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The thermomechanical analysis of PCMI (Pellet to Clad Mechanical Interact ion) f ~ l u r e  
risk is one of the major concern when designing the nuclear he1 rod. Code simulations are 
used for such analysis. The accuracy of the simulations requests a correct evaluation of the 
local properties of the materials. Improvement are still needed in the local characterisation of 
high burn-up he1 materials. Aiming this target, microacoustic techniques have been 
developed to perform local characterisations of the elastic properties on fuel materials, and of 
the pore volume fiaction a s  well. A single set-up adapted to operate in hot cell by two 
complementary techniques, acoustic microscopy and microechography, has been designed. 
Working at 1 5 MHz, acoustic microscopy provides local measurements of the Rayleigh 
velocity through the study of the acoustic signature. Microechography used at a 40 MHz 
fkequency give access to the longitudinal velocity. The local elastic constants and the relative 
pore volume can be deduced fiom the Rayleigh and the longitudinal velocities. 

INTRODUCTION 

The knowledge of the alteration of the mechanical properties of nuclear he1 pellets with 
burn-up is needed when simulating the fuel rod thermomechanical behaviour to demonstrate 
the integrity of the zircaloy cladding all along the fbel rod life, mainly during fast transient 
operating conditions. The classical characterisation techniques, neither static methods like 
uniaxial compressive mechanical tests, nor dynamical methods like resonance fkequency 
measurements, cannot be used because of the fiagrnentation of the pellets. Moreover as burn- 
up proceeds, a radial gradient of modifications is observed depending on the local fission 
density, the local accumulated bum-up and the local temperature history, which allow or not 
irradiation defect recovery. Therefore, only local measurements can characterise properly the 
irradiated material. In fact, the main mechanical changes involve the rim region [I] where 
matrix Xe depletion, pore formation and local grain subdivision around pores are observed 
[2]. These changes result in a lower thermal conductivity of the rim zone [3] (due to a larger 
porosity and the fission product content [4]) and the elevation of the he1 temperature [5]. 

Characterisation of the porosity build-up is at present obtained by an automatic image 
analysis performed on high magnification optical ceramography or on SEM pictures. One 
knows how operator dependant are these evaluations. Providing this kind of measurement 
with an alternative method would then be welcome. 
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Two complementary methods are nearly available to measure locally the fuel material 
mechanical properties. They are based on the micro-indentation and the microacoustic 
techniques. In fact, the elastic constants can be deduced fiom ultrasonic velocity 
measurements and the echography has been used to characterise polycry stallized uranium 
dioxide [6] as well as single crystals [7]. Nevertheless, on the one hand this technique gives 
an overall information on the sample properties, on the other hand it cannot be used on 
hctured materials because of the large area covered by the beam. The aim of this work is to 
present the capabilities of the microacoustic techniques, acoustic microscopy and 
microechography. Measurements are carried out on non-irradiated pellets, but the set -up is 
designed to be driven in a hot cell. 

THE MCROACOUSTIC TECHNIOUES 

Echography is used in industrial and medical fields for non-destructive testing and non- 
intrusive imaging. The originale of the high fiequency microechography lies in the use of 
small size sensors which investigate limited areas. It consists in measuring the time interval 
between two echoes reflected by the parallel faces of a plate shape sample. The local 
longitudinal velocity VL can be calculated in this way. The aperture angle of the lens is 
designed so that the beam can be regarded as slightly focalised in the investigated area The 
longitudinal size of the spot should be larger than the sample thickness (fig. 1). The lens 
diameter should be as low as possible, but cannot be smaller than some wavelengths to save a 
difhction phenomena enhancement. 

Fig. 1 - Shape of the focal spot in microechography. 

Acoustic microscopv 

Acoustic microscopy operates in the frequency range fkom some MHz to 1 GHz. This 
technique differs fiom microechography for the use of a beam focused by a spherical lens 
(fig. 2), which provides good lateral and longitudinal resolution. Resolution is closely related 
to the microscope workmg fiequency, which is chosen according to the size of the 
investigated structure. 

Am ust ic microscopy operates through two complementary modes, imaging and acoustic 
signature [8,9]. In imaging mode, local mappings of the elastic properties of the sample are 
drawn up by scanning. Acoustic signature processing provides quantitative information on 
microvolurnes which can be limited to some thousands of pm3 by using high frequencies like 
1 GHz. 
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Acoustical imaging 

Images are obtained by scanning the sample in a xy plane perpendicular to the sensor axis. 
They are called "surface and sub-surface" or "bulk" images, depending on the beam focusing, 
whether on the surface, or in the depth of the sample. The Rayleigh wave, whose role in 
imaging is the most significant, penetrates in the material with a depth of about a wavelength 
before back radiating towards the lens. When the sample roughness is less than one 
wavelength, images are mappings representative of changes in elastic properties or, more 
exactly, of changes in the product p. VR, p being the density of the sample material and VR the 
velocity of the Rayleigh mode of the acoustic waves. 

Fig. 2 - Coupling between the microscope sensor and the sample. 
1- Piezo-electric transducer. 2- Delay line. 3- Couplant. 4- Sample. 

As well as optical or electronic microscopy, high frequency scanning acoustic microscopy 
requires a surface dressing by polishing which generates additional defects. The observed 
porosity can have been created or modified by the polishing stage. Acoustic microscopy can 
offer advantage only if it provides resolution of the same order as optical microscopy and, 
especially, if' subsurface and bulk images, less dependent on polishing effect, can be 
obtained. 

Acoustic signature 

Acoustic signature V') is obtained by varying the distance z between lens and sample. The 
signal transmitted back to the sensor is the result of interferences between the incident waves 
and the surface waves (fig. 2). Its variation as a function of z is pseudo-periodic and damped 
down. The velocity of the Rayleigh waves and, in some cases, of the longitudinal waves can 
be deduced through the V6) c w e  with an accuracy of about 1 ' l oo  from the relation 

where V /  is the velocity in the coupling fluid, f the operating frequency and dz the period of 
the pseudo-oscillations. The velocities VR, VL and VT of the Rayleigh, the longitudinal and the 
transverse mode are related by 

2 10 2 IR 4(vdvR)lR(1 - v + / v ~ )  (v?/vL2- V + / V R ~ ) ' ~ + ( ~  - 2  V&VR) 

= @dps) y(V;'/VL" - V '  vR2) 1 ( vT2 /  V: - v+/ vR2)' (2). 
The surface waves being very sensitive to the properties of the sample, the V(z) response can 
give valuable information about local changes in the material constitution 
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Couplant choice 

High fiequency acoustic waves do not propagate in air. Coupling between lens and sample 
(fig. 2) is ensured by a liquid, whose properties govern the characteristics of propagation and 
back radiation of the waves. The choice of the couplant characteristics is related to the nature 
(metallic or ceramic) of phases constituting the sample and to its microstructure. The criteria 
differ depending on the operating mode, whether it be ixnaging or local measurement. The 
couplant interferes according to its acoustic parameters, velocity and attenuation of the 
longitudinal waves and density. Water is commonly used as couplant. Its chemical reactivity 
is weak and its attenuation remain low enough. The resolution of acoustic microscopes is 
improved by using high fiequencies, but limited by the couplant attenuation which increases 
with the frequency square. As a consequence, the choice of fiequency results from a 
compromise between resolution and attenuation At very high fiequencies, aqueous solutions 
of electrolytes are suitable couplants [lo]. Their attenuation is weaker than water attenuation 
and their acoustic characteristics - velocity and density - can be adjusted according to the 
choice of nature and concentration of solvated ions. - 

Mechanical constant calculation 

The mechanical features, Young modulus E, shear modulus G and Poisson's coefficient v, 
as well as the Debye temperature can be calculated fiom the measurement of VL and VT, 
the velocities of the longitudinal and transverse waves and fiom the knowledge of the density 
p :  E = [ ~ - ~ ( V ~ V ~ ) ~ ] I [ ~ - ( V ~ ~ V ~ ) ~ ] ~ V T Z  (3) G = p V: (4) 

= h. v~ I k where h is the Planck constant, k the Boltzman constant, vo being calculated 
fiom : 3 in 

VD = [9N I 4 d  (1lVZ + 2/vT )] 
where N is the number of atoms in a unit cell and a the lattice parameter of the compound. 
The Debye temperature is an indication of the shape of the potential energy. 

The transverse velocity VT can be calculated from VL and VR by (2).  If only VR can be 
deduced h m  the acoustic signature, VL should be determined by microechography 
measurements . 

EXPERIMENTAL SET-UP 

In order to optimise the experimental setup, acoustic microscopy studies have been carried 
out, some of them in hot cell [ l  11, at various fiequencies, namely 15, 50, 130, 570 and 980 
MHz. They have led to develop an original setting to characterise irradiated fuel materials. 
This equipment is adapted to work in hot cell at the Institute for Transuranium elements in 
Karlsruhe. It is made of an acoustic microscope operating at 15 MHz and a microechograph 
workmg at 40 MHz. In fact, because of the high density of the sample material, the efficiency 
of the back-radiated acoustic modes is weak and the acoustic signatures recorded at 
kequencies higher than 15 MHz are not exploitable. Moreover, at this hquency, the only 
Rayleigh velocity can be accurately measwed (fig. 3). The longitudinal velocity needed to 
calculate the shear velocity and the elastic constants through relations (3-5) should be 
measured by rnicroechography. 
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Fig. 3 - Acoustic signature acquired at 1 5 MHz on 
an UOz pellet (a) and FFT treated spectrum (b). 

Resolution 

To be well adapted to the characterisation of the mechanical properties of strongly 
irradiated pellets, the developed methods should have a sdEcient resolution to reveal a radial 
gradient and to carry out measurements on hgmented samples. The sensor adapted to record 
acoustic signatures at 15 MHz is designed with a 50° aperture angle. When the beam is 
focused on the sample surface, the spot diameter is about hn, then roughly 50 pm. During 
the sensor moving toward the sample for Ve) recording, the spot diameter is enlarged to 
reach 1200 pm for a 1500 pm defocus and 2400 pm for the final 3000 pm defocus. To 
evaluate the area investigated by the local measurement, the energy concentration at the 
center part of the scanned area should be taken into account. Therefore, the diameter of the 
investigated area can be estimated to be around 600 and 1200 pm for 1500 and 3000 pm 
defocus respectively. 

The sensor designed for microechography measurements generates a slight defocused beam 
(some degrees) to compensate the divergence due to the diffraction and the spot diameter is 
around 500 pm (fig. 1). 

EXPERIMENTAL STUDIES 

Acoustical imaging 

Images have been obtained at high (570 MHz) and very high (980 MHz) frequencies thanks 
to the choice of very few attenuating couplants, like aqueous solutions of electrolytes. They 
clearly reveal the porosity (fig. 4, 5 and 6a), but remain analogous to optic images (fig. 6b) 
because they characterise the sample surface and not the bulk. In fact,'owing to the very high 
density of the fuel materials, the acoustic beam is strongly reflected. The penetration of the 
beam in the bulk can be improved by a couplant whose density is closer to the one of the 
sample, hence a liquid metal. Bulk images have been obtained using mercury as couplant and 
a sensor with a small aperture angle to suppress the surface waves. Although they are rich in 
contrasts (fig. 6c), they are not exploitable without an adapted image processing. 



Fig. 4 - .%caustic image at 930 MHz near the surface of a non-irradiated fuel pellet. - 

Fig. 5 - Acoustic image at 130 MHz of the cross-section of the pellet and the tubing 
after 5 cycles. Any discontinuity between the pellet and the tubing is not revealed. 

Local characterisat ion 

The initial porosity of the fuel controlled in the actual manufacturing way by a pore former 
addition to the powder, evoluate then as bum-up proceeds, according to the fission gas 
thermal activated migration, the irradiation induced resintering or the athermal rim build-up 
mechanisms. The influence of porosity on the material elastic properties is well known. It can 
be estimated from the variation of the Rayleigh velocity. The study by acoustic microscopy 
has been conducted by EDF and the Montpellier University on non-irradiated U02 samples 
with calibrated porosity and manufactured by the CEA Grenoble. It has shown that the 
Rayleigh velocity decreases according to a linear law with increasing porosity, for porosity 
level not higher than lo%, corresponding to standard as-fabricated pellets : 



Fig. 6 - Comparative imaging of the 
same region of a fuel pellet : 
a) Acoustical surface image. 
b) Acoustical bulk image. 
c) Optical image. 

The evohdion of VR expected for hlgher porosity content is estimated (fig. 7) using the 
models proposed in the open literature to describe the variation of the elastic properties as a 
fiinction of porosity [12,13] and applying them to the Rayleigh velocity. From these results, 
the part of each one of the various parameters in the elastic properties can be separated. If the 
porosity is known, its part on the mechanical properties can be removed, to evaluate the part 
of the other factors, like the formation of solid solutions with the fission products (fig. 7), the 
alteration of the anionic sub- latt ice or the emergence of non-miscible secondary phases. At 
the opposite, if the intrinsic elastic properties of the material are known, the porosity can be 
determined. 

In agreement with previous results [14], any influence of the grain size on the Rayleigh 
velocity has not been observed. The elastic constants being calculated through the knowledge 
of the velocity of 2 modes of acoustic waves, the longitudinal velocity VL is provided by 
microechography measurements. The shear velocity VT is deduced fiom VL and VR through 
the relation (5). The mechanical features, Young modulus E, shear modulus G (fig. 8) and 
Poisson's coefficient v can be calculated fkom the measurement of Vr and VT and from the 
knowledge of the density p by the relations (2-4). 

The measure of the Rayleigh velocity having be revealed a suitable parameter to 
characterise the alteration of the mechanical properties of the nuclear fbels, a profile of VR 



along the radius of an irradiated pellet has been carried out (fig. 9). The very low value of VR 
in the rim zone agrees with its high porosity. 
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Fig. 7 - Variation of the Rayleigh velocity VR in uranium dioxide UO2 as a function of the 
porosity calculated, fkom our results, accordmg to : a linear law of evolution; 
- - - the Berryman model on the assumption of spherical pores. The shift of velocity 
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Fig. 8 - Variation of the elastic modulus E and G as a hnction of the porosity of uranium 
dioxide U02 calculated through the acoustic wave velocity measurements. 
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Fig. 9 - Profile of the Rayleigh velocity VR along a radius of a 
2 cycles (a) and a 5 cycle (b) fuel pellet. 

DISCUSSION AND CONCLUSION 

The microacoustic techniques, acoustic microscopy and rnicroechography provide 
measurements of the Rayleigh velocity and the longitudinal velocity, fiom which the elastic 
constant can be deduced. Correlation have been presented with the material porosity. These 
measurements are local enough to be carried out on pellet hgments or to characterise the 
properties variation along a pellet radius. The choice of the acoustic wave length depends on 
the heterogeneity scale of the material investigated. This wavelength must be much larger 
than the heterogeneity size, to avoid a too important mitigation of the signal. Accounting for 
the initial fuel material porosity spectrum (1 to 40 pm), the 15 MHz low frequency technique 
has been developed to make easier the first studies in hot cell. Nevertheless to characterise 
the rim zone, typically 100 to 200 pm wide, higher frequencies should be developed to 
improve measurement resolution. In this way, a 130 MHz acoustic sensor has been designed. 
Moreover, studies on couplants with acoustic properties better adapted to the samples 
characteristics are in progress. 

Obviously, the elastic properties depend on the porosity, additives, irradiation damage and 
the presence of secondary phases. Works are still going on to discriminate this different 
influences. 



These original techniques will then be a potential methods in the characterisation of 
irradiated materials and will provide with an alternative method to evaluate the local porosity 
volume. Nevertheless, this is only one application of a technical field which have already 
shown during the feasibility phase many other promising possible use on the entire &el rod 
characterisation. For example, it can be adapted for non-destructive mechanical testing of the 
cladding, in measuring the gap width before a power ramp or the corrosion layer thickness on 
the inner or outer faces of the cladding, in characterising the local hydrides concentration 
through the claddings, in characterising the nature of the contact between the fuel pellet and 
the cladding or the real bonding of the corrosion layer (Zirconia spalling) ... A non 
destructive gas pressure measurement has already been developed for nuclear %el rods [15]. 
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