconia

straight beam probes, with metallic sharp ends, come into contact of the sample and ensure the

crossing through the furnace. Only the mean value of the two diametral deformations is

recorded.

IV - 2 Sample test preparation

Test sample is a part of a cladding tube, 120 mm length, the fuel of which being

previously chemically removed if it comes from an irradiated fuel rod. This reference length

has been experimentally determined in order to obtain the best compromise between the

absence of end-effect perturbation and the minimum use of irradiated material. The pressure-

tightness at the two ends is obtained with adapter plugs 'Swagelok' crimped at cold

temperature (figure 12).

The zirconia layer is now systematically removed by mechanical cleaning on 15 mm at

the two ends of the tube. The risk of cracking due to low ductility can only be minimized by a

'soft' cutting and a mechanical polishing of this cutting which prevents from crack initiation.

After this preparation the samples are accurately measured (diameter and thickness) in

order to allow the best possible strain and stress calculations. Diameter measurement comes

from the mean value of 3 x 3 measurements performed at 120° each on the middle tube

section and on the two sections located 15 mm right and left from this section. The thickness

measurement comes from the mean value of 2 x 3 measurements performed at 120° on the

middle tube section.

IV - 3 Test operation mode and data processing

After its preparation, the sample is connected to the hydraulic system part inside the hot

cell. Then the furnace is closed around and the deformation probes are put into contact of the
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The adaptator plug 'Swagelock' for tube tightness
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sample. The regulation temperature is set to the required value (25°C to 400°C) and, if it is

different from the ambiant temperature, the furnace is kept at this temperature during at least

3 hours for perfect stabilization before loading. Finally loading is achieved by increasing the

internal oil pressure according to the test specification.

During the test the time-history (burst and creep test) or the maximum value vs number

of cycles (fatigue test) of the pressure and of the mean deformation is recorded with a micro-

computer equipped with a data acquisition card. The measurements are made with a given

time period or for a given parameter change. When the controlled parameter changes more

than the pre-defined value, time, pressure and deformation are recorded. It is also possible to

use a scanner function which allows a sampling of all the measurement lines at a 30 kHz

frequency.

For the tests by internal pressure, two parameters are deduced from the pressure and

displacement change measurements:

- The circonferential mean stress is chosen as:

CT = P D m / 2 t

- The circonferential mean strain is chosen as:

s =AD 0 /D m

where Dm, D0 and t are respectively the mean diameter, the outer diameter and the tube

thickness before test, A Do being the outer diameter change during the test.

For the biaxial tensile tests the processing of the stress-strain curves gives the following

quantities:

Sy apparent yield strength

Syo.2 yield strength at 0,2% of plastic deformation

Syo.5 yield strength at 0,5% of plastic deformation

Su ultimate strength

8u uniform elongation

For the creep tests the results are given in terms of time-history of the deformation as a

function of the time (for a given constant stress).

For the relaxation tests the results are given in terms of time-history of the stress as a

function of the time (for a given constant total strain).
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FigurelS Comparison of creep tests on two machines (in and out hot cell)
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For the fatigue tests the results are given in terms of evolution of the deformation as a

function of the cycle number.

IV - 4 Qualification of biaxial tensile tests

After taking delivery of the pressure test machine several tests have been performed on

non irradiated tube samples taken from the same material (stress-relieved zircaloy-4) as other

ones tested in a similar test machine but implemented in a non shielded laboratory (SRMA -

CEA Saclay). Comparison of creep test results is given on figure 13 and comparison of

relaxation test results is given on figure 14. It is thus observed that the measurements given by

the two installations remain very similar during the whole test duration.

V- CONCLUSION

The LCM is equipped with a series of machines allowing the characterization of

mechanical properties of irradiated materials. In this paper we have presented the static tensile

test machine, the dynamic tensile test machine and the internal pressure test machine. These

devices allow to perform tensile tests, burst tests, relaxation tests and fatigue tests on

irradiated tube samples coming from nuclear rod cladding. The calibration of the different

transducers insure a high precision hi the measurement in the range of value significant for

nuclear reactor cladding mechanical behaviour studies. The qualification of the machine

implemented in hot laboratory against an other one implemented outside insures the quality of

the results. Finally the computer processing of the data allows a highly reliable results

transmission to the customer of the tests.
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Abstract

This paper describes the following recent methods for measuring and process-
ing of the results:

-eddy-current checking of all fuel elements on disassembling WER fuel
assemblies under examination;

- fuel-cladding gap definition;
- gamma-scanning detection of the cause of fuel assembly construction ele-

ments displacement;
- gamma-scanning checking of fuel rod faces.
Information is presented on widening the experimental data base allowing for

detection of new dependences of radiation and corrosion phenomena on the burn-
up and operating conditions of fuel elements and assemblies in the reactors.

The paper is illustrated with real investigation results that confirm the validity of
the chosen concept and present information on widening the RIAR methodical and
information base which was presented earlier at the IAEA Technical Committee
Meetings.

Introduction
In the Hot Material Science Laboratory of RIAR comprehensive examinations of

spent WER-440 and WER-1000 fuel are performed on a mass scale. Intended for
these examination fuel assemblies are chosen with regard to concern of technologists,
fuel manufacturers, Chief Designer of devices and utilities.

The investigations are performed according to standard or special programmes
based on the requirements placed upon the investigation of a certain fuel assembly. As
a rule, special investigation programmes demand of additional methodical develop-
ments and modernization of operating testing stands or creation of new ones.

This paper presents some results on examination of spent water reactor fuel and
recent new methodical developments developed in RIAR.

1. WER fuel rods and assemblies and their investigation programmes
The WER-440 and WER-1000 fuel rods are indentical in design. The fuel rod

claddings are made of Zr+1%Nb alloy and fuel pellets of sintered uranium dioxide.
The WER-440 and WER-1000 fuel assemblies are somewhat different in design.
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Thus, a hexagonal shroud of Zr+2.5%Nb is the main supporting structure of the
WER-440 assembly, and that of WER-1000 is a central zirconium tube and 18
channels of stainless steel serving as guides forthe safety control system ofthe reactor.
Table 1.1 presents the main fuel rod and assembly parameters.

Table 1.1
Some design features of the WER fuel rods and assemblies

Parameter

Fuel rod cladding
Outside diameter, mm
Inside diameter, mm
Wall thickness, mm

Fuel pellet
Outside diameter, mm
Inside diameter, mm
Height, mm
Fuel enrichment, %

Fuel rod
Length, mm
Fuel column length, mm
Fuel-cladding gap, mm
Fuel column mass, g
He pressure, MPa

Fuel assembly
Across flats dimensions, mm
Length, mm
Fuel rod number

WER-440

9.1
7.72
0.68

7.6
1.4
9-12
3.6; 4.4

2557
2420
0.12
1087
0.5

144
3217
126

WER-1000

9.1
7.72
0.68

7.57
2.4
9-13
3.3; 3.6; 4.4

3837
3530
0.15
1460
2

238
4570
312

As a rule, the fuel assemblies are brought to RIAR after three years of cooling at
a NPP, although, if required, they can be delivered after two- year cooling. Tablel.2
presents a Iist of spent WER-440 and WER-1000 fuel assemblies investigated in the
RIAR Hot Laboratory.

These investigations were performed both in accordance with standard and special
programmes. Table 1.3 presents an example of a standard programme on surveillance
investigations involving a range and volume of technological operations and some
characteristics of the techniques applied for investigation of the WER-440 reactor.

Methodical and technical support of such investigations was described earlier in
the periodical publications [1, 2, 3].

The concept of the Hot Laboratory organization included the possibility of spent fuel
assembly investigation for different reactor types, ranging from power type up to
research ones, on the basis of a wide application of non-destructive measurement
methods. The implementation of this concept brought significant changes in the volume
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ratio between non-destructive and structural material science investigations in thé
favour of the first ones that is reflected in the programme presented in Table 1.3.

Special programmes require additional technical means and methods as compared
with standard ones. Some of these recently developed methods are presented below.

2. Additional methods used for investigations on special programmes

2.1. Eddy-current inspection on fuel rod dismantling
The standard programme on WER-440 fuel assembly investigation, presented in

Table 1.3, gives an example of eddy-current flaw detection of fuel rod claddings (posi-
tion 6.6) applied for 16 out of 126 fuel rods of the assembly. First of all, the reason is that
in the stand the examination is performed step-by-step and it takes about 3 hours to
measure one fuel rod of 2257 mm in length with a scanning pitch of 2mm, loading and
transport operations being included.

Therefore, proceeding from the concept of obtaining maximum information
during spent fuel assembly investigations, the fuel rod dismantling stand was modern-
ized by measuring the pull-out force (s. points, Table 1.3). For this purpose an additional
throughput eddy-current sensor was installed in the stand. As a result, on dismantling a
fuel rod bundle not only the pull-out force was measured but for all fuel rods a defect
recording was made from the eddy-current flaw detector with a self-recorder, i.e. all 126
fuel rods of WER-440 fuel assembly and 312 fuel rods of that of WER-1000 were
subjected to the eddy-current flaw-detection. From the results of the defect recording
analysis fuel rods could be chosen for a more detailed eddy-current flaw inspection at a
specialized stand.

2.2. Measurement of a fuel-cladding gap
The fuel-cladding gap produces a significant effect on the value of the fuel-to-

cladding heat transfer coefficient and represents one of the factors determining fuel
temperature. With burnup increase the gap decreases that can lead to an increase in
mechanical and corrosion interaction of fuel and cladding. Therefore, knowledge on the
behaviour of changes of the fuel-cladding gap in the process of fuel rod operation plays
an important role.

Until now gap parameters of spent WER fuel rods have been measured by the
optical metallography technique. The search concept of an alternative technique for the
non-destructive gap measurement resulted in the development of the compression
method used for this purpose [4].

The essence of this method means registration of the load curve under the radial
deformation of the cladding in Hooke law area prior to its contact with fuel.

Figure 2.1 shows the block diagram of the device. A fuel rod is placed between the
piezoelectric force sensor and the pneumatic loading system rod. The contact point of the
loading rod and thecladding and that of the cladding with fuel is determined from the load
curve. The loading device provides a force up to 1000 H on the rod that corresponds to
the maximum cladding deformation from 110 to 150 mkm depending on its stiffness.

The measurement system comprises a control unit for the pneumatic part of the
device, a two-coordinate plotter, a normalizing converter and charge-sensitive amplifier
for conversion of output signal from differential-transformation displacement pick-up
and piezoelectric force sensor, respectively.
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Table 1.2. Characteristics of investigated WER - 440 and WER-1000
fuel assembly

Assembly
No

O66

687

809

159

198

OO68

OOO7

O1 06

1114

1565

1562

O623

4108

O619

222

135

O328

O329

Reactor,
unit

WER-440
1-Rov.NPP

WER-440
4-NV NPP

WER-440
4-NV NPP

WER-440
4-NV NPP

WER-440
3-Kol.NPP

WER- 1000
5-NV NPP

WER-1000
5-NV NPP

WER-1000
1-SU NPP

WER-1000
5-NV NPP

WER-1000
2-Kal.NPP

WER-1000
2-Kal.NPP

WER-1000
1-Kal.NPP

WER-1000
5-NV NPP

WER-1000
1-Kal.NPP

WER-440
3-Kal.NPP

WER-440
4-NV NPP

WER-1000
1 -Zap. NPP

WER-1000
1 -Zap. NPP

Operation
time

16/09/83
14/06/86

25/10/84
06/08/86

00/09/83
06/0886

02/09/85
1 6/08/88

23/09/86
01/11/90

31/10/83
09/05/85

12/09/82
09/05/85

22/11/82
14/08/86

25/06/84
25/06/87

05/11/85
02/07/88

05/11/85
02/07/88

10/10/88
17/06/89

05/07/86
11/07/90

10/10/88
23/11/91

23/09/86
19/10/91

12/10/87
16/08/91

14/06/88
25/10/91

14/06/88
25/10/91

Operation
duration,
operation

days

857.6

605.2

994.8

989.1

1259.8

491

825

878.4

923.1

838.7

838.7

236.8

881.4

859.5

1677

1109.7

976

976

Average
burnup,

MWd/kg U

36.8

24.2

32.8

34.1

46.2

21.7

32.6

36.7

44.7

32.9

32.9

19.5

46.2

42.4

48.2

38.5

44

44

Initial fuel
enrichment,
U mass %

3.6

3.6

3.6

4.4

•2.4, 3.0,
3.3

3.3

3.3

'3.6, 4.4

3.3

3.3

'3.6, 4.4

*3.6, 4.4

'3.6, 4.4

4.4

3.6

4.4

4.4

Remarks

Tight

Failed

Failed

Tight

Tight

Failed

Tight
(reference)

Tight

Tight

Tight

Tight

Failed

Tight

Tight

Tight

Tight

Tight

Tight
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Table 1.3

Standard Programme of Post-Irradiation investigations
of the WER-440 fuel assemblies

Investigations

1

Investigation Scope

2

Remarks

3

1. Assembly transport to
Material Science Lab,
reception in the hot cells

2. Non-destructive exam-
inations of assemblies

2.1. Initial visual inspec-
tion and photography

2.2. Assembly preparation
for investigation, cleaning
of surface

inspection of 6 sides

In accordance with
transport regulations of
Russia in force

Colour, black and white
and slide photography.
Text comments.
Additional visual inspec-
tion after cleaning

2.3. Measurement of
assembly length and
shroud

Length of 6 sides Total error ±0.3 mm

2.4. Measurement of
transverse dimensions
and assemblycross-sec-
tion shape

2.5 .Measurement of
assembly bowing and
twisting

2.6 .Measurement of gaps
between upper lattice and
fuel rod tops

3. Shroud removal with
measurement of bundle
pullout force

4. Visual inspection of
fuel rod bundle
4.1. General state of pe-
ripheral fuel rods and
spacer grids

3 pairs of sensors per side
and one diagonal pair

Gaps of 21 peripheral fuel
rods

6 sides along the total
length

Across flats dimensions,
side convexity and paral-
lelism.
Error+10 mkm.

Parameters distribution
along the assembly height.
Bowing error +0.3mm,
twisting angle error ±0.05
degr.
Operation is performed
only on customer's re-
quest. Error ±0.3 mm

Preliminary cutting of the
shroud along the perime-
ter.

Colour, black and white,
slide photography. Text
comment.
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Table 1.3(cont.)

1

4.2. Peripheral fuel rod
bowing
4.3. Deposit

5. Fuel bundle dismantling
with measurement of pull-
out force.

6. Non-destructive exam-
ination of fuel rods
6.1. Visual inspection

6.2.Estimation of thick-
ness, deposit and oxide
composition

6.3.Total activity gamma-
scanning

6.4. Fission product gam-
ma-spectrometry

126 fuel rods

126

126

16

6.5. Outside diameter
measurement along the
whole length with two
orientations at least
6.6. Fuel cladding eddy-
current flaw detection

16

16

6.7. Fuel rod length meas-
urement

6.8. Leak-test control

6.9. Definition of gas
quantity under the clad-
ding and free volume by
laser puncturing

126

126

16

Bowing availability and
location. Photography.
Availability and location.
Photography.
Force measurement
error +10H

Viewing with magnifica-
tion from 1 to 10 times,
photography of certain
areas.
Chemical removal of
deposit followed by radio-
chemical and spectral
analysis of composition.
Diagram registration with
intensimeter.

All corner fuel rods and
those of one of diagonals.
Radionuclide registration
(Cs-137,Cs-134,Ru-106,
Ce-144 etc. dependent on
the fuel assembly cooling
time.
Error +10 mkm.
Calculation of average
diameter and ellipticity.

Two-frequency measure-
ments with registration of
active and reactive com-
ponents of response sig-
nals. Vector diagrams of
the most probable defects.
Error ±0.3 mm. Charts of
elongation distribution
across assembly
State definition; tight or
failed
Error +0.5cm3

384



Table1.3(cont.)

1
6.10. Gas composition
analysis

6.11. Neutron radiography
7. Destructive examina-
tions
7.1. Fuel rod choice for
distructive examination
and preparation of speci-
mens
7.2 Pellet ceramography

7.3. Burnup (mass-spec-
trometry)
7.4. Fuel composition
density by immersion
method
7.5. Cladding inner sur-
face inspection
7.6 .Clad and weld metal-
lography

7.7. Hydrogen concentra-
tion in clads

7.8. Clad mechanical
properties

7.9. Polished specimen
autoradiography
7.10. Clad electronic
microscope examination

8. Processing and pres-
entation of comprehen-
sive information on the
examinations performed

9. Waste disposal

5-6

5-6

30

1-2

5

6

30

30

300

6

5

Mass-spectrometry or
chromotography analysis
of Xe, Kr, N, O2, H2
Pellet and gap state

According to non-destruc-
tive examination results
with regard to customer's
requirements
5 cross-sections from each
of 6 fuel rods (5, 100,200,
400, 600, 800 and 1000
times magnification),
analysis of porosity distri-
bution and grain size
Fuel rod with maximum
burnup. Error+3%.
5 cross-sections of each
fuel rod. Error+2%.

Colour, blackand white,
slide photography
5 cross-sections of 6 fuel
rods (5, 100,200,400,
600, 800, 1000 times
magnification)
5 cross-sections of 6 fuel
rods (spectral-isotope
analysis from 5 to 10
relative%.
Room temperature and
350 C)
ab;a02 - error+5%
ôtota,'V.error±10%

Processing of autoradiog-
raphy image
5 cross-sections of each
fuel rod (microphotogra-
phyof clad structure, radi-
ation defects distribution)
Scope, extent and method
for information compre-
hensive processing and
presentation according to
customer's request
According to the regula-
tions of Russia
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Testing of the method serviceability was performed with specially manufactured
and specified gauges. For investigations the fuel rods were chosen from spent WER-
1000 fuel assemblies with different burnup level. Those were fuel rods from assemblies
No.0068, 0007, 1114 and 4108 having an average fuel burnup of 21.7, 32.6, 40.6 and
46.2 MWd/kg of U, respectively (Table 1.2).

Table 2.1 gives an example of the measurement results of fuel rod No. 25 from fuel
assembly No.4108 with a fuel burnup of 46.2 MWd/kg of U. Figure 2.2a presents the
diagram of diametral gap changes along the length of this fuel rod (abscissa axis
coordinate corresponds the distance from the fuel column bottom).

For testing the results obtained the most interesting cross-sections were chosen
from all fuel rods under investigation and metallografic polished samples were prepared.
They were used for definition of diametral gap values averaged over the cladding
perimeter. Figure 2.3 presents fuel rod No. 25 (assembly No. 4108) cross-section macro-
and microstructure at a coordinate of 2050 mm. The average diametral gap value for this
cross-section was 66 mkm, determined by the metallographic technique, and - 68 mkm
according to compression measurements (Table 2.1).

A comprehensive estimation of the comparison results on diametral gaps obtained
by different methods for other cross-sections of 4 investigated fuel rods and the data on
gauge measurements allow for a conclusion that the gap measurement error of the
compression technique achieves ±10 mkm.

The average gap values were determined in the area from 500 to 3000 mm
(Fig.2.2a) to estimate a dependence of the diametral gap value on the burnup. These
values are 125,118,93 and 65 mkm for the fuel rods with a burnup of 21.7,32.6,40.6
and 46.2 MWd/kg of U, respectively.

Figure 2.2b presents the gap values dependence on burnup.

2.3 Gamma-scanning applied for definition the spacer grid location during fuel
assembly operation

The total gamma-activity and individual radionuclide distribution along the fuel
rod length resulted from the realization of item 6.4 of the program presented i n
Table 1.3.

Figure 2.4 gives an example of such distribution for fuel rod No. 1 of WER-1000
fuel assembly No. 0329 (Table 1.2).

The figure shows the periodical minimum values of the fission product concentra-
tion that can be related to the presence of stainless steel spacer grids at these points. The
indicated feature of gamma-activity distribution allows for the definition of spacer grid
(SG) location as well as their displacement (if it took place) in the process of their
operation.

The analysis of similar diagrams for all fuel assemblies investigated in Hot Material
Science Lab showed that in the process of SG operation their displacement does not
exceed + 1.5 mm that has been provided by their design.

In one of the assemblies (No. 0329, SG No. 12 ) a displacement measured was about
70 mm against the initial position (calculated from the assembly bottom).

The total gamma activity-scanning of fuel rod No.1 was performed (Fig. 2.4) within
the ranges overlapping the location of spacer grids No.8 and No.12. As a result of this
measurement spacer grid No.8 had a deviation of 1.5 mm from the initial position and
its location was controlled with the aim to confirm the validity of the chosen technique.
Figure 2.5 presents the measurement results.
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Fig.2.1.Block-diagram of the gap measuring device.
1 - fuel rod loading device; 2 - fuel rod; 3 - piezoelectric force sensor;

4 - differential-transformation displacement sensor; 5 - bellows.
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Table 2.1. Gap measurement results.
Fuel rod No 25 of assembly No 4108.

Burnup - 46.2 MW d/kg of U.

Distance from
the bottom of
fuel column,

mm
50
150
250
350
450
550
650
700
800
900
1000
1100
1200
1300
1400
1500
1600
1700
1800
1850
1950
2050
2150
2250
2350
2450
2550
2650
2750
2900
3000
3100
3200
3300
3400
3500

Diametral gap,
mkm

120
92
92
74
62
69
71
74
83
78
66
72
63
85
58
75
67
70
58
70
71
68
47
64
60
58
61
57
51
52
51
73
92
100
>100
>100
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Fig.2.2.a. Gap measurement along the length of fuel rod No 25 of
assembly No 4108. Burnup - 46.2 MW d/kg of U.
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Fig. 2.4 Gamma-radiation intensity along the length of fuel
rod No. 001 of fuel assembly No. 0329

As a result of processing of this information the location coordinates of spacer grids
No.8 and No. 12 agreed with the values given in the fuel assembly drawings, i.e. no
displacement of spacer grid No. 12 occurred in the process of its operation.

A conclusion was made that SG No. 12 displacement occurred after its operation as
a result of transport-reloading operations. This conclusion is confirmed by a number of
other factors.

2.4. Gamma-scanning control of fuel pellet location
Under appropriate exposure chosen gamma-scanning of the total activity of the fuel

rod area between two spacer grids with 2 mm pitch and a collimator split of 2 mm allow
for distribution of fuel pellets having champfers along the fuel axis. Figure 2.6 presents
the results on the gamma-activity distribution in the fuel rod area. As this figure shows
the distance between the hollows corresponds the fuel pellet height.

Fig. 2.7 presents the scanning results of 100 mm fuel rod area where local gamma-
activity decrease can be observed in the place of chamfer location of individual pellets.
Thus, along with the neutron radiography application (item 6.11 of Table 1 3) the fuel
pellet location can be determined using the total activity gamma scanning.
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Conclusions
The organisation concept of RIAR Material Science Lab for comprehhensive

investigations of spent WER fuel assemblies
on a mass scale allowed, since 1988, for the development of the methodical basis and
investigation of 18 full-scale WER-440 and WER-1000 fuel assemblies.

The extension of the investigation programmes demands of the development of
newtechniques using both currentlyoperating research stands and those under develop-
ment.

In mass-scale investigations the preference is given to non-destructive methods
being more ecology-friendly and cost-efficient.

The fuel rods and assembly components, chosen from the mass-scale non-destruc-
tive examinations, are brought later to more detailed investigations using destructive
methods.

The results obtained together with technological data of the manufacturing plant
and fuel assembly operation history at NPP form a database designated as «WER fuel
rods and assemblies»
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MECHANICAL TESTING AND ELECTRON OPTICAL
EXAMINATIONS OF FUEL CLADDING AND OTHER
RELATED MATERIALS AS PART OF A PIE PROCESS

R.M. CORNELL, J.C. WALMSLEY, S.B. FISHER, T.C. GELMOUR
Nuclear Electric pic,
Berkeley Technology Centre,
Berkeley, United Kingdom

Abstract

Nuclear Electric and its predecessor company CEGB have over the years carried out
campaigns of mixed PIE studies on a range of water reactor fuels and components, although
more recent experience has been concentrated upon its own gas-cooled reactor fuel and
components. In the recent past Nuclear Electric has refurbished its Berkeley Technology
Centre facilities to modern standards and much of the equipment and specialised
examination/analytical techniques lend themselves to a wide range of materials originating
from modern reactor systems. Although Nuclear Electric has made no commitment to carry
out PWR PIE, as the start of commercial operation at its first PWR plant at Sizewell B
approaches, potential future needs in this area are being reviewed. At BTC fully shielded,
computer controlled mechanical test facilities have been established with conditions to suit
core component surveillance programmes from any reactor system. Additionally, a fully-
shielded computer controlled milling machine provides a capability for supplying a range of
test pieces from virtually any reasonably sized component. The in-cave fuel examination
facilities, metallographic suite and electron optical examination suite all have the capability
for digital storage and electronic retrieval of images to provide a faster response to search
demands and to improve the quality of hard copy presentations. A microstructural
investigations unit has been established adjacent to the main active area with a wide range
of techniques such as FEGSTEM, Field Emission Auger Spectroscopy, XPS/SIMS and high
voltage (S)TEM available for the rapid examination of active fuel and components. An
innovative and flexible sample preparation capability provides strong support for this unit.
A fully Shielded Scanning Electron Microscope has also been installed which is capable of
examination and analysis of highly active sections which can be accepted directly from the
other cave or cell facilities. In parallel with these initiatives, Nuclear Electric now accepts
external LWR business which is of strategic interest and this has allowed it to gain valuable
experience and insight into those core materials problems which exist in these systems. In
the paper, a description of the facilities will be given together with a selection of applications
to PWR materials which have been undertaken.

1. INTRODUCTION

Nuclear Electric currently operates a total of twenty two gas-cooled reactors which
form the whole of its generating capacity. However, it is currently in the final stages of
commissioning its first Pressurised Water Reactor at Sizewell B which it is hoped will soon
be replicated once the UK Government's Nuclear Review has been completed.

As a nuclear utility not currently operating any water reactor based plant, NE has
relatively little experience associated with the examination of irradiated PWR fuel assemblies.
However, it is familiar with the main techniques utilised by present-day utility operators and
has past experience of a wide range of NOT testing and destructive examinations on a range
of PWR and BWR fuels.
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In the recent past, NE's shielded facilities at Berkeley Technology Centre (ETC) have
been substantially refurbished to bring them up to modern standards. Within these
refurbished facilities are provided a range of mechanical testing units which are supported
by an in-cave sample manufacturing machine such that a wide range of such tests on
irradiated items are possible.

As part of the BTC refurbishment scheme, a comprehensive range of electron optical
examination equipment has been provided within the radiation controlled area. This
equipment has already been applied to the examination of a range of irradiated materials from
NE's own reactors, and external contracts have been won for work on both BWR and PWR
based materials.

This report describes a few examination techniques which are currently being applied
to inspection and testing of irradiated AGR-based materials at BTC and which are equally
applicable to PWR materials. It also sets out some of the earlier experience with
examination in-cave of PWR and BWR fuel where it impinges on the current scene, linking
in with modern in-cave PIE equipment currently in use on gas-cooled reactor fuel, where
useful attributes might find a similar PWR based application.

2. PWR FUEL EXPERIENCE WITHIN NE

In the distant past (1970's) NE's predecessor company CEGB carried out a wide
range of in-cave examinations of PWR fuel from the Beznau and Zorita reactors involving
studies on whole fuel elements and selected rods. Additional tests of a similar nature were
made on BWR fuel from Gundremmingen and Dodewaard.

All the tests carried out involved location of failures, general surveillance of the fuel
and structural components together with a full-scale metallographic study to support the fuel
and cladding examinations. No special expertise can be claimed as a result of these tests,
but they provided NE staff with a useful insight into the power of NOT operations such as
eddy-current testing, gamma scanning and fission gas puncturing. One lesson learnt very
early on was the indesirability of receiving within PIE facilities, whole PWR fuel assemblies,
which in this case were of the 14 x 14 variety.

Since this time, NE's work on irradiated PWR rods has been limited to mechanical
tests on small ring samples in support of fuel behaviour modelling. However, the company
is aware of developments concerning pool-side NDT examinations which can be attempted
by Utilities and contractors. Clearly, there is a strong financial incentive to maximise pool
side examinations to minimise the amount of expensive in-cave investigations which need to
be carried out. Additionally, this type of destructive examination can be focused on small
quantities of fuel where high added-value can be achieved.

3. PIE TECHNIQUES OF POTENTIAL VALUE WITH PWR FUEL
EXAMINATIONS

As noted above, no PWR fuel rod examinations have been carried out at BTC for a
long period; nevertheless there are two developments related to equipment normally applied
to inspections of gas-cooled AGR fuel which merit consideration.
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Fig 1: View of Cave-Face Optical System.

Fig 2: Cladding Defect in AGR Fuel Pin.
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Fig3: PWR Clad Collapse Failure in BEZNAU Fuel,

Fig 4: PWR Hydride Fai lure in BEZNAU Fuel.
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3.1. Fuel Rod Visual Examination and Image Storage

During the refurbishment of the ETC facilities new optical units were produced to
inspect AGR fuel elements and fuel pins. In the past, inspections involved the use of
binoculars and the production and storage of polaroid 125 x 90mm prints. Viewing with
binoculars was found to be tiring to the operators and later recovery of images was laborious
when general surveys were being carried out. The new inspection equipment produces
images using a high resolution TV camera system displayed for viewing initially on a high
resolution TV screen (Figure 1). Additionally, the images can be stored digitally on optical
discs as part of a computer based image and data recording system. In this way a permanent
retrievable record of images and measurements of any item can be produced. A notepad
facility, linked via the computer to any of the recorded images also allows permanent records
to be created and stored for ready retrieval at a later date.

This system, which has also been applied to the collection of images from
metallographic and electron optic investigations (see later) is commended to other PIE
operators. An additional benefit of the digitally stored images lies in the ability to retrieve
and condition them using the latest computer-based techniques. The grey, black and white
scales can be fully adjusted to enable features to be revealed which may not, at first
inspection, appear to be present - due perhaps to the image being too dark. A good example
of what can be achieved is shown in Figure 2. Here a hairline crack in a relatively dark
image of an AGR fuel pin has been revealed using the image enhancing techniques.

It is instructive to compare this image with two others recorded on polaroid film from
failed Beznau PWR fuel assembly 080 in the 1970's. Figure 3 shows a clad collapse failure
in zircaloy-4 clad due to severe fuel densification. Notice the rather indistinct image of the
clad cracks, degraded by reproduction from the original print. Likewise Figure 4 shows
hydriding cracks in another rod from the same assembly, suffering the same problem due to
the reproduction technique applied. It is interesting to speculate how much better these
polaroid based images of PWR fuel might have been reproduced if the current system had
been available at that time.

3.2. Fuel Rod Leak-Site Location

NE currently identifies failures in AGR fuel pins using a gas puncturing technique.
For reasons not explained here, it is nearly always possible to locate failures within the 36
pin cluster by other NOT techniques, often not involving the removal of pins from the
element. Thus, selective puncturing is used to positively confirm pin failure and, using
standard vacuum technology techniques, establish a pin leak rate in lusecs (litre atmospheres
per second). However in a recent case at BTC, although pin failure had been positively
confirmed, location of the primary failure site proved difficult. The site needed to be located
so that metallography could be used to determine the actual cause of failure. In order to
positively locate leak sites, the punctured pin was pressurised internally through the puncture
hole, with the pin body immersed in a shallow water tray. Leak site location was thus
achieved by tracing the site of bubble emission from the clad. A video image was also
obtained later by repeating this procedure on the pin viewing rig, painting the appropriate
surface with a soap solution. In the case of PWR fuel rods, such a technique might find
some useful applications, especially when multiple failure sites are suspected in order to
focus subsequent metallography on the most promising locations. In the past, primary Stress
Corrosion Cracking (SCC) sites located in Dodewaard fuel, produced by incorrect control
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blade movements, were located by eddy current testing. However, many sites had to be
examined subsequently by metallography before these relatively tiny through-wall cracks
could be positively located. A bubble leak test technique might have enabled this to be
achieved more quickly with a resultant saving in costly time and effort.

4. MECHANICAL TESTING OF PWR CLAD AND OTHER SAMPLES

As stated earlier, mechanical testing of PWR cladding has been performed at ETC.
The material tested was Westinghouse cladding irradiated to around 35GWd/teU. Creep tests
were performed at temperatures between 350 and 450°C on short ring samples cut from a
fuel rod at various axial locations. Gauge sections were machined from the rings in the form
of 1mm wide, diametrally opposed, slots. Machining was performed in cave on the CNC
miller. Since the original test series was completed, improved extensometry has been
developed to allow direct measurement of the displacement of the slot edges thus giving
valuable accurate information about the material behaviour as it is loaded and in the primary
stage of creep.

A wide range of test techniques for irradiated material have been developed at ETC
to address specific issues and problems as they arise. A good range of mechanical test
facilities have therefore been installed including two NENE 30kN machines capable of creep
testing at temperatures up to 900°C or corrosion testing at high humidity at temperatures up
to 50°C, a Schenck 280kN servo-mechanical machine for proof testing larger components
at up to 600°C, an Instron servo-hydraulic machine for fatigue testing, a Charpy fracture
toughness testing facility, and a Housfield machine for testing mini-tensile samples taken
from failed Charpy specimens.

An important part of the mechanical testing process is the production of specimens
to suitable dimensions and standards. In the refurbished BTC caveline, therefore, a remotely
operated TRIAC CNC milling machine has been installed. The machine, has an array of
specialised cutting tools, some having been developed as special modules to enable flat or
round test specimens to be produced. One frequently performed operation is the production
of mini-tensile specimens from the fractured halves of Charpy specimens (Figure 5). The
slotted PWR ring specimens were also produced on this machine.

The machine is operated by a computer and control system located on the operating
face of the cave. This separation of the control system and the hardware is novel and leads
to greater reliability as the electronic components would degrade rapidly in the intense
gamma field in the cave. In the past few years, many different samples have been machined
from a variety of irradiated components including fuel rods, pressure vessel steel welds, and
control rod shock absorbers. The flexibility of the milling machine lends itself to the
production of test specimens from almost any irradiated object, including PWR components
if necessary.

A more recent application for the CNC machine has been the production of tensile
test samples from half-round (0.38mm thick) AGR cladding samples (Figure 6). A specially
designed template was constructed to enable this procedure to be performed reliably.
Experience with the equipment suggests that tools need to be replaced regularly to avoid
damaging the specimen and affecting its mechanical properties. A specimen and grip design
has also been developed for the testing of axial PWR fuel cladding samples. Lengths of
defuelled pin would be milled to produce two, diametrally opposed, tensile test specimens
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Fig 5: Charpy Impact Specimens and Mini-Tensile Sample
made from Fractured Half

Fig 6: Half-Round Samples of Irradiated Cladding
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joined at each end by short lengths of unmachined pins. Testing would involve gripping the
unmachined regions and straining the two specimens simultaneously. No tests of this nature
on irradiated material have yet been performed however.

5. ELECTRON OPTICAL EXAMINATION AND ANALYSIS

Considerable benefit can be derived from the examination of fuel and in-reactor
components by Electron Optical techniques. Nuclear Electric has developed a comprehensive
Electron Optics facility at ETC that is fully integrated with the PIE facilities. This allows
efficient preparation and movement of samples and keeps radiation dose levels to a practical
minimum.

One of the instruments is a fully Shielded Scanning Electron Microscope (SSEM)
which is a JEOL 6100 that has been adapted so that its column chamber and plinth are fully
enclosed within a cell. The installation was carried out as a collaboration between JEOL,
Oxford Instruments and Nuclear Electric (Figure 7), Reference [1]. Considerable thought
has been given to avoiding difficulties encountered in maintaining and operating an earlier
in-cell SEM installation. Two adjacent, interconnecting cells allow sample receipt,
preparation and intermediate storage of samples. An inner perspex contamination
containment isolates the sample chamber from the rest of the column. When there is no
sample in the chamber, direct access to the column for maintenance and filament exchange
can be obtained without breaking the perspex containment by way of a sliding door at the
back of the cell. All mechanical functions, stage movement, aperture centring etc have been
motorised, so that they can be controlled from outside the cell by the operator who sits at an
otherwise conventional control console. Wavelength and Energy dispersive x-ray analysis
systems are incorporated into the system. The EDS detector is retractable and is often
operated some distance from the sample with a high electron beam current. This maximises
the ratio of analytical to radiation induced background signal. The detector is shielded to a
large extent from sample radioactivity by a specially manufactured tungsten collimator. This
is 10mm long and has an internal bore of 1mm. Samples are introduced into the three cell
system either using a shielded flask or an air-tube conveyor. The care taken in design and
installation has been fully justified by the performance of the instrument. The performance
specification of the SSEM is essentially that of the microscope that has been adapted.
Microanalysis is only limited by the fundamental activity of the sample. Applications include
the examination of fuel pin surfaces and fracture surfaces from pressure vessel surveillance
samples.

Within the rest of the Electron Microscopy suite two instruments are of particular
value in the study of grain boundary nano-chemistry of irradiated materials. A Fisons
Instruments HB501 Field Emission Gun Scanning Transmission Electron Microscope
(FEGSTEM) has an electron source that is bright enough to generate a strong analytical
signal from a 2nm or less diameter area in a thin foil sample. Important grain boundary
segregation effects which vary on this scale can be measured. Figure 8 gives an example of
a profile obtained from a boundary in 20Cr/25Ni/Nb stainless steel AGR fuel pin cladding
material, Reference [2].

A great deal of skill is required to accurately align the sample so that a grain
boundary is edge-on relative to the electron beam. Spectra are then acquired at intervals of
a few nanometres along a line at right angles to the boundary trace and crossing it. In Figure
8 the position of the grain boundary was clearly a few nanometres to the left of the nominal
zero position on the x-axis. Compositional variations on this scale can affect the bulk
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Fig: 10 Micrograph showing electropolished "composite" thin foil sample with per-
forated 1 mm diameter irradiated centre.
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properties of irradiated steel. In AGR clad a particular interest had been "sensitisation" of
grain boundaries to corrosion. In the case of BWR/PWR steels, that have been examined
on a contract basis on behalf of other utilities, the interest is in the phenomenon of Irradiation
Assisted Stress Corrosion Cracking (IASCC). Variation in major constituent elements such
as chromium can be measured as well as the levels of minor constituents such as phosphorus
and silicon.

Grain boundary chemistry can also be analysed by the surface sensitive technique of
Auger Electron Spectroscopy (AES). In this technique intergranular failure of a test sample
has to be induced in the vacuum system of the instrument. For stainless steels the test
sample is "hydrogen charged" before fracture to encourage intergranular failure. A Fisons
instruments 310F Microlab has recently been commissioned at BTC. This has a field
emission electron gun which provides high spatial resolution secondary electron imaging and
Auger analysis. FEGSTEM and AES examination of irradiated steels prove to be highly
complementary. The FEGSTEM provides profiles from a small number of boundaries, 2-5
for a typical sample, which are effectively selected randomly in the material by the thinning
process. Fracture in the Auger instrument potentially exposes hundreds of grain surfaces but
there is evidence in at least some materials that "weaker" grain boundaries are exposed
preferentially. It is not possible to produce intergranular failure in all materials of interest.
In these cases the FEGSTEM will still provide grain boundary data. Figure 9 shows an
Auger spectrum obtained from the surface of a grain boundary in an irradiated steel.

The complement of the suite is completed by two Transmission Electron Microscopes
(TEM), one of which operates at 300keV and offers distinct advantages for the examination
of ferritic steels, Scanning Electron Microscopes (SEM) and an Electron Probe Microanalyser
(EPMA).

Skills specific to the examination of irradiated materials have been developed over a
considerable period of time. An example of this is the production of "composite" thin foil
samples for FEGSTEM/TEM examination, Reference [3]. A 1mm diameter disc of
irradiated material is inserted into an annulus of unirradiated, but otherwise identical,
material with an outer diameter of 3mm. The composite is ground and electropolished in the
usual way to give a foil of the standard dimensions but with greatly reduced activity. The
bulk of the sample is the unirradiated supporting material. Beside the obvious reduction in
the dose received during handling of the composite the intrinsic Mn x-ray signal from the
sample, caused as the final step of transmutation of 55Fe, is reduced proportionately. This
substantially increases the quality of x-ray microanalysis that is performed (Figure 10).

Such a comprehensive range of Electron Optical techniques in one facility provides
a powerful resource for characterisation of irradiated materials. Coupled with the expertise
that has been established it is possible to apply the most appropriate single technique to any
given study.
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TESTING OF IRRADIATED FUEL ASSEMBLY GRIDS
FOR SEISMIC BEHAVIOUR MODELLING

P.-P. MALGOUYRES, C. LEMAIGNAN
Commissariat à l'énergie atomique,
Centre d'études nucléaries de Grenoble,
Grenoble, France

Abstract

In order to increase our knowledge of the seismic behaviour of nuclear reactor
cores, the buckling mode of the grids after irradiation must be considered.

However, due to the very complex deformation mechanism of this component,
direct modelling based on changes in mechanical properties induced by radiation, is
extremely difficult and may require additional information gained from a full-scale test

For this reason, the CEA(*) has developed a special technique for testing grids
irradiated in power reactors, under compression at a high strain rate.

The tests are performed in a large concrete cell equipped with a mechanical
testing frame. The grid is prepared by inserting dummy fuel rods at the location of each
fuel rod.

The grid is then placed on the test bench: a compression device with one degree
of freedom, located in a controlled environment chamber (typically 350°C in air).

The servo-hydraulic machine has a capacity of 50 kN for a stroke displacement
of 150 mm at a maximum rate of 0.15 m.s-1. A typical test includes tests on non-irradiated
material for benchmarking and a series of tests on irradiated grids. The results are given
as load/displacement curves for buckling load detection. In addition, the grid shape after
the test is described.

1. INTRODUCTION

Safety regulations in all countries require that seismic movements be taken into
account in the design of nuclear power stations.

The conceptual and dimensional design of components or structures required to
withstand the effects of earthquakes involves analysing seismic excitations first of all, and
then calculating the response of the structure. This calculation is performed by modal
analysis (search for resonance frequencies) or temporal analysis (time-dependent step-
by-step calculation). The studies are corroborated by life-size tests or on mock-ups with
vibrating tables. The mock-ups and vibrating tables are also used to study the behaviour
of structures considered to be too complex for the modal study.

Today, the behaviour of inert fuel rod assembly grids is characterised on the
basis of buckling tests carried out in a "cold" lab. The test principle consists in applying a
compressive stress to a grid until the buckling point is reached, in the transverse direction
of the assemblies. The test is performed in a furnace, between rigid plates and at high
speed.

Given that Zircaloy hardens under irradiation, it may be assumed that this
approach is conservative. However, in view of the lack of data on irradiated grids, it is not
possible to predict with any certainty the behaviour of fuel assemblies up to end of life. In
order to meet this requirement, the CEA (Nuclear Reactor Division) has set up a buckling
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Photograph No. 1

Dummy fuel rod loading machine

In this configuration, the upper gnd was used as a guide for the dummy rods
loaded into the bottom grid, using a ram The motors, ram and upper grid support are
interchangeable in the cell.



Photograph No. 2

Buckling machine
Inside view of the furnace mounted on the MTS press



test facility for irradiated grids in a very high activity cell. This facility consists of an MTS
servo-hydraulic machine equipped with furnace and compression plates and a machine
for loading the dummy fuel rods in the irradiated grids.

2. RECEPTION OF TRANSPORT CASKS
Given the size and very high activity of the grids, relatively unusual transport

casks have to be used. These casks cannot generally be directly berthed to the LAMA
cells (Laboratory for Active Material Analyses); this laboratory includes all the very high
activity cells of the Grenoble Nuclear Research Centre (CENG). The LAMA has six such
cells (105 Curies) of 2.6 x 2 m2 in area and more than 4 m high.

The C.E.N.G. also has a decontamination cell (103 Curies (Co60)) which is large
enough to accommodate the transport casks on a carriage. Using tools that have been
specially designed in collaboration with the grid dispatcher and the designer of the grid
retaining device in the cask, it is possible to unload the cask and transfer the grids to a
cask that can be berthed to the LAMA cells.

3. DUMMY FUEL ROD LOADING DEVICE

In order to test the grids under rigidity conditions as close as possible to reality,
they must be loaded with cylindrical rods simulating the stiffness of fuel rods with zero
clearance, as there is obviously no question of accepting the grids with real fuel rods. As
shown on photo {1}, the dummy fuel rod loading machine consists of an X-Y table, upon
which the empty grid is placed, and a dummy rod guide plate.

The second essential component of the machine is the pneumatic ram. The
force of this ram is controlled either by the input pressure, or by an optional force
transducer. The ram and motors are interchangeable in the cell in the event of a fault. If
the tested grids are not excessively deformed after the test, it is possible to install them in
place of the dummy fuel rod guide plate. In this case, unloading of the tested plate and
loading of the dummy fuel rods on the grid to be tested can be carried out in a single
operation.

4. TEST FACILITY

The main components of this facility are as follows (cf. photo {2}):

- the MTS servo-hydraulic stress machine of 50 kN force and 150mm ram
stroke capacity (force can be changed to 100 kN),

- the furnace without protective atmosphere, with 400°C maximum temperature
and less than 20°C temperature gradient between the extreme points of the
grid (3°C gradient in standard configuration),

- the measurement data acquisition systems: digital oscilloscope (or transient
recorder) and magnetic tape recorder for redundant data acquisition,

- the press plates are fixed. Although a different assembly with ball and socket
joints could be easily considered.

Fig [1] shows that the response time of the MTS machine ram is more than
sufficient given that it is capable of accommodating pulses ten times faster than those
estimated and assumed for an earthquake. In addition, under these conditions, there is no
force transducer time delay on the displacement transducer, and vice-versa (cf. fig [2]).
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The MTS machine is controlled from the 458.20 panel which includes a
programming module for dividing the pulse into 99 sequences, not counting repetitions. In
actual fact, only two sequences are used nominally: an upward ramp and a downward
ramp. Machine operation can be slaved to the ram displacement, to the measured force or
to the readout of an extensometer, if installed. We prefer working in relation to ram
displacement but this is not compulsory.

The time-dependent force and displacement signals are fed back to a digital
oscilloscope with a capacity of 4000 points per channel, a high accuracy for this
application. This oscilloscope is equipped with a PC-compatible read/write disk drive. The
results recorded on the diskette are subsequently processed on a PC to analyse particular
points on the force and displacement vs. time curve and force vs. displacement curve.

5. TEST PROCEDURE

a) General checks

Prior to the tests and before berthing the transfer cask, the MTS buckling
machine, the dummy fuel rod loading machine and all necessary accessories are installed
in the cell, property connected and checked with respect to instruments certified with the
BNM (French Bureau of Standard).

These machines remain in the cell only for the time required to complete the
series of tests. They are removed in protective packaging immediately after the tests in
order to leave the cell free for other experiments.

The test and recording parameters are adjusted and checked on force rings
simulating the grids and then on inert grids supplied by clients.

b) Tests

On their arrival in the test cell, the grids are numbered and examined by a video
system or by periscope, if necessary. With this test facility, it is possible to measure the
outside faces before and after the tests, using a set-up comprising an inductive follower
mounted on a travel rail.

The dummy fuel rods are placed in the grids using the loading machine. The first
grid is loaded using an inert grid as a dummy rod guidance system. For the following grids,
the last grid tested is used as a guidance system, as long it is not excessively deformed.
Otherwise the rods are placed in the original system.

The grid loaded with its dummy fuel rods is lifted and turned over by means of a
special machine, making use of the hoist in the cell. The grid is placed on a transfer plate
berthed to the bottom plate of the compression machine. A carriage is then used to slide
it onto the compression plate. The transfer plate is removed. After closing the furnace, the
heating system is started up with the grid very close to its test position.

From this moment on, a check-list describing all the operations in detail is strictly
followed. On completion of the test, the results diskette is processed and copied before
clearing the memory of the transient recorder (or digital oscilloscope). If the recorder is not
tripped property (a problem never encountered up till now in our tests), the magnetic tape
recording is copied onto diskette via the digital oscilloscope or by any other suitable
means, and this time with the possibility of an unlimited number of attempts. In addition to
the test report, the laboratory generally provides the client with a diskette containing
unprocessed results (no smoothing or removal of abnormal values, for example).
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6. OPTIONAL EXAMINATIONS

The LAMA operates a set of very high activity cells and hot labs equipped with a
comprehensive range of visual examination systems, metrology, non-destructive tests,
metallography, conventional optical or electron microscopy (SEM and TEM),
y-spectrometry, cutting and sectioning, etc.

Depending on the client's requirements or on the team's line of investigation, any
specific examination may be considered.

7. CONCLUSIONS

Although this buckling test may appear to have an exceedingly simple principle, it
nonetheless gives rise to numerous problems, not least of which are the grid transport
facilities and formalities. Given the cost and rapidity of a test, it is of the utmost importance
to establish a test protocol, which must be strictly followed, and install redundant recording
instruments for the parameters.

The tests performed on the force ring and on non-irradiated grids indicate that
the recording equipment used is reliable and that the behaviour of the test set-up is similar
to the set-ups used in a non-active environment.
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Abstract

Refabrication of fuel rods for re-irradiation in test reactors is becoming more and
more common practice. The advantage of this technique is that standard fuel rods
irradiated in power reactors and originally not deliberately intended for further
testing can be used and prepared for re-irradiation. The technique of refabrication
will be described in detail with emphasis on refabrication of highly burned fuel
rods and its implication.

The refabrication technique is also useful for encapsulation of fuel rod remnants.
Encapsulation and re-insertion into fuel assemblies having reached their target
burn-up provide one means to dispose fuel rod remnants from post-irradiation ex-
aminations. The requirements of the utilities for re-insertion and the reprocessor
for acceptance are being discussed, and the techniques used to fulfil all require-
ments will be described.

Introduction

Transient testing of LWR-fuel rods is in its overwhelming majority performed in test
reactors like the High Flux Reactor (HFR) Petten or the R-2 Reactor in Studsvik.

To these reactors we have to mention further irradiation facilities in France such as CABRI
and PHEBUS that are concerned with specific aspects of the fuel rod or fuel bundle
behaviour when irradiated under severe fuel damage conditions.

However, these reactors can only cope with short rodlets. Therefore, pre-irradiation in
commercial power reactors before testing must either be done as segmented rod (a full length
fuel rod made of several individual rodlets) or standard full length fuel rods have to be
refabricated in Hot Cells to the appropriate length.
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Whilst in the earlier days of ramp testing pre-irradiation of segmented rods was common
practice [1], today refabrication of standard rods for transient testing in test reactors is more
widely applied. The advantage of this technique is that standard fuel rods irradiated in
power reactors and originally not deliberately intended for further testing can be used and
prepared for re-irradiation.

Part of the refabrication technique can also usefully be applied for encapsulation of fuel rod
remnants after post irradiation examinations in Hot Cells have been completed.
Encapsulation and subsequent re-insertion into fuel assemblies having reached their target
burn-up provide one means to dispose of fuel rod remnants from post irradiation
examinations.

2. Refabrication

In the Hot Cells of the Institute for Transuranium Elements full length fuel rods having
passed all non-destructive examinations are generally cut into 50 cm long segments before
further examinations or sample cutting are being performed. The segmentation is performed
within a "caisson" under inert atmosphere, and the segments are generally stored in a
nitrogen atmosphere. These segments form the starting material for refabrication.

2.1 Refabrication Procedure

The hereafter described procedure concerns the different technical operations necessary for
the refabrication of a non-instrumented fuel rod segment, provided with standard end plugs.
No basic differences have to be mentioned if a pressure gauge has to be inserted;
nevertheless, when a thermocouple must be mounted inside the fuel a central channel must
be tooled previously by drilling.

The sequence of the different operations to perform under inert atmosphere on the fuel rod
segment is given hereafter:
- Approximate cutting
- Length adjusting

Preparation of the lower end
- Preparation of the upper end
- Welding of the end plugs

He-filling and pressurization
- He-leak test of the weldings

Conditionning for shipment

This operational procedure is described in detail as following:
a) Cutting of the fuel rod according to the cutting plan provided by the customer.

The cutting is performed with a cutting saw using diamond disc (150 rev./min. 0.3 mm
thick). The cut is made under oil. The lying of the fuel rod segment by means of
adjustable stops is carried out with a precision of ± 0.1 mm.
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b) The precise location of the last pellets at the ends of the fuel rod segment is determined
by analyzing by axial micro-y-scanning short pieces of fuel close to both ends of the
fuel rod segment.

c) Length adjusting of the fuel rod segment.
Following operations have to be performed: (Fig. 1)

cutting of the lower end of fuel rod segment according to the information given by
axial micro-gamma-scanning
to mark the lower end of the fuel rod segment
mounting of temporary protective end plugs

- cutting of the upper end of fuel rod segment according to the information given by
micro-gamma-scanning
length measurement of the fuel rod segment

d) Preparation of the lower end of the fuel rod segment:
fuel retrieval up to fuel pellet interface
clean-up of the cladding
• clean up of the inner side of the cladding and measurement of the inner

diameter
• polishing of the front side of the Zr-y tube and measurement of the depth of fuel

retrieval
•• removal of the outer oxide layer of the cladding over 3 mm length; to measure

the outer diameter
to fit the lower end plug at the workshop
report of the corresponding diameter
to set the separation pellets; to measure the free length inside the cladding
to set the lower end plug

e) Preparation of the upper end of the fuel rod segment; the procedure is similar to that
described in point d)
- measurement and report of the spring length. Mounting of the separation pellets

and the spring; measurement of the free length to press the upper end plug.

0 Welding of the end plugs.
welding of the lower end plug and report of the welding parameters.
check of the outer diameter of the welding scan.
welding of the upper end plug and report of the welding parameters.
To check the outer diameter of the welding scan.
Punctual welding of the central channel of the lower end plug.

g) Pressurization of the fuel rod segment.
- Rinsing of the fuel rod segment with He 6.0 3 cycles: (pressure 5 bar, pumping time

1 hour, after pumping, 10-2 mbar).
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- Pressurization of the fuel rod segment with He 6.0, 20 bar
• welding of the central channel
• to report filling gas pressure and temperature

h) He - leak test of the weldings

i) - length measurement of the fuel rod segment
check of the concentricity of the end plugs
check of the outer diameter values
y-scanning °f the fuel rod segment
clean-up of the fuel rod segments with ethanol

- conditionning of the fuel rod segment for shipment

3. Encapsulation

After completion of all post irradiation examinations the fuel rod remnants have to be
disposed of. During the last decade encapsulation of the remnants in thin-walled Zircaloy
tubes has become common practice. The boundary condition to be respected in this operation
is to reproduce a fuel rod which is similar to the design of the standard fuel rod, in particular,
the original fuel rod and fuel stack length must be respected after encapsulation of the fuel
rod segments. Consequently, the final capsule dimensions - apart from the diameter - and the
arrangement of the remnants within the capsule correspond to that of the original fuel rod.
Such capsules are returned to the reactor site for re-insertion at empty fuel rod positions of
spent fuel assemblies. Standard fuel rod handling tools are being used for handling of the
capsules.

3.1 Encapsulation Procedure

a) A Zr-y tube provided with a welded end plug at one end and fixed on the mobile lid of
the double lid La Calhène at the other end is introduced in the ß, y zone of the hot cell
101 (the outer diameter of this Zr-y tube is about 1.5 mm greater than the fuel rod
diameter; the Zr-y tube with end plug and lid as a whole is called capsule). The capsule
is connected to the double lid La Calhène located at the rear wall of the a tight caisson
of cell 101 (Fig. 2).

b) Loading of the remnant fuel rod segments. These operations are taking place in the a
caisson of cell 101 according to the following sequence: (Fig. 3)

to open the double lid La Calhène. The capsule is then accessible from caisson 101
- introduction of

• the spring
« the remnant fuel rod segments according their original location in the fuel rod
• a dummy Zr-y tube in order to achieve the original fuel stock length of the

original fuel rod
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Fig. 2 TRANSFER SYSTEMS OF THE NONDESTRUCTIVE TESTING CELL 101

• a plug provided with a stainless steel filter - (in order to avoid any fuel
contamination in the cell)

- to shut the double lid La Calhène and to deconnect the capsule which is transfered
on a bench

c) to perform two orbital welding seams along the plug (Fig. 4)

d) to cut the capsule between the two orbital welding seams

e) the end plug is fit at the end of the capsule; this end plug contains a central channel

f) to weld the end plug to the capsule tube (orbital welding)

g) pressurization of the capsule after the capsule has been introduced in the
pressurization chamber according the following procedure:

rinsing with He
- to establish the He pressure ( 5 bars, for example)

h) to weld punctually the central plug of the end plug without any material addition

i) leak test of the 3 weldings (2 orbital and 1 punctual) by means of a bubble test
immediately after pressurization and, thereafter, by means of the He leak testing.
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3.2 Welding technique

Tungsten inert welding (TIG) has been selected for orbital and punctual weldings. A welding
unit of GTAW type, Model 207 from ARC MACHINES Inc., is used under remote controlled
conditions (Fig. 5). The remote GTAW system works with parameters previously established
from non-active tests performed with the same supply and torch. The results of these tests
carried out on identical materials were qualified by metallographic examinations.

3.3 Technique for fuel retrieval and cladding clean up

The fuel rod segment mounted in a mandrel is tooled on a self-centred lathe provided with a
digital control unit. The tool is constituted of diamond millstones or drills mounted on a
spindle that can move along x, y and T. axes (Fig. 6).
The precision of the adjusting is ± 10 urn for the translation x, y, z of the spindle and 20' for
the rotation of the mandrel.
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4. Qualified Assurance Procedures

For both techniques refabrication and encapsulation definite quality assurance procedures
are being applied. The most important step in refabrication and encapsulation is welding of
the end plugs. The welding technique applied has extensively been tested, and a set of
welding parameters has been established that garanties good quality of the weld zone and
leak tightness. The quality has been checked by metallography of weld samples. Corrosion
resistance of the weld has been tested according to ASTM B353. After welding both
refabricated fuel rod segments and capsules are subjected to a visual inspection and to a
helium leak test, the results of which are certified in a certificate that is associated with each
of the rodlets or capsules.

Although the same high standard of quality assurance is applied for rodlets and capsules it is
worthwhile to note the difference in their further use. Whilst refabricated segments are
intended for operation in test reactors capsules containing fuel rod remnants are solely
intended for storage in a spent fuel pool and final reprocessing.

Conclusion

The present paper provides an overview on the refabrication and encapsulation techniques
available at the European Institute for Transuranium Elements.

Refabrication is an economical procedure to obtain if necessary fuel rod segments from
irradiated LWR fuel rods for further testing in test reactors. Encapsulation of fuel rod
remnants from post irradiation examinations and subsequent re-insertion of the capsules at
former fuel rod positions within spent fuel assemblies is one way of disposal of fuel arising
from hot cell examinations.

Reference
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Abstract

In this paper, we present the status of the Fabrice technique used in Saclay for
manufacturing short rods for ramp testing. More than 90 Fabrice have been produced up
to now.
The first part details all the refabrication and associated controls steps, process
qualification and hot cell equipment.
A particular attention must be paid to non destructive examination (visual inspection,
metrology, eddy current testing, gamma-scanning photograph and X-ray control of
welding areas, etc).
The maximum length achieved is 650 mm for a non instrumented rod. New pressurisation
can be, instead of Helium, an Helium + Xenon mixture, but it creates welding problems.
In the second part, we emphasize on the instrumentation of an increasing number of
Fabrice : in-pile diameter measurement or fission gas release experiments in SILOE or
implementation of thermocouples.
We intend to complete the capacity of instrumentation by inserting fuel centerline
thermocouples into full pellet column, by adapting the cryogenic drilling process issued
from RIS<(> National Laboratory. In 1993, the equipment was implemented in hot cell, and
tests on fresh fuel with a 2 mm diameter hole were successful. In case of success of the
qualification irradiation of an instrumented fresh fuel rod in 1994, an instrumented high
burn-up irradiation will be undertaken in 1995.
We also prepare some segmented rods for ramp tests.

FOREWORD

This paper was originally intended for presenting the FABRICE process in the frame of the
ED-WARF II programme. ED-WARF II is the second Coordinated Research Programme
(CRP) of Examination and Documentation methodology for WAter-cooled Reactor Fuel,
initiated by IAEA.
We have slightly updated the paper to take into account the developments which occured
during the last months.
First, we focus on the technical description of the process and second we detail our
experience during the last two decades.
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1 - INTRODUCTION

The FABRICE technique is used to produce short rods in hot cells from long power reactor
rods. These pre-irradiated rods can be ramped in experimental reactors while avoiding
long and expensive pre-irradiation.

There are 6 major stages in the refabrication process :

1 Selection and characterization of the irradiated fuel element.
2 Cutting out of the section.
3 Removal of oxide from the section ends for attaching end-plugs and springs.

4 Welding both end-plugs.
5 Evacuation and sealing under controlled atmosphere.
6 Quality control of fabrication.

The FABRICE rod is ready for re-irradiation, once all the necessary steps are carried out
during refabrication. It is again necessary to check that the rod behavior during
irradiation is comparable in all respects to that of the original rods, in particular that it
is capable of giving the same results as the whole rods during ramping.

2 - QUALIFICATION DURING IRRADIATION

Qualification of the FABRICE Process was performed during the PRISCA experiments,
involving 16 rods irradiated in the BR3 reactor.

The 16 rods were divided into 8 pairs, each pair formed by grouping together the rods
with the most similar pre-irradiation conditions. In addition to identifying the specific

burn-up, the similarity of power conditions was investigated as far as possible when
forming the pairs.

One of the rods from each pair was then refabricated using the FABRICE process, and each
part submitted to a similar ramp test.
A comparison of the irradiation of whole and refabricated rods shows that as far as both the
cracking and the extent of the failure zone is concerned (extent in the sense of specific
burn-up - local variation of power), the refabrication process does not visibly alter the
behavior of the rods during power ramping.

This has allowed us to qualify the refabrication process and to conclude on its general
validity.
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However, during the last months, some extra qualification was performed (analysis of fuel
gases on rod piece to check possible fuel degradation under cell atmosphere, etc) with good
results. Stress Cracking Corrosion observed during ramp testing is also a good indicator of
Fabrice process quality.

3 - DETAILED DESCRIPTION OF THE MANUFACTURING PROCEDURE

3.1 - Fabrication procedure (Figure 1)

An experimental rod, of a 450 to 650 mm overall length, is reconstructed by using a part

of an irradiated, 4-meter long PWR fuel element ; it includes :
. the oxide and clad of the initial rod,

. new components : insulating pellets, plug, spring.

A minimum set of examination is necessary to be undertaken on the "father rod" before the

refabrication itself :
* Visual examination.
* Gamma-spectrometry (Figure 2) enables to precise correctly the FABRICE fissile

column position (after refabrication) on the initial rod spectrometry.
* Eddy current testing avoids to perform a costly ramp test on a possibly pre-cracked

rod.
* Metrology (diameter measurements on 2 to 10 angles) for detecting possible PCI

defects.

* Outer zirconia layer thickness (when requested).

Very often, these examinations have already been carried out during an on-site and in-cell
post-irradiation examination programme, not necessarily connected to the FABRICE

programme.

Generally, FABRICE rods are made with fuel rod part chosen between two grids, to avoid
flux and corrosion variations. It allows four or five FABRICE per rod with a typically

350 mm-long fissile column-Similarity of ramp tests can be very good with several

FABRICE coming from the same rod.

Rod atmosphere after FABRICE manufacturing is given by new helium pressurization up to
31 bars typically. That implicates that the fission gases released during the initial reactor
conditioning, and punctured, cannot be re-injected in the rod.

Recently, an unirradiated helium + xenon mixture was used to pressurize the rod, with
success, but with some welding difficulties.
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Figure 1 : FABRICE manufacturing process.



, Total If Activity

Upper end

ORIGINAL ROD

1600

Lover end

Total Ï Activity FABRICE ROD AFTER
FABRICATION

™ 1600

FABRICE ROD CHOICE FROM THE ORIGINAL ROD
Figure 2 : Comparison between gamma spectrometnes after and

before manufacturing.

429



Figure I shows the details of reconstruction operations. The fabrication operation includes
six main stages :

. Selection and characterization of an irradiated fuel element.

. Sampling of a section equal in length to the final length of the FABRICE rod column (plus
about 83 mm).

. Extraction of uranium oxide from the ends of the section along about 15 mm at the

bottom and 60 mm at the top, for insertion of new components, including insulating
pellets, spring and plugs.

. Plug welding by argon arc.

. Closure of the pin back-seal welding in controlled atmosphere.

. Fabrication controls.

Many precautions are observed during fabrication to avoid any mechanical disturbance of
the initial fuel element (either in the uranium oxide or in the clad), and to avoid any
change in the internal chemistry of the initial rod (especially the introduction of
moisture).

The main precautions observed are the following :

. All construction operations are performed with the rod in horizontal position, if the
burn-up is less than 20 GWd/tM.

. Cutting is performed using low-speed grinder without coolant.

. The internal ends of the clad are cleaned and brushed.

. The helium introduced passes through molecular sieves when it leaves the gas bottle.

. Hygrometer moisture test of the welding unit and the overall circuit.

. Between fabrication operations, the rod is kept in a sealed container
(N.B. the fabrication of a FABRICE rod lasts about two months).

. Some drying in an oven can also be added.

3.2 - Hot cells and equipment

The characterization of the rods, as well as the component machining, cleaning and
stacking operations, are performed in different cells equipped for this type of service. On
the other hand, welding, back-seal closure and stoving operations are all performed in a
single cell, specially designed for the installation of these machines, and kept perfectly
clean with a very low contamination level.

Apart from standard equipment (periscope, lifting unit), the cell is equipped with an
argon-arc welding set (Figure 3) and an helium leak-test chamber.
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Figure 3 : FABRICE welding equipment, with HATAC dummy rod.



A central branching circuit in the cell serves to adjust and monitor the pressure of
vacuum in the various units.

The following items are found in front of the cell :

. Welding generator and its potentiometric recorder.

. Single pumping set for the different units in the cell.

. Hygrometer used to measure the degree of humidity in the back seal and the related
circuit.

. A battery of gas tanks : helium, argon, mixture of Xe + Kr.

"Poral" filters and check valves protect the front zone from any radioactive pollution.
All these units, that operate on the same principles as those developed at the CEA for the
fabrication of PWR fuel elements, are removable (lifting rings, hose connections with
quick fittings for easy removal or connection to the branching circuits).

The maximum length of the FABRICE rods refabricated in this way is now 650 mm.

3.3 - Fabrication controls

Five non destructive tests are carried out systematically, and these are indispensable to
guarantee the quality of the refabricated rod :

- Welding cycle inspection : any anomaly detected during welding implies the possible
presence of unacceptable defects.

- Pin seal test : a FABRICE rod is called "sealed" if no anomaly is observed during visual
and radiographie inspection of welds and after result of the helium test. Photographs
are often taken of welds on upper and lower end plugs.

- Clad inspection : this is performed by visual inspections, outside diameter
measurements, and the eddy current tests ; the results must be identical to those
previously performed on the initial rod.

- Testing of internal components : analysis by gamma spectrometry, neutron radiography
or radiography must show clearly that the oxide pellet stack has remained intact after
reconstitution.

- Surface contamination check : after fabrication, the rod is cleaned to avoid any pollution
in the re-irradiation loop.
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MANUFACTURING EXPERIENCE

4.1 - Overview

The following table summarizes all fuel rods refabricated from end of 76 until
Autumn 1994. More than 90 FABRICE have been successfully realized.

4.2 - Types of rods (see pictures)

As shown in the table, most rods are standard ones, but instrumentation has been used in
the following experiments :

- ISA 02 GAZ. ISA 04 GAZ. CRUSIFON 5 and CRUSIFON 6 were equipped with a pressure

transducer to follow the inner rod pressure evolution during in-pile power transient.

- FLASH 05 was a special fuel rod, with a permeability measurement performed before

re-irradiation (pressure drop in the fuel column).

- The two HATAC rods were instrumented with capillary tubes at both ends plugs

(Figure 4), to allow an He flow inside clad during in-pile irradiation and power
modifications. The fission gases released were driven to sampling chambers outside the
core, and then analyzed by spectrometry.

- DECOR was a special rod, designed for in-pile diameter measurements, in order to

quantify the Pellet-Cladding-lnteraction (PCI).

- TC 10. HBC 10. 11 and 14 were FABRICE rods including a fuel centerline
thermocouple, W-Re type, for studying the UC-2 temperature during in-pile transients

(Figure 5). HBC stands for High Burn-Up Chemistry International programme,
promoted by Belgo Nucléaire, and performed in the Mol BR2 reactor.

- TR 1 to 15 are fifteen standard rods used in the TRANSRAMP international program,
and national complementary experiments in Studsvik R2 or OSIRIS reactors.

- Other standard FABRICE rods were made for national cooperative programmes between
CEA, EOF and FRAMATOME, and ramp tested at Grenoble (Siloe) or at Saclay (Osiris).

4.3 - Some technical considerations

The main difficulties encountered during the FABRICE process are (i) the necessary
cautions to keep steady the fuel column at low burn-up, i.e. before gap closure, and (ii)
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LIST OF FABRICE RODS FROM 12/76 TO 01/91

REFERENCE

FAB 00
FAB 01
FAB 02
FAB 03
FAB 04
FAB 05
FAB 06 to 09
FAB 10 & 11
FAB 12 to 14
FAB 20 & 21
CRUSIFON 5
FAB 23 & 24
FAB 25
FAB 50
FAB 51
FAB 52
ISA 02 GAZ
ISA 04 GAZ
ISA B101
ISA B202
F 100 to 102
ISA A302
CRUSIFON 06
FLASH 05
FF31 to 34
HATACC1
ISA A 402
ISA A 502
HATACC2
FF 35
FF 41
FC31
FF 43
FF 53
FF 36 & 37
TC 10
DECOR
HBC 10
HBC 11
HBC 14
TRANSRAMP IV
N° 1 to 15
GR 51 & 52

ORIGIN

PAT III 3
BEZNAU
PAT 111
BR3
BR3 3B

BEZNAU
BR3 2bis
BR3
BR3 2 bis
BR3 2 bis
BR3 2 bis
BR3 2 bis
BR3 3B+4A
BR3 3B+4A
BR3 3B+4A
BR3 3B+4A
BR3 3B+4A
Fresh fuel
& irr Zy
BR3
PWR
BR3
PWR
PWR
PWR
PWR
PWR
PWR
PWR
PWR
CAP
PWR
PWR
PWR
BR3
PWR
BR3
BR3
KWU
PWR

PWR

DATE

12.76
07.77
07.77
08.78
03.79
03.79
07.78
10.78
03.79
03.79
08.79
02.80
09.80
09.80
10.80
11.82
10.81
12.82
12.83
12.83
06.84
07.84
11.84
12.84
01.85
09.85
10.85
10.85
02.86
03.86
03.86
04.86
04.86
08.86
11.87
06.88
01.89
01.89
05.89
05.89
03.89

to 10.90
01.91

TYPE

Standard (STD)
O.D.=10.72 mm
STD
STD
STD
STD
O.D.=10.72 mm
STD
STD
STD
PRESS. TRANSD.
STD
STD
STD
STD
STD
PRESS. TRANSD.
PRESS. TRANSD.
STD
STD
STD
STD
PRESS. TRANSD.
PERMEABILITY
STD
MINITUBES
STD
STD
MINITUBES
STD
STD
STD
STD
STD
STD
CENTERLINETC
METROLOGY
CENTERLINETC
CENTERLINETC
CENTERLINETC
STD

STD

DESTINATION

Not accepted

SILOE (Grenoble;

OSIRIS (Saclay)
OSIRIS
OSIRIS
OSIRIS
OSIRIS
OSIRIS
SILOE
SILOE
OSIRIS
SILOE
OSIRIS
OSIRIS
SILOE
OSIRIS
OSIRIS
OSIRIS
OSIRIS
OSIRIS
OSIRIS
OSIRIS
OSIRIS
BR2 (Mol)
BR2
BR2
R2 (Studsvik)
or OSIRIS
OSIRIS
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LIST OF FABRICE RODS BETWEEN 02/91 AND SUMMER'94

REFERENCE

MX 2.1
MX 2.2
MX 2.3
GR4.1
GR4.2
X1 2.1
X1 2.2
X1 2.3
MX 3.1
MX 3.2
MX 3.3
B 09.4
B 09.5
ETA 02
CRU 4.1
CRU 4.2
CRU 4.3
GCMCOR
CABRI NA1
GR5.3
B 09.2
B 09.3
K 08.3
K 11.5
CALIF
CABRI NA 3
X1 4.1 to 4.3

ORIGIN

PWR
PWR
PWR
PWR
PWR
PWR
PWR
PWR
PWR
PWR
PWR
PWR
PWR

OSIRIS
PWR
PWR
PWR
PWR
PWR
PWR
PWR
PWR
PWR
PWR

Fresh fuel
PWR
PWR

DATE

10.91
10.91
10.91
12.91
12.91
05.92
05.92
05.92
12.92
12.92
12.92
12.92
12.92
05.92
06.93
06.93
06.93

summer 93
summer 93
summer 93
autumn 93
autumn 93

02.94
02.94
06.94
08.94
12.94

TYPE

M OX
M OX
M OX
STD
STD
segmented rod
segmented rod
segmented rod
M OX
M OX
M OX
STD
STD
M OX
STD
STD
STD
metrology
STD
STD
STD
STD
STD
STD
centerline TC
STD
segmented rods

DESTINATION

OSIRIS (Saclay)
R2 (Studsvik)
R2
not tested
not tested
not tested
not tested
not tested
R2
R2
R2
OSIRIS
OSIRIS
not tested
R2
R2
R2
SILOE
CABRI
R2
OSIRIS
OSIRIS
OSIRIS
OSIRIS
OSIRIS
CABRI
SILOE

Nota : the rods labelled X1 2.1, 2.2 and 2.3 and X1 4.1, etc, are "stricto sensu" not

FABRICE rods, but segmented rods which have been adapted for a later

re-irradiation [10].

the increased welding problems due to enhanced corrosion of the clad at high burn-up. In
the HBC rods, the burn-up reached was 55 GWd/tU.

We can also note that instrumented rods require eutectic-bonded junctions between Zy and

S.S. in order to connect the clad to transducers or S.S. tubes.
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U)

Standard Fabrice rod

(D

(2)

HATAC-type Fabrice rod, equipped wi th capillary tubes at both ends for fission gas release measurement
during in-pile testing : (1) as prepared, (2) wi thout protective covers for tubes, before inser t ion in test
device .

Figure 4



(a)

(b)

(c)

Sequences of HBC-type Fabrice rod manufacturing, equipped with a fuel centerline thermocouple ; (a)
before introduction of the thermocouple, (b) after introduction, (c) without protective cover for introduction
in BR2 test rig.

Figure 5



Figure 6 : Cryogenic drilling equipment.

438



4.4 - Prospects

The demand for FABRICE rods is about 10 rods per year.

We also intend to complete the capacity of instrumentation by inserting fuel centerline
thermocouples into full pellet column (instead of annular ones as in HBC program). This
process, originally studied in Ris<j> laboratories, consists of drilling a center hole in the
fuel column after freezing it in solid CC>2 (cryogenic drilling) (Figure 6). In 1993, the

equipment was implemented in hot cell, then an instrumented rod with fresh fuel was
manufactured in early '94 in hot cell, to be tested in OSIRIS in July. The center hole can be

drilled with a diameter of 2 mm and a maximum depth of 4 cm. In case of success, an
irradiation of a high burn-up, instrumented rod is foreseen in '95.
We have also some segmented rods prepared for ramp testing, in order to master all the
methods of rod conditioning.

5 - CONCLUSION

We have tried to give an overview of the FABRICE process, from its validation by
comparison to standard rods, a description of manufacturing procedure and of the latest
experiments, to a special look to instrumentation capabilities. It can now be considered
that it is a mature technique of our laboratory, though dependent on highly skilled
technicians.
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REFABRICATION OF IRRADIATED LWR
FUEL RODS

K.A. DUUVES, K.W. DE HAAN
Netherlands Energy Research Foundation,
Petten, Netherlands

Abstract

In this paper an overview is presented of the activities to produce six refabricated fuel
rods, selected out of two 2 meter long fuel rods.

The work was carried out in the main hot cell section and in the alpha-tight hot cell sec-
tion of the ECN Hot Cell Laboratory. Before starting the in-cell activities excercises were
performed on inactive zircaloy 2 (certified material). Not only to determine the correct
welding parameters but also to avoid miscalculations during adapting the lathe. Also sev-
eral welds on active zircaloy 2 were produced and examined by microscopic examination.

Directly after unloading of both fuel rods in the main hot cell section verification of the
identification numbers on the rods and a brief visual inspection took place.

On both fuel rods gamma scanning was performed to obtain the fuel stack length and the
pellet positions. These results were used to determine the exact cutting positions prior to
refabrication.

Profilometry was carried out to compare the diameter before and after refabrication.

Puncturing of both fuel rods was performed on the standard puncturing
device and vacuum gas collecting unit. After puncturing the holes were sealed with
synthethic resin.

The fuel rods were cut using the so called "bag technique" in combination with a clamping
device. After drying, pressurizing and closing of the stem valve the refabricated fuel rod
was transported back to the alpha-tight hot cell section to weld the second containment.

Visual inspection was performed and several photographs were taken, in particular of the
weld zone on top and bottom of the refabricated fuel rods.

The exact fuel stack length and the pellet positions of the refabricated fuel rods were
determined by gamma scanning. This information was essential for a correct performance
of the irradiation programme. Profilometry measurements were carried out on all 6
refabricated fuel rods.

Before and after each transport a decontamination procedure was performed.

1. INTRODUCTION

For more than 20 years, the High Flux Reactor (HFR) Petten and the ECN Hot Cell
Laboratory (HCL) at Petten have been supporting the LWR fuel irradiation programmes
related to the investigation of fuel rod performance under various operation modes, mostly
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transients. The test fuel rods for these programmes consist mainly of pre-irradiated fuel
rod segments which previously have been operated in commercial power reactors.

The testing methods employed at Pettcn are being constantly improved. During the last 4
years they have been extended with hot cell techniques for refabrication of test fuel rods
from full length power reactor fuel rods, rc-instrumcntation of pre-irradiated fuel rod
segments with pressure sensors and instrumentation of refabricated fuel rods or fuel rod
segments with a central thermocouple and/or pressure sensors.

During 1992, the refabrication system was installed at the Fetten HCL in order to cope
with the increasing demand for HFR testing of advanced and/or high burn-up fuel rods, of
which only pre-irradiated full length fuel rods from commercial power reactors are
available. Meanwhile, several test fuel rods have been refabricated and successfully tested
in programmes related to the investigation of power transient behaviour. In addition, this
new technique provides the basis for the preparation of pre-irradiated fuel rod segments
and of segments from full length fuel rods, for re-instrumentation with central
thermocouples, pressure sensors and other instruments.

In 1989 a system for re-instrumentation of pre-irradiated fuel rod segments with pressure
sensors was introduced in the Petten HCL. Fuel rods re-instrumented by this method have
been successfully tested in programmes addressing transient fission gas release phenomena.

Both the refabrication and the re-instrumentation technique, together with a special drilling
and assembling method, provides the basis for re-instrumentation of both types of fuel rod
segments with central thermocouples, pressure sensors and other instrumentation. Studies
and preparatory work for various combinations have been performed.

2. GENERAL

The refabrication technique at the Petten HCL is based on the method developed earlier at
the Ris0 National Laboratory (NL) in Denmark. Detailed information on this method, the
drilling technique for accommodation of a central thermocopule in the fuel and its
installation procedure, has been obtained within the framework of a know-how transfer
contract between the Petten HCL and the Ris0 NL. In view of other boundary conditions
and availability of equipment at the Petten HCL, several details of the refabrication
technique had to be adapted to the requirements of the Petten HCL and are therefore
different in comparison to the reference method.

2.1. Reception of the full length fuel rods and preparation for refabrication

In most cases the pre-irradiated full length fuel rods are directly delivered from the
commercial power reactor to the Petten HCL. For the transport of fuel rods with lengths
exceeding 2 m and up to approximately 4.5 m total length, the R52-type container has
been selected. Provisions for reception of R52-type containers have been made and are
operational at the Petten HCL.

The available handling space in the Petten HCL is limited to 2 m for objects which need
to be handled in all directions. Therefore, full length fuel rods are first punctured and
segmented into operable lengths. After the non-destructive investigations further
segmentation into the lengths needed for refabrication is performed. Table I gives a
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sequential overview of the preparatory activities. Because the main hot cells at the Fetten
HCL are not alpha-tight cells, the segmentation is performed within a closed, local
containment, formed by a plastic bag. For segmentation a pipe cutter, situated in this plas-
tic bag (Fig. 1), with seals at both sides of the cutting area, is employed. After cutting, the
pipe cutter and the two sides of the plastic bag arc tightened and isolated by several welds
across the plastic bag. The bag is then cut between the welds and provides a temporary
seal to the open end of the fuel stack.

TABLE I. DELIVERY, RECEPTION AND PREPARATORY WORK PRIOR TO
THE REFABRICATION OF PRE-IRRADIATED FUEL RODS

Step Activities

At the commercial power reactor fuel storage basin
1. Withdrawal of the full length fuel rod from the fuel element. Loading into a

transport container (TN6, max. fuel rod length approximately 2 m).
Direct shipment to the Petten hot cells.

At the Petten hot cells, main hot cell section
2. Reception of the transport container, unloading of the full length fuel rods and

temporary storage.
3. Puncturing for pressure measurement and fission gas analysis.
4. Investigation and fuel rod characterization by non-destructive methods

like gamma-scanning, eddy current check, profilometry and visual inspection.
5. Selection of the fuel rod sections for refabrication and further segmentation using

the plastic bag technique.
Marking of the segment coordinates and of the original top side.
Typically fuel rod segments for refabrication are cut into lengths of approximately
390 mm before they are transferred to the alpha-tight hot cell section for
refabrication (see Fig. 2 through 8).

2.2. Refabrication of LWR segmented fuel rods

The refabrication of the segmented fuel rods is performed with dedicated refabrication
devices. The steps in the refabrication procedure and characterization of non-instrumented
fuel rods are summarized in Table II.
A description of the required qualifications is presented in chapter 3.
A typical lay-out of a refabricated fuel rod is given in Fig. 9.

Text cont. on p. 450.
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Fig. 1. The pipe cutter in the plastic bag.

Fig. 2, The pipe cutter positioned around the fuel rod.
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Fig. 3. The pipe cutter positioned around the fuel rod.

Fig. 4. By rotating the pipe cutter the separation of the fuel rod is completed.
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Fig. 5. The plastic bag is sealed off (high frequency) left and right of the pipe cutter.

Fig. 6. The plastic bag is cut in between the two seals.
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Fig. 7. The pipe cutter is removed and the two fuel rod ends are enclosed by plastic.

Fig. 8. The two fuel rod segments are ready for transport to the alpha tight cells.
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Fig. 9. Typical lay-out of a rc-rabricatcd LWR fuel rod.



TABLE IL REFABRICATION AND FUEL ROD CHARACTERIZATION
SEQUENCE

Step Activities

At the alpha-tight hot cell section (in argon atmosphere)
1. Cutting of the lower end of the fuel rod just before the bottom using a rotating saw

with a diamond cutting blade.
2. Machining the bottom end on the lathe up to the precise bottom

coordinate.
3. Removal of one pellet by drilling and machining of the cladding tube internally and

externally for preparation of the insertion and welding of a new end plug.
Determination of the fuel stack position by depth measurement relative
to the cladding.

4. Introduction of an isolation pellet and insertion of the lower end plug with a cone
shaped fit.

5. Welding of the end plug to the cladding by rotating the rod under a TIG welding
head (cell under argon atmosphere).

6. Closure of the central opening in the end plug with a valve type stem; attachement
of the lower centering piece and welding to the lower end plug.

7. Cutting and machining of the upper end of the fuel rod to the specified length.
8. Removal of several pellets by drilling and machining of the upper end of the

cladding tube in order to adapt it to the upper end plug dimensions. Determination
of the upper fuel stack position by depth measurement relative to the cladding.

9. Insertion of an isolation pellet and fixation of the fuel stack by a spring sleeve. The
spring sleeve is released automatically during the first start-up to power at the
HFR.

10. Welding of the top end plug to the cladding by rotating the rod under a TIG
welding head (cell under argon atmosphere).
Temporary sealing of the central bore in the top end plug.

11. Cleaning and decontamination of the fuel rod external surfaces.
12. Transfer of the fuel rod to the large main hot cell section.

At the main hot cell section
13. Second decontamination of the fuel rod external surfaces.
14. Removal of the temporary top seal and connection to the gas filling system.
15. Insertion into a tube furnace. Alternating sweeping of the fuel rod by evacuation

with vacuum and helium filling (above 100°C). Finally, at room temperature,
helium filling of the fuel rod to the specified pressure.

16. Closure of the central opening in the top end plug with a valve type stem and
cutting the minitube in order to release the refabricated fuel rod.

17. Transfer of the fuel rod to the alpha-tight hot cell section.

At the alpha-tight hot cell section (in argon atmosphere)
18. Attachment of the second containment piece (pos. 5). and TIG welding to the upper

end plug.
19. Decontamination and transfer to the main hot cell section.

At the main hot cell section
20. Fourth decontamination of the fuel rod surfaces.
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21. Characterization of the fuel rod by non-destructive methods (e.g. visual inspection,
gamma scanning, eddy current cladding check, profilometry or oxide layer
measurement).

22. Visual inspection.
23. Attachment of the fuel rod support piece and spot welding to the second

containment (pos. 5).
24. Loading of the fuel rod into a dedicated transport vessel. Transfer to the HFR.

3. QUALIFICATION

3.1. Requirements

The requirements of the commissioner existed of the preparation of at least 3 weld
specimens using length of irradiated fuel rods, demonstrating satisfactory welds by leak
testing with an internal pressure of 25 bar absolute, and examination of a metallographic
section through the welds.

3.2. Qualification tests

To establish the right welding parameters about 30 welds were produced on zircaloy 2
cladding tube and zircaloy 2 plugs. The same parameters were used for the welding of the
top and bottom plugs on the irradiated fuel rods.

For the refabrication of the test fuel rod, parts of a fuel rod coming from the Dodewaard
reactor, which was already present in the HCL, were used. Reason for using this fuel rod
was the similarity in material (zircaloy 2) and dimensions compared to the fuel rods of the
client.

Before usage in the hot cell all tools and equipment were tested. The reliability of the
needle valves was checked thoroughly and the moment was set at 2.5 Nm at a pressure of
30 bar He.

Three weld specimens were made using a length of an irradiated fuel rod and of each weld
a section was metallographically examined.

To avoid unforeseen circumstances also a completely refabricated fuel rod was produced.
The refabricated fuel rod was submitted to all necessary actions, including drying and
pressurizing. After connecting the fuel rod to the gas filling panel by an ss minitube and
filter (SS6FW, mml5) it was possible to carry out standing leak tests. This way not only
the integrity of the weld could be established, but also the integrity of the primary gas line
up to the two way valve.

The fuel rod was pressurized in steps of 5 bar each. After each step the He pressure was
deventilated through the He exhaust, and the fuel rod was evacuated again up to 10"2 bar.
During this process the temperature of the fuel rod was kept to 115°C. The maximum
pressure during the test was 30 bar. The system was left on standing leak test for 48 hours.
There was no detectable gas leakage in the system. The final pressure in the test fuel rod
before closing the needle valve was set to 25 bar He absolute, as required. After the final
pressurizing of the refabricated fuel rod and closing of the top plug needle valve, the
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remaining He pressure was deventilated through the He exhaust. After closing the valve
the system remained in this condition for several hours to check if there was any increase
of pressure in the system. After this period no increase of pressure was detected on the
pressure gauge on the portable gas panel. Before pressurizing the fuel rod with the final He
pressure of 25 bar absolute, the rod temperature was reduced to room temperature. Before
the tube furnace was installed in the cell the temperature setting of 115°C was thorougly
tested on a dummy pin.

For welding of the top and bottom plug the following information can be given:
- welding equipment: AMI-80-M-3, ATW System, automatic tube welding;
- TTG welding technique;
- the hot cell was put on an argon atmosphere;
- the standard argon flow was supplied directly to the welding electrode;
- rotation speed: 3.5 rpm;
- welding overlapping: 120°.

The parameters set during the welding tests were not changed for the welding of the
irradiated fuel rod parts.

4. CONCLUSIONS

* The refabrication method of test fuel rods from irradiated full length fuel rods
provides an important and economically viable procedure to the LWR fuel research
community. Especially in view of the increasing demand for tests with high burn-
up fuel.

* It combines in a very efficient manner, the possibilities of a power reactor and of a
test reactor.

* Irradiation testing has confirmed that the fuel rod behaviour of refabricated fuel
rods is similar to that experienced with segmented fuel rods.

* The combination of a technically well-equipped, hot cell laboratory and a testing
reactor with versatile and modular irradiation devices, flexible testing facilities and
experienced staff, is a pre-requisite for the realization of projects using refabricated
and/or re-instrumented fuel rods.
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ABBREVIATIONS

AES Atomic Emission Spectrometry

BU Burnup

DE Destructive Examination

DSC Differential Scanning Calorimetry

DTA Differential Thermal Analysis

DTG Differential Thermal Gravimetry

ED AX Energy Dispersive Analysis of X-rays

EPMA Electron Probe Micro Analysis

FA Fuel Assembly

FEG/STEM Field Emission Gun/Scanning Transmission Electron Microscopy

FTIR Fourier Transform Infra-Red

HPLC High Performance Liquid Chromatography

ICP Inductively Coupled Plasma

LWR Light Water Reactor

MS Mass Spectrometry

MTR Material Test Reactor

NOT Non-Destructive Testing

PIE Post Irradiation Examination

SCC Stress Corrosion Cracking

SEM Scanning Electron Microscopy

SIMS Secondary Ion Mass Spectrometry

T/C Thermocouple

TEM Transmission Electron Microscopy

WDAX Wave Length Dispersive Analysis of X-rays
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