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Hypothetical accidents may lead to significantly higher temperatures in HTR

fuel than during normal operation. In order to obtain meaningful statements

on fission product behaviour and release, irradiated spherical fuel elements

containing a large number of coated particles (20.000-40.000) with burnups

between 6 and 16 % FIMA were heated at temperatures between 1400 and 2500°C.

HTI-pyrocarbon coating retains the gaseous fission products (e.g. Kr) ^ery

well up to about 2400 C if the burnup does not exceed the specified value

for THTR (11.5 %). Cs diffuses through the pyrocarbon significantly faster*

than Kr and the diffusion is enhanced at higher fuel burnups because of ir-

radiation induced kernel microstructure changes. Below about 1800°C the Cs

release rate is controlled by diffusion in the fuel kernel; above this tem-

perature the diffusion in the pyrocarbon coating is the controlling parame-

ter.

An additional SiC coating interlayer (TRISO) ensures Cs retention up to 1600°C.

However, the release obtained in the examined fuel elements was only by a fac-

tor of three lower than through the HTI pyrocarbon.

So1;d fission products added to UO^-TRISO particles to simulate high burnup

behave in various ways and migrate to attack the SiC coating. Pd migrates

fastest and changes the SiC microstructure making it permable.

1. Introduction

The spherical fuel elements for HTR's are designed to accomodate maximum va-

lues of burnup, fluence and time without damage to the fuel particles at nor-

mal working temperature. Hypothetical accidents may, however, produce signi-

ficantly higher temperatures in the fuel elements. The maximum temperature

and exposure time at the abnormal condition depend on the specific power of

the core in the region of the fuel elements as well as on the entire core

geometry.
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Spherical fuel elements with various coated fuel particles have been develop-

ed and tested in the Federal Republic of Germany (Table I). The behaviour of

these fuel elements and, in particular, the release of long-lived radioacti-

ve fission products under accident conditions, i.e. at high temperatures, are

of significance in risk analyses.

Table I: COATED PARTICLE DESIGNS FOR SPHERICAL FUEL ELEMENTS

Reactor

AVR

THTR

Advanced

systems

Coating

HTI-PyC1) (

(BISO) \

LTI-PyC2) mit SiC (

(TRISO) \

HTI-PyC

LTI-PyC mit SiC

TRISO

Kernel

Composition

(U,Th)C2
(U,Th)02

(U,Th)O2

uo2

(U,Th)O2

uo2

uo2

Enrichment '

% U 235

V 90

10

90

10

10

1) HTI-PyC denotes: High Temperature I_sotropic Pyrocarbon pro-

duced by decomposition of CH4 at 2000°C

2) LTI-PyC denotes: Low Temperature Jtsotropi.c Pyrocarbon pro-

duced by decomposition of a mixture of

1300°C

and C2Hp at

3) High-enriched uranium will not be available in the next fu-

ture for reasons of nonproliferation.

The various fission products in the fuel particles behave differently depend-

ing on their physicochemical properties. They can therefore be divided into

the following groups:

The noble gases Kr and Xe are almost completely released from the fuel

at the irradiation temperatures and fill the pores of the fuel and of

the inner buffer layer. They are completely retained by the gastight

pyrocarbon layer.
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Cs weakly bonds with the other fission products as well as the oxide

fuel at the high irradiation temperatures. Due to the high vapour

pressure, the gaseous Cs released from the fuel fills the pores of

the fuel ' and of the buffer layer, forming interstitial compounds

with the pyrocarbon '.

The alkaline earths, 8a and Sr, are limited soluble in the oxide fuel.

At relatively high concentrations, their oxides form with the ZrO~ a

zirconate phase (Ba,Sr)ZrCL, which also contains uranium.

The oxides of the rare-earth metals and part of the zirconium form stable

solid solutions with the U02 or (U,Th)O2 ', whereas

Mo, Tc and the noble metals Ru, Rh and Pd are present in metallic form,

producing alloys with markedly different Mo content ' '.

In view of these facts it may be expected that the different fission products

are retained by the kernel to a different extent or released from the fuel

kernel at a different rate in the case of a significant temperature increase;

they will then diffuse into the coating and graphitic matrix of the fuel ele-

ment at different diffusion rates and lead to different fuel element release

rates. The release kinetics are different in the event that the coatings of

a number of particles become defective. Since the graphitic matrix surround-

ing the particles is highly porous, the gaseous fission products release from

the particles will leave the fuel element shortly after bursting of the par-

ticles.

2. Experimental

A large number (41) of irradiated spherical fuel elements were examined con

taining (UjThJCL particles coated with HTI pyrocarbon. These fuel elements

had been irradiated in the AVR and had reached different burnups between 6

and 16 % FIMA (THTR specification, 11.5 % FIMA). The burnup was determined

f--spectroscopically. The irrad4etion conditions in the AYR cuch as f̂ irance

irradiation time, power and temperature are not exactly known.

For comparison, a fuel element with (U.ThJCL particles coated with an addi-

tional interlayer of SiC (TRISO coating) was also examined. This fuel ele-

ment was irradiated in the experimental reactor (DIDO) in Jlilich. Irradia-

tion conditions were as follows:

fluence burnup time maximum power surface temperature

0.5xl020nvt 9 % FIMA 260 d 2 4 kW 10R0°C
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Annealing of the irradiated fuel elements took place in the KFA Hot Cells in

an apparatus specifically built for this purpose '. The fuel element could be

heated up to 25OO°C in a closed helium circuit so that the fission gas re-

leased could be collected in a charcoal trap cooled with liquid nitrogen and

measured simultaneously. The released of solid fission products (such as Cs)

could be determined from the residual inventory of the fuel element. An exam-

ple of the time dependent release of Kr 85 and Cs 137 from an AVR fuel ele-

ment at 1500°C is given in Fig. 1. The Kr 85 release increases in steps, and

the number failed particles can be assessed from the level of steps. This is

different in the case of Cs 137. Since the release of this nuclide can only

be determined by inventory measurements after each annealing operation, the

detection limit is relatively high and amounts to about 1 %.

10*'

10'

<n
S

c
o

10"

Number of failed particles

200 400 600

Heating t ime/h

800 1000

Fig. 1: The Kr 85 release is measured with a high degree of accuracy

so that individual release steps can be correlated to the number of

failed particles. On the other hand, the Cs 137 release can only be

approximately determined (~1 % ) .

In order to determine the behaviour of different groups of fission products

and their interaction with the SiC layer, the burnup was simulated by adding

different fission product elements into the UCL kernel (Table II) before

coating. Tne TRISO-coated particles were then embedded in the similar graphi-

tic matrix as that of the spherical fuel elements and annealed at different

temperatures (1600-2400°C).
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Table II: KERNELS WITH SIMULATED BURNUP OF 75 % FIMA

Kernel type

UMO

UREO

UZBSt

Mo

Y,

Zr

Simulated

, Ru

La,

, 8a

, Rh

Ce,

Sr

, Pd

Pr,

+ 65

Fission

+ 70 % U

Nd, Sm,

% U

Products

Eu + 37 % U

3. Results and Discussion

3 •! i r r ^ H t§d_f uel _el ements_wi th_B ISO-coated_(y_1Th}02_Darti c]es

In the event of a temperature increase incident in a pebble bed reactor, fis-

sion products will be released from fuel elements having a range of diffe-

rent burnups. To assess this release, 6 spherical fuel elements with burnups

between 3.7 and 14.7 % FIMA were heated for 50 h at 1600°C, since in prelimi-

nary tests detectable cesium release had been found under these conditions.

The released fractions of Kr 85 and Cs 137 measured are shown in Fig. 2 as a

function of burnup.

A distinct burnup dependence may be recognized despite-'the high degree of

scattering of the Cs release values. Ceramographic investigations after an-

nealing have shown that the pore number and size in the fuel increases sig-

nificantly with increasing burnup. The microstructure change in the fuel in-

duced by burnup leads to'increased Cs release form the kernel. It may there-

fore be presumed that the Cs diffusion in the fuel kernel controls the Cs

release from the whole fuel element at this temperature.

Krypton release values were found to depend on contamination. In these anneal-

ing test no particle defect due to Kr release was detected at 1600°C up to the

average final burnup specified for the THTR-300 (11.5 % FIMA). A Kr release of

2x10" was only measured for the one fuel element with 14.7 % FIMA, corres-

ponding to a particle defect rate of-cl %.

A number,of ramp tests between 1000 and 2400°C with a heating rate of 200 K/h

have shown that particle failure and, consequently, an increase in Kr 85 re-

lease only takes place at temperatures between approx. 1250 and 1800°C In

general, no particles failed above 180C and up to 2400°C. The number of de-
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Fig. 2: No particle defects are noted during 50 hours of heating

at 1600°C up to the average burnup specified for the THTR, as is

shown by the Kr 85 release. The relase of Cs 137, however, in-

creases presumably due to the higher kernel release of particles

with high burnup.

fects observed in this test was mainly dependent on burnup. Fuel elements

with a burnup of 12-16 % FIMA released a total Kr 85 fraction of 6xlO~3 up

to 2400°C.

The Kr 85 release shown in Fig. 3 was measured applying significantly higher

heating rates (500 K/h). In this case, too, which is unrealistic for a pebble-

bed reactor, particle defects were also only observed during the period of

temperature increase. The Kr release did not increase further during subse-

quent isothermal annealing. This shows that only those particles fail during

such temperature excursions whose HTI pyrocarbon has exceeded the load limits

due to irradiation. This is the case for that fraction of the fuel particles

whose properties were near the specification limit after manufacture. All

other particles remain intact even after prolonged annealing, as was also

demonstrated by earlier test«L '
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Fig. 3: A small fraction of fuel particles becomes defective

during the heating up of fuel elements with high burnups. No

further defects follow in general during subsequent isothermal

anneal ing.

After having been annealed for 5 h at 2000°C, the fuel element GO 3 was exa-

mined at AERE, Harwell, and the fission product distribution between kernel,

coating and graphitic matrix was measured. The results for some fission pro-

ducts are-summarized in Table III, related to the total inventory.

The fuel kernel only retains those fission products which form a relatively

strong chemical bond with the oxide fuel. Although the Ce oxide has a relati-

vely high vapour pressure ', it forms solid solutions with the oxide fuel to-

gether with the other rare-earth oxides. This may explain the high kernel re-

tention for Ce 144 in this case. The other fission products measured, Cs 137

and Sr 90, are more or less completely released from the kernel. Kr presumably

remains in the pores of the fuel and of the btiffer layer.
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Table III: AVERAGE FISSION PRODUCT DISTRIBUTION AFTER

HEATING (2000°C, 5 h) IN GO 3 FUEL ELEMENT

Kernel

PyC-coating

Graph, matrix

Release

Cs 137

1

26

2

72

Fission

Sr 90

5

2

1

92

Products/%

Ce 144

53

3

1

43

Kr 85

> 95

-

2

The retention capability of the pyrocarbon coating is surprisingly high for

Cs 137. The diffusion through the coating seems to be the controlling step

for Cs release at this high temperature, since the graphitic matrix is not a

barrier to solid and gaseous fission products. Of significance for the acci-

dent behaviour of fuel elements with BISO-coated (U,Th)O2 particles is fact

that both Sr 90 and Cs 137 are released nearly quantitatively from the fuel

element after a relatively short time at 2000°C and will presumably deposit

in colder regions of the reactor.

The steady state release rates of Kr 85 and Cs 137 are plotted in Fig. 4 as

a function of the reciprocal absolute temperature. All values for Kr 85 are

within a relatively wide scatter band with constant slope (activation energy

of about 300 kJ/mol). The great scatter of the values is attributed to dif-

ferent irradiation conditions in the AVR for the different fuel elements. The

influence of burnup cannot be identified as significant within Lhis scatter-

ing. The uniform activation energy observed indicates a single diffusion me-

chanism for Kr 85 moving through the HTI pyrocarbon over the whole tempera-

ture range.

The activation energy for Cs 137, on the other hana, is not uniform in the

investigated temperature range. There appears to be a different mechanism

controlling Cs 137 release at temperatures below about 1800°C as compared

to temperatures above this limit. An analysis of the Cs 137 distribution

after five hours of annealing at 2000°C, as shown in Table III, revealed
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4: Kr 85 release is controlled by one mechanism (diffusion

through the HTI pyrocarbon) in the whole investigated temperature

range during isothermal annealing of the fuel elements. In con-

trast, Cs 137 release is controlled by the kernel release at low-

er temperature (<1SOO°C), whereas the HTI-PyC layer forms a rela-

tively good diffusion barrier at higher temperatures.

that the HTI pyrocarbon layer constitutes a relatively good barrier for Cs

at this temperature, whereas this fission product was already released com-

pletely from the kernel. It can be concluded that the Cs release rate is con-

trolled by the-diffusion through the pyrccarbon in the upper temperature ran-

ge (>1800°C). On the basis of results at 1600°C Fig. 2 suggests that the re-

lease of Cs below 1800°C is controlled by the diffusion in the fuel kernel.

However, this obserbed tendency still requires confirmation in more systema-

tic investigations.

3-2 Il!!:§diated_fuel_elernents_with_TRISg-coated__[y_,Th}02 ^articles

The TRISO caating is given preference over the plain pyrocarbon coating,

among olher things -because of the better retention caoability of SiC under

normal fuel element application conditions in an HTR. For this reason, the
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question arises whether this better property of the TRISO coating also remains

effective in the i ase of temperature excursions, e.g. up to 1600 C. Fig. 5

shows the measured Kr 85 and Cs 137 releases as a function of annealing time

at 1600°C for the fuel element with TRISO-coated particles. For comparison,

Fig. 5 also contains the average releases for these two nuclides from all

four fuel elements -nth BIS0-(U,Th)02 particles annealed at the same tempe-

rature.

10°

10'

I

1 0 s

10"'
20 40 60

Heating time/h

Kr85

(UTh)O2-BISO
— - — ' '

Cs 137 ^f000

(UTh)02-TRISO

k

. — " "
(UTh)O2-TRISO

80 100

Fig. 5: The retention of Cs up to 1600°C is evidently better in

TRISO-coated (U,Th)02 particles than the mean value of all inve-

stigated fuel elements with BISO-coated particles.

It may be seen that the detectable Cs release from the 1RIS0 particles starts

in considerably later than from the BISO particles. Kr 85 release is. also low-

er than f**om BISO particles until about 100 h at 1600°C. However, this value

is very low in both cases and corresponds to the U contamination of the°res-

pective fuel elements. Since the contamination of the fuel elements with TRISO

particles is lower due to the manufacture, this difference cannot be interpret-

ed in a better retention of the TRISO coating.
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The fuel element with TRISO particles was at first annealed for 100 h each at

1400 and 1500°C. It was then heated twice for 50 h and finally for "38 h at

1600°C. Prior to the annealing and after each of the annealing steps, the con-

centration profiles of different solid fission products into the fuel free zo-

ne (5 mm) were determined by ^"-spectroscopic measurements of the graphitic

matrix machined off in steps. Measurements of Cs 137, Ba 140 and Eu 154 (nu-

clide atoms/g matrix) are presented in Fig. 6.

1400
100

1500
100

1600
50

1600
100

1600
138

°C
h

10 1016

Fuel ; ,
origin^ i_

5mm

Element
! | surface

10

Fig. 6: Concentration of Cs 137, Ba 140 and Eu 154 in the fuel

free zone of an irradiated spherical fuel element with TRISO

coated oxide particles and after subsequent annealing at 1400,

1500 and 1600°C.

The absolute level of these measured values as well as the concentration pro-

files cannot be interpreted without further data which are rather inaccurate

whenever available. Such information includes for e\/ery solid fission product

the source intensity, the release rate from the fuel particles, the solubili-

ty in the graphic-ic matrix and the dessrpti-on isotherms from the fuel element

surface. Furthermore, the exact irradiation history must be taken into consi-
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deration. For this reason, only the change in the concentration level caused

by the annealing operations following irradiation will be described and com-

mented in the following for each of the three fission products compiled in

Fig. 6.

All three fission nuclides exhibit concentration increases in the fuel free

zone due to the increased annealing temperature. This particularly pronounc-

ed for Ba 140. The reason for the low concentration in the fuel free zone af-

ter the irradiation could be the high retention capacity of the graphitic ma-

trix for the alkaline earths at the irradiation temperature. In comparison,

the Eu 154 concentration level in the fuel free zone is raised least by the

post irradiation annealing. Cs 137 values lie between Ba 140 and Eu 154. Af-

ter 50 hours of annealing at 1600°C, a kind of equilibrium state seems to

have been established for all three fission nuclides, i.e. the release from

the fuel particles into the fuel free zone balances the desorption from the

fuel element surface to the environment.

Additional information about the amount of Cs 137 released is obtained by in-

ventory measurements. After 50 hours of annealing at 1600 C, for example,

less Cs has been released than can be detected with the measuring method used

(<1 %), although the concentration in the fuel free zone has reached the equi-

librium mentioned above.

After annealing (138 h at 1600°C) Cs 137 and Sr 90 were determined in kernels,

coatings and graphitic matrix at AERE, Harwell, (Table IV).

Table IV: DISTRIBUTION (%) OF Sr 90 AND Cs 137 AFTER A HEAT

TREATMENT OF A FUEL ELEMENT WITH TRISO-COATED PAR-

TICLES (138 h, 1600°C)

Fission Products

Sr 90

Cs 137

Fuel Kernel

55

50

Coating

12

23

Matrix

13

12

Release

20

15

In contrast to the fission product distribution in*the fuel element GO 3 with

BISO coated fuel particles annealed at 2000°C (Table III), a significantly

better retention in the kernel can be recognized at 1.600°C, although the

275



TRISO coating possesses a substantially better diffusion barrier (SiC). These

values are thus again indicative of the fact that the release from the fuel

kernel controls the release from the wnole fuel element at temperatures,be-

low 1800°C.

3.3 Behaviour of solid_fissign_groducts_in_TRIS0::coated_U02_Bartic2es

§5_high_tenigera tyres

The results of annealing of these particles with kernel additives for burnup

simulation have already been described in detail '. The present study is aim-

ed at identifying the different fission products reponsible for the failure

mechanisms of the SiC layer. As a matter of fact, the SiC layer could also

loose its retention capability during irradiation for various reasons, such

as e.g.

8 9)
interaction with the nuclear fuel (amoeba effect) ' '
thermal decomposition ', accelerated by traces of chlorine '

12)
restructuring caused by interaction with solid fission products '.

UZBSO particles

The oxides of the alkaline earths^Ba and Srt together with part of the zirco-

nium form the perovskite phase (8a,Sr)ZrCL. This phase is already decomposed

at 1800°C due to a reduction of the oxygen potential in the fuel kernel. The

oxygen potential is reduced during these experiments due to the presence of

Si traces which are produced along with any slight decomposition of the SiC

layer and penetrate into the fuel kernel. The extent of SiC decomposition

cannot always be made visible by ceramographic microsection. It was only pos-

sible to detect the presence of silicon in a liquid phase at the annealing

temperature together with Ba and Sr in the fuel using a microprobe. Massive

migration of Ba, Sr and Si into the porous pyrocarbon layer can be identified

as a consequence of this reaction (Fig. 7). The destruction of the SiC layer

at maximum annealing temperatures, however, could not be attributed to the

interaction of the alkaline earth metals with SiC.

UREO particles

The oxides of the rare earth metals are present as solid solutions with the

UCL. A phase is formed even'after annealing at 1800 C, which was liquid at

the annealing temperature and did not provide any X-ray diffraction Datterns

(presumably a melted silicate of the rare-earth metals). Si was also found

with the microprobe in that zone of the coating where the rare earths and
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Fiq. 7: X-ray photographs showing the porous pyrocarbon layer

of Ba, Sr, Si and U of a UZBSO particle after 54 hours of an-

nealing at 2200°C and the formation of a Ba-Sr-Si phase (pre-

sumably a silicate of the alkaline earths) migrating out of

the kernel.

the uranium migrated. However, the morphology of Si distribution clearly dif-

fers from those of the other metals. After high-temperature annealing, the

presence-of- Si in the interior of particles due to SiC decomposition 1i evi-

dent, but it could not be proved whether this will influence the migration
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rate of the rare earths. It could not be proved for this type of particles

either that the SiC layer has failed at longer times and higher temperatures

due to the interaction with this group of fission products.

UMO particles

Molybdenum, technetium and the noble metals Ru, Rh and Pd formed metallic se-

gregations in the as coated kernel prior to the heat treatment. Mo reacted

with the pyrocarbon to form MoCp and UMoC-. In addition, Pd was identified as

UPd3 in the PyC layer. A massive migration of all these metals was observed

after annealing, especially jat T 1800°C, Pd leaving the kernel almost comple-

tely and reacting with the SiC layer. Eutectics which melt in the temperature

range of 1200°C are presumed to be the reaction products. This liquid phase

then leads to restructuring the SiC layer and, consequently, to a loss in re-

tentivity of this layer. At all annealing temperatures studied, Pd migrates

independently and faster than all the other metals and the uranium. The noble

metals and the uranium also caused a restructuring of this layer due to the

interaction with SiC, but they migrate considerably slower than Pd so that

the restructuring of the SiC layer is caused by the reaction with Pd.

When using these results to obtain quantitative predictions on defects occurr-

ing in the SiC layer of irradiated fuel elements with oxide fuel kernels, it

must be borne in mind that the influence of an increase in the oxygen poten-
13)tial induced by burnup ; could not be simulated during manufacture of the

fuel particles. The distinctly higher oxygen potential induced by burnup can

influence the mobility of the different groups of fission products and also

cause a passivation of the SiC layer due to SiCL, changing the interaction

with the fission products both qualitatively and quantitatively.

4. Conclusions

Hypothetical accidents in an HTR may lead to significantly higher temperatu-

res in the fuel elements for prolonged periods of time (up to more than 100 h)

as compared to normal operating conditions. Under such conditions, fission

products can leave the fuel elements for two reasons:

a) due to diffusion from the fuel kernel through the intact coating of the

fuel particles or

b) direct''release from the kernel in the case of mechanical failure and/or

restructuring of the coating.
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The apparatus used in these studies showed with a high degree of confidence

that the BISO coating of the THTR fuel element remains intact and gastight

up to a burnup of 11.5 % FIMA (THTR specification) and temperatures up to

2400°C.

At 1600°C Cs release from fuel elements with a BISO coating increases signi-

ficantly with increasing burnup.

The temperature dependence of the Cs release rate, suggests that this process

is controlled by two different diffusion steps: kernel diffusion below 1800 C

and diffusion through the pyrocarbon above 1800°C.

Addition of a high quality SiC layer (TRISO coating) retains Cs at 1600°C sig-

nificantly better than BISO coating with HTI pyrocarbon. The Ba retention of

TRISO coating is poorer when compared to Cs at 1500 C.

Unirradiated TRISO-coated particles were produced with partial burnup simu-

lation by the addition of different groups of fission products. Annealing of

these particles at 1600 to 2400°C showed that the greatest danger of a re-

structuring of the SiC layer is the interaction with the noble metals and,

in particular, with Pd. An influence on the fission products chemistry is

always observed above 1800°C due to Si which originates from the decomposi-

tion of the SiC layer and, subsequently migrates into the fuel kernel.
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