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FOREWORD

In 1991, as part of the Examination and Documentation Methodology for Water 
Reactor Fuel (ED-WARF-I) programme, the IAEA published the Guidebook on Non- 
Destructive Examination of Water Reactor Fuel [1], describing the non-destructive 
post-irradiation examination (PIE) techniques then available for irradiated water 
reactor fuel assemblies and rods. The driving force behind the ED-WARF programme 
was the continued surveillance of the fuel required by licensing authorities to ensure 
satisfactory fuel performance, e.g. low fission gas release and high cladding resis
tance to corrosion and hydriding, against a background of increasing dwell time for 
fuel in reactors as demanded by their operators.

The collection of data for the mechanistic understanding of the behaviour of 
fuel, cladding and structural components subjected to irradiation requires destructive 
examination, however. With this in mind, and upon the recommendation of the 
International Working Group on Water Reactor Fuel Performance and Technology, 
the Agency extended this programme (ED-WARF-II) to destructive examination (DE) 
in 1992. The main objective of this programme was to describe the DE techniques 
currently available in hot cells and, where practical, to compare non-destructive and 
destructive techniques with a view to utilizing the less expensive non-destructive 
methods to provide meaningful data. The programme further addressed the tech
niques of refabrication of high bumup fuel rods irradiated in power reactors into test 
fuel rods for further experimental irradiation. Finally, the programme addressed the 
disposal of waste arising from PIE campaigns.

On the basis of contributions of the 14 institutions participating in the 
ED-WARF-II co-operative research programme (CRP) and of other available litera
ture, e.g. the proceedings of the IAEA Technical Committee on “Recent. Develop
ments in Post-irradiation Examination (PIE) Techniques for Water Reactor Fuel” [2], 
a group of consultants selected from leading members of the ED-WARF-II CRP has 
compiled this second Guidebook, which gives a complete survey of destructive tech
niques available to date worldwide.

The IAEA wishes to thank the Working Group that prepared this report and all 
those participants in the ED-WARF-II CRP who contributed to its preparation 
through their contributions, comments and participation in discussions.

The IAEA staff members responsible for this report were, successively, 
G. Sukhanov and V. Onoufriev of the Division of Nuclear Power and the Fuel Cycle.



EDITORIAL NOTE

Although great care has been taken to maintain the accuracy of information contained 
in this publication, neither the IAEA nor its Member States assume any responsibility for  
consequences which may arise from its use.

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

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

As a result of common efforts of fuel vendors, utilities and research institutes, 
the average bumup of design batch fuel has been increased from 33 MW-d/kg U 
for PWRs and 28 MW-d/kg U for BWRs (typical for the late 1970s) to 
40-45 MW-d/kg U and 36-42 MW-d/kg U, respectively, in 1995. The fuel failure rate 
has meanwhile been reduced from ~10'4 to ~10-5. The goal of ‘zero fuel failures’ 
(which means in practice [3] a reduction of the failure rate to 10-6) has been recog
nized by utilities and vendors as the ultimate goal to be reached at the beginning of 
the next century. To reach this goal, essentially all fuel failures must be examined, 
their causes and mechanisms established, and remedies developed, proved and imple
mented in a short time.

Projected increases in the bumup of water reactor fuel are driven by economic 
considerations, but licensing authorities must be convinced that the safety of nuclear 
plants is not thereby compromised. To meet safety requirements and to reduce fuel 
rod failure rates, new fuel rod designs (e.g. advanced cladding and liner materials 
with improved corrosion resistance, pellets with lower fission gas release) and new 
assembly designs (e.g. more fuel rods to decrease the linear heat generation rate, and 
anti-debris filters) are being developed and implemented. To monitor their perfor
mance at higher bumups and to supply data for input and for benchmarking of pre
dictive computer codes, post-irradiation examinations (PIEs) are necessary. This 
applies both to the surveillance type non-destructive examination (NDE), performed 
in pools and hot cells, and to the more sophisticated destructive evaluation (DE) and 
measurements confined to hot cells and glove boxes. Validation is needed for both 
new fuel concepts and new cladding materials.

The IAEA addressed NDE during the period 1983-1991 in a co-ordinated 
research programme (CRP) entitled Examination and Documentation Methodology 
for Water Reactor Fuel (ED-WARF-I) and published a Guidebook on Non- 
Destructive Examination of Water Reactor Fuel [1].

In that Guidebook it was recognized that the more detailed DE techniques are 
required for a complete understanding of fuel performance. This second Guidebook 
therefore describes DE techniques, their limitations and accuracies, and acts as an 
adjunct to the first. Together, these two reports form the most comprehensive 
summary of PIE techniques worldwide.

This Guidebook describes examination techniques originating from material 
science and radiochemistry (structural, elemental, and isotopic analyses and 
measurement of physical, physicochemical and mechanical properties) aimed at the 
collection of precise data on material behaviour and properties. For each method, 
detailed descriptions of examinations, including major principles of equipment 
design and its development, are given.
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The number of PIE laboratories using some of these techniques is given in the 
text as an indication of their state of development. These statistics are based on a 
survey (conducted within the framework of the ED-WARF-II CRP) of the DE, NDE 
and refabrication techniques and capabilities offered by 27 hot laboratories in 
13 countries for third parties.

Two farther sections are not strictly concerned with examination techniques. 
Section 7 describes methods of refabricating experimental rods from high bumup 
power reactor rods, thereby creating a vehicle for further experimental irradiations in 
material test reactors.

Section 8 gives details of the methods of calibration of NDE techniques using 
the results of DE techniques where similar data are produced by both, thus allowing 
the use of NDE techniques to generate less expensive data and to better characterize 
results obtained by NDE methods. Such calibration also facilitates the exchange of 
information between different hot laboratories.

2. MICROSTRUCTURAL STUDIES

2.1. OBJECTIVES

The objectives of the examination techniques described in this section are to 
monitor changes in the microstructure of irradiated fuel and cladding that could affect 
the release of fission products into the rod void and thence into the coolant water. The 
response of the fuel to bumup must be monitored; grain size, fission gas release, 
porosity, the nature of the ‘rim ’ at the periphery of the fuel pellet and fuel inhomo
geneity will all influence fission product release. Cladding-fuel interaction, the extent 
of corrosion of the cladding, the amount and morphology of hydride precipitates (a 
consequence of corrosion) and the extent of radiation damage will affect the ability 
of the cladding to remain intact during irradiation.

The techniques described in this section are optical microscopy, scanning elec
tron microscopy, transmission electron microscopy, scanning transmission electron 
microscopy and image analysis. The section is therefore concerned basically with 
qualitative microstructural observations; only image analysis provides significant 
quantitative data. These methods are well established and are practised in most hot 
laboratories.

The veracity of the observations made with optical microscopy and transmis
sion electron microscopy depends critically on correct preparation of the samples, as 
described below.
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2.2. OPTICAL MICROSCOPY

Optical microscopy is a fundamental technique for the examination of irradi
ated materials. The remote optical microscope is the main instrument on which large 
polished cross-sections of fuel rods can be examined, while scanning electron 
microscopy is confined to small samples and is best devoted to rough surfaces such 
as fractures. The optical microscopes used for such examinations are adaptations 
of standard microscopes. The adaptation allows operation behind shielding and basi
cally involves remote movement of the specimen stage and remote changing of objec
tive lenses. The light source and image recording systems are outside the shielding.

Cross-sections of rods are normally cut with a slow cutting diamond wheel and 
then mounted in cold curing resin. Because of the cracked nature of irradiated 
ceramic fuel it must be impregnated with epoxy resin to preserve its integrity during 
subsequent preparation. The impregnation is usually achieved by evacuating the fuel 
and resin, immersing the fuel in the resin and then increasing the pressure to atmos
pheric. A method of using the cladding as a vacuum envelope has been developed in 
Japan, and the resin is forced in by atmospheric pressure. This method has the advan
tage that high vapour pressure resins can be used, but of course it cannot be used on 
cladding that contains a failure site. If required, the orientation of the sample can be 
marked on the containing ring or by inserting a marker into the mounting medium.

The initial preparation is as for a standard metallographic specimen, involving 
grinding on successively finer silicon carbide papers culminating in 600 or 1200 grit. 
This is performed using grinding machines within hot cells, and care is needed to 
prevent cross-contamination of the abrasive. Current machines are sufficiently small 
and cheap to allow their removal from the hot cell for replacement upon failure. Final 
preparation depends on the material to be examined. Fuel can be prepared by a 
polish-attack method using a mixture of pure (or nearly pure) hydrogen peroxide and 
y alumina, but as fuel bumup increases it may be necessary to weaken the peroxide, 
and even a water-7  alumina mixture may be needed to produce the best results. 
Cladding and structural materials can be polished using 2 -6  |am, 0-1 |im and 
0-0.25 (xm diamond grit.

To reveal the fuel microstructure it is necessary to use an etchant. Stain etches 
can be used on fuel to reveal grains in U 0 2 (etchant, pure H20 2), high Pu areas in 
MOX (H20 2) and Gd distribution in doped fuel (200 mL pure H20 2 with a drop of 
H2S 0 4 —  U 0 2 blue, (G d/U )02 brown and Gd white). Stain etches tend to mask the 
underlying structure, however. Areas of high fissile content can often be detected by 
the presence of high fission gas porosity and large numbers of solid fission product 
precipitates. Typical grain boundary etches are H2S 0 4:pure H20 2 (1:9) and H20:pure 
H20 2:H N 03 (1:1:1). It may be necessary to weaken these etchants for high bumup 
fuel; in such fuel the rim region may require a very weak etch and may need to be 
etched and examined separately.
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The grain structure of cladding can usually be revealed by polarized light, and 
a polarizer and analyser are therefore essential features of the remote microscope. The 
morphology of the hydride precipitates can be revealed by chemical etches:

—  45 mL pure H20 2, 45 mL H N 03, 7 mL HF;
—  70 mL ethanol, 50 mL H20 2, 10 mL H N 03, 3 mL HF.

The latter may require dilution for use on irradiated Zircaloy.
Certain measurements are normally made during optical examinations. On fuel 

rod cross-sections it is usual to measure the fuel diameter, the cladding-fuel gap, and 
the thickness of the cladding and its oxide. The fuel grain size is normally taken to be 
the mean linear intercept (MLI), determined by a standard method. The extent of 
fuel-cladding interaction can be estimated. Besides the usual cross-sections, longitu
dinal sections covering more than one pellet can be cut and prepared. On these 
samples, pellet-pellet interactions and the ‘bamboo effect’(or ‘wheatsheafing’) in 
pellets can be measured.

Structural materials can be chemically or electrochemically etched; appropriate 
etchant solutions are given in standard metallurgical handbooks.

Calibration of the optical microscope is performed by imaging a stage micro
meter that consists of a millimetre scale divided into 100 equal parts.

2.3. SCANNING ELECTRON MICROSCOPY

The image on a scanning electron microscope (SEM) is produced by focusing 
an electron beam onto the sample surface by means of two electromagnetic lenses. 
Electrons scattered from the sample surface are detected by a ß  scintillator and a 
photomultiplier. Within the second lens the beam can be scanned in a raster by a 
deflecting coil, the same raster signal being used to deflect the beam of a cathode ray 
oscilloscope (CRO).

The intensity of the CRO beam can be modulated by one of three outputs:

—  The primary scattered (high energy) electron intensity,
—  The backscattered (low energy) electron intensity,
—  The specimen current (absorbed electron intensity).

In each case, the CRO exhibits a magnified image of the surface, whose reso
lution depends on the electron spot size. If a field emission gun (FEG) is used, then 
the resolution can be as low as 0.8 nm [4], The ß  decay from the sample will cause 
noise in the image, and in time radiation from the sample will damage the electron 
detector, which must then be replaced.
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The SEM is best suited to the examination of rough surfaces. It is therefore used 
to examine fracture surfaces of fuel, cladding and structural materials. For cladding 
and structural materials the fracture surface is normally created by mechanical 
testing, and the fracture, after cutting from the test piece, is mounted on a specimen 
stub with a conducting resin. The object of the examination is in this case to deter
mine the mode of fracture. For the examination of irradiated ceramic fuel, a sample 
can be fractured and the radiation from the sample reduced by using a replica. 
Another method is to make the fracture by scratching with a diamond point on a small 
polished section of 0.7 mm x 0.7 mm x <10 mm (a ‘matchstick’) mounted in a 
conducting resin [5]. The fracture thus obtained will normally contain significant 
intergranular areas, and grain boundary porosity and fission product precipitates can 
therefore be studied. If a piece of cladding is included, the radial position of the 
fracture can be defined. As mentioned above, radiation from the sample can be almost 
eliminated by using replicas of fuel fractures, which can then be examined with a 
SEM or with transmission electron microscopy, as described in Section 2.4, below. 
Note that any non-conducting material will require a conducting coating such as gold 
or graphite to prevent charging.

Many SEMs are fitted with energy dispersive (EDAX) and/or wave dispersive 
X ray analysis (WDAX) equipment, which permit identification of the elements 
present. The analysis could be made quantitative by using standards, but this cannot 
be applied to rough surfaces, for which the take-off angle for the X rays and the 
effects o f self-shielding are unknown. Electron probe microanalysis (EPMA), 
described in Section 3.3, can be used to perform elemental analysis on polished 
sections; the SEM is peaked to produce micrographs, while EPMA performs quanti
tative elemental analysis more efficiently. The two techniques are almost comple
mentary on current equipment.

Calibration of the magnification is made by imaging a diffraction grating, 
usually with 600 or 1200 lines per millimetre, or latex particles with a diameter of 
about 1 (xm.

2.4. TRANSMISSION AND SCANNING ELECTRON MICROSCOPY

In transmission electron microscopy (TEM) and scanning electron microscopy 
(STEM) the image is formed by electrons that have penetrated the sample. The 
samples must therefore be made into thin foils, which for U 0 2 must be ~20 nm thick. 
The maximum diameter o f the specimens is 3 mm, and the foils are normally pre
pared from 3 mm discs of irradiated material. Because of the small sample size, only 
local shielding or a glovebox may be needed.

For irradiated ceramic fuel, the cross-section is ground to <1 mm thickness, and 
the 3 mm discs are then cut by trepanning, generally ultrasonically. The discs are then
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electropolished to perforation in a jet polishing machine or in an ion mill using local 
shielding. If the ion mill is used, the disc must be dimpled in the centre to ensure that 
perforation, and hence the thin foil area, is central.

Pearce and Sumerling [5] have devised a system of using two-stage replicas to 
extract small cleavage flakes from the fracture surfaces of fuel matchsticks scratched 
as described in Section 2.3; in many cases, these flakes prove to be sufficiently trans
parent to 200 kV electrons to allow examination. The advantage of this method is that 
the samples are small enough to permit handling outside the shielding.

For cladding examination, both the Commissariat ä l ’energie atomique (CEA) 
in Grenoble and the Nippon Nuclear Fuel Development Co. (NFD) [6] have used 
quarter sections cut from the cladding from which flat sections 100-150 jim thick 
were ground. The 3 mm discs were punched from these sections and je t electro
polished in gloveboxes using perchloric acid-ethanol mixtures at low temperatures 
(-30°C). This technique created thin foils parallel to the cladding surface. CEA 
extended this technique to the cladding oxide film by using a combination of jet 
electropolishing and the slower method of ion milling, as shown in Fig. 1, to allow 
examination at various planes within the oxide.

The TEM examination yields information on dislocations, point defects caused 
by radiation and precipitates in the cladding; the precipitation of fission gases into 
bubbles and solid fission products are of special interest in fuel.

Calibration of the magnification can be made as with the SEM, as described in 
Section 2.3. At high magnification, calibration can be performed by imaging planes 
in a thin crystalline material such as graphite.

Oxide 
3 mm

W l
'm m a.

Zircaloy

Electrolytic thinning 
of the metal

Observation of the oxide 
after ion bombardment

thinning

At oxide-steam 
interface

In the middle 
of the oxide

At metal-oxide 
Interface

FIG. 1. Thin film preparation technique for cladding oxide.
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2.5. IMAGE ANALYSIS

As indicated schematically in Fig. 2, image analysis involves transforming a 
negative or positive micrograph into a TV image. On-line computer programs can 
analyse the line scan and yield areal data and size analysis. The TV image must first 
be transformed into grey and then digitized. The analysis programs can then use con
trast differences in the electron beam to find each pixel in the image of the feature to 
be measured. Various software programs can yield data such as the area and the 
maximum and minimum dimensions of the feature. Grain size can also be measured, 
but in this case it is not the standard MLI grain size.

Typical software processing of the image includes removal of unwanted 
particles, completion of partly detected particles, splitting of touching particles, and 
filling in of pores and cracks. The binary image can be stored for future processing. 
In the case of observations made on flat specimens, SEM images formed on a TV 
screen can be incorporated into the imaging system and image analysis can be

FIG. 2. The principal stages in image analysis.

7



performed directly. This also applies to optical microscopy in which closed circuit TV 
is used as the imaging system and to electron probe microanalysis, described in 
Section 3.

Particle sizes should be corrected by the well known method of Saltikov to 
obtain a more representative size distribution.

To obtain accurate image analysis it is important that the magnification of the 
initial imaging system be calibrated.

3. ELEMENTAL ANALYSIS

3.1. OBJECTIVES

This section describes the techniques applied to irradiated materials to measure 
their elemental constituents, thus quantifying observations made qualitatively in 
Section 2. The radial distribution of fission gases and volatile fission products in fuel 
yields a measure o f the fission product release into the rod void, while similar 
measurements on immobile fission products (Nd and Zr) give a measure of the vari
ation of radial bumup; both these measurements are important in benchmarking 
computer models that predict the irradiation performance of fuel.

Elemental analysis will quantify manufacturing inhomogeneities in MOX and 
in gadolinia doped fuel. These inhomogeneities affect the irradiation performance of 
the fuel rods.

In Zr alloys, hydrogen is produced by corrosion of cladding during operation; 
this process leads to the formation of hydrides when the hydrogen solubility limit is 
exceeded. At high concentrations, hydrogen in irradiated cladding influences the 
mechanical properties at room temperature and during reactor operation.

3.2. MICROCORING

The microcoring technique is used to extract small pieces of fuel (~1 mm dia
meter, 4 -10  mm length, 10-50 mg) from identifiable positions on fuel cross-sections, 
and by itself gives no measurement. The coring is done by a hollow drill or trepan
ning tool either by rotation or by ultrasonics. The drill is used with an abrasive slurry 
or is impregnated with abrasive. The slurries contain boron carbide, silicon carbide or 
even diamond, while impregnation is usually with diamond. Chemical or physical 
methods can be used on such cores to determine the elements or isotopes of interest.



One of the easiest measurement techniques is /spectrometry. By using several cores, 
a radial distribution can be determined; this is facilitated by mounting the sample on 
a stage during coring with x, y, 6  movements.

Microcoring is practised in 9 of the 27 laboratories surveyed.

3.3. ELECTRON PROBE MICROANALYSIS

Electron probe microanalysis (EPMA) is a valuable tool for obtaining quanti
tative data on a microscopic scale. The technique uses a focused beam of electrons to 
excite characteristic X rays from a polished solid sample. Because of transverse 
diffusion of the exciting electrons, the source volume is approximately 1 pm3 in U 0 2 
fuel. The excited X rays are detected by crystal spectrometers, of which at least four 
are used in modem machines. Each spectrometer has a different crystal and, operat
ing by Bragg reflection, covers a different wavelength band. Figure 3 [7] shows the 
main features of the system. The detectors are normally proportional counters. 
Because the X rays are deflected by the crystal analysers, the direct radiation from the 
irradiated sample to the detector can be shielded using sintered tungsten diaphragms 
and slits, thereby reducing the background. The sample stage is made of sintered 
tungsten 7 cm thick, and the whole object chamber is shielded by a sintered tungsten 
ring. Table I lists typical crystals and gives the elemental range that each covers.

Ideally, quantitative analysis is performed by comparing the signal from the 
sample with that from a pure elemental standard. Compounds may have to be used as

TABLE I. TYPICAL ELEM ENT ANALYSIS RANGE FOR DIFFERENT 
CRYSTALS

Crystal d Range of elements

(Ä) K a Lofj Lctj M a

Lithium fluoride 
(LiF)

2.0 Sc (21) -  
Ga (31)

I (53) -  
Ir (77)

Hf (22) -  
Am (95)

Penta erythritol 
(PET)

4.37 P (15) -  
Sc (21)

Sr (38) - 
Xe (54)

W (74) -  
U (92)

Thallium acidphtalate 
(TAP)

— F (9) -  
C l(17)

Mn (25) 
Se (34)

-

Multilayer (NiC) 47.5 B (5 )-C (6 )

Lead stearate -50 N (7) -  O (8)
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FIG. 3. Composition of shielded electron probe micro-analyser.



standards for some elements (such as Cs), and adjacent elements may have to be used 
for gases (Kr and Xe). To obtain accurate concentrations, the ‘ZAF’ correction, which 
takes account of differences of atomic numbers Z between standard and sample, and 
of X ray absorption and X ray fluorescence, must be considered. The correction is 
generally performed by on-line computers. Using artificial crystals o f large inter- 
planar spacing, it is possible to detect elements as light as boron (Z = 5), as indicated 
in Table I. As in the SEM (Section 2.3), the beam can be scanned using a coil in the 
second lens. The elemental analysis can be performed with a stationary beam, in 
which case the results will be subject to local variations; with a line scan, which 
will yield variations along a line; or with the beam scanned in a raster of up to
100 (am x 100 (jm, which will yield the mean concentration over the area.

A magnified electron image of the sample is produced by the same system as 
that used in the SEM. If the output from one of the spectrometers (rather than that 
from the electron detector) is used to modulate the CRO beam, an image is produced 
on which similar elemental concentrations are shown in the same grey shade (for a 
black and white image) or in the same colour (for a coloured image). These images, 
called X ray maps, are useful in showing the elemental distribution.

Two methods have been adopted to utilize EPMA on high bumup fuel. The first
method, adopted by most laboratories, incorporates the electron column into a bio
logically shielded cell and therefore allows high activity samples to be examined. 
Despite the shielding of the spectrometer counters from the sample, the y  rays can 
still reduce the accuracy by causing a high background. Even in a well shielded instal
lation, Perrot and Winter [8] found it necessary to reduce the thickness of fuel cross- 
sections to 0.5 mm.

The second method, summarized by Pearce [9], uses the matchstick shaped 
sample described in Section 2.3. This enables low background measurements to be 
made and allows the use of EDAX to quickly determine all the elements present.

If accurate quantitative results are to be obtained, the samples require metallo- 
graphic preparation. To produce high resolution electron pictures, the final polishing 
is important. No water bearing abrasive should be used if Cs or I is to be measured. 
The samples must be mounted in a conducting resin or a low melting point eutectic 
alloy. If the sample is non-conducting, it must also be coated with a thin layer of gold 
or colloidal graphite to prevent charging.

For radioactive samples, it is essential to obtain a background with the EDAX 
system (rather than WDX) with the electron beam off, since /ra y s  will cause X ray 
fluorescence. Eminet et al. [10] analysed this background or spontaneous spectrum. 
They showed that it is possible in principle to reduce the effects of sample activity 
and spontaneous spectrum on resolution and sensitivity, but long preparatory work is 
required to study the continuous spontaneous (background) spectrum and peaks from 
irradiated samples, to determine the appropriate ZAF corrections, etc.

EPMA is a well established technique and is widely used in PIE laboratories.
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3.4. AUGER SPECTROMETRY

Scanning Auger microscopy is similar to EPMA but utilizes the Auger transi
tion as an elemental characteristic rather than emitted X rays. An atom from which an 
inner electron has been removed can de-excite by either an X ray transition or a 
second ionization; the latter process is termed an Auger transition, after its discoverer. 
The kinetic energy of the emitted electron is equal to the energy of the final doubly 
ionized state minus that of the initial ionized state and is elementally unique. Thus, 
instead of an X ray spectrometer, the Auger microscope has an electron energy 
spectrometer.

50 keV X ray beam, 
4 mm x 10 mm

Rotating X ray anode
Collimator 
0.5 mm x 2 mm

Lead shielding, 7 cm

Sample

Sample translation 
devices

Vertical
Horizontal

Liquid N2 cryostat

FIG. 4. Section through X ray fluorescence equipment.
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The exciting electron beam can be scanned in a raster in synchronism with a 
CRO as in EPMA and the SEM, but the image beam is modulated by the output of 
the electron energy spectrometer. The advantages of Auger spectrometry are that 
lighter elements are more easily detected and that the electrons detected emanate 
from within five atoms’ spacing of the surface and therefore yield information from 
near the surface. A disadvantage is that, because the microscope relies on the detec
tion of electrons, it can tolerate only a limited amount of radioactivity.

Yamaguchi et al. [7] describe a unique shielded secondary ion mass spectro
meter; an attached Auger spectrometer system performs surface analysis to supple
ment the mass spectrometer measurements. The mass spectrometer also has a system 
for breaking metal samples in tension within the vacuum to allow analysis without the 
surface contamination caused by air molecules.

Golovanov [11] describes an Auger spectrometer that contains an ion etching 
system for removing the surface contamination within the vacuum. This approach 
removes the surface contamination, but it has the disadvantage of leaving the equip
ment contaminated when used on irradiated samples.

The method is of only limited use, being applied by just 4 of the 27 laboratories 
surveyed. This may be explained by the complexity of the method and of the inter
pretation of its results.

3.5. X RAY FLUORESCENCE

EPMA does not detect all the fission gases within irradiated fuel, since the 
X rays are excited only within 1 jam of the polished surface. Thus grain boundary 
pores, generally 10-20 |om in diameter, and many intragranular bubbles will have lost 
their gas when penetrated by the polished surface. But X rays can also be excited by 
irradiation of the sample with white X rays; the phenomenon is known as X ray 
fluorescence (XRF). Since X rays penetrate further than electrons, the analysis will 
allow a quantitative estimate of the Xe content of the fuel, since the grain boundary 
pores will now be included. The depth of the layer analysed with the Xe K a  line 
is ~30 |im.

Morgensen et al. [12] describe the measurement of the radial distribution of 
Xe, Ba and Cs in irradiated fuel using XRF. The fuel sample is a pellet cut longitu
dinally near the centre line; the depth of the section was reduced to 0.1 mm to 
improve the signal to noise ratio. Figure 4 shows a horizontal cross-section through 
their equipment.

The incident 50 kV X ray beam impinges on the sample surface at 45°; the 
beam cross-section is 4 mm x 10 mm and can therefore illuminate the whole sample 
(usually a whole pellet, or half a pellet). The sample is within lead shielding with 
thickness 7 cm, and the reflected beam is restricted by a 0.5 mm x 2 mm collimator
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placed before the detector, which restricts measurements to a 0.25 mm width of fuel; 
by moving the sample, measurements can be made at 0.25 mm intervals across a dia
meter. The radiation background is further reduced by a graphite crystal for which the 
Bragg angle for Xe K a  radiation is 3.5°; this means that the Ge detector need not 
view the sample directly. The characteristic radiation from the sample is detected at 
45° by a liquid nitrogen cooled Ge detector and a multichannel analyser (MCA).

Calibration is by a gaseous Xe sample with known elemental concentration, 
but for both Ba and Cs a solid standard can be used. The data can also be checked by 
integrating the XRF measurements over the fuel pellet and comparing the result with 
the difference between the calculated Xe inventory and the measured rod gas release 
derived from puncture. This is best done on fuel that exhibits significant gas release. 
By comparison o f XRF and EPMA measurements, the amount of gas in grain 
boundary bubbles can be roughly estimated.

XRF is a well established technique for determining the elemental composi
tion of ‘cold’ samples. A ‘hot’ version is available in only 5 of the 27 laboratories 
surveyed, mainly because of the limited number of tasks to be carried out with its help.

3.6. INDUCTIVELY COUPLED PLASMA/ATOMIC EMISSION
SPECTROSCOPY

In the chemical analysis technique known as inductively coupled plasma/ 
atomic emission spectroscopy (ICP-AES), the principles are the same for both 
irradiated and unirradiated materials. Samples of irradiated solids are dissolved by 
appropriate solvents within a hot cell. The solutions are nebularized and injected into 
an RF induced argon plasma, where the elements present are excited by the very high 
temperature to emit their characteristic atomic spectra. The efficient excitation and 
good stability of the plasma source yield a linear response and excellent sensitivity 
for many elements. If ICP-AES is carried out with an optical spectrometer, an analy
sis of the atomic concentration in the plasma can be obtained. Detection limits in the 
primary solution range from 10 ppb to 1 ppm, depending on the element and the 
matrix solution. Some spectral interferences arise in the presence of the lanthanides 
and actinides, however.

The combination of ICP with mass spectrometry, which measures isotopes 
rather than elements, is described in Section 4.6.1.

3.7. ANALYSIS OF HYDROGEN IN CLADDING

To measure the hydrogen content in Zircaloy cladding, small pieces of cladding 
are first cut and immersed in nitric acid at room temperature to remove adherent fuel;

14



this treatment does not affect the measurement and allows subsequent handling 
behind local shielding. If the next step is to be performed in a hot cell, then the nitric 
acid treatment is superfluous, but any fuel that is not removed will significantly affect 
the sample weight.

The pieces are weighed and inserted into a furnace; the furnace atmosphere can 
be vacuum (e.g. Ref. [13]) or an inert gas such as nitrogen or argon. When the piece 
is raised to high temperature (1200°C) for ~20 min, the diffusivity of hydrogen 
becomes high enough that all of it escapes. Alternatively, the sample can be melted, 
which will ensure the release of all gases. The volume of the released gases is 
measured and samples are taken for analysis. The hydrogen content can be measured 
by mass spectrometry or by measuring the thermal conductivity of the inert 
gas-hydrogen mixture.

Before a series of tests, a blank should be run to prove the system. A test of the 
analysis can be effected by injecting hydrogen into the system. Calibration can be 
performed by analysis o f Zr, Ti or Nb of known hydrogen content. The accuracy of 
this technique has been quoted variously as being from 1 to 3%.

A method has also been developed that uses the image analyser described in 
Section 2.5 to determine the volume fraction of hydride precipitate [14-16].

4. ISOTOPIC ANALYSIS

4.1. OBJECTIVES

This section is concerned with the quantitative determination of isotopic 
content in fuel and, to a lesser extent, in cladding and structural materials. Radioactive 
isotopes can be readily detected by virtue of the energy of their a, ß  and /em issions, 
and stable isotopes can be identified by mass spectrometry (MS). Long lived 
transuranic isotopes are more readily identified by MS than by their weak radio
activity. The mass spectrometer is the main instrument of radiochemistry.

The measurement objectives described in this section are similar to those of 
Section 3 and comprise the following:

—  Direct measurement of the distribution and release of radioactivity from fuel,
—  Determination of fuel pellet mean bumup and radial bumup distribution,
—  Determination of the generation and distribution of transuranic isotopes,
—  Measurement of the alloy composition of cladding and structural components.
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The data from all but the last of these measurement categories are used to 
benchmark fuel performance codes.

4.2. a  AND ß  AUTORADIOGRAPHY

The objectives of a  and ß  radiography are to produce a micrograph of reason
able resolution of a fuel cross-section using the appropriate radiation to form the 
image. These two techniques provide the simplest method of determining the activity 
distribution in an irradiated fuel cross-section. Because the distance that either type 
of particle can travel through fuel is small, the radiograph gives a good representation 
of the surface.

For either type of radiograph, the fuel cross-section must be ground and 
polished flat. The distribution of the significant a  emitters, e.g. 235U and 239Pu, can 
be detected by a  radiography. This will indicate inhomogeneities caused by 
manufacturing, and will indicate the extent of the rim, which is a consequence of the 
production of 239Pu by neutron absorption in 238U. The effect of the many fission 
products within the fuel will be integrated by ß  radiography. The resolution of 
a  radiographs is determined by the resolution of the photographic film, while that for 
ß  radiographs, in which the film is covered, is lower, as mentioned above. Both radio
graphs give relative data on axial and cross-rod bumup distributions.

The technique is the same for both a  and ß  radiation. The sample is pressed 
onto a piece of photographic or reactive film and left for some time for a latent image 
to develop; after development, an image of the fuel cross-section is left on the film 
and can be examined by a microscope outside the shielded facility or printed onto 
photographic paper. Film sensitive to a  radiation, such as cellulose nitrate, is insen
sitive to light and is therefore easily inserted into and removed from a cell; ß  sensi
tive film is more light sensitive and is therefore more difficult to handle. It can most 
easily be used when contained within thin paper or plastic film, but the consequent 
slight displacement of the sample from the film surface degrades the resolution of the 
final radiograph. The paper or plastic also prevents contamination of the film, 
however.

Workers at Studsvik Nuclear AB, Sweden, have devised a ß  radiography system 
in which the sample is placed directly on the film, but in which extreme care is 
exercised to remove all loose contamination from the sample.

Smirnov and Dvoretzky [17] have attempted to quantify the a  radiograph when 
applied to unirradiated MOX and enriched fuel. They find the total error for determi
nation of the Pu relative destribution to be 8 to 10% (95% confidence limit). They 
have attempted absolute measurements by calibration with fuel of known 239Pu 
content.

The method is well established and is used in most hot laboratories worldwide.
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4.3. MICROGAMMA SCANNING

Microgamma scanning determines radial bumup variations and movement of 
volatile fission products.

Gamma rays by themselves would not produce an easily interpretable radio
graph if  used as described for a  and ß  radiation in Section 4.2. This is because of the 
relatively great depth to which 7 rays can penetrate in fuel. This property can, 
however, be used to produce data from deeper within the fuel than EPMA (described 
in Section 3). The /so u rce  is much larger than the X ray source, Which results in a 
lower spatial resolution.

Gamma scanning as applied non-destructively to a fuel rod is described in 
Section 6.2 of Ref. [1], Microgamma scanning utilizes essentially the same equip
ment on a polished cross-section, but the slit must reduce the area from which the 
7 rays are detected, and slit sizes are typically 0.5 mm x 0.5 mm. NFD uses two 
collimators, a pinhole and a coaxial double cone, which, by relative movement, can 
vary the effective diameter of the focal spot from 0.25 to 1.0 mm. Both collimators 
are constructed of sintered tungsten. A Ge crystal, cooled to liquid nitrogen tempera
tures, detects the /ray s , and their energy is measured with a multichannel analyser.

Manzel et al. [18] describe the use of such equipment to determine fission 
product distribution in PWR fuel; the results were checked by microcoring as 
described in Section 3.2. The radial movement is performed by an x, y, 6  movement 
sample stage. The hot cell installation at the Japan Atomic Energy Research Institute 
also includes tilt. Workers at Studsvik Nuclear AB, Sweden, have devised a system that 
moves the collimator and detector rather than the sample. The microspectrometer can 
also be installed within an EPMA, as is done by AEA Technology, United Kingdom; 
in this case, the slit restricts the source to 1 mm in one dimension, but the sample width 
of the matchstick [9] can be aligned in the other dimension, which gives a y  source of 
1 mm x 1 mm. Isotopes usually detected are 137Cs, 134Cs, 106Ru, 144Ce and possibly 
95Zr. By using the stage movement, one can obtain a radial traverse of each isotope. Of 
particular interest is the ratio 137Cs/134Cs, since 137Cs is a direct fission product while 
134Cs is generated from 133Cs, a decay product of the migration of Xe and Cs.

4.4. BURNUP AND U AND Pu ISOTOPIC ANALYSIS

EPMA, microgamma scanning and SIMS have been used to determine relative 
radial bumup profiles across fuel cross-sections. It is difficult to obtain absolute 
measurements using these techniques, so one must measure the fuel pellet average 
bumup, which can then be used to benchmark all relative measurements; the relative 
measurements may require integration over a pellet diameter to enable a true com
parison to be made.
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Accurate determination of bumup requires a measurement of the concentration 
of a fission product having the following properties:

—  To be stable or long lived;
—  To have a yield that is greater than 1% and that is similar for fissions in 235U

and 239Pu and insensitive to neutron spectrum;
—  To remain at its generation site.

The best isotope proves to be 148Nd [19], with the provision that the isomers 148Ce 
and 148Sm must be separated chemically. By measuring the 148Nd/U ratio, an accu
rate measure of the fractional bumup can be obtained; by making an assumption of 
the mean energy released per fission, this can be converted to MW-d/t U. The relevant 
yields of 148Nd in 235U and 239Pu are 1.67 and 1.68%, respectively, so a value of 
1.675% will give a good approximation to the true bumup. The corresponding 
relevant mean energy releases are 200 and 210 MeV, and 205 MeV gives a good 
approximation. Other Nd isotopes are used, namely 142Nd, 145Nd and 145+146Nd.

The technique involves dissolving a fuel pellet in 8-10 molar nitric acid, 
possibly with HF additions, under reflux in a shielded facility. A small sample of the 
liquor is extracted and subjected to mass spectrometry to obtain the 148Nd/U ratio; 
during the mass spectrometry it is also useful to measure the relative amounts of 234U, 
235U, 236U and of 238U and 239Pu, 240Pu, 241Pu and 242Pu, and the Pu/U ratio. In water 
reactors, these isotopes will indicate the power coming from Pu fission towards the 
end of life.

De Regge et al. [19] have concluded that the measurement of all Nd isotopes 
requires no increase in the task of chemical separation and that mass spectrometry can 
be used to confirm the 148Nd bumup determination.

The accuracy of the methods described above is estimated to be ±1-1.5%; 
errors arise mainly in the mass spectrometric analysis [20].

Workers at Atomic Energy of Canada Ltd have developed a method of 
measuring bumup using liquid chromatography [21-23]. These methods offer reduc
tions in analysis time and cost with no appreciable loss in accuracy. The fission 
monitor used was 139La. This isotope is essentially monoisotopic in irradiated nuclear 
fuel, so chemical methods can be used for its determination. A comparison of liquid 
chromatography of La and mass spectrometry determinations of Nd isotopes are 
given in Refs [21-23],

4.5. RETAINED FISSION GAS ANALYSIS

The object of retained fission gas analysis is to determine the gas content in the 
fuel after irradiation or after the annealing of an irradiated sample. The data can be
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used to benchmark codes that predict the production of fission gases and thereby to 
allow accurate deduction of fission gas diffusivity from fuel annealing experiments.

The fission gases can be released by fuel dissolution in nitric acid or by fuel 
sublimation, as described by Boidron et al. [24]. Fuel sublimation is achieved by 
using a tungsten crucible and RF heating to 2600 K within a silica vacuum envelope.

Following gas release by either method, the gas volume, gas constituents and 
Xe and Kr isotopes may be measured using methods similar to those used in gas 
puncture rigs and summarized in Section 8 of Ref. [1], Alternatively, the gas can be 
passed over a calibrated 7 spectrometer, which will measure the 85Kr. The spectro
meter can be the same one used in measuring the gas release from a similar fuel 
sample subjected to annealing; the two measurements will yield accurate values.

Une and Kashibe [25] measured the retained gas after an annealing experiment 
on irradiated U 0 2 by dissolution in 5M nitric acid and trapping the released gas in 
liquid nitrogen. The 85Kr was measured with a /spectrom eter, and the rate of release 
was measured with an on-line ß  counter. The accuracy quoted in Ref. [25] for 
concentration of retained Xe and Kr is ±1.6%.

4.6. MASS SPECTROMETRY

In several techniques already described, the final quantitative measurement has 
been made using mass spectrometry (MS). This technique is important in radio
chemical analysis because it identifies isotopes according to their mass (or, more 
correctly, their charge to mass ratio). The main advantage in using MS is in its 
sensitivity, which is typically parts per billion. To use a mass spectrometer directly on 
irradiated materials requires a method of producing gaseous ions from a solid sample. 
The four following subsections describe four techniques for doing this.

4.6.1. Inductively coupled plasma mass spectrometry

The commonly used techniques for determining spatial information on radio
nuclide concentrations in fuel are EPMA and /scanning. The former is restricted to 
higher concentrations and the latter to /em itters. Inductively coupled plasma mass 
spectrometry (ICP-MS), in conjunction with laser ablation of the fuel, will detect low 
concentration fission products such as iodine and transuranic elements at the expense 
of reduced spatial resolution.

The use of ICP as an ion source for mass spectrometers was first described by 
Houk et al. [26]. The plasma is usually induced in Ar by RF electromagnetic 
radiation and, because of the high temperature, most elements are ionized to some 
extent and can easily be detected. The laser ablation equipment and the ICP-MS 
can be obtained commercially, but both require adaptation to remote operation.
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Reference [27] describes a typical installation, as used by the European Institute for 
Transuranium Elements, Karlsruhe, Germany (ITU). The plasma torch and sliding 
interface and the sampler and skimmer cones are inside a glovebox, while the 
mass spectrometer and its electronics are outside. The Nd:YAG laser is used in Q 
switched mode and is focused onto the sample from outside the hot cell using 
mirrors and an IR lens. The laser ablation takes place within the shielded hot cell, 
and the resulting aerosol is moved to the ICP-MS for analysis by argon flow within 
about 6 s.

Important issues must be solved if  ICP-MS is to provide unequivocal identifi
cation and quantification of all nuclides present in irradiated fuel samples. They 
include the necessity of on-line separation of the different elements before ICP-MS 
analysis and the improvement of specific ICP-MS software.

If laser ablation is not available, then the solid sample must be dissolved to form 
a liquid, the maximum allowable concentration being typically 1-2 wt%. The solution 
is nebularized and introduced into the plasma, where ionization takes place as a 
source for the mass spectrometer. This technique has been used, in conjunction with 
the installation described in Ref. [27], to analyse unirradiated and irradiated fuel and 
cladding and also to analyse high level radioactive waste. It must be noted, however, 
that the gaseous and volatile fission products (Kr, Xe, I) are lost during dissolution, 
and that insoluble residue containing noble fission metals and traces of U and Pu is 
formed.

4.6.2. Glow discharge mass spectrometry

Glow discharge sources have a long history as sources for optical emission 
spectroscopy. Their advantages are solid sampling, stable output and depth profiling. 
More recently, glow discharge sources have been coupled with mass spectrometry, 
which also allows analysis of solid samples. Glow discharge mass spectrometry 
(GD-MS) is therefore ideal for analysis of irradiated nuclear fuel and cladding. The 
advantages of GD-MS are the following:

—  Virtually all elements can be detected,
—  Major and minor components can be determined together,
—  Decoupling the atomization and ionization yields uniform sensitivities.

In particular, boron can be measured in dilute solutions to parts per billion by 
GD-MS, directly from the solid sample, which is not easily done by ICP-MS. The 
installation of a GD-MS system into a glovebox for use with radioactive materials is 
described by Betti et al. [28]; the instrument itself is described in detail in Ref. [29]. 
Typical detection limits are 3-10 ppb, and the accuracy for minor elements such as 
fission products is ±5%.
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4.6.3. Secondary ion mass spectrometry

Secondary ion mass spectrometry (SIMS) gives better spatial resolution than 
ICMP-MS or GD-MS for solid samples. Figure 5 shows the principle of the 
technique, as described by Kushida et al. [30]. The source to the mass spectrometer 
is provided by a focused beam of accelerated ions that eject secondary ions from the 
sample surface. The primary ions are generally oxygen or argon, but Bart et al. [31] 
have used caesium. The secondary ions are analysed after passing through an elec
trostatic filter. The ion beam can be scanned, and by locking the ion detector onto one 
mass and using the signal to modulate a CRT electron beam, an image can be
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produced showing the spatial concentration of one isotope. The charging of non
conducting samples can be negated by the use of an electron gun. The advantages of 
this system are that it can detect light isotopes (including H), can detect low concen
trations and can be used for depth profiling.

Enokido et al. [32] describe similar, remotely operated equipment called a 
secondary ion mass analyser (SIMA). It has been used to measure the concentration 
o f 145Nd in cross-sections of irradiated fuel to determine the radial variation of 
bumup [30].

The isotope 145Nd was selected because it has relatively high fission yield 
(3.760% for 235U and 2.976% for 239Pu), does not easily migrate from the position at 
which it is generated, has no problems with respect to isomers and has a high 
ionization efficiency under primary ion sputtering. The total estimated error of 
measured bumup data was approximately ±4.6%. It must be noted, however, that 
quantitative analysis of all species in irradiated fuel would require more than a 
thousand standard samples and an improved quantitative correction code.

4.6.4. Knudsen cell

The Knudsen cell can be used to provide the MS source. The sample is placed 
inside the cell and the cell is raised (in vacuo) to temperatures at which material is 
vaporized from the sample surface; this provides an effusion source for the MS. The 
advantage of this method of creating the source is that it is similar to that used for 
determining the temperature dependence of the fission product and actinide release 
from irradiated fuel. Thus, data can be obtained on fission gas release and less volatile 
fission products, enabling the evaluation of their diffusion coefficients. Furthermore, 
analysis of the vaporization rate of the various species makes it possible to evaluate 
the thermochemical properties of the fuel-fission product system.

Sakurai et al. [4] give a brief description of a remote system using a Knudsen 
cell as an MS source. The cell, which contained 1 mm3 of fuel, can be heated to 
900°C by a conventional furnace and to 2000°C by an electron beam. The system was 
used to measure the oxygen to metal (O/M) ratio (discussed in Section 5.10) and the 
chemical state of fission products within the fuel.

Figure 6 shows a similar system, called a remote Knudsen cell spectrometer, 
installed at ITU. The Knudsen cell and the quadrupole magnet have separate vacuum 
pumping systems, which allows for a higher pressure in the former (133 Pa) than in 
the latter (133 x 10-5 Pa). Thus the cell can be heated in a vacuum or in a reactive gas 
at low pressure. The Knudsen cell was a tungsten cylinder with an orifice 0 .3-0 .8 mm 
in diameter. A small tube at the base of the cell allowed the injection of reactive gases. 
The cell was heated by a furnace to a maximum of 3000 K, the temperature 
being measured by a multichannel pyrometer viewing a hole pierced in the cell. The 
sample consisted of a few tens of milligrams of powdered fuel. The one difficulty
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encountered was the alignment of the cell aperture with the slit o f the quadrupole, 
which was achieved with micrometric x, y  movements with the aid of a helium-neon 
laser.

5. MEASUREMENT OF PHYSICAL PROPERTIES

5.1. OBJECTIVES

Hot laboratories are experiencing an upsurge of interest in measurements of 
physical properties o f irradiated fuel and cladding. The objective is to measure 
relevant physical parameters for use in codes that predict fuel performance during 
both normal operation and accident conditions. During the fission process, the fuel is 
subjected to intense radiation damage but also to increasing concentrations of fission 
product impurities. Many physical parameters have in the past been measured only on 
unirradiated materials, and the changes due to irradiation have been obtained from 
empirical expressions. Increased fuel bumup, new fuel concepts and the need to 
satisfy regulatory bodies have necessitated hot cell measurements of physical para
meters of fuel, because these give a closer approximation to the in-reactor values. 
Similar comments apply to the cladding, in which the impurity is hydrogen; neutron 
irradiation causes growth and loss of ductility, and service in water causes an increas
ing corrosion layer and hence loss of material.

5.2. DENSITY

The density of U 0 2 after irradiation gives a measure of the swelling arising 
from the presence o f solid fission products and from the precipitation of gaseous 
fission products into pores. Two methods of density measurement are available, in 
practically all laboratories, that make equally useful measurements. The first is the 
simple Archimedean measurement, weighing the sample while it is immersed in a 
liquid using an in-cell balance. If a wetting liquid is used, then the density so mea
sured will not include open porosity. The sample can be as small as ~100 mg, and the 
method can also be used on cladding or other structural materials. If the open poros
ity is to be included in the density, then the immersion fluid must be mercury, since 
it will not penetrate open pores; this leads to the second method, the pycnometer, 
which is more convenient since U 0 2 will float in mercuiy.

The pycnometer is normally made of glass and needs approximately 10-20 g of 
fuel. The volume of the fuel is obtained as the difference in the weights of the pyc
nometer filled with mercury only and filled with mercury-fuel mixture. Filling is
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carried out under vacuum to eliminate air bubbles. The major source of error is in the 
positioning of the stopper, and this is why the large sample is needed. All errors in 
pycnometer measurement result in a low value of density, however, so measurements 
are repeated until a consistent high value of density is obtained over two or three mea
surements.

Van de Velde and Sannen [16] describe an arrangement that overcomes this 
problem. The pycnometer, shown in Fig. 7, is made of stainless steel and has a top 
cap that is a precision valve through which the fuel can be introduced. Within this 
valve is a second, Teflon valve which can be accurately positioned and through which 
the pycnometer can be evacuated. The bottom of the pycnometer is connected to a 
high precision plunger, and the fuel volume is measured directly from the movement 
of the plunger shaft when the fuel is introduced; the plunger is adjusted to give atmos
pheric pressure within the pycnometer for each reading.

In principle, an Archimedean measurement could be made with mercury as the 
immersion liquid if the sample where forced beneath the mercury surface with a 
sinker made of a suitable material such as tungsten. In practice, however, the pene
tration of the support wire through the mercury surface introduces significant and 
variable errors.

The accuracy of the density measurement carried out for the standard stainless 
steel samples is better than ±0.2%, and precision is better than ±0.1%. For U 0 2 
specimens accuracy will be approximately ±0.1 g/cm3. The same value was reported 
by Siemens AG, KWU Group and Studsvik Nuclear AB for U 0 2 density measure
ments made with the use of a glass pycnometer.

5.3. POROSIMETRY

Porosimetry is used to measure the size distribution of the open pores in the 
sample studied. A porosimeter uses increasing pressure of mercury to penetrate 
smaller and smaller pores. After correction for compression, the apparent reduction in 
the volume of the mercury at a given pressure p  is a measure of the volume of pores 
of radius r  given by Washburn’s relation

2 < tc o s  6
r = -------------  (1)

P

where <7 is the surface tension of mercury and 9  is the contact angle. For ceramic fuel 
we have 0.480 N/m and 9  = 141.3°, and Eq. (1) then reduces to

. ,  7500
r (nm) = ■

P (bar)
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Commercial porosimeters require adaptation for in-cell use. The in-cell equip
ment consists of a dilatometer, a mercury filling station and a high pressure container. 
Figure 8 shows a typical arrangement, as used by the Studiecentrum voor Kernenergie 
(SCK- CEN), Mol, Belgium.

The dilatometer has a lower bulb that contains the sample and a removable 
upper stem connected by a ground and greased joint. In use, the two parts are held 
together by a screw cap. The stem has a calibrated cross-section that is uniform over 
its length. The dilatometer is filled with the sample and mercury at the filling station; 
this is done under vacuum to avoid air bubbles. The dilatometer is then introduced 
into the high pressure unit in which the level of the mercury in the stem is monitored 
by a capacitance system as the pressure is increased. The dilatometer has a metal pin 
through the bottom to establish electrical contact. The pressure is applied by high 
pressure oil and is measured with a pressure transducer. The correction for the com
pressibility of the mercury is best performed by a run using the dilatometer without a 
sample. The data are processed and stored using a microprocessor system located 
outside the cell.

The minimum pore radius detectable is determined by the maximum pressure 
available, typically 2000 bar1, for which r = 4 nm. A further limitation is that Eq. (1) 
assumes the pores to be cylindrical rather than having their actual, irregular shape. 
The accuracy of the method also depends on volume and density changes of the 
mercury that result from trapped gases. Higher accuracy is achieved for sample 
masses greater than 10 g; the detection limit is ~0.2 mm3/g.

This method is used in 11 of the 27 laboratories surveyed.

5.4. THERMAL DIFFUSIVITY (LASER FLASH)

An important parameter in the prediction of fuel temperature during operation 
is the thermal conductivity of the fuel. The direct measurement of this parameter 
within a hot cell at temperatures up to 1800°C is difficult since it requires contact with 
the sample. It is easier to measure the thermal diffusivity of the sample, which, 
together with the heat capacity and the density, yields the thermal conductivity.

Thermal diffusivity can be measured by delivering a heat pulse to one surface 
of a sample and measuring the temperature rise as a function of time at the other 
surface. The equation for linear heat conduction is

d r  d 2T
At ~ a  dx2

1 bar = 105 Pa

(2)
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where a  is the thermal diffusivity, T  is the temperature and t  the elapsed time. To 
determine the thermal diffusivity for a specimen of thickness I, the solution of Eq. (2) 
is usually evaluated at the time f05 at which the temperature has reached half its 
maximum T0 5; the diffusivity can then be obtained from the equation

col2
a  = ------  (3)

f0.5

where (o is a dimensionless parameter that depends primarily on heat loss; for zero 
heat loss, <0 = 0.1388.

The heat pulse is normally supplied by an Nd doped (glass) or YAG laser, or a 
ruby laser, and the temperature is measured with an IR detector such as gallium 
arsenide, used at liquid nitrogen temperatures, or by an InGaAs photodiode. This 
‘laser flash’ method has been adopted as a standard for thermal diffusivity measure
ment and can be obtained commercially; Fig. 9 shows how such a instrument is incor
porated into a hot cell by AEA Technology. The laser beam is projected though the 
cell wall and impinges on the front surface of the specimen within the furnace via a 
prism or mirror and a quartz or alumina window. The back surface of the specimen is 
viewed by the detector through a sapphire window and a CaF2 lens; the output signal 
is amplified, conditioned and displayed on an oscilloscope and recorded magneti
cally. Workers at ITU have used fibre optics to lead the laser pulse in and the signal 
out of the hot cell. In the ITU installation, the back of the sample is viewed by a 
second Si detector, which is used to control the temperature rather than the usual 
thermocouple within the furnace. The furnace is kept under high vacuum by pumps 
situated outside the cell. The vacuum should be at least 1.3 x 10-4 Pa for U 0 2 at 
1600°C. The zero time can be defined as the time of discharge of the condensers that 
power the flash tubes of the laser, but it is best defined by using a photosensitive diode 
that detects the laser beam itself. Zero time triggers the oscilloscope and the recording 
system.

Equation (3) applies when no heat is lost during the measurement. In practice, 
however, heat is lost by conduction to the sample periphery and by radiation. The heat 
loss can be corrected by two methods:

—  By recording the temperature at 5j05 and 10?05; for zero heat loss, the ratio of 
these temperatures to T0 5 will be 2. Cowan [33] has calculated the value of co 
in Eq. (3) using the actual measured ratios.

—  Equation (2) can be solved for any fraction of the maximum such as t0 2, and 
the ratio t0 8/r0 2 has a specific value for zero heat loss; any deviation from this 
value indicates heat loss, and Clark and Taylor [34] have calculated relevant 
values of 10 for this and other ratios.

29



The calculations treat only conduction and radiation losses, but are reasonable 
approximations provided the heat loss is small. To satisfy this condition, the temper
ature rise on the back surface should be restricted to 5°C and the aspect ratio (dia
meter/thickness) o f the sample should be at least 10.

Another method of calculating the thermal diffusivity, devised by James [35], 
can also be used. James solved Eq. (2) using the Laplace transform rather than the

FIG. 9. Shielded laser flash thermal diffusivity equipment.
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normal Fourier transform; this so-called logarithmic method extrapolates to short 
times (several milliseconds), at which the heat losses would be expected to be small.

A correction can be applied for the effect of the non-zero pulse duration (~1 ms 
for a YAG laser). For t0 5 > 70 ms, the correction is in any case negligible. This con
dition requires the thickness of a U 0 2 sample to be at least ~1 mm. The aspect ratio 
requirement for small heat loss corrections thus restricts the diameter to be at least 
10 mm. The sample must also be uncracked, however. These conditions are unlikely 
to be met in samples of power reactor fuel, and smaller pieces may have to be used.

A method of preparing such small samples was given by Namekawa et al. [36] 
and by Yamahara et al. [37], Comparative measurements on small and large samples 
[4] indicate that, although not perfect, the small samples do provide usable data. Shaw 
et al. [38] have modified the logarithmic method to correct for heat loss in these small 
irregular samples, thereby allowing more accurate measurements.

Apparatus in use at ITU has an x, y  movement on the sample stage and a system 
of viewing the back surface in situ to allow positioning of small samples. Sample 
faces must be ground accurately parallel (to ±0.01 mm), and the thickness must be 
accurately measured since it occurs to the power 2 in Eq. (3). The sample is held in a 
holder made of graphite or of a refractory metal; the latter is used to eliminate high 
temperature reactions between the holder and the UQ2.

This method is used in 11 of the 27 laboratories surveyed.
Although the laser flash technique yields an absolute measurement, confidence 

in the data can be increased by measuring the thermal diffusivity of standard materials 
such as graphite, Armco iron and Pyroceram (which is a ceramic and thus more like 
oxide fuels).

5.5. SPECIFIC HEAT (DIFFERENTIAL SCANNING CALORIMETRY)

The specific heat of fuel is needed to calculate the rate of rise of temperature 
during transients and to calculate the thermal conductivity from the diffusivity as just 
described. The specific heat of unirradiated fuel samples can be routinely measured 
with a differential scanning calorimeter, but remote operation of this equipment has 
led to problems.

Differential calorimetry involves the use of two similar platinum crucibles 
mounted, inside a furnace, on a platinum plate that is itself mounted on a fragile insu
lating stem (usually Z r0 2). There is a thermocouple beneath each crucible position. 
The furnace has a vacuum circuit and can be filled with an inert atmosphere. The 
furnace temperature is ramped by a control computer, and the difference between the 
two thermocouple outputs is recorded as a function of time. By comparison of this 
difference with that from a standard of known specific heat, an analysing computer
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FIG. 10. Typical equipment for measuring fuel melting temperature.



can directly calculate the specific heat as a function of temperature. The sequence of 
events in the measurement is as follows:

—  A temperature ramp with both crucibles empty (base line);
— The same ramp with one crucible containing the standard;
—  The same ramp with the same crucible containing the sample.

The problem in using the equipment inside a hot cell is that the crucible con
taining the sample must be remotely weighed and then placed on the stem. Because 
o f the fragile nature of the stem it is almost impossible to perform this positioning 
using a master-slave manipulator or tongs, and some reliable form of robot is there
fore required. Leech and Williamson [39] adapted a Nietzsche DC-404 calorimeter to 
remote operation.

This method is used in 6 of the 27 laboratories surveyed.

5.6. MELTING TEMPERATURE (THERMAL ARREST)

The melting temperature of irradiated fuel is an important parameter in the pre
diction of the consequences of severe accidents. The method to determine the melting 
temperature used is that of thermal arrest. The fuel sample is heated at an approxi
mately linear rate in a tungsten crucible. At the melting temperature the temperature 
rise is arrested as the latent heat of melting is absorbed. After the sample is heated 
above the melting point, a similar measurement can be made as the temperature is 
allowed to fall; in this case of course the latent heat of melting is given out.

A typical remote system is detailed by Komatsu et al. [40], The RF furnace 
was controlled by a two colour optical pyrometer, and a second similar pyrometer 
measured the temperature. The furnace was kept under vacuum during operation, 
and the pyrometers viewed the sample through Pyrex windows; steps were taken to 
ensure that the windows were kept clear of vapour deposition. The granulated 
sample was welded under vacuum in a thin walled tungsten container positioned 
within a tungsten crucible. For greater accuracy, the temperature o f the tungsten was 
measured in a re-entrant cavity. Figure 10 shows similar equipment, devised by 
Yamahara et al. [37]; the only significant difference between this system and 
that described in Ref. [37] is that here a single pyrometer is used for both control and 
measurement.

Allthough the melting temperature of U 0 2 can be accurately defined, since it 
exhibits thermal arrest, Komatsu et al. [40] report that 18% Pu MOX shows only a 
change of slope in the time-temperature plot, which makes the definition of melting 
temperature more subjective in this case.

This method is used in 5 of the 27 laboratories surveyed.
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5.7. LATTICE PARAMETER (X RAY DIFFRACTION)

The technique for measuring the cell parameter of solid materials is well known 
and widely used. This measurement could be performed on unirradiated material 
using X ray film, but diffractometers are normally used because of the sensitivity of 
the film to y  rays. The X ray source is usually the Cu K a  doublet (A = 0.1540 and 
0.1544 nm), obtained from a Cu target and a Ni filter. The sample is mounted, metal- 
lographically prepared and positioned in the centre of the X ray diffractometer. The 
X ray beam impinges on the sample through a slit, and the diffracted beam passes to 
a detector through a second slit. The source and detector are on the circumference of 
a circle with the sample at its centre; the sample must be at the correct height, as 
discussed briefly at the end of this section, and must be accurately in the centre. The 
detector is rotated and the diffraction angle 9 measured with great precision. As the 
detector is rotated, peaks are obtained at angles that satisfy the Bragg condition,

l = 2 d  s i n 0  (4)

where d  is an interplanar spacing in the sample.
As the diffractometer is rotated the condition in Eq. (4) is satisfied several 

times, each for a different set of crystallographic planes. The interplanar spacings d  
can be related to the lattice parameter by functions dependent on the crystallographic 
structure and available in standard crystallography textbooks. To deduce the most 
accurate possible value of the lattice parameter, the calculated lattice parameter for 
each peak is plotted as a function of cos 9 cot 9 and the plot is extrapolated to 
9=  90°.

To obtain powder diffraction conditions, it is usual to rotate the sample on its 
axis, but the small and almost uniform grain size in U 0 2 (10 |jm) makes this un
necessary. Furthermore, grains of this size produce no crystallite size line broadening, 
so that accurate determinations of lattice parameter are possible on unirradiated 
ceramic fuel. Line broadening does occur in unirradiated MOX or gadolinia doped 
fuel and is an indication of inhomogeneity, which results in minor variations of the 
unit cell size.

There is a well defined lattice parameter-O/M relation for U 0 2, which allows 
the determination of O/M  for unirradiated material [41].

Une et al. [42] report line broadening in irradiated BWR fuel and that the 
lattice parameters increased because of radiation damage, the extent of both effects 
depending on rate of damage, bumup and temperature. Irradiation damage can be 
removed by post-irradiation annealing, after which the lattice parameter is lower and 
should be below the unirradiated value as has been observed on simulated fuel. These 
considerations indicate that the cell parameter cannot be used as a measure of OIM on 
irradiated ceramic fuel.
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Diffractometers are easily installed in hot cells; only the X ray head, diffrac
tometer and detector need be behind the shielding. All control and electronic equip
ment can be mounted outside. ITU has one such installation, which can also heat the 
irradiated sample at temperatures up to 1400°C in a contained atmosphere. The 
X  rays are transmitted through slits covered with a thin film. Thus the change in cell 
parameter can be monitored during annealing or during oxidation or reduction. If the 
diffractometer cell were to contain other irradiated samples, then the detector would 
require shielding. Indeed, some shielding of the detector from the sample itself is 
required, but this can be kept to a minimum if no other sample is present in the cell. 
The problem can be overcome by using the small matchstick samples of Pearce [9] 
which can be measured even outside a hot cell. If the sample is aligned so that the 
diametral direction is perpendicular to the slit of the detector, then measurements can 
be made at approximately 1 mm intervals across a fuel diameter.

The main problem in the use of remote X ray diffractometers is putting the 
sample at the correct height to define the zero straight line, i.e. the line joining the 
X ray source, the sample surface and the detector.

5.8. THERMOGRAVIMETRY

The essential piece of equipment for thermogravimetry is the thermobalance, of 
which several commercial versions are available. The essential feature of the tech
nique is the continuous measurement of the weight of a solid sample in a reactive 
gaseous environment at a controlled temperature. The weight can be as low as 
5-10 mg. Adaptation to remote operation is not difficult with the exception of the 
vacuum pump used to minimize air contamination of the reactive gas. A typical 
experiment is the oxidation of fuel samples by steam to simulate accident situations. 
The thermobalance has been used to measure O/M, as described in Section 5.10.

5.9. THERMAL CONDUCTIVITY OF ZIRCALOY OXIDE

The thermal conductivity of the oxide corrosion film that forms on Zircaloy 
cladding during service is an important parameter in fuel rod performance. As the 
thickness of this film increases, the metal surface temperature rises, which increases 
the rate of corrosion. The extent of this increase depends on the thermal conductivity 
of the film.

Maki [43] describes a technique for measuring the thermal conductivity of 
unirradiated and oxidized Zircaloy-2 tubing. After oxidation of 140 mm pieces, the 
centre 100 mm was used as a sample and the adjacent 10 mm used to measure the 
oxide thickness by optical microscopy. Figure 11 shows the equipment used.
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Electrical contact to the top and bottom of the sample was made with copper 
electrodes, and the sample was heated with AC current (500-1000 A). The inside of 
the tube was sealed and filled with argon and the whole immersed in deionized water 
in an autoclave. A cylindrical baffle was inserted in the water to promote natural 
convection, and both water temperature and internal cladding temperature were 
measured with thermocouples.

The electrical power and cooling the of the autoclave were adjusted to give a 
constant water temperature of 110-300°C. At each water temperature, the internal 
cladding temperature was recorded. The aim was to compare unoxidized and oxidized 
cladding samples by keeping the water temperature and heat flux the same; in this

FIG. 11. Thermal simulator for measurement of cladding thermal conductivity.
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case, the internal temperature of the sample would be a measure of the thermal 
conductivity of the oxide. Although these conditions were not accurately attained 
because of the different cladding thicknesses, correction allowed a determination of 
the thermal conductivity as described in Ref. [43]. This is a classical heat flux thermal 
conductivity measurement, but its adaptation to irradiated cladding has not been 
attempted.

Laboratories in Indonesia, the Russian Federation and the United Kingdom 
have indicated that they can measure the thermal conductivity of the oxide film, but 
no reports of such measurements have been published. The most likely method for 
making this measurement is an adaptation of the laser flash method of Section 5.4 as 
follows:

—  The sample would be retained on the curved cladding and a suitable sample 
holder made;

—  The laser must be Q switched to reduce the pulse duration, since the transit time 
through the cladding and oxide is roughly the same as the normal pulse duration 
of a YAG laser;

—  The dynamic conduction equation must be solved for two media by a suitable 
computer program.

If the oxide film has two distinct layers, the properties of one of the layers can 
be deduced from the measured thermal response of the composite system, if the 
properties of the other layer are known and if the thicknesses of the two layers are 
accurately known. As part of a feasibility study, an analysis technique has been devel
oped at AEA Technology Reactor Services, Windscale.

The detection and recording systems require no modification, but the curved 
surface of the sample needs some consideration. The heat density deposited on the 
surface decreases as the surface departs from normal to the laser beam, and this will 
promote conduction transverse to the beam direction. If the viewed area of the back 
surface is kept as small as is practicable, however, the correction may be no worse 
than that required for small fuel specimens, especially since the temperature range of 
interest is only 300-400°C, which is too low to cause significant radiation heat loss.

5.10. OXYGEN/METAL RATIO AND OXYGEN POTENTIAL

The oxygen/metal ratio O/M , the oxygen potential, and the relation between 
these two quantities are important parameters of the irradiated fuel. They significantly 
affect the chemical behaviour of the fission products, the thermal properties of the 
fuel and phenomena controlled by diffusion (grain growth, creep, fission gas release, 
etc.). On unirradiated U 0 2, the usual method of determining O/M  is to oxidize a
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sample to U3Og and measure the weight increase using a thermobalance. The pres
ence of fission products, especially rare earth oxides, makes this method impractical, 
however. The method adopted is therefore to reduce the fuel to OIM  = 2 using A r-H 2 
or H e-H 2 mixtures at 500-600°C and measure the weight loss using an in-cell ther
mobalance. Although U 0 2 will reduce to OIM = 2, some assumptions are needed for 
(U ,G d)02 and MOX; indeed, MOX is known to reduce to OIM < 2.

In the Russian Federation a method has been devised that uses gas analysis to 
assess the reaction product when gas is passed over the sample. The weighed sample is

Thermocouple

FIG. 12. Galvanic cell for measuring oxygen potentials.

38



granulated and is kept at 1000°C in a reaction chamber within an electric furnace. 
Argon-0.5 wt% hydrogen is passed over the sample, and the effluent gas mixture is 
analysed for water content; the gas flow is measured and the total oxygen released is 
then calculated by integration. This technique has been used on unirradiated MOX and 
Gd doped fuel and on irradiated U 0 2. The accuracy of the O/M  measurement is ±0.001.

A more significant measurement is that of the oxygen potential of the fuel. This 
has been performed on irradiated U 0 2 and (U ,Gd)02 by Une et al. [42] using the fol
lowing galvanic cell:

—  P tl oxide fuel/Zr02-8  mol%Y20 3/ 0 2 (g)Pt2.

The arrangement of the cell is shown in Fig. 12. The solid oxide electrolyte with pure 
anionic conductivity (Z r02-8  mol%Y20 3) was made into a 5 mm i.d. tube with a 
0.5 mm point to contact the fuel specimen. A Pt paste coated on the inside of the tube 
served as an oxygen reference electrode for air, and a thermocouple was used to 
measure the temperature. The fuel specimen was placed on a quartz anvil whose 
surface was coated with Pt paste. Electrical contact between the electrolyte tube and 
the specimen was maintained by a load of 500 g. The whole was contained within a 
sealed cell and surrounded by a furnace.

The cell was evacuated and then filled with high purity argon which had been 
passed through an oxygen getter. The furnace was raised to 800-850°C and then 
lowered to 750°C, at which temperature the EMF measurement was made. With this 
arrangement, the oxygen potential G0 (sp) of the specimen is given by

AG0 (sp) = 4EF + AG0 (ref) (5)

where E  is the measured EMF, F  is the Faraday constant (96.5 kJ/mV) and G0 (ref) 
the oxygen potential of the reference electrode in air.

5.11. FISSION GAS DIFFUSIVITY BY ANNEALING

Many experiments have been performed to measure the release of fission gases 
from irradiated U 0 2; a useful summary is given by Une and Kashibe [25]. The 
number of such experiments reflects the importance to reactor safety of the release of 
fission gases into the free volume within a fuel rod. Such measurements continue to 
be important as the new fuels, MOX and Gd doped, are developed.

The technique is well established. The fuel is contained within a crucible 
through which a carrier gas can be passed while the fuel is heated to high tempera
tures. The gas is passed through a system that measures the /ac tiv e  species; in long
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cooled fuel, only 85Kr remains. The carrier gas is either H e-2 wt% H2 or 
A r-2 wt% H2 to maintain the stoichiometry of the fuel.

To obtain the release characteristic, the gas inventory must to be established. 
This can be done by calculation with such codes as ORIGEN [44] or FISPIN [45] or 
by determining the retained gas as described in Section 4.5. The latter approach is to 
be recommended, since the calculational route requires a knowledge of the gas 
release during irradiation, which can be measured only for the whole rod and is there
fore difficult to ascribe to individual pellets.

A typical installation is described in Ref. [25], The weighed fuel sample, in a 
molybdenum crucible, was heated by RF to temperatures of up to 1800°C, the 
temperature being measured by a two colour optical pyrometer. The sweep gas, 
He-2%  H2, was monitored for oxygen potential to prevent spurious measurements 
caused by oxidation. After filtration, the gas was passed over a ß  proportional counter 
and then collected as liquid by a liquid nitrogen trap. The trap was monitored by a 
Ge 7 detector and an MCA; measurements on the trapped liquid yielded the inte
grated release of 85Kr. The actual rate of release was measured with a ß  proportional 
counter. The retained 85Kr was measured by the same counting equipment, but the 
fuel was dissolved in 5M H N 03 in flowing helium and was washed in water and 
caustic soda before counting was done.

Measurements of the release can be made by holding the fuel at a fixed 
temperature for some time; a more ad hoc measurement of transient release can be 
made by ramping the temperature.

6. MEASUREMENT OF 
MECHANICAL PROPERTIES

6.1. OBJECTIVES

Within a nuclear reactor the cladding is the major containment for fission 
products generated within the fuel. Unlike the fuel and the primary circuit, the 
cladding is expected to remain leak tight throughout irradiation. The cladding is 
subject to neutron irradiation (irradiation embrittlement), to mechanical (PCMI) and 
physicochemical (PCI) interaction with fuel and fission products, and to water side 
corrosion and hydrogen pick-up (hydriding). The objectives of the measurement tech
niques described in of this section are to evaluate the effect of in-reactor service on 
the mechanical properties of the cladding to show its ability to comply with require
ments even at high bumups.
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Shielded mechanical test equipment is also used to determine mechanical data 
on irradiated structural materials and is therefore often associated with material test 
reactors.

6.2. TENSILE TESTS

Equipment for the evaluation of the tensile properties of irradiated material 
consists o f commercial tensile machines adapted for remote operation. The maximum 
load varies from 50 to 250 kN, and the load can be applied by an electromechanical 
system or by servo-hydraulics. Actuator displacement velocity is in the range
0.05-100 mm/min. Some machines can go through zero, i.e. into compression, but in 
general they are confined to tension. The temperature must be kept constant over the 
entire sample length. Temperature measurement and control are by thermocouple. 
The load is measured by a load cell and the strain by the cross-head movement; if 
more accurate strain measurements are needed, a high temperature stain gauge can be 
used, but this requires access through the furnace wall.

FIG. 13. Examples o f machined tensile test pieces: (a) single; (b) double.
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There is a large variety of types of specimens, for tensile tests of irradiated 
materials (vessel, fuel assembly ducts, cladding, etc.). Uniaxial irradiated test samples 
are made by spark machining from the massive irradiated material (e.g. from a piece 
of pressure vessel or fuel assembly duct) as shown in Fig. 13(a) [46]. A cladding 
sample of this type will be curved, which complicates the stress-strain relation during 
the test. Such specimens are in use in some hot laboratories, however. Figure 13(b) 
shows a form of double sample, which is more appropriate for cladding tests. As 
shown in Fig. 14 [11], Golovanov et al., at the Research Institute of Atomic Reactors 
(RIAR), Moscow, have welded unirradiated ends onto pieces of irradiated cladding. 
This allows the sample to be cut from the cladding at various angles to the axis, but 
may entail complications associated with the heat affected zone of the weld.

The samples in Figs 13 and 14 allow uniaxial testing, but because Zircaloy is 
anisotropic it is more typical of the cladding in service to test a length of defuelled 
cladding (biaxial test). The tube samples are connected by two methods:

—  Swagelok fittings that are screwed to the jaws of the machine;
—  Close fitting inserts inside each end, held by special jaws.

The tensile tests are normally conducted at constant temperature and constant 
cross-head speed. The results o f the test results are plotted as engineering 
stress-strain curves. The following parameters can be measured:

—  Yield stress;
—  0.1, 0.2 or 0.5% proof stress;
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—  Ultimate tensile stress;
—  Uniform elongation;
—  Ductility or ultimate tensile strain.

Measurements of fracture elongation and reduction of area should be made on 
the samples after testing. A typical example of the effect of radiation on a stainless 
steel is shown in Fig. 15 [47],

Uniaxial tests give data that can be interpreted in terms of material data, while 
this is more difficult with the biaxial tube tests. It is difficult to define a gauge length 
on tube specimens; this can be done with inert heat resistant paint, but the failure may 
still occur outside this zone, especially in room temperature tests.
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FIG. 15. Example of stress-strain curve for irradiated stainless steel at 298 K.
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Pressure line

FIG. 16. Apparatus for measuring diametral strain in pressurized tubes.
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A simple form of tensile test makes use of ring samples cut from irradiated 
cladding. The test is performed by stretching the rings between two semicircular grips 
as detailed by Blanc et al. [48], but it is necessary to define a gauge length. This can 
be done by cutting a groove of square cross-section with a slow cutting diamond 
wheel. Sahoo et al. [49] attempted to calculate the gauge length as the semicircular 
grips are pulled apart. The advantages of using rings are cheapness and the large 
number of samples that can be cut from each cladding tube.

6.3. TUBE BURST TESTS

Tube burst tests are performed by internally pressurizing a tubular specimen to 
failure. These tests model the behaviour of fuel cladding during rapid transients and 
accident conditions. The biaxial loading tests the anisotropy of the material and is 
closer to the actual loads experienced by the cladding in service than the tensile tests 
described in Section 6.2. The cladding samples are usually defuelled, but this is not a 
necessary condition. Defuelling of significant lengths from high bumup fuel rods is 
difficult because of adhesion between the fuel and the cladding, but a method has 
been devised by Kikuchi et al. [50] that basically drills the fuel out. The drilling 
method has been improved to accommodate higher bumup fuel [37] and is performed 
under water to reduce contamination. Alternatively, the fuel can be dissolved by a 
solvent that attacks only the fuel [48], If the fuel is not removed, then the burst often 
severely contaminates the equipment and the cell. After the sample is cut from the 
fuel rod, closely fitting plugs are placed inside either end and Swagelok or similar 
fittings are attached to each end by a high pressure crimping process.

The tube burst test sequence is to raise the sample to its test temperature and 
then linearly increase the pressure until failure. The pressure is usually applied 
hydraulically, but the temperature is then restricted to 400°C by the properties of the 
hydraulic oil; a suitable gas can also be used to apply the pressure [16], but care must 
then be taken to shield the high energy explosion that occurs when the cladding fails. 
The heating is usually by multizone furnace but can also be by direct resistance 
heating, in which case direct access to the cladding surface is possible within the 
limits imposed by the explosion shield. Van de Velde et al. [16] describe tube burst 
tests performed in a vacuum furnace to prevent deterioration of the cladding due to 
oxidation during the test.

Dimensional measurements are made before and after the test, but diametral 
strain is difficult to measure during the test inside a vacuum circuit. Gauvain et al.
[46] used four displacement transducers to measure strain by difference on perpen
dicular diameters as shown in Fig. 16. If the strain gauge is not removed from the 
proximity of the tube before the burst, then it may well be destroyed. Thus the strain
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is usually measured only in the early stages of deformation. Temperature 
measurement and control is by thermocouple or IR pyrometer. The tests can be 
conducted either open or close-ended.

Two parameters can be calculated: 

the hoop stress 

PE>i

<6)

and the hoop strain 

AD

where

P  is the pressure,
Z) is the internal cladding diameter,
t is the cladding thickness,
ADg is the change in the outer cladding diameter,
Dq is the outer cladding diameter.

From the stress-strain histories the following can be deduced:

—  Yield stress;
—  0.1, 0.2 or 0.5% proof stress;
—  Ultimate strength;
—  Uniform elongation.

The ultimate ductility can be measured on transverse metallographical samples 
taken from near the fracture after the test.

Tube burst tests are the best way of conducting stress corrosion cracking tests. 
The corroding agent can be introduced at a controlled concentration in an inert atmos
phere. If air is excluded by evacuating the tube sample, then the corroding agent, 
especially iodine, must be protected because it may evaporate. This can be done by 
using a container sealed with wax that melts when the temperature is increased. The 
test is conducted by increasing the temperature of the sealed sample; this automati
cally increases the pressure and provides the stress. The temperature is maintained 
until failure or until it is clear that the sample will not fail.
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6.4. CLADDING CREEP TESTS

Cladding creep testing can be performed on either tensile or tube burst testing 
equipment or, because of the long time required for each test, on similar equipment 
designated especially for creep testing. Again, the tube pressure creep tests more 
closely simulate the conditions experienced by the cladding during normal reactor 
operation than the short duration or burst tests described above. Gauvain et al. [46] 
used their tube burst equipment to perform creep and stress relaxation tests. In creep 
tests the pressure is kept constant, while in stress relaxation tests the pressure is 
allowed to fall as the tube expands. The output data from creep tests are temperature, 
pressure or load or stress, and a strain versus time plot. Note that as the strain 
increases the stress also increases because of the reduction in area.

Cornell [51] has reported the use of the tensile method with the cladding ring 
samples described in Section 6.2 to determine creep of irradiated cladding in the 
temperature range 350-400°C.

6.5. CLADDING FATIGUE TESTS

Fatigue tests measure the ability of the cladding to withstand cyclic stresses. In 
vibrating machinery the stress system normally undergoes reversal, but in nuclear 
cladding the tensile stress is cyclically applied by load following, shutdowns, etc. 
Thus, either piece of equipment described in Sections 6.2 and 6.3 can be used for this 
measurement. Gauvain et al. [46] used their tube bursting equipment to load and 
unload tubing. Tensile equipment can also be used, and some installations can go into 
compression. The output data from such experiments are temperature, maximum and 
minimum stress, mean stress and number of cycles to failure.

7. REFABRICATION AND INSTRUMENTATION

7.1. OBJECTIVES

There is a need to subject fuel rods to off-normal irradiation conditions at 
typical bumups. These experimental irradiations are best performed in material test 
reactors (MTRs). Most MTRs can only irradiate rods that are considerably shorter 
than those used in power reactors, however. Such short rods at sufficiently high 
bumups are in short supply, and the achievement of typical bumups takes up space in 
the test reactors for considerable periods. High enrichments can be used to shorten the
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irradiation time, but there is uncertainty as to their typicality because of the higher 
rating. There are, however, large numbers of rods available at high bumup that have 
been discharged from power reactors, but these rods are too long for use in most 
MTRs.

Refabrication is therefore carried out to produce short test rods from the long 
rods discharged from power reactors. Hot cells in Belgium, France [52], Germany
[53], Japan, Netherlands [54], Sweden and the Russian Federation [55] have the nec
essary refabrication capabilities. Sections 7.2 and 7.3 describe the refabrication tech
niques and final qualification of the refabricated rods.

7.2. REFABRICATION TECHNIQUES

The major steps in a typical refabrication process are:

—  Selection and characterization of the rod;
—  Cutting of the segment;
—  Removal of enough fuel to provide a plenum and to accommodate one or two 

end caps;
—  Insertion of instruments;
—  Gas filling;
—  Welding of new end caps;
—  Final characterization and qualification.

The rod is usually selected on the basis of its bumup and irradiation conditions. 
Characterization is by visual examination, by eddy current test to verify that the 
cladding has no faults, and by /s c a n  and/or X radiograph to determine the position 
of the pellets; characterization can also include profilometry. Before cutting, the rod 
is usually punctured and the fission gas release determined. The exact position of the 
cuts is then decided on the basis of the pellet positions and a knowledge of the 
assembly grid positions.

Cutting can be done by any of several methods. A dry low speed grinder has 
been used in France [52]; a low speed diamond wheel under oil has been used in 
Germany [53]; a slow speed diamond wheel in air has been used in Japan. It is essen
tial that as little fuel dust as possible is allowed to contaminate the outside of the 
cladding during the cutting.

Fuel must be removed from the ends to accommodate the end caps and instru
ments, if any. This is accomplished with a carbide tool or a diamond drill; care must 
be taken not to damage the cladding wall or the fuel that is to remain in the rod.

Instrumentation can now be added to the refabricated rod. Pressure gauges, 
axial strain gauges, thermocouples for fuel or cladding temperature measurement, and
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Zr or stainless steel markers can be installed. A tube can be attached to the end cap to 
sample the gas inside the rod or to operate a diaphragm as a null pressure gauge. One 
end cap usually has an access tube or hole to prevent pressurization during welding 
and to permit subsequent filling of the rod with the desired pressure and type of gas. 
This tube is closed by welding after the end cap has been attached. Thermocouples 
can be inserted as deep as 100 mm within the fuel by drilling the fuel while it is 
cooled to liquid nitrogen temperatures. The development of better instrumentation 
sensors is a continuing activity in hot laboratories carrying out refabrication.

Before the end caps are attached, the cladding must be prepared by removing 
the oxide from the welding sites. The end caps are then attached by welding around 
the cladding wall; this operation must be performed in an inert atmosphere. Care must 
be taken not to heat the fuel to a temperature at which its structure changes.

The instrumentation and end cap welding should be done in a contamination- 
free cell. Even then, the rod must be chemically and/or ultrasonically decontaminated 
before irradiation to remove U 0 2 and other dust.

7.3. QUALIFICATION

Qualification is performed by repeating the NDE made before refrabrication,
i.e. visual examination, /sc a n  and/or X ray or neutron radiography, profilometry and 
eddy current testing. The X radiography is important to establish that all components 
are in the expected position. Most important is a leak test, normally performed with 
a helium MS while the rod is contained in an evacuated chamber.

The welds on irradiated rods cannot be examined in detail, but qualification of 
unirradiated materials must be performed to determine the correct conditions for a 
satisfactory weld with sufficient corrosion resistance.

8. VERIFICATION OF NON DESTRUCTIVE 
TECHNIQUES BY DESTRUCTIVE METHODS

8.1. OBJECTIVES

Destructive PIE is expensive and generally time consuming; it will therefore be 
advantageous if  a non-destructive technique can be devised that yields similar data, 
especially if the technique can be applied in the spent fuel pool. Not only is the exam
ination cheaper and quicker but it leaves the rod intact, obviating the need for more 
complicated waste disposal. The objectives of the methods described in this section
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are to verify and calibrate NDE techniques against the corresponding DE methods. 
This approach has been applied to bumup, fission gas release into the rod, rod internal 
pressure and cladding outer oxide layer thickness.

8.2. BURNUP

Mean pellet bumup can be measured by dissolution of the fuel and mass 
spectrometry, as described in Section 4.4. It may, however, be possible to measure 
the axial bumup distribution by 7 scanning. In this case the rod must remain at the 
same distance from the collimator throughout the scan and the same geometry must 
be used in the calibration. Of the 7 emitting isotopes, bumup can be measured only 
from 137Cs, which has a 30 year half-life. Shorter lived isotopes such as 95Zr and 
140Ba/140La will give a measure of the rating near the end of life or of that experi
enced during a transient. The problem with this measurement is that the fuel is self
shielding, so that the 7 signal will be dominated by the outer fuel rim; in water 
reactor fuel, this has a 239Pu-rich region created by epithermal neutron absorption 
in 238U.

Confort et al. [20] quantified their non-destructive 7 scan system and thereby 
converted its output into bumup. The absolute concentration of a fission product is 
measured in the following sequence of steps:

—  Calibration with 152Eu;
—  Measurement of the 7 signal from the rod;
—  Calculation of the effect of self-absorption using a computer code;
—  Conversion of the measurement to concentration using a second code.

Standards containing different isotopes (e.g. 137Cs and 60Co) and fuel of known 
bumup can also be used for calibration. Comparison with the results of the standard 
method (Section 4.4) indicates that the 7 scanning method is an acceptable alterna
tive although less accurate; the estimated accuracy of the technique is ±5%.

8.3. FISSION GAS RELEASE

The usual non-destructive method of measuring gas release is by detection of 
85Kr by its 514 keV 7emission. This method was described in Section 8.3 of Ref. [1], 
Calibration is performed using a 85Kr source contained in a similar rod, irradiated in 
the same batch. To obtain accurate concentrations, the geometry must be maintained 
and corrections applied for the different shielding of the cladding and the standard.

Although this technique yields an absolute measurement, greater confidence 
can be attached to the technique if it is compared with gas release measurements
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obtained from rod puncture. The puncture technique is described in Section 8.2 of 
Ref. [1]. The measurements needed are the released gas volume, the rod internal 
volume (hence the internal pressure), with accuracy ±1%, and the fraction of 85Kr 
from mass spectrometry, with accuracy ±3%. From these the concentration of 85Kr 
within the plenum can be calculated. This result can then be compared with that of 
the non-destructive technique. Workers at SCK- CEN used a similar irradiated rod for 
calibration. The subsequent puncturing of this rod allowed direct comparison with the 
rod to be measured.

The total gas release can then be calculated from the measured 85Kr using the 
known fission yields as shown in Table II. The accuracy of total fission gas release 
measurements made by the 85Kr method was estimated by SCK- CEN as 11-25% (2a).

TABLE II. 85Kr/Kr AND Xe/Kr RATIOS

Isotope in which fission occurs
235u 239pu 241pu

85Kr/Kr ratio 
Xe/Kr ratio

0.078
5.6

0.075
13.8

0.070
18.5

8.4. ROD INTERNAL PRESSURE

Bibilashvili et al. [56] report a technique for non-destructively measuring inter
nal gas pressure. The measurement is made on the plenum and involves the transient 
heating of the cladding surface and measurement of the subsequent time-temperature 
history of the cladding periphery diametrically opposite. The initial temperature is 
such that convection (rather than radiation) dominates the heat transfer, which is 
therefore affected by the gas pressure and composition. The technique can be applied 
to rod diameters o f 4 mm to 20 mm and wall thicknesses of 0.1 mm to 2 mm; the 
plenum must be at least 50 mm long. Calibration is performed with tubes containing 
known gases and pressures. The technique can readily be applied to measure helium 
filler gas pressure in as-manufactured rods. For irradiated rods, however, there are two 
unknowns, namely pressure and composition, so further calibration is needed. This 
can be accomplished by measurement on irradiated rods whose pressure and gas com
position are subsequently measured by puncture. The technique will be sufficiently 
accurate without this calibration if the fission gas release from the fuel is small and if 
the filling gas is effectively helium. If sufficient calibration is performed, it may also 
be possible to estimate the fission gas content and hence the fission gas release.

The accuracy of the method is ±1.2 x 105 Pa.
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8.5. OXIDE LAYER THICKNESS

Oxide layer thickness is traditionally assessed by optical microscopy on fuel 
cross-sections (see Section 2.2). This is costly, however, and the number of axial 
positions that can be examined is limited. More recently three non-destructive tech
niques have been used to measure the oxide thickness:

—  Eddy current probe;
—  Impedance measurement;
— IR spectroscopy.

The first of these techniques is detailed in Section 5 of Ref. [1] and the latter 
two by Ramasubramanian et al. [57],

The impedance method measures the thickness of the non-porous oxide, and IR 
spectroscopy is limited to oxide thicknesses of 25 |om. The most commonly used 
NDE technique is therefore the eddy current probe, which can be situated either in the 
spent fuel pool or in a hot cell. Couillaud and Fleury [58] compared optical and eddy 
current probe measurements of oxide thicknesses of 3 to 114 |om. They concluded that 
the eddy current technique adequately measured the oxide thickness but that it is 
less accurate than the optical method. This is particularly true of thinner oxides 
(3-10 pm), but this is not the important oxide thickness from the point of view of 
safety.

Yamaguchi et al. [59] performed a calibration exercise when installing an eddy 
current testing (ECT) system in a hot cell. They found that the ECT technique agreed 
with other methods, mainly optical, to within ±5 |im. Workers at Electricity de France 
validated their poolside eddy current probe measurements against metallographic 
measurements and concluded that the accuracy of the method is ±3 pm when spalling 
of cladding is of limited extent [60], These validation investigations show that the 
eddy current probe provides an adequate method of continuously measuring the 
cladding oxide over the fuel rod length.

9. CONCLUSIONS

A wide range of sophisticated DE techniques, not all at the same stage of 
development, have been reviewed. Some of them are routinely used in most PIE 
facilities (hydrogen content measurements on cladding, scanning electron 
microscopy, transmission electron microscopy, electron probe microanalysis); the 
others (Knudsen cell mass spectrometry, porosimetry, photoelectron spectroscopy, 
measurement of fuel thermal diffusivity and melting point, secondary ion mass
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spectrometry, energy dispersive X ray microanalysis, Auger spectroscopy, subli
mation associated with micro-drilling), are used in only a few hot laboratories and/or 
need further qualification.

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

The mechanical testing methods currently used seem adequate to the tasks. 
Nevertheless, they need further development (lower strain rates for tensile tests, 
corrosion assisted testing, in-pile or source flux environment) to better simulate fuel 
operational conditions and phenomena such as PCI, PCMI, cladding corrosion and 
hydriding.

Refabrication techniques are those used in the re-irradiation of fuel rods in 
experimental reactors or in the 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 improve
ments are necessary, particularly for adapting more instrumentation that is capable of 
providing on-line information during the further irradiation testing of highly 
irradiated fuel rods.

Calibration of NDE techniques using DE techniques is a very important part of 
all activities related to PIE laboratories. It allows the generation of less expensive data 
and makes it possible to better characterize the results obtained by NDE methods for 
the customer. Also, it facilitates the exchange of information between different hot 
laboratories.

The data produced by the DE techniques described in this Guidebook can be 
used to validate fuel performance codes and thereby to provide a basis for extra
polation to irradiation conditions outside the present experience.

PIE is continuously improving: new methods of examination and measurement 
will replace some of those detailed in this Guidebook, and techniques for performing 
new measurements will be developed. Thus it is desirable that this and the previous 
Guidebook [1] be regularly updated.
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ABBREVIATIONS

CRO Cathode ray oscilloscope
CRP Co-ordinated research programme
DE Destructive examination
ECT Eddy current testing
EDAX Energy dispersive analysis of X rays
EPMA Electron probe micro-analysis
PEG Field emission gun
GD Glow discharge
ICP Inductively coupled plasma
IR Infrared
LWR Light water reactor
MCA Multichannel analyser
MLI Mean linear intercept
MOX Mixed (U, Pu) oxide
MS Mass spectrometry
MTR Material test reactor
NDE Non-destructive examination
PCI Pellet-cladding interaction
PCMI Pellet-cladding mechanical interaction
PIE Post-irradiation examination
PWR Pressurized water reactor
RF Radiofrequency
SEM Scanning electron microscope
SIMS Secondary ion mass spectrometry
STEM Scanning transmission electron microscopy
TEM Transmission electron microscopy
WDAX Wavelength dispersive analysis of X rays
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