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OEFZS Ber. No.4264 CH-327/84 Feber 1984

POST-IRRADIATION EXAMINATION Of HTR-FUEL AT THE AUSTRIAN

RESEARCH CENTRE SEIBERSDORF LTD.

ABSTRACT

This paper describes methods and measurements developed at the

Austrian Research Centre Seibersdorf for the evaluation of the

irradiation performance of HTR fuel.

Main interest is concentrated on particle failure rates,

fission product release, burn-up and inventory measurements

(solid and gaseous fission products, uranium inventory).

NACHBESTRAHLUNGSUNTERSUCHUNGEN VON HTR BRENNSTOFFEN IM

ÖSTERREICHISCHEN FORSCHUNGSZENTRUM SEIBERSDORF.

KURZFASSUNG

Methoden und Messungen, die im Österreichischen Forschungs-

zentrum Seibersdorf zur Beurteilung des Bestrahlungsverhaltens

von HTR-Brennstoffen entwickelt und eingesetzt wurden, werden

beschrieben.

Neben der Bestimmung der Partikeldefektquoten stehen Unter-

suchungen über die Spaltproduktfreisetzung, sowie Inventar-

messungen (feste und gasförmige Spaltprodukte, Uraninventar)

und die Ermittlung des Abbrandes im Vordergrund.

INIS Descriptors: HTGR TYPE REACTORS/COATED FUEL PARTICLES/

FISSION PRODUCTS/URANIUM/SPENT FUEL ELEMENTS/

MASS SPECTROSCOPY/GAMMA SPECTROSCOPY/

CHLORINATION/REMOTE HANDLING
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1 . Introduction

Austrian R & D activities in the HTR-field reach back almost

to the beginning of this advanced reactor line. For more than

20 years post-irradiation examination (PIE) of HTR-fuel has

been performed at the laboratories of the Austrian Research

Centre Seibersdorf Ltd. (OEFZS, formerly OESGAE) and a high

degree of qualification has been achieved in the course of

that time. Most of the PIE work has been carried out by inter-

national co-operation on contract basis with the OECD-DRAGON-

project and with KFA-Jülich (FRG). There has also been some

collaboration with GA (USA), Belgonucleaire and others in the

past.

HTR-fuel elements contain the fissile and fertile materials in

form of coated particles (CPs) which are embedded in a

graphite matrix (ref. 1). Because of this special design it

has been necessary from the very beginning of the PIE work up

to now to develop new methods (e.g. fuel element disinte-

gration methods, chlorine gas leach, single particle exami-

nation techniques ...) as well as to adapt and improve already

existing methods (e.g. gamma spectrometry, mass-spectrometry,

optical methods . . . ) .

The main interests on PIE work at Seibersdorf are concentrated

on particle performance, fission product distribution and the

"free" uranium content (contamination and broken particles) of

the fuel elements (fuel spheres or cylindrical compacts). A

short compilation of the applied methods and of available

instrumental facilities is given as follows:
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2 . Deconsolidation of fuel elements

Usually the chemical PIE work starts with the disintegration

of the fuel elements. Subsequently the coated particles can be

separated from the deconsolidated graphite matrix by screening

or washing.

Some essential requirements must be satisfied by all applied

disintegration methods:

- Avoidance of destruction of or damage to the particle

coating..

- Simple and reliable mode of operation. Adaption of the

process equipment for remotely controlled operation.

- Reasonable total process time.

2.1. Types of deconsolidation methods

Various methods for the deconsolidation of HTR fuel elements

have been developed at Seibersdorf (e.g. ref. 2, 3, 4),

Three types of reactions with graphite can be used for decon-

solidation of HTR-fuel elements:

- Direct formation of so-called intercalation compounds with

bromine, bromine-iodine, iodine-chloride, cesium, aluminium-

chloride, ferric, chloride etc.:

At Seibersdorf excellent results have been obtained with

unirradiated fuel and with irradiated DRAGON-fuel-compacts

by using bromine. The great advantage of this method is the

exclusion of any aqueous phase. After evaporating the residual

bromine the deconsolidated material is completely dry.

Unfortunately this method did not work satisfactorily on fuel

elements with recently developed matrices. The disintegration

effect was either too small (coarse grained graphite including

coated particles) or even failed completely (i.e. only a small

volume increase of the fuel element could be observed) .

-Disintegration by using oxidizing acid mixtures: The
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recommended reaction mixture is a solution of 20 % ammonium

peroxo-disulfate in concentrated sulfuric acid. A disadvan-

tage of this mixture is that it complicates the subsequent

determination of fissile materials and fission products by

chemical analysis methods. (Anhydrous peroxo-disulphatic acid

or peroxo-monosulphatic acid could be used too as oxidizing

agents but it is difficult to obtain these acids in anhydrous

form) .

The reaction with the graphite matrix is exothermic. In order

to avoide chemical attacks to the pyrocarbon coating of the

particles and to keep off the danger of even sudden thermal

decomposition of -the oxidant the temperature of the reaction

mixture should be controlled carefully by cooling.

Electrochemical methods:

Anodic oxidation of the matrix graphite by electrolysis with

strong electrolytes has been developed up to a high standard

and has become the most flexible method for fuel element

deconsolidation in PIE work. Since more than 10 years all

fuel elements are deconsolidated for PIE by electrochemical

methods at Seibersdorf. The disintegration rates are slow,

therefore these methods are relatively time consuming but up

to now all different matrices could be deconsolidated

successfully by this means.

Usually the fuel element is contacted directly with the anode

of the current circuit. But it should be mentioned that also

the possibility of anodic polarisation via the electrolyte

without direct contact with the electrode has been tested

successfully. This method works because the conductance of

the electrolyte is less than that of the graphite matrix. The

graphite body disintegrates from the end which faces the

cathode. An example of electrochemical deconsolidation of a

fuel element by anodic polarisation is given in fig. 2

(ref. 5). In that case the electrodes have been rotated

during the electrolysis around the fuel element without any

direct contact to the graphite body.
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Stirring or recirculation of the electrolyte accelerates the

disintegration, mainly by mechanical effects, i.e. by stripping

loosened graphite flakes from the matrix. Raising the

electrolyte concentration has an accelerating effect too, but

it also increases the coarseness of the graphite powder which

is formed, thus the separated coated particles are surrounded

more or less by residual pieces of graphites . Also the current

density has a strong influence on the disintegration rate and

on the grain size of the deconsolidated graphite. The optimum

conditions depend strongly on the given matrix quality and have

to be worked out experimentally for each new matrix .

Best experiences have been made by the use of nitric acid

for the electrolysis because it simplifies the subsequent

analytical chemistry. The appropriate acid concentrations

are between 1 and 2 mol/1. The voltage of the DC source should

be adjusted at such a value that the current density stabilizes

in the range between 0,2 and 0,5 A/cm2 . If the disintegration

conditions are carefully adjusted there should be no attack to

the particle coating. In order to be on the safe side it is

recommandable to make spot checks on a few particles which

should be separated from the matrix graphite and examinated

with a microscope, at least at the beginning of the

disintegration process .

2.2. Equipment for electrochemical deconsolidation.

2.2.1. Integral disintegration

The simpliest electrochemical method is the so called "integral

disintegration". Fuel elements are deconsolidated by this

procedure either totally ("total disintegration") or in a few

axial steps ("fractionated disintegration"). Fig. 3 shows

schematically an electrolysis cell for "integral disintegration".

By the subsequent analysis of the disintegration products

(coated particles, graphite powder and nitric acid solution)
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only average values (of the fission product concentrations and

the amount of free uranium in the matrix, of the particle failure

rate etc.) can be obtained for the relatively large fractions or

even for the total fuel element. If only the overall fuel

performance should be tested (e.g.: total fraction of broken

particles, high or low fission product release ...) this method

gives satisfactory results. But if the irradiation behaviour

should be studied in more detail, the position sensitive effects

have to be regarded: e.g. fission product concentration profiles

in the matrix, dispersion of fissile material in the matrix,

effects of temperature gradients and of neutron flux gradients

within the fuel elements on the single particles (fission product

inventory, kernel release rates, burn up . . ) , regions with high

particle defect rates etc.

In order to enable the analysis of such position sensitive

effects it has been necessary to develope adequate disintegration

methods .

2.2.2. Segmental disintegration

If one has to regard only the position dependent effects of

fuel particles a modified integral disintegration apparatus

can be used (ref., 6). The particles are loosened from the fuel

element by anodic oxydation of the graphite matrix . As shown

schematically in fig. 4 they directly sediment into a sectioned

container. Thus the particles can be correlated segment by

segment to the original position in the fuel element.

2.2.3. Position sensitive disintegration by electrolytical

bohring

For the measurement of axial concentration profiles in spherical

fuel elements the method of electrolytical boring has been

developed at Seibersdorf. This method as well as the apparatus
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itself have been described in detail already in ref. 4. Essen-

tially there are three concentric glass tubes which contain

the electrolyte. The outer jacket tube is the electrolyte

vessel, pressed down leak-tight onto the fuel element surface.

The second tube is axially mobile in the first. It is equipped

at its lower end with an annular platinum cathode - which is

the actual boring tool. During electrolysis, this tube

gradually sinks into the graphite body, thus preventing lateral

enlargement. The innermost glass tube serves for suctioning off

the disintegrated fraction (graphite and coated particles)

together with the electrolyte. The actual depth of the

cylindrical bore hole is measured electronically with an

accuracy of about 0,1 mm. On average the electrodes are moved

forward by the electrolysis about 1 to 3 mm per step. Up to 30

fractions are collected for the evaluation of concentration

profiles.

The great advantage of this sophisticated method is the

position sensitive sampling of coated particles (CPs) and

matrix graphite (G). Thus the concentrations of fission

products (activity per gramm G, number of atoms per gramm G)

and of "free uranium" (ug Uran per gramm G) as well as the

number of CPs per gramm G (which gives an information on the

homogeneity of the particle dispersion in the matrix) can be

measured for each fraction of the axial profile. As an example

the cesium release into the graphite matrix is shown in fig.5.

After electrolytical boring an additional "integral disinte-

gration" can be performed if average values for the total fuel

element should be established.

Alternatively a method called "ice cleavage" (see ref. 6) has

been worked out which enables a quality control of the previous

boring. The fuel element bursts into two hemispheres

when the bore hole is filled with water, sealed and cooled

down immediately with liquid nitrogen. The fracture-surfaces

can be photographed and examined optically. Additionally the
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CP-distribution can be documented by autoradiography and

subsequent densitometry. Using an Agfa Contour film it is

possible to produce equidensity contours which can be copied

on a colour film, thus equal colours correspond to equal

radiation doses (ref. 6).

3. Examinations and measurements of graphite and electrolyte

samples .

The graphite samples (G) are separated from the electrolyte

(E) by filtration. After desiccating, the graphite is weighed.

All measurements are carried out separately for graphite and

electrolyte.

GeLi-detectors are used for the quantitative measurements of

gamma-active fission products (Cs 137, Cs 134, Ag 110m,

Ce 144, Ru 106, Eu 154, Sb 125, Zr 95) and activation products

(Co 60, Ba 133). Spectrum analysis as well as data storage and

subsequent profile concentration evaluation are computer

supported. The measurement of the important fission product

Sr 90 is more complicated, because Sr 90 and the daughter

nuclide Y 90 are only beta-emitters. The graphite samples are

reduced to ashes either by high temperature annealing or by

plasma oxydation. Subsequently the residue is dissolved in

nitric acid. The determination of Sr 90 is performed indi-

rectly via Y 90 (half life periode 64,1 h). Yttrium is

extracted from the acid solutions with di-n-butylphosphat.

Because of its high beta-energy (2,3 MeV), Y 90 can be easily

measured in a liquid-scintillation-counter through the use of

Cherenkov radiation (ref. 7).

Uranium is separated from the graphite samples by chlorine gas

leaching. Analysis is performed after solvent extraction of

the acid solutions with TOPO (trioctylphosphine oxide) by

fluorimetric measurements. Additional mass spectrometric

measurements can be used for the discrimination of "contami-

nation Uranium" and "fuel Uranium" (differences in isotopic

abundances).
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4. Examinations and measurements of coated particles

After each disintegration step the coated particles are sepa-

rated from the graphite powder by screening. Usually a

retreatment of the particle fraction is performed to remove

larger flakes of graphite as well as to take away adhesive

residuals of matrix-graphite and overcoatings from the particle

surface. Good results have been obtained either by ultrasonic

treatment of the particle fraction or by vibration supported

screening .

4.1. Single particle examinations:

Depending on the scope of the PIE program only a selected

batch of particles is used for single particle examinations.

Usually the particles are preselected for later detailed exa-

minations either by optical means (examination with a micro-

scope) or by gamma spectrometry of the individual particles.

In order to reduce the radiation exposure of the experimen-

talists special divices for remote handling in a hot cell have

been developed and constructed for both methods at Seibersdorf

last year. The "video selector" enables the visual inspection

of individual CPs via a TV-system. The CPs are automatically

separated one by one out of a given batch and transported onto

two rotating minirollers. These are turning the CPs around and

expose the total CP-surface to a microscope-coupled TV-camera.

The enlarged picture can be observed on a TV-screen outside of

the hot cell. Additionally these pictures can be stored on a

video-tape. According to the result of visual inspection the

individual CP can be deposited at free selectable storage

positions .

The gamma spectra of even a large number of particles can be

measured individually and automatically by the "gamma

selector" .

*) If the CPs have been irradiated to their "end of life" it

is recommanded to avoide any additional mechanical treat-

ment to reduce the danger of PIE induced coating defects.
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The separation of the CPs is done in the same way as by the

"video selector". The individual CPs are transported through a

tube to a measurement position outside the hot cell. This tube

has an open end only at the hot cell side. Therefore there is

no danger of any contamination at the GeLi-detector location.

The evaluation of the spectra and the data storage is done by

computer. Based on the evaluated FP-inventory data and on the

isotopic ratios the storage position of the measured particle

is automatically selected.

These CPs which have been preselected in the hot cell facili-

ties as being of special interest are transferred into ordi-

nary radiochemical laboratories. The following detailed studies

may be performed .

Optical examinations:

Light-optical microscopy, X-ray microradiography and

scanning electron microscopy are used for detection and

documentation of defective coating layers and fuel kernels

respectively (Examples are shown in fig. 6). The anisotropy

of PyC-layers can be measured by optAF-measurements (ref. 14

and 15).

Kernel-coating separation:

Coated particles can be separated mechanically into kernel

and coating for subsequent measurements of CP-inventory and

FP-release. Because of position sensitive effects the CPs

should be selected from different positions of the fuel

element (at least of one central position and of two opposite

outer positions). Usually the CP inventories show a minimum

and the FP-release values a maximum at the center of the fuel

element (fig. 7 and 8).

Determination of CP inventories:

All fuel kernels are weighed with a microbalance (- 1 ug) to

eleminate differences in kernel size. Mist fission products
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can be measured directly by gamma spectrometry:

Cs 137, Cs 134, Ag 110m, Ce 144, Ru 106, Eu 154, Sb 125, Zr 95.

Sometimes a chemical separation of Ag 110m is necessary.

Cs 137 is used for burn up calculation. The ß-active Sr 90 can

be measured only after chemical separation. To this end the

kernel and the coatings have to be dissolved (separation and

measurement see chapter 3.).

Mass-spectrometric methods including isotope dilution tech-

niques are used for the measurement of heavy metal inventory

and isotopic abundances as well as for the calculation of burn

up (e.g.: via Nd). It should be mentioned that a rather com-

plicated chemical separation process (based on thenoyltri-

fluoroacetone as complexing agent) precedes the mass spectro-

metric measurements.

Fission product release

Kernel release datas are easily obtained by separate inventory

measurements of kernel and coatings (as long as the particle

coating has prevented significant losses of FP). Using already

existing diffusion models and with the good knowledge of the

irradiation history (especially of irradiation temperatures)

it is possible to derive diffusion coefficients for the

volatile FPs this way (ref . 8) . In order to account the FP

release in advance with high accuracy the diffusion models as

well as the temperature measurements should be improved.

In the case of significant external release, the theoretical

value of the FP inventory has to be accounted by mass spectro-

metric data.

An example for extremly high differences in Cs-release from

BISO particles is given in fig. 9. In this case the release

rates depend strongly on the dimension of the buffer layer.
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Etching and grinding methods

have been applied to establish FP-profiles within the

coating (ref. 9) and the kernel respectively (see fig. 10).

Thus complete Fp-concentration profiles can be measured

beginning with the fuel kernel via coating layers and fuel

matrix up to the fuel-free-zone of the spheric elements.

Gas measurements

The production of Xe and Kr (fission gases) and CO (reaction

gas) is responsible for the development of a gas pressure

which may eventually destroy the coating and thus lead to

the release of FPs into the primary coolant circuit. For

quantitative measurement of these gases a highly spezialized

method has been developed at Seibersdorf which works with

great success since many years (ref. 10).

Individual CPs are heated up to preselected temperatures (up

to 2300 K) in a micro resistance-furnace under high vacuum.

After defined times the CPs are crushed by action of a

pneumatic piston. The gases liberated are fed into a

quadrupole analyzer where they are analyzed in dynamic mode.

A peak selector enables the simultanous measurement of Kr,

Xe and CO. Detection limits for routine measurements are

about 10" cm3 (STP) for Kr and Xe and 2x10~5 cm3 for CO.

Prior to analysis, the particles have to be heated. The

heating temperature should be as close as possible to the

irradiation temperatur. Optimum heating times are in the

order of 10 minutes for the rare gases and 24 h for CO

(ref. 11). An empirical formula could be derived for the

calculation of the CO-production in uranium oxid particles

(ref. 12). For this purpose a total of about 1000 single

CPs, varying widly in their production mode as well as

irradiation parameters, has been carefully analyzed.

A relatively simple but effective method for testing the
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quality of irradiated CPs are burst experiments . Already

weakened particles tend to burst at relatively low tempera-

tures when they are heated up in a vacuum furnace (i.e. the

maximum allowable internal pressure is exceeded) .

Isotopic abundances of Kr and Xe can be measured with a

magnetic mass-spectrometer.

Annealing experiments.

Long time annealing (100 h, up to 2000 K) can be performed

with CPs to study the FP-release under reactor accident

conditions.

4.2. Batchwise examination of CPs:

All those CPs which are not used for single particle exami-

nations can be taken for the determination of the "broken

particle fraction". This can be done by chlorine gas leach

(all CPs and all graphite samples) and subsequent quantitative

analysis of the "free" uranium (CP + graphite + electrolyte).

Gammaspectrometric measurements of the less mobile fission

products (e.g. Ce 144, Ru 106) in electrolyte and graphite

samples give additional information for the evaluation of the

defective particle fraction.

5. Chlorination of total fuel elements

A "quasi non destructive" method for the PIE of total fuel

elements has been introduced recently after successful testing

(ref. 13). Chlorine gas leaching at a temperature of about

1100 K removes all "free" uranium from the fuel element. By

subsequent quantitative analysis of the uranium leached out,

the number of defective CPs can be evaluated. All CPs which

have at least one gas tight coating layer are classified by

this method as "intact" .
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6 . Final remarks

Although a high degree of guality in post-irradiation

examination has been achieved already, further development and

improvement of the methods is still going on (e.g.: develop-

ment of "burn-leach" methods).
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