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Abstract: The impact of burn-up on the instant release

fraction (IRF) from spent fuel was studied using very

high burn-up UO2 fuel (∼ 100 GWd/t) from aprototype

high temperature reactor (HTR). TRISO (TRi-structural-

ISO-tropic) particles from the spherical fuel elements con-

tainUO2 fuel kernels (500 μm diameter) which are coated

by three tight layers ensuring the encapsulation of �s-

sion products during reactor operation. After cracking of

the tight coatings 85Kr and 14C as 14CO2 were detected
in the gas fraction. Xe was not detected in the gas frac-

tion, although ESEM (Environmental Scanning Electron

Micoscope) investigations revealed an accumulation in

the bu�er. UO2 fuel kernels were exposed to synthetic

groundwater under oxic and anoxic/reducing conditions.
U concentration in the leachate was below the detec-

tion limit, indicating an extremely low matrix dissolu-

tion. Within the leach period of 276 d 90Sr and 134/137Cs
fractions located at grain boundaries were released and

contribution to IRF up to max. 0.2% respectively 8%. De-
pending on the environmental conditions, di�erent re-

lease functions were observed. Second relevant release

steps occurred in air after ∼ 120 d, indicating the forma-

tion of new accessible leaching sites. ESEM investigations

were performed to study the impact of leaching on the mi-

crostructure. In oxic environment, numerous intragranu-

lar open pores acting as new accessible leaching siteswere

formed and white spherical spots containing Mo and Zr

were identi�ed.Under anoxic/reducing conditionsnumer-

ous metallic precipitates (Mo, Tc and Ru) �lling the intra-

granular pores and white spherical spots containing Mo

and Zr, were detected. In conclusion, leaching in di�erent

geochemical environments in�uenced the speciationof ra-

dionuclides and in consequence the stability of neoformed

phases, which has an impact on IRF.
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1 Introduction

The reference inventory of high-level nuclear wastes des-

ignated for geological disposal in Germany as used within

the preliminary safety assessment for a geological repos-

itory in the Gorleben salt dome (“vorläu�ge Sicherheits-

analyse Gorleben”, vSG) includes various types of spent

nuclear fuels from research and prototype reactors, be-

sides LWR spent fuels and vitri�ed high-level wastes [1].

At the IEK-6 (Research Center Jülich) investigations con-

centrate on UO2 based fuel elements developed for the

prototype VHTR reactor. Compared to UO2 LWR fuel, the

VHTR fuel is very di�erent in design and in applied irra-

diation conditions. A fuel pebble consists of up to 10000

small UO2 fuel kernels with diameters of about 500 μm,
embedded in amoulded graphite sphere with a diameter

of about 60mm (Figure 1). The outer shell (5mm thick)

of such a fuel pebble represents a fuel free zone. Each

TRISO coated particle (Figure 1) possesses an UO2 kernel
which is coated with four layers (porous carbon bu�er, in-

ner dense pyrocarbon layer (IPyC), silicon carbide (SiC)

and outer dense pyrocarbon layer (oPyC)), represents

aminiature fuel elementof about1mm indiameter. Safety

assessmentof spentnuclear fuel disposal in a deepgeolog-

ical formation requires information about the release of ra-

dionuclides from the fuel after groundwater breaches the

container and contacts the fuel. The fraction of the total in-

ventory of a given radionuclide in the spent fuel available

for instant release (instant release fraction, IRF) is used as

source term in safety assessmentmodels and contribute to

the long-term safety analysis. Within the European project

FIRST NUCLIDES the impact of burn-up on the instant ra-

dionuclide release fraction from spentUO2 fuel was inves-
tigated. For UO2 LWR fuel, many papers were published

and experimentally determined fuel dissolution and ra-

dionuclide release rates were given for oxidizing and re-
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Fig. 1: Design of a HTR fuel element and of a TRISO coated fuel

particle.

ducing conditions. A comprehensive review of the proper-

ties and performance of LWR and CANDU fuel as awaste

form is given in [2–4]. Results from leaching experiments

using HTR pebbles lead to the conclusion, that these fuel

pebbles are well designed for direct disposal [5, 6]. The de-

sign of the moulded graphite pebble in which the coated

fuel kernels are embedded represents a functional multi-

barrier system. As long as the coatings are intact, no large

fractions of radionuclides will be released. Within this

work extremely high burn-up spentUO2 fuel kernels were
selected as sample material. The contributions to IRF of

radionuclides present in gaseous form, as water soluble

salts, as metallic inclusions and the e�ects of leaching on

the microstructure are presented.

2 Experimental

2.1 Irradiated material

At the High Flux Reactor in Petten an irradiation experi-

ment (HFR-EU1bis) was performed to test HTR fuel peb-

bles for their potential for very high temperature perfor-

mance and high burn-up. Five fuel pebbles from the Ger-

man production line AVR GLE-4/2 were irradiated for 249

full e�ective power days. A comprehensive overview of the

results of irradiationat increased temperature andburnup

is given in [7]. SpentUO2 TRISO coated particles were iso-

lated from one of these irradiated pebbles (pebble: HFR-

EU1bis/2) and used as high burn-up material within the

European project FIRST NUCLIDES. In Table 1 the irradi-

ation characteristics of the pebble HFR-EU1bis/2 are sum-

marized. As indicated in Table 1, efpds is the acronym for

e�ective full power days.

Table 1: Irradiation data for the pebble HFR1bis/2.

Enrichment: 16.76 wt% 235U
Irradiation at: High Flux Reactor Petten

Reactor cycles: 10
Irradiation: 249.55 (efpds)
Thermal fluences: 2.23 × 1025 m−2

Fast fluences: 3.98 × 1025 m−2

Central temperature

of pebbles: 1250 ∘C
Power density: 30W/cm3

FIMA: 10.2% (95.57 GWd/t)

2.2 Radionuclide inventory

2.2.1 UO2 TRISO coated particle

The radionuclide inventory was calculated with the OC-

TOPUS code at NRG (Nuclear Research and consultancy

Group Petten) at the end of cool-down period of 1749 d
after irradiation on 18 October 2005 and submitted to the

Research Center Jülich. In order to compare these calcu-

lated values to measured values a gamma spectrometric

measurementwas performed. The irradiated TRISO coated

particle was placed in a polyethylene tube, closed and the

measurement was started. Two di�erent detectors were at-

tached to the gamma spectrometer; aHPGe detector type

PGC 2018, Bias: 2500 V positive and a low energy germa-

nium (LEGe) detector. Themeasure time was 86 400 s. The
sample has a distance to the HPGe detector of 60 cm and

50 cm to the LEGe detector. For determination of the ra-

dionuclide activities the software Gamma-W version 2.44

was used. The uncertainties of the values obtained are

in the range between 10 to 13%. In Table 2 the main ra-

dioisotopes and their activities (calculated and measured

values) for a coated particle (CP) are summarized and dis-

cussed.

2.2.2 Coatings and UO2 fuel kernel

In order to distinguish between the radionuclide inventory

between coatings and fuel kernel a crack process was per-

formed using a self-constructed sample device including

amodi�ed micrometer screw. With a pair of tweezers the

obtained spherical fuel kernel was separated selectively

from the coatings (mass: 1.97 × 10−3 g). The coatings were
placed in a 20mL polyethylene vial. Then 10mL Thorex
reagent (mixture of 13M nitric acid, 0.05M hydro�uo-

ric acid and 0.1M aluminium nitrate) was added and

leaching was performed for 7 d. The isolated fuel kernel
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Table 2: Radionuclide activities for a coated particle (CP) (mass: 2.66 × 10−3 g) calculated with the OCTOPUS code (date: August 2010),
measured activities ** for the coatings (mass: 1.97 × 10−3 g) and for the fuel kernel (total mass: 6.88 × 10−4 g; U mass: 6.05 × 10−4 g) from the

sample solutions (date: August 2012) and measured activities for the intact CP∗ by �-measurement (date: August 2012). Uncertainties are
given in blancets.

Nuclide Bq/CP Bq/kernel∗∗ Bq/coatings∗∗ Bq/CP∗

H-3 2.37 × 104 6.84(±0.34) × 104 n.d. n.d.

Sr-90 4.11 × 106 3.18(±0.16) × 106 0.17(±0.01) × 106
Y-90 4.11 × 106 3.18(±0.16) × 106 0.17(±0.01) × 106
Tc-99 9.86 × 102 1.31(±0.07) × 103 0.97(±0.05) × 101
Ru-106 2.34 × 106 1.33(±0.07) × 105 7.28(±0.36) × 104 3.10(±0.16) × 105
Sb-125 3.95 × 105 1.52(±0.08) × 104 3.54(±0.18) × 102 8.10(±0.41) × 104
Cs-134 1.51 × 106 2.58(±0.13) × 104 0.80(±0.04) × 106 0.84(±0.04) × 106
Cs-137 6.47 × 106 4.00(±0.20) × 105 6.36(±0.31) × 106 6.56(±0.32) × 106
Pr-144 2.06 × 106 0.35(±0.02) × 106 1.46(±0.07) × 103 0.37(±0.02) × 106
Cer-144 2.05 × 106 0.36(±0.02) × 106 1.18(±0.06) × 103 0.31(±0.02) × 106
Eu-154 2.23 × 105 1.14(±0.06) × 105 2.85(±0.14) × 102 1.20(±0.06) × 105
Eu-155 1.22 × 105 4.67(±0.23) × 104 1.52(±0.08) × 102 0.49(±0.02) × 105
U-234 1.42 × 102 1.82(±0.18) × 102 n.d.

U-235 2.95 × 100 n.d. n.d.

U-236 2.59 × 101 3.33(±0.33) × 101 n.d.

Np-237 1.48 × 101 n.d. n.d.

Pu-238 5.75 × 104 7.03(±0.35) × 104 2.45(±0.25) × 102
Pu-239 1.37 × 104 1.09(±0.05) × 104 1.41(±0.14) × 101
Pu-240 1.69 × 104 1.35(±0.07) × 104 1.55(±0.16) × 101
Pu-241 4.39 × 106 2.47(±0.12) × 106 n.d.

Am-241 3.91 × 104 3.11(±0.16) × 104 1.05(±0.11) × 102 2.15(±0.11) × 104
Cm-244 1.20 × 104 0.90(±0.05) × 104 1.33(±0.13) × 101

(mass:6.88 × 10−3.4 g)wasplaced ina 20mLpolyethylene
vial and dissolved completely in 10mL Thorex reagent

within 24 h. Both sample solutions were used for fur-

ther analytical steps. First the activity of tritium in the

chemical form as HTO was determined. From each sam-

ple solution 100 μL were diluted with 9.9 mL water and
a subboil process (70 ∘C) was performed. The condensate

was collected and 1mLwas used for the �-measurement,

performed with a Liquid Scintillation Counter (LSC, TRI-

CARB 2200 A, Packard). Another �-measurement using

0.1 mL from each sample solution was performed and

the activity of 241Pu was determined (detection limit:

0.1 Bq/sample). Then 1mL from each sample solution

was �lled in a polyethylene vial and a�-measurement was

performed (HPGe detector type PGC 2018, Bias: 2500 V
positive, counting time: 86 400 s, software: Gamma-WVer-

sion: 2.44: using 152Eu as standard solution with the same

geometry, distance 15 cm). The uncertainty of the mea-

sured activities are in the range between 5% (high val-

ues) to 20% (low values). The activity of
90Sr was deter-

mined after the following selective separation steps; 1mL
of each sample solution was diluted with 0.67 mL of a 1M
HNO3 solution. Then 1mL of this solution was used to

quantify the
90Sr activity. A column (6mL in volume) was

�lled with a suspension of 1 g resin (Sr-Resin, Eichrom-

Company) in 5mL of a 2M HNO3 solution. The column

was washed two times with 5mL of a 2MHNO3 solution
and then 5ml of a 8M HNO3 solution was added. After-

wards the sample solution was added to the column. The

sample vial was rinsed with 1mL of a 8M HNO3 solu-
tion and this solution was added to the column as well.

Then awashing step with 10mL of a 8M HNO3solution
was performed. The washing solution was collected. Af-

ter the washing steps 90Sr was eluted by using 10mL of
a 0.05M HNO3 solution. Immediately 1mL of the elu-

ate was used for the �-measurement (detection limit:

0.1 Bq/sample solution). Then the activity of technetium

was determined. First the washing solution of the Sr par-

tition process was evaporated. The obtained residue was

dissolved in a 2M HNO3 solution (about 2mL) and then
used as sample solution for the Tc stripping. A column

(6mL in volume) was �lled with a suspension of 1 g Tc-
Resin (TEVA-Resin, Eichrom-Company) in 5mL of a 2M
HNO3 solution. The column was washed two times with

5mL of a 2M HNO3 solution. Then the sample solution

was added. Washing steps were performed with 10mL of
a 2M HNO3 solution. After the washing process Tc was

eluated with 10mL of a 8M HNO3 solution. The eluate
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was evaporated and the residue was dissolved in 1mL
of a 2M HNO3 solution and the activity of Tc was deter-

mined by LSC (detection limit: 0.1 Bq/sample solution).
An alpha-spectrometer (Octete, Ortec company, planar im-

planted passivated silicon-detector) was used to analyse

the activities of the radionuclides U, Pu, Am, Np and

Cm. 0.1 mL of both sample solutions were vaporized di-

rectly onmetal disks and themeasurement was performed

for 250 000 s (detection limits are in the range between

0.1–0.2 mBq/mL sample solution).

2.3 Gas release

The self-constructed crack device was coupled to a self-

constructed gas sampling tool. A spentUO2 TRISO coated

particle was cracked and the released gas fraction was

collected. The released gases were analysed by gas chro-

matography and radio gas chromatography. A gas chro-

matograph (SiemensSichromat II equippedwitha thermal

conductivity detector (detection limit: 6 × 10−9 g/mL N2
inH2)) was used. The chromatograph consists of two sep-
aration columns (�rst column:molecular sieve 5A 80/100,
length 3m and second column: Porapack QS 80/100,
length 1m) and Argon as carrier gas was used. The ra-

dioisotopes were detected within the connected propor-

tional gas �ow-through counter. The sensitivity for
3H and

14C is respectively, 50 Bq and 3 Bq.

2.4 Leaching tests

Ten TRISO coated particles were cracked and the obtained

UO2 kernels were separated from the coatings. A low

molar salt solution containing 19mM NaCl and 1mM
NaHCO3 (pH value of this solutionwas7.4±0.1)was used
for the leaching procedure at room temperature. Five ker-

nels (mass of �ve kernels: 3.4391 × 10−3 g; total U mass:

3.0238 × 10−3 g) were separated from the coatings and

leached in 20mL of this low molar salt solution under

oxic (air) conditions. Identical leaching experiments were

performed under anoxic/reducing (96% ofAr/H2 type 4.8
and 4% ofH2 type 3.0). 1.5mL of solutions were taken at
di�erent time intervals. In order to keep the solid/solution
ratios constant 1.5 mL of the prepared salt solution was

added to each leaching �ask.

Aliquots (1.5 mL) of the sample solution were �ltered

(450 nm) and the pH values were found to be in the range

between 7.3 ± 0.1 to 7.5 ± 0.1. The stability of these pH
values indicate a stable environment in which no disso-

lution process (consuming or releasing protons) occur so

far. One milliliter of each �ltrate was diluted with 9mL of
a 0.1M HNO3 solution resulting in a 10mL sample solu-

tion. These sample solutions were analyzed according to

the details given in Section 2.2.2.

2.5 Calculations

The Fraction of Inventory of an element � released in the

Aqueous Phase (FIAP) was calculated according to:

FIAP� = ��,aq/��,SNF (1)

where ��,aq is the mass of the element � in the aqueous

phase (g) and��,SNF is the mass of the element in the SNF

sample (g). The Instant Release Fraction of an element �
(IRF�) is the Fraction of Inventory of the element � in the

Aqueous Phase (FIAP�) reduced by FIAP of uranium. For

the reported time period no uraniumwas detected in solu-

tion, hence the FIAP� of the elements represent the IRF�. It
has to be stated, that this is an assumption, because there

is U in solution, but within the detection limit (see Sec-

tion 3.3) by alpha-spectrometry the U concentration can-

not be speci�ed.

The Fractional Release Rate for an element � (FRR�) in
d
−1
is given by the equation:

FRR� = �FIAP�/�	 (2)

where�	 is the time range in days andΔFIAP� refers to the
di�erence of the FIAPi values within this time range.

Generally spoken, the FRR� describes the elemental

FIAP evolution with time.

2.6 Microstructural characterization

Electron microscopically characterizations were per-

formed using irradiated UO2 kernels and a polished

specimen of an irradiatedUO2 TRISO coated particle. For

the polishing process the particlewas embedded in a resin

(Araldit DBF CH and Aradur HY 951) under vacuum. After

48 h the grinding and polishing process started. The wet

grinding process was performed using sandpaper (SiC

type, 35 μm and 22 μm). As last step awet polishing of

the sample was performed with sandpaper (SiC-type,

5 μm). The polishing step was performed till the UO2
kernel reached 350 μm in diameter. Further grinding and

polishing to the maximum diameter (500 μm) was not

performed because the fuel kernel could get lost. Irradi-

ated UO2 fuel kernels were investigated before and after

leaching. The sample preparationwas performed by stick-

ing the kernels on a sample holder and then the analytic
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examination started. For all investigations an environ-

mental scanning electron microscope (ESEM, FEI Quanta

200 FEG instrument) was used (working distance: 10mm;
low vacuum: 0.6 mbar; acceleration voltage: 30 kV; spot
size: 4). The instrument is equipped with three detectors.

The gaseous large �eld Secondary Electron-detector was

used to characterize the morphology (grain boundaries,

porosity). The Back Scattered Electron-detector was used

to obtain chemical information due to the Z-contrast

(atomic number of the elements). With the Apollo X Drift

detector the elemental mappingwas performed (detection

limit 0.1 wt. %).

3 Results

3.1 Radionuclide inventory

First, Table 2 reveals the calculated and measured val-

ues for the activities of
134/137Cs, 154/155Eu, 144Ce, 106Ru,

125Sb, 144Pr and 241Am present in a coated particle (CP).

The mass of a coated particle is 2.66 × 10−3 g. The de-

termined activities (gamma-spectrometric measurements)

agree with the calculated values (uncertainties of themea-

sured values are given in blankets in Table 2). Then, after

cracking of the tight coatings the fuel kernelwas separated

from the coatings. The fuel kernel (mass: 6.88 × 10−4 g)
and the coatings (mass: 1.97 × 10−3 g) were treated with

the Thorex reagent (described in Section 2.2.2) and af-

ter further analytic steps and measurements the activities

were determined (uncertainties of themeasured values are

given in blankets in Table 2). The radioisotopes are quan-

titatively located within the fuel kernel, but Cs is an ex-

ception. Up to 95% of the inventory of Cs was present in

the coatings. Ahigh accumulation of Cs within the bu�er

was con�rmed by ESEM investigations (see section 3.4).

An excellent work performed by Barrachin et al. [8] sum-

marized results from �ssion product behaviour in irradi-

ated TRISO coated particles. A high Cs release was con-

�rmed by electron probemicroscopy analyses (EPMA) and

calculations with MFRR code (module for �ssion product-

release). The signi�cant Cs release can be explained by

the strong reduction of kernel oxygen potential. Under

the irradiation conditions of the experiment HFR-EU1bis

one can consider carbon oxidation leading to a strong de-

crease of fuel-kernel oxygen potential. Under this low oxy-

gen potential (−650 kJ/mol) ternary Cs compounds are

not stable and Cs-atom di�usion by U vacancies and sub-

sequent release is considered. This low oxygen potential

is the key point in Cs behaviour in UO2TRISO particles,

very di�erent to UO2 LWR fuel. In LWR irradiation condi-

tions, uraniumandplutonium�ssions are described as ox-

idizing because oxygen liberated from �ssion is only par-

tially associated with �ssion products and an amount of

“free” oxygen is created corresponding to an increase of

the oxygen/metal ratio and of the oxygen potential. Even

for LWR fuel with comparable irradiation characteristics

(10% FIMA, 1273 K) the oxygen potential determined was

around −310 kJ/mol [9]. This clearly indicates that the

main contribution of the reduction of the oxygen poten-

tial comes from carbon oxidation. As was mentioned be-

fore, ESEM investigations revealed an accumulation of the

released Cs within the bu�er. Within the bu�er, the for-

mation of intercalation compounds of CsCn can be as-

sumed [10].

3.2 Gas release

Radionuclides insoluble in theUO2 matrix and present in

gaseous form contribute to the IRF. Especially the as men-

tioned irradiation conditions of the HTR fuel (high tem-

perature, high �ssion rates) favour gas release by di�u-

sion towards grain boundaries where it is released. More

over gas resolution from gas bubbles occur [11]. This gas

fraction also di�uses to grain boundaries where it is re-

leased. Due to the high temperature, the thermal di�usiv-

ity is high. Compared to LWR fuel [12] (�ssion gas release:

around 2% for average burn-up of 48GWd/t; around 8%
for average burn-up of 75GWd/t) the �ssion gas release

from HTR fuel is expected to be signi�cantly higher.

Within this study He, tritium and Xe were not de-

tected in any gas sample. However ESEM investigations

(Section 3.4) revealed an accumulation of Xe within the

bu�er region. We assumed that Xe is signi�cantly released

from the fuel kernel, hence from the fuel matrix and there-

fore Xe contributes signi�cantly to the IRF. Further inves-

tigations will focus on verifying the Xe location within the

coatings. An identical observation for theXe accumulation

within the bu�erwas already reported byMinato et al. [10].

Under the irradiation conditions, Xe remained in atomic

form and di�used to grain boundaries. Calculations per-

formed with the MFRR code [8] assume that the Xe frac-

tion released is in the range of 70%, indicating that the

�ssion gas release in HTR fuel is much higher than that

of irradiatedUO2 LWR fuels. It is thought that the release

mechanism for Xe andCs are similar. Asmentioned before,

95% of the inventory of Cs was detected in the coatings af-
ter irradiation. Considering carbon oxidation and conse-

quently the formation of an extremely low oxygen poten-

tial, Cs is present in atomic form like Xe. Ahigh di�usivity
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by U-vacancies toward grain boundaries and subsequent

release for Cs and Xe is assumed.

In all gas samples high amounts of the �ssion gas
85Kr

were detected. Compared to the calculated inventory ap-

proximately 35% of 85Kr was released instantaneously. In
conclusion, Xe and Kr are signi�cantly released from the

fuel kernel and highly contribute to the IRF.

In all gas samples, 14C, present in the chemical form

as
14CO2 was identi�ed and an activity of 15 ± 5 Bq was

measured for this activation product.
14C mainly is pro-

duced by neutron capture reactions involving nitrogen
14N(�, �) and carbon 13C(�, �). Both are present as impu-

rities in fuel. The formation of CO2 can be explained by

carbon oxidation, a reaction which is known to consume

oxygen and hence contribute to the low oxygen potential

as mentioned before. Like Xe or Kr also
14C preferentially

segregate from the fuel matrix and contributes to the IRF.

3.3 IRF after leaching

In the leachate the radioisotopes 234/235/236U (detec-

tion limit: 0.73 Bq/mL, respectively 0.72 Bq/mL, respec-
tively 0.58 Bq/mL), 237Np (detection limit: 0.88 Bq/mL),
238/239/240Pu (detection limit: 1.08 Bq/mL, respectively

0.96 Bq/mL, respectively 0.96 Bq/mL), 241Am (detection

limit: 1.05 Bq/mL), 244Cm (detection limit: 0.09 Bq/mL),
90Sr (detection limit: 0.1 Bq/mL) and 134/137Cs (detection
limit: 0.1 Bq/mL) were analysed.

Independent on geochemical redox states,
234/235/236U, 237Np, 238/239/240Pu, 241Am and

244Cm
were not detected in solution in the time frame of in-

vestigation (276 d), hence these radioisotopes do not

contribute signi�cantly to the IRF. Especially, the low

oxidative dissolution rate of the matrix under oxic condi-

tions can be related to the very high burn-up. This high

burn up cause an extensive doping of the fuel matrix,

which makes the oxidative dissolution of the matrix dif-

�cult. Also, the low oxygen potential of this fuel (oxygen

is consumed by carbon oxidation, see Section 3.1) create

a low oxygen concentration in solution which delayed the

oxidative dissolution of the fuel matrix.

Within the fuel matrix, 90Sr is present as SrO and it

also can be present in the perovskite phase (Ba(Sr)ZrO3).
However, up to now no signi�cant amounts of perovskite

phase were detected [8]. As SrO,
90Sr is highly soluble

within the UO2 matrix and low release values are ex-

pected. For both environmental conditions the contribu-

tions of 90Sr to the IRF were low (max 0.2%) and compa-

rable to UO2 LWR fuel [13]. It can be assumed that this
90Sr release fraction indicates the 90Sr inventory located

Fig. 2: Cumulative IRF of 90Sr vs. time under oxic and under
anoxic/reducing conditions.

at grain boundaries. The cumulative time dependent IRF

of
90Sr under oxic and anoxic/reducing conditions in the

time frame of 276 d can be divided in three di�erent re-

gions (Figure 2). The �rst regions (0 to 5 d) correspond
to the highest release rates at the beginning of the ex-

periment, indicating the leaching of the grain boundaries

which have an open access to the groundwater and in-

cluding the contribution of �nes leaching (�nes located at

the periphery of the fuel kernels). Under oxic conditions,

the �rst IRF contribution reached approximately 0.018%
within this time period (5 d) while under anoxic/reducing
conditions the IRF contribution of 0.13%was determined.

Unexpected, the lower release occurred at (air) conditions

and might be due to the formation of a protective layer,

which lead to a passivation of the grain boundaries. This

however needs to be clari�ed in future with intensive Ra-

man investigations. The second regions (5 to ∼ 130 d (air)
respectively 5 to 165 d (Ar/H2)) reveal lower release rates.
It is assumed that the water needs to di�use towards grain

boundarieswhichhaveno direct open access. The third re-

gions (130–276 d (air) respectively 165 to 276 d (Ar/H2)
indicate a strong increase in release at (air) conditions.

New accessible leaching sites might explain this observa-

tion.

Cumulative IRF of
137Cs (Figure 3) and 134Cs (Figure 3)

vs. time under (air) and (Ar/H2) in the time frame of in-

vestigations (276 d) are comparable. Under oxic environ-

mental conditions of leaching within the �rst �ve days,

contributions to the IRF were determined to be around

4.8% for 134/137Cs, indicating leaching of �nes and of grain
boundaries, which have an open access to the ground-

water. No signi�cant further contributions were observed

in the next 90 d of leaching. Subsequent, a second rele-

vant release step occurred. Contributions to IRF of 2% for
134/137Cswereobtained.After∼ 150 d the releasewas com-
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Fig. 3: Cumulative IRF of 134/137Cs vs. time under oxic and under
anoxic/reducing conditions.

pleted. As mentioned before, the formation of new acces-

sible leaching sites might explain these observations.

Within the �rst �ve days of leaching in (Ar/H2) the
highest contributions (around 8% for

134/137Cs) were ob-
tained. Taken all values into account no further contribu-

tions were obtained within the leach period of 276 d. In
conclusion, these values of the IRF re�ected the Cs frac-

tion located at grain boundaries. Compared to UO2 LWR

fuel (60 GWd/t) these values are one order of magnitude

higher [13]. As already mentioned, the oxygen potential in

LWR fuel ismuchhigher and a large part of Cs is trapped in

separated phases (stable ternary Cs compounds (CsUO4,
Cs2MoO4)).

Fig. 4: (a) Polished TRISO coated fuel particle and (b) corresponding cross-section surface of the fuel kernel (white arrow: metallic

precipitates; white circles: big pores; white square: bu
er area).

3.4 Microstructure evolution

ESEM/EDX technique was used to study the microstruc-

ture of the fuel samples. After irradiation the three tight

coatings (oPyC, SiC and iPyC) are intact (Figure4a).Within

the bu�er region, the formation of a gap occurred indi-

cating the inside pressure build up due to i.e. �ssion gas

production. 1.7% of the cross-section surface (grinded to

350 μm in diameter) of the UO2 surface are pores (Fig-

ure 4b), the largest having diameters of 20 μm (white cir-

cles). Numerous metallic phases (two are marked with

white arrows) are visible and contain mainly Mo. In LWR

fuel Mo has a bu�ering e�ect on the oxygen potential

(metallic Mo present in metallic particles is partially ox-

idised to MoO2) and it is present as Cs2MoO4 [14]. In

the bu�er area (white square) besides C (85.32 wt. %)
and O (4.86 wt. %) the elements Cs (3.56 wt. %) and Xe

(2.52 wt. %) were identi�ed. These �ndings clearly indi-

cate the high accumulation of Cs and Xe within the bu�er

and hence their high release from the fuel kernel. After

cracking of the coatings the isolatedUO2 fuel kernels (Fig-
ure 5) were studied by ESEM. The diameter of the fuel ker-

nel increased from 500 μm (before irradiation) to 530 μm.
This expansion in diameter is due to enormous produc-

tion of �ssion products. At the periphery of the fuel kernel

big grains and few intragranular pores (size around 2 μm)
are visible (Figure 6a). The grain growth (grain size around

10 μm before irradiation to around 25 μm after irradia-

tion) can be attributed to the coalescence of intergranu-

lar pores (located at grain boundaries) [8]. At the periphery

numerous hexagonal platelets (Figure 6b) were identi�ed
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Fig. 5: IrradiatedUO2 fuel kernel.

and the elements Mo (71.15 wt. %), Tc (17.93 wt. %) and
Zr (10.91 wt. %) were detected. The high amounts of Mo

within these metallic precipitates con�rm the low oxygen

potential of this fuel.

Also white spherical spots, containing Mo

(42.99 wt. %), Zr (42.57 wt. %) and Tc (14.43 wt. %)
are visible.

The in�uence of leaching on the microstructure is

clearly visible. Independently of redox conditions, �rst,

leaching seemed to clean up the surface and the grain

boundaries (Figure 6c, d, e and f). This mainly can be at-

tributed to the removal of graphite �nes steaming from

the carbon bu�er after the crack process. Under oxic con-

ditions (Figure 6c and d), white spherical spots contain-

ing the elements Mo (52.02 wt. %) and Zr (47.98 wt. %) are
visible, but the hexagonal platelets seem to be dissolved

and Tc could not be detected (Apollo X Drift detector: de-

tection limit: 0.1 wt. %). Instead, numerous open pores

were formed accounting for new assessable leaching sites.

Under anoxic/reducing conditions (Figure 6e and f) the

pores are �lled with platelets hosting the metallic phases

(Mo (59.17 wt. %), Ru (21.57 wt. %) and Tc (18.96 wt. %))
and white spots containing Mo (22.51 wt. %) and Zr

(77.49 wt. %) were detected. The unexpected association

of Zr within themetallic precipitateswill be investigated in

future in detail. However, this observation underlines the

former �ndings [8], that the expected perovskite phases

are not that signi�cant for this fuel type under this irra-

diation conditions. In general, the metallic particles in�u-

ence the oxidative matrix dissolution by hydrogen activa-

tion and the observed instability ofmetallic particles in de-

pendency of environmental leaching conditions must be

studied in more detail in future.

4 Conclusions

To provide knowledge of the fast/instantly released ra-

dionuclides from high burn-up spent UO2 fuel, spent
TRISO coated particles were used as extremely high burn-

up (10.2% FIMA) samples. Each coated particle contain-

ing an UO2 fuel kernel which is coated by three tight lay-
ers and by a low density carbon layer (bu�er), can be de-

scribed as aminiature fuel element. Due to the tight coat-

ings, no �ssion gas is released outside during the irradia-

tion process, hence the complete activation/�ssion prod-

ucts are located in the TRISO coated particles.

By cracking of the coatings an instant gas fraction re-

leased. 14C as 14CO2 and 85Kr (up to 35% of the inven-

tory) were identi�ed as gas components. Xe was not de-

tected in the gas fraction but an accumulation within the

bu�er/iPyC layer was con�rmed by ESEM investigations.

The observed high �ssion gas release from the UO2 ma-

trix is di�erent to UO2 LWR spent fuel. The used TRISO

particles were irradiated under conditions which enabled

re-solution of �ssion gas frombubbles and like the amount

of �ssion gas present in atomic formwithin the fuel matrix

to di�use (high thermal di�usivity) to grain boundaries,

where it is released. Under the irradiation conditions a low

oxygen potential is created by carbon oxidation (CO and
CO2 formation) and explain the presence of

14CO2 .
In a time frame of 276 d leaching experiments have

been performed in order to determine the instant radionu-

clide release fractions under di�erent geochemical envi-

ronments. U was not detected in solution, indicating in-

signi�cant matrix dissolution e�ects. The contribution of
90Sr to the IRF (represents the inventory of

90Sr located
at grain boundaries) was max 0.2% and comparable to

LWR fuel. The behaviour of Cs was found to be very dif-

ferent to LWR fuel. After irradiation 95% of Cs is located

within the coatings. Under the as mentioned low oxy-

gen potential of the fuel, ternary Cs compounds are in-

stable. It is assumed that Cs in atomic form released sim-

ilar to Xe. Within the �rst �ve days of leaching under

anoxic/reducing conditions, the maximum contribution

to the IRF of 134/137Cs (8%) was reached, representing the
Cs inventory located at the grain boundaries. Compared to

LWR spent fuel (60 GWd/t) these values are one order of
magnitude higher.

Strongly, the release behaviour of Cs and Sr depend on

environmental conditions. Only in oxic environment sec-

Bereitgestellt von | Forschungszentrum Juelich

Angemeldet

Heruntergeladen am | 26.06.15 16:04



H. Curtius et al., Spent UO2 TRISO coated particles – instant release fraction and microstructure evolution | 441

Fig. 6: (a) Periphery of the irradiated UO2 fuel kernel before leaching, (b) hexagonal platelets (arrow) and white spots, (c) and (d) periphery
of the irradiatedUO2 fuel kernel after leaching under oxic conditions with grain boundaries, white spots and numerous open intragranular
pores, (e) and (f) periphery of the irradiatedUO2 fuel kernel after leaching under anoxic/reducing conditions with grain boundaries, white
spots and numerous intragranular pores �lled with metallic precipitates.

ond relevant release steps occurred after ∼ 100 d, indicat-
ing the formation of new accessible leaching sites.

ESEM investigations revealed the in�uence of leach-

ing on the microstructure. In oxic environment, Tc could

not be detected anymore within the white spots (contain-

ing Mo and Zr), but the formation of numerous intragran-

ular open pores was observed. Open pores represent new

accessible sites for solution attack and might explain the

second relevant release steps observed for Cs andSr. Under

anoxic/reducing conditions white spherical spots (con-

taining Mo and Zr) and numerous metallic precipitates

(Mo, Tc and Ru) �lling the intragranular pores were de-

tected. It can be stated, that leaching in di�erent geochem-

ical environments in�uenced the speciation of radionu-

clides which a�ects the evolution of the microstructure

and this directly had an impact on the IRF of radionu-
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clides. However, the observed high dissolution rate of Tc

under oxic conditions and the association of Zr within the

metallic phases are not completely understood and these

topics will be investigated in future.
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