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a b s t r a c t 

The fission product release of two irradiated mixed oxide (MOX) fuel variants from the high burn-up disk 

irradiation test IFA-655 in the Halden reactor was investigated by Knudsen Effusion Mass Spectrometry 

(KEMS). The fresh samples were provided and characterised within the NFIR 1 program. Both fresh fuel 

variants contained 16 wt.% plutonium but differed principally by the distribution of the plutonium: in 

one it was heterogeneously dispersed, in the other one homogeneously. The fission products release (Kr, 

Xe, I, Cs, Te, Sr, Nd) measured by KEMS as a function of annealing temperature is reported. The gas release 

(including helium) has been measured quantitatively. The interpretation of the release measurements is 

supported by microstructure and elemental analyses (SEM, TEM, EPMA). A correlation has been made 

with results from thermal diffusivity measurements obtained on the same fuels. 

© 2023 European Commission Joint Research Centre. Published by Elsevier B.V. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

The overall behaviour of MOX (Mixed OXide) fuel in LWRs 

Light Water Reactor) is very similar to that of UO 2 fuel when op- 

rated in similar conditions. This has been demonstrated by dedi- 

ated research programs conducted worldwide and in surveillance 

rograms in several countries. They have also revealed specific as- 

ects of in–pile behaviour of MOX fuel. When comparing MOX and 

O 2 fuels, it is necessary to take into account the differences in 

istribution of the fissile isotopes [1] . For technological reasons, 

he industrial MOX fuel production is based on a dry powder mix- 

ng process, which does not lead to a fully homogeneous prod- 

ct. Industrial MOX pellets from the so-called MIMAS (MIcronized 

ASter blend) process are heterogeneous [1–3] , have a microstruc- 

ure with plutonium-rich islands in a uranium oxide matrix, which 
as a low Pu concentration. The MIMAS fabrication consists of a 

∗ Corresponding author. 

E-mail address: jean-yves.colle@ec.europa.eu (J.-Y. Colle) . 
1 NFIR: https://www.epri.com/portfolio/programs/108031 
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wo-step mixing process in which first a 30% Pu-rich master blend 

s produced by micronisation, which is subsequently mixed with 

O 2 . As a result, the maximum Pu-concentration in the Pu-rich is- 

ands is around that value since the Pu and U lattice diffusion does 

ot lead to full homogeneity during the sintering process at 1600–

700 °C. The OCOM (Optimized CO-Milling) method has a similar 

pproach [4] . An alternative fabrication method was developed by 

ritish Nuclear Fuels Limited (BNFL) in the United Kingdom, and 

s based on attrition milling, the so–called Short Binderless Route 

SBR). In this process, UO 2 and PuO 2 are mixed and milled in sev- 

ral stages in an attrition mill to obtain a homogeneous powder 

hat, after compacting and sintering, yields a more homogeneous 

icrostructure with very few plutonium–rich spots [5] . 

The burnup of MIMAS MOX fuel is inhomogeneous as well, and 

he Pu-rich islands and spots have a much higher local burnup 

han the surrounding matrix. This leads to differences in struc- 

ural evolution compared to UO 2 fuel, such as the development of 

igh burn-up structure (HBS) inside the islands, which in turn can 

ead to different fission gas behaviour and release. Such differences 

ave been reported in literature previously [6] , but it is not fully 

lear whether these can be attributed to the microstructure only, 
. This is an open access article under the CC BY license 
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Table 1 

Fresh fuel characteristics and irradiation data of the two MOX fuel variants. 

Fuel name MOX1 MOX2 

IFA-655 number rod11 rod12 

Fuel type MOX homogeneous MOX 

heterogeneous 

Fabrication sol-gel direct powder 

mixing 

Grain size (μm) 10–15 UO 2 ∼ 10 

Agglomerate size (μm) 32 < PuO 2 < 63 

Pu vector (%): 238, 239, 240, 241, 242, (Am/Pu in August 

2000) 

0.068, 85.77, 13.29, 0.59 

0.29, (1.23) 

0.059, 85.85, 13.25, 

0.57 

0.27,(1.22) 

U enrichment (wt%) 235 U/U: 0.31 235 U/U: 0.27 

U vector (%): 234, 235, 236, 238 0.0046, 0.33, 0.025, 99.64 0.036, 0.26, 0.007, 

99.73 

Pu content (wt%HM) 16 16 

Density (%TD) 96.0 96.0 

O/M 1.986 1.998 

Target Irradiation temperature ( °C) 700 (973 K) 700 (973 K) 1 

Estimated Temperature at discharge ( °C) 590 (863 K) 600 (873 K) 

Burnup (MWd/kgHM) 116 118 

Discharge power (kW. m 

− 1 ) 50.4 51.7 

FGR (%) 2 17 47 3 , 4 

FGR (%)from puncture data (not accounting for He 

release) 5 
25 60 

KEMS samples weight (mg) MOX1 - 16.8 (1 pcs) MOX2 - 8.6 (1 pcs) 

KEMS temperature ramp (K/min) 10 10 

Date of KEMS measurement December 2014 March 2012 

1 1 day 80 0–90 0 °C after Dec 2002. 
2 Fractional Gas Release during irradiation in% calculated from in-pile pressure data for sibling rodlets (rodlets 5 and 

6) in the lower cluster in IFA-655. 
3 33% if burst not accounted. 
4 results for sibling rodlet in the lower cluster in IFA-655 with the same fuel. 
5 puncture data for sibling rodlets in the lower cluster in IFA-655 with the same fuel. 
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Fig. 1. Ceramographic micrograph after Pu-etching of the MOX1 pellet before irra- 

diation highlighting a homogeneous distribution of both types of cations. 
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r whether inherent differences in irradiation conditions (e.g. heat 

ate evolution) also contribute to fission gas release. 

To have a better understanding of the microstructure influence 

n fission gas release, two MOX fuels are investigated, a homo- 

eneous material obtained by an aqueous gel-supported precipi- 

ation process and a heterogeneous material obtained by blend- 

ng of PuO 2 and UO 2 powders. 2 The fuels were irradiated in the 

alden Reactor as part of the IFA-655 irradiation [7] . In the cur- 

ent paper, we report the results of extended post-irradiation ex- 

minations (PIE) that will help to determine whether the MOX mi- 

rostructure affects the fission gas behaviour at high burnup. 

. Materials and techniques 

.1. Fuel synthesis 

The two fresh MOX fuels had a Pu content of 16 wt% Heavy 

etal (HM), 86% of which was fissile. They differ only by the dis- 

ribution of the plutonium. Relevant data of the samples studied 

re shown in Table 1 . 

The MOX1 fuel was obtained from (U,Pu)O 2 powder synthe- 

ised by the sol-gel method [8–10] . PuO 2 was dissolved in nitric 

cid, followed by denitration and a uranium solution was prepared 

y dissolving uranyl nitrate. These solutions were then mixed in 

he required ratio, and the chemical composition was measured. 

ext, the feed solution together with additives was drop-wise dis- 

ersed and collected in an ammonia gelation bath, followed by 

onversion into solid particles, which were subsequently washed 

nd dried. The particles were pre-calcined (400 °C) and calcined 

800 °C) and the resulting powder pressed into pellets. To prepare 
2 The fuels were part of a batch of fresh fuels prepared and characterised at JRC 

arlsruhe in the framework of the NFIR program. 

F

n

p

t  

2 
he MOX2 fuel, PuO 2 and UO 2 powders were mixed using a me- 

hanical blender and subsequently pressed. Final pellets were sin- 

ered for 4 h at 1700 °C in Ar for the MOX1 and 6 h at 1700 °C in

r/6%H 2 with 1050 ppm H 2 O for the MOX2. The disks were pre- 

ared by cutting the pellets. 

Figs. 1–3 show ceramographic micrographs of the fresh MOX1 

nd MOX2 fuels. Note that in Fig. 1 some grain pull out during 

ample preparation (black areas) as well as some porosity (black 

ith white reflections) can be observed. The plutonium-rich ar- 

as of MOX2 can be seen in the Ceramographic micrograph in 

igs. 2 and 3 . In the MOX1 sample the plutonium is homoge- 

eously distributed in the fuel matrix forming a single (U,Pu)O 2 

hase, as a result of the aqueous synthesis route. In the MOX2 

he plutonium is concentrated in PuO -rich islands ( Fig. 2 ) of a
2 
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Fig. 2. Ceramographic micrograph the MOX2 pellet before irradiation (Pu etched: 

rich Pu areas in bright). 

Fig. 3. Ceramographic micrograph of the MOX2 pellet before irradiation (U-etching, 

light grey areas are U). 
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Fig. 4. EPMA line scans of the plutonium concentration across the fresh MOX2 pel- 

let at three positions. 
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ew tens of μm in diameter in the UO 2 matrix, therefore form- 

ng a heterogeneous two phase fuel as is demonstrated by the 

lutonium line scans measured by Electron Probe Micro Analysis 

EPMA) ( Fig. 4 ). 

Both fuels were synthetized at the European Commission - Joint 

esearch Centre Karlsruhe (EC-JRC KA) in 20 0 0. They were shipped 

o Norway for irradiation in the Halden Boiling Heavy Water Reac- 

or (HBWR) For the irradiation they were cut into disks of 8.2 mm 

iameter and 1 mm thickness separated by a thick (3 mm) molyb- 

enum disk in order to have a homogenous irradiation tempera- 

ure and reach a flat burnup profile due to the high enrichment 

11–13] . 

.2. Irradiation in the Halden reactor 

The disks were irradiated in the IFA-655 experiment in the 

BWR commencing in August 2001 and ending in October 2006. 

his experiment had as objective the study of properties of the 

igh Burnup Structure (HBS) in UO 2 and in MOX fuels. The experi- 

ent was divided into two phases: a steady base irradiation period 

up to 120–130 MWd/kgHM) to obtain high burn-up fuel having 

he HBS and, for a selection of rodlets, a fast power transient se- 

uence to study fuel elongation and rodlet internal pressure. 

The test rig used for the irradiation IFA-655 contained 12 short 

odlets in two separate axial clusters. Each cluster had four UO 2 

nd two MOX rodlets. The four UO 2 rodlets in a given cluster were 

f either standard ( ∼9 μm) or large ( ∼30 μm) grain size, while
3 
he two MOX rodlets in the same cluster had one rodlet of homo- 

eneous MOX1 and the other heterogeneous MOX2. The rig was 

perated under typical HBWR conditions, i.e. boiling heavy water 

t 34 bar (235 °C). The upper cluster of rodlets (rodlets 7 to 12) 

ad gas lines to provide a means of monitoring fission gas release, 

nd fuel thermocouples to monitor the temperature in-pile. The 

alden-type gas-flow rig was used to evaluate the release rate dur- 

ng irradiation of fuel rodlets. From release-to-birth rate (R/B ratio) 

easured in the gas-flow rig information about parameters of fis- 

ion gas release, such as diffusion coefficient, surface-to-volume ra- 

io (S/V) can be extracted [14] . The lower cluster of rodlets (rodlets 

 to 6) was designed on the basis of being subjected to a tran- 

ient after the end of the base irradiation in the IFA-655 rig. The 

odlets were all sealed, and equipped with pressure transducers 

nd fuel extensometers for online monitoring of pressure and fuel 

longation. In the end, after the IFA-655 irradiation was completed, 

ransient testing was performed on four of the six lower cluster 

odlets, in a separate rig. 

Common for all twelve rodlets was that they contained 25 fuel 

isks of thickness ∼1 mm, sandwiched between Mo disks and con- 
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trained by Mo rings. The role of the Mo disks was to ensure a 

niform and low radial temperature profile. The length of the disk 

olumn was nominally 100 mm (including Mo- and fuel disks). For 

he rodlets 11 (MOX1) and 12 (MOX2) of this study, the gap be- 

ween the Mo disk and cladding was 250 μm, as required to reach 

he targeted irradiation temperature of 700 °C (a small radial tem- 

erature gradient was expected as the fuel was placed between 

wo molybdenum disks). Details on the temperature measurement 

nd assessment and power history can be found for the upper 

odlets cluster in [13] . As mentioned above, these two upper clus- 

er rodlets were instrumented with gas lines to provide a means 

f monitoring fission gas release, and fuel thermocouples to moni- 

or the temperature in-pile. Due to the intermittent gas flushing of 

hese rodlets by means of the gas flow system, there was no means 

o estimate the cumulative fission gas release of these rodlets for 

he full IFA-655 irradiation. However, for the sibling rodlets (rodlets 

 and 6) in the lower cluster, the rodlet pressure increase from gas 

elease was monitored with the pressure transducer. The data from 

he lower cluster rodlets are presented in [13] . From this reference, 

t can be deduced that the power histories for all four MOX rodlets 

ere very similar, regardless of cluster position (upper vs. lower). 

As the two MOX rodlets from this study (11 & 12) were po- 

itioned in the same upper cluster, the burnup is very similar. 

uring irradiation, the fuel temperature and open fuel porosity 

ere measured in the corresponding rodlets in the upper cluster. 

pen fuel porosity or surface-to-volume ratio (S/V) was estimated 

y monitoring the release of radioactive fission gas using gamma 

pectrometry. Several measurements of short-lived fission gases 

ave been performed during each cycle at burnup increments of 

pproximately 5 MWd/kgHM [15] . Only rodlet 12 (MOX2) showed 

ignificant rise in elongation and open porosity, quantified by the 

urface-to-Volume ratio (S/V), and release-to-birth rate (R/B) val- 

es [ 14 , 16 , 17 ]. This is likely connected to the increase in fuel tem-

erature, and associated fission gas release, which occurred by 

al-operation for this fuel after the reactor restart in late Decem- 

er 2002 at a burnup ∼40 MWd/kgHM [ 7 , 13 , 18 ]. The fuel operated

or 24 h between 800 and 900 °C and the measured temperature 

ctually went above 10 0 0 °C for a very short period. The reactor 

ycle that ended the IFA-655 irradiation was terminated with a re- 

ctor scram, in order to preserve the microstructure of the fuel at 

he end of the irradiation. 

The fuels were unloaded after irradiation in October 2006 and 

our disk samples were transported back to EC-JRC KA. 

.3. Characterization 

The release behaviour of the fission products (FP) as well as 

he vaporisation behaviour of the actinide compounds forming the 

atrix were measured by the KEMS technique [ 19 , 20 ]. A tungsten

nudsen cell with an internal height of 12 mm and an internal di- 

meter of 7 mm was used. The effusion aperture had a diameter 

f 0.5 mm and a length of less than 0.2 mm. The mass spectro- 

etric measurement were done with a Pfeiffer Vacuum QMA 400 

uadrupole mass spectrometer (QMS). The QMS is equipped with 

 cross beam electron bombardment ion source. For the ionisation, 

n electron energy of about 40 eV was chosen, avoiding excessive 

ragmentation while enabling enough ionisation efficiency. The sig- 

al was measured from the mass spectrometer secondary electron 

ultiplier. The spectrum was recorded with a speed of 0.5 s/mass: 

t low temperatures (below ∼1500 K) for the mass range 3–5 amu 

Helium) and 82–140 amu (volatile FP) and at high temperature 

above ∼1500 K) for the mass range 3–5 amu (helium), 82–180 

mu (all FP) and 230–290 amu (actinides). 

Single fragments of 16.8 mg of MOX1 and 8.6 mg of MOX2 were 

nalysed by KEMS ( Table 1 ). The samples were heated in the Knud-

en cell with a temperature ramp of 10 K.min 

−1 up to complete 
4 
aporisation of the UO 2 /PuO 2 matrix at around 2600 K. During the 

eating, helium, fission products and actinides compounds were 

eleased or vaporised from the sample. They escaped the Knudsen 

ell by the effusion hole forming a molecular beam. The beam was 

nalysed by the quadrupole mass spectrometer. To quantify the he- 

ium and fission gases present in the samples, the gas released 

rom the KEMS was collected and measured using the Q-GAMES 

Quantitative gas measurement system), which is described in de- 

ail in [21] . 

Additional experiments were done for the MOX1 fuel during 

hich the heating was interrupted in order to observe the mi- 

rostructure changes at different stages of the release by electron 

icroscopy. Based on the analysis of the complete release profile 

f the first MOX1 sample, three temperatures of interest were cho- 

en: 1250 K, 1520 K and 20 0 0 K corresponding to specific fea- 

ures observed in the release profile i.e. burst, peak, plateau or 

nset for release. For this purpose additional fragments of MOX1 

a single piece per measurement) were heated in the KEMS up to 

he selected temperatures and subsequently analysed by Scanning 

lectron Microscopy (SEM) and Transmission Electron Microscopy 

TEM). 

The SEM used in this study was a nuclearized Philips TM XL40 

22] equipped with secondary and backscattered electron detec- 

ors (SE and BSE). The TEM was a FEI TM Tecnai G2 equipped with 

 field emission gun (FEG) and a high angular annular dark field 

etector (HAADF in Scanning mode, STEM). The TEM samples were 

repared by crushing a small fuel fragment in methanol using an 

gate mortar. The resulting suspension was dropped on a copper 

arbon coated TEM grid [22] . Because the MOX1 material was ho- 

ogenous, electron microscopy of selected areas was considered 

epresentative of the full sample. 

The EPMA measurement was performed on a CAMECA SX100R 

icroprobe, which is fully shielded for the analysis of irradiated 

uel samples. It is equipped with four vertical spectrometers, two 

f which have quartz 10 ̄1 1 crystals for the analysis of actinide el- 

ments. Analyses were performed at 25 keV acceleration potential 

nd 250 nA beam current. The quantitative maps were acquired 

n a 100 × 100 μm area with 310 × 310 pixels using a pixel 

welling time of 150 ms. As reference materials UO 2 , PuO 2 , Pollu- 

ite ((Cs,Na) 2 Al 2 Si 4 O 12 ·H 2 O), NdF 3 , Mo, and Ru were used. For Xe,

 calibration curve approach was used and its intensity related to 

b [23] . A correction was applied for the overlap of U M3 –N4 on Pu 

 β . 

Additionally, the thermal diffusivity, α, was measured in a laser- 

ash device (LAF) installed in a lead-shielded glove box provided 

ith remote manipulators [24] . The sample is heated to the mea- 

urement temperature in a high frequency furnace under a nitro- 

en atmosphere of 10 −2 mbar. The sample can be observed dur- 

ng the heating process, which makes it possible to determine its 

ehaviour during heating, in particular to observe the onset of 

ragmentation. The thermal diffusivity is determined by applying 

 laser pulse (10 milliseconds) to the front surface of the sample 

nd measuring the temperature response on the opposite surface. 

he thermal diffusivity and various heat losses are calculated from 

he experimental thermogram by a numerical fitting procedure. 

For the current samples, the thickness variations were of the 

rder of 3% and the resulting relative uncertainty on the measured 

hermal diffusivity is about 6%. The temperature was measured 

ith an accuracy of 5 K. The thermal diffusivity was measured dur- 

ng thermal annealing cycles by starting at low temperature (ca. 

20 K). 

The thermal conductivity λ( T) was calculated from the ther- 

al diffusivity, α( T) , the heat capacity, C p ( T) , and the density, ρ( T),

nd was normalised to 5% porosity by using the equation recom- 
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Fig. 5. Release intensity (mass spectrometer signal, linear scale) of selected fission 

products from the MOX1 sample as a function of the annealing temperature (the 

red arrows on the bottom axis are the temperatures at which SEM pictures were 

taken). 

Fig. 6. Release intensity (mass spectrometer signal, linear scale) of selected fission 

products from the MOX2 sample as a function of the annealing temperature. 
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Fig. 7. Fission product release profiles (mass spectrometer signal, linear scale) of an 

OCOM MOX fuel partially reported in [30] (radial position 0.58 < r / r0 < 0.96). 

Fig. 8. Fission products release profiles (mass spectrometer signal, linear scale) of 

a High Burnup UO 2 fuel as reported in [37] . 

t

l

c

t

r

a

ended in [25] : 

95 ( T ) = 

1 − 0 . 05 f ( T ) 

1 − P f ( T ) 
α( T ) ρ( T ) C p ( T ) (1) 

here f ( T) = 2.6–0.5 (T -273.15 ) /10 0 0, and P is the porosity vol-

me fraction and T is expressed in °C. The density was deduced 

rom the value measured at ambient temperature and the ther- 

al expansion coefficient recommended by Fink for fresh UO 2 [25] , 

hich is also considered as valid for LWR MOX fuel. 

. Results 

.1. Release of fission products 

Figs. 5 and 6 show the release profiles of a selection of key 

ssion products (Xe, I, Cs, Te, Sr, Nd) from MOX1 and MOX2, 

espectively, as measured by mass spectrometry. For comparison 

urposes, release measurements obtained under similar conditions 

espectively from an OCOM MOX and a high burnup UO 2 fuel 

 Table 2 ) are shown in Figs. 7 and 8 . A comparison is discussed in

ection 4.3. The fission products selected cover the different chem- 

cal behaviour, volatile, semi-volatile, gaseous, metallic or precipi- 

ated [26] . Four temperature ranges have been identified in an at- 
5 
empt to classifying the release as a function of the possible evo- 

ution of the microstructure. For convenience, temperature ranges 

overing the main release feature have been designated by let- 

ers A, B, C and D. These correspond respectively to the following 

anges (in K): < 1300, 1300–1650, 1650–2200, > 2200. 

Similarities but also clear differences in terms of FP behaviour 

re observed between the two types of MOX: 

• In interval A, the range < 1300 K, the release profiles of FPs 

from the homogeneous MOX1 shows spikes at lower temper- 

atures, which are not present at all in the heterogeneous ma- 

terial (MOX2). These spikes show a strong correlation between 

Xe and I, and to a lesser extent Te, while Cs release appears 

at a bit higher temperature, i.e. 1100 K. It should be realised 

that the masses were measured sequentially in the spectrome- 

ter from the light to the heavy, and thus a slight time separa- 

tion occurred as a result of which some fast releases may thus 

have been missed in the NIR data. This may explain the differ- 

ence in the release of krypton and xenon Figs. 9 and 10 . 

• In the temperature range 1300–1650 K (interval B) the fission 

gas Xe and the volatiles I, Cs and Te all show a strongly cor- 

related release in both materials. It is the main interval for re- 
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Table 2 

Characteristics of the fuels that are used for comparison. 

Fuel name OCOM MOX high burnup UO 2 

Fuel Type MOX heterogeneous UO 2 

Fuel fabrication Powder mixing From powder 

Irradiation PWR (4 cycles) PWR (9 cycles) 

U enrichment (wt%) 235 U/U 0.72 235 U/U 3.5 

Pu content (wt%HM) 5.07 

Grain size (μm) UO 2 5–6 9–12 

Agglomerate size (μm) < 200 

Sample location close to cladding close to cladding 

Average burnup sample (MWd/kgHM) ∼ 45 ∼200 

Burnup Pu Islands (MWd/kgHM) ∼200 

Estimated irradiation temperature ( °C) 581–1039 ∼ 450 (Close to cladding) 

Linear power (kW. m 

− 1 ) 20.4 14 (discharge) 

Density (%TD) 95 95 

Sample weight (mg) 4.2 (1 pcs) 6.2 (1 pcs) 

KEMS temperature ramp (K/min) 10 30 

Date of KEMS measurement March 2007 June 2005 

Fig. 9. Normalized Instantaneous and Fractional Release (NIR and NFR) (linear 

scale) of Krypton from MOX1 and MOX2 as well as Quantitative Relative Fractional 

Release (QRFR) of MOX2 Normalized to Kr quantities per g of fuel from MOX1 

(Quantities measured by Q-Games, see Section 3.2 and Table 3 ). 

Fig. 10. Normalized Instantaneous and Fractional Release (NIR and NFR) (linear 

scale) of Xenon from MOX1 and MOX2 as well as Quantitative Relative Fractional 

Release (QRFR) of MOX2 Normalized to Xe quantities per g of fuel from MOX1 

(Quantities measured by Q-Games, see Section 3.2 and Table 3 ). 

 

and as dissolved element in the UO matrix. 
lease for Xe and I in both MOX1 and MOX2. At higher temper- 

atures, no significant release is observed for MOX1, while for 

MOX2 some more release was observed until the total vapori- 

sation. The Cs release profile is in both cases more diffuse and 

is distributed in a wider temperature range, suggesting more 

than one release event or mechanism. 

• In interval C between 1650 and 2200 K, additional release 

stages for Te and Cs with a substantial release are observed. 

However, we observe remarkable differences between the two 

samples: 

◦ In the homogeneous MOX1, the Te signal is clearly corre- 

lated with the Cs signal with a release taking place just 

above 1700 K. It could be speculated that some Cs 2 Te has 

formed, possibly during the annealing at high temperature, 

as shown recently by Rochedy, who observed that in UO 2 

implanted with Cs and Te annealed at 1373 K such Cs and 

Te precipitate together in bubbles sometimes with a decora- 

tion of the bubbles with Te [27] . 

◦ In the heterogeneous MOX2, the second tellurium release 

occurs at significantly higher temperature (around 1900 K) 
6 
and is not correlated to Cs release, as is the case for MOX1. 

This means that in MOX2 other phases/species may gov- 

ern tellurium release and chemistry. Based on thermochem- 

ical calculations, Rochedy [27] suggested that phases like 

U 2 O 2 Te can form and dominate at high temperature. This 

phase (and possibly the analogues Pu 2 O 2 Te and their solid 

solution) could have formed in the very high burnup Pu-rich 

inclusions at higher oxygen potential. 

• The release of Sr takes place in intervals C and D ( > 20 0 0 K).

The homogeneous MOX1 shows two peaks that are strongly 

overlapping: a first minor one at about 20 0 0 K (interval C) and 

a broad release over 2200 K (interval D) with a maximum at 

2300 K, not related to that of Nd. The latter element is an in- 

dicator for the matrix vaporisation as it is an immobile and 

non-volatile fission product. In the MOX2 sample two very dis- 

tinct Sr release peaks can be observed, the first one just below 

20 0 0 K and the second over 2200 K, the latter strongly corre- 

lated to that of Nd. This suggests that Sr is present in different 

phases, for example, the mixed oxide grey phase (Ba,Sr)(Zr,U)O 3 
2 
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Fig. 11. Normalized Instantaneous and Fractional Release (linear scale) of Helium 

from MOX1 and MOX2. 

Fig. 12. Normalized Instantaneous and Fractional Release (linear scale) of Iodine 

from MOX1 and MOX2 (the NFR for the MOX2 over 1500 K has a high uncertainty 

due to low signal/noise ratio). 
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Fig. 13. Normalized Instantaneous and Fractional Release (linear scale) of Ceasium 

from MOX1 and MOX2. 

Fig. 14. Normalized Instantaneous and Fractional Release (linear scale) of Tellurium 

from MOX1 and MOX2. 
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The similarities and differences are further evidenced in Figs. 

–15 , in which the Normalized Instantaneous Release profiles are 

hown as the NIR; Eq. (3) . The IR consist of the Intensity of the

elease (IR) determined from Eq. (2) . The IR corresponds to the 

ifferential effusion flow expressed in amount of vapour species 

er time at a given temperature normalised to the highest peak of 

he given release. The NFR, Normalised Fractional Release, Eq. (5) , 

onsists of the integral of the instantaneous release FR ( Eq. (4) ), 

t a given temperature normalised to the value at the end of the 

elease. The Quantitative Relative Fractional Release (QRFR) corre- 

pond to the NFR multiplied by the quantity of the corresponding 

as per gram of fuel released from the samples during the KEMS 

easurement and measured by the Q-Games. 

R = I 
√ 

T (2) 
7 
I R = 

I 
√ 

T 

max 
(
I 
√ 

T |∀ T 
) (3) 

 R = I 
√ 

T dt (4) 

F R ( ti ) = 

∫ ti 
0 I 

√ 

T dt 

∫ t end 
0 I 

√ 

T dt 
(5) 

With I the mass spectrometer signal intensity in A, T the tem- 

erature in K, dt the time between consecutive measurements. 

ote that those equations are simplified for relative comparison. 

For all fission products, the normalised release fraction in the 

omogeneous MOX1 fuel reaches a full release at much lower tem- 

erature than the heterogeneous MOX2. In most of the cases, with 

he exception for the Cs, it can be noted that the main release is 

ery abrupt in the MOX1 sample whereas for the MOX2 it is more 
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Table 3 

Quantitative measurement of the fission gases and Helium in the samples with the Q-Games. 

MOX1 (homogeneous) 2983 days after unload MOX2 (heterogeneous) 1978 days after unload Ratio MOX2 / MOX1 

Xe quantity (mol/g fuel ) 1.21 × 10 −4 ± 10% 7.09 × 10 −5 0.586 

Kr quantity (mol/g fuel ) 7.71 × 10 −6 ± 10% 3.47 × 10 −6 0.45 

He quantity (mol/g fuel ) 8.95 × 10 −6 ± 10% 7.88 × 10 −6 0.88 

Fig. 15. Normalized Instantaneous and Fractional Release (linear scale) of Strontium 

from MOX1 and MOX2. 
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Fig. 16. Q-Games measurement data of Xenon and Krypton for the MOX1 (Homo- 
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pread towards the higher temperatures. The onset of the main re- 

ease remains however at the same temperature. 

For Xe, Kr, and I the full release in the homogeneous fuel occurs 

pproximately immediately after the major release, in the hetero- 

eneous fuel there is still a significant release between the major 

elease and the full vaporisation of the sample. In contrast, the nor- 

alised release fractions of Cs and Te are very similar for the two 

uels. As shown by Figs. 9–15 , the main peak of the red coloured

elease curves (heterogeneous MOX2) are consistently shifted to 

ower temperature, except for the noted high-temperature release 

f Sr. 

.2. Quantitative measurement of fission gases and helium 

The fission gas and helium retained in the samples have been 

uantitatively measured during the laboratory anneals. The exper- 

ments for MOX1 and MOX2 were performed 2983 and 1978 days 

fter fuel unload, respectively. After the complete vaporisation of 

he matrix, the total quantity of Xe, Kr and He released was deter- 

ined with the Q-Games. 

Table 3 shows the quantities measured. The quantity of helium 

enerated after irradiation until the measurements has been as- 

essed from the actinides inventory and the decay engine from 

UCLEONICA 

TM [28] . About 2 × 10 −5 and 1.5 × 10 −5 mol. g − 1 

f helium were formed during storage of MOX1 and MOX2 respec- 

ively. Due to technical difficulties during the measurement of the 

OX1, the standard precision of ± 1% for the Q-Games instrument 

21] cannot be guaranteed. We estimate a precision of ± 10% for 

hose values. This could explain the difference of ratio between the 

uantity of Xe and Kr in each MOX in Table 3 . 

The results show clearly that the MOX2 (Heterogeneous) con- 

ains only about half of the fission gas compared to MOX1. This 

s due to the larger FGR% during irradiation of MOX2 ( Table 1 ).

he helium concentrations are closer, but this is because a large 
8

raction of this helium originates from the alpha-decays of the 

ctinides after the end of reactor irradiation. The total quantities 

f helium measured for MOX1 and MOX2 are comparable with 

he calculated values of helium generated by decay during storage 

about 8 and 6 years respectively) which indicates that the fraction 

roduced during irradiation was not present anymore. The quan- 

ity of the helium in both fuels does not exactly match with the 

xpected quantity and one could speculate that the microstructure 

as responsible for a partial release during storage, i.e. higher for 

he fully restructured sample (MOX1). 

.3. Microscopic examinations 

.3.1. MOX1 after annealing experiments 

SEM of the irradiated MOX 1 sample showed the clear forma- 

ion of HBS. The original grain size of about 10 μm in the fresh 

uel ( Fig. 1 ) changed to less than 1 μm after irradiation ( Fig. 19 b),

ith the characteristic porosity surrounded by sub-μm polygonal 

rains. Such a structure is in line with the high burnup ( ≥ 100 

Wd/kgHM) associated to a low irradiation temperature (973 K), 

hich prevents grain growth [29] . EPMA showed a homogeneous 

istribution of the fission products and Pu ( Fig. 25 ), with some Xe

etained in bubbles and spots of high Mo concentration probably 

long a pellet crack. This Mo is likely coming from local interac- 

ion with the Mo disks separating the pellets. For the heteroge- 

eous MOX2 sample, EPMA has been performed to assess quan- 

itatively the distribution of U, Pu, Nd, Xe, Cs, Mo, and Ru in the 

rradiated fuel before annealing and measurement by KEMS. The 

mages ( Fig. 26 ) show that it had retained its fresh fuel microstruc- 

ure (Pu rich islands in the UO 2 matrix). As stated above, additional 

OX1 fragments were annealed in the KEMS up to 1250 K, 1520 K 

nd 20 0 0 K. After each temperature step, samples were examined 
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Fig. 17. Temperature increase in rodlet 12 following the December 2002 reactor restart (from[13]). 
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y SEM. No fragmentation of the samples were observed. However, 

iven the small size of the sample it does not demonstrate that no 

ragmentation would occur with bigger samples. Fig. 19 a-h shows 

 sequence of SEM images recorded at the various steps of the 

nnealing process. Two magnifications have been selected to evi- 

ence the microstructural changes. Fig. 19 shows the typical HBS 

tructure i.e. small grain of about 250 nm and a typical micromet- 

ic porosity is mostly preserved up to 1520 K. 

After heating at 1250 K the structure remains basically the 

ame with micro and submicrometric grains shown in the SEM mi- 

rographs Figs. 19 c,d and 20 . In addition some smaller than typ- 

cal ( ∼150 nm) rounded sub-grains can be observed in the mi- 

rometric pores. The inset in Fig. 20 shows a STEM image of the 

ample revealing rounded grains of less than 50 nm (as shown by 

he arrow). A clear modification of the grain edges is visible, sharp 

dges became rounded. At this temperature already 8% of the gas 

as been released in the KEMS measurement ( Fig. 9 ). This gas was

robably released from the grain boundaries, from the volume near 

he surface of the grains and cracks of the studied small fragment. 

his has been also described by White in particular referring to the 

/V ratio considering the fractal nature of the open surface in UO 2 

16] and the fractal dimension on the surface of rounded grains 

n the HBS [ 16 , 29 ]. In some TEM images nanometric bubbles (al-

eady present after irradiation as previously observed in high bur- 

up fuels [29] ) could be identified together with epsilon particles 

metallic precipitates containing Ru, Rh, Mo, Pd, Tc) as shown in 

ig. 21 a,d but also in Fig. 22 in more details. Fig. 21 g shows the

resence of dislocation lines in some cases tangled. This confirms 

he very beginning of the diffusion and precipitation of fission gas 

n the matrix. 

After annealing at 1520 K, the structure starts to change, the 

rains show some more pronounced rounding of the edges with 

ometimes visible gaps between them due to thermal etching 

 Fig. 15 f). The very small rounded nanometric grains have disap- 

eared, which is attributed to surface diffusion. However most of 

he microstructural features have not changed and the porosity, for 

xample, is still of the same order as in the original sample. At this 

emperature, the fission gases can diffuse inside the grains to reach 

he boundaries or be trapped in intragranular bubbles. Fig. 17 b,e 

i

9 
hows that the intragranular bubbles have grown and dislocation 

ines are still visible ( Fig. 17 h). About 50% of the fission gas inven-

ory has been released, rapidly increasing to 80% at 1600 K and 

5% at 1800 K. 

At 20 0 0 K the structure has completely changed ( Fig. 19 g,h).

he pores have increased in size while reduced in concentration, 

nd the grains have grown, as expected. Some intragranular bub- 

les can be observed by STEM in some of the grains ( Fig. 21 c).

ig. 19 f shows in particular the presence of rounded precipitates 

imilar to the observation by SEM. The intragranular bubbles prob- 

bly contain the 5% of gas released between 1800 K and the com- 

lete vaporisation of the sample. Note the appearance of light par- 

icles at the surface of the sample ( Fig. 19 h), which have been

dentified by EDX measurements as epsilon particles mixed with 

 coming from the liner of the Knudsen cell. Fig. 21 j-l shows the

omposition measured by EDX of some of these particles. At the 

igher temperature of 20 0 0 K the Tc content has dropped. 

.3.2. Microscopic examinations of MOX2 after irradiation 

A complete study of the microstructural behaviour with tem- 

erature of a MOX fuel sample with a comparable microstructure 

nd release behaviour to MOX2 has been published earlier [30] . In 

he sample reported in that reference, the Pu agglomerates at the 

adial periphery had a burnup of about 270 MWd/kgHM and the 

atrix a burnup of about 13 MWd/kgHM. Its irradiation temper- 

ture was slightly higher than the MOX2 sample reported in this 

aper (around 1100 K). The most important observations from that 

tudy can be summarised as follows: 

• The microstructural evolution of the Pu-rich areas is very simi- 

lar to that of the HBS described for MOX1, with little change up 

to 1300 K, after which the rounding of grains edges and grain 

boundary opening start. At 1600 K restructuring starts, which is 

accompanied by grain growth and pore aggregation. At 2100 K 

an open structure is formed. 

• The microstructural evolution of the matrix shows grain bound- 

ary opening around 1450 K and the formation of elongated and 

connected pores at the grain boundaries at 1800 K. 

In the work presented in this paper, EPMA measurements of the 

rradiated MOX2 sample were made on a polished sample in order 
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Fig. 18. Normalised in-pile pressure data from the sibling MOX rodlets in the lower cluster (rod 5 equivalent to rod 10 and rod 6 equivalent to rod 12 in the upper level 

respectively) (from [13] ). 
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o get quantitative information on the distribution of Xe, Cs, Mo, 

d, Ru, Pu and U. The results are shown in Fig. 26 . Those measure-

ents revealed the following information: 

• From the Nd concentration the peak local burnup of a Pu-rich 

area vs the U-rich area could be estimated as 341 MWd/kgHM 

and 25 MWd/kgHM. 

• The Xe concentration map shows the presence of very little 

quantities of Xe in the Pu-rich areas implying that the Xe 

originating from those areas was released during irradiation 

(HBS formation). At the edges and outside of the Pu rich re- 

gions, where the threshold burnup for HBS formation was not 

reached, the Xe was retained in the matrix. Some bubbles filled 

with Xe can also be seen on the map. It shows a higher con- 

centration of Xe in the U-rich area, which probably has been 

produced by the fission of the Pu bred from the 238 U during 

the irradiation. The areas with the higher Xe concentration ad- 

jacent to Pu-rich areas within a few μm correspond well with 

the expected range of recoil for such a heavy fission product in 

UO 2 (about 7 μm). This suggests that some Xe originating from 

the Pu-rich areas has been implanted in the UO 2 matrix and 

did not diffuse further during irradiation. 

• The Cs concentration map shows that in contrast to Xe this el- 

ement is still present in the Pu-rich areas. 

• The distribution map of Mo correlates with Nd and Cs and 

shows a concentration in the Pu-rich areas, where also some 

particularly high concentration spots correlate with Ru. This 

suggests that a significant fraction of Mo is in the matrix but 

some is in the five-metal epsilon particles, in line with the sug- 

gested Mo/MoO 2 oxygen potential buffering of this element. 

• The concentration map of Ru reveals that it is concentrated 

in spots, likely corresponding to epsilon particles. It is worth 

noticing that the Ru-rich spots do not always corresponds to a 

high concentration of Mo, suggesting on that the composition 

of the particles varies within the fuel. 

.4. Thermal diffusivity measurement 

Thermal diffusivity measurements of MOX1 were carried out 

uring three annealing cycles with maximum temperatures of 

60 K, 740 K and 830 K ( Fig. 23 ). A thermal diffusivity recovery

as observed after each run. The sample started to fragment dur- 

ng the fourth measurement run while temperature was being in- 
10 
reased up to about 930 K. This temperature is close to the irradi- 

tion temperature of the fuel. 

For MOX2, four annealing cycles were performed with maxi- 

um temperatures of 670, 750, 840 and 1020 K ( Fig. 23 ), showing

 similar thermal diffusivity recovery after each run. The sample 

tarted to fragment during the fifth measurement run while tem- 

erature was being increased up to about 1050 K. 

Fig. 24 shows the thermal conductivity of the homogeneous and 

eterogeneous MOX as a function of temperature, normalised to 

 vol.% porosity using Eq. (1) . The porosity volume fraction was de- 

uced from the ratio of the irradiated fuel real density (measured 

y the Archimedes method) to the irradiated fuel matrix density. 

he irradiated fuel matrix density was calculated from the fresh 

uel theoretical density corrected according to [31] for the matrix 

welling due to solid fission products (0.32% per 10 GWd/tHM) and 

ue to retained fission gases (0.56% per 10 GWd/tHM, to be mul- 

iplied by the fraction of retained fission gases). The fraction of 

etained fission gases was deduced from the values of FGR from 

uncture data provided in Table 1 . The irradiated fuels densities 

ere 9.18 g.cm 

−3 for MOX1 and 9.39 g.cm 

−3 for MOX2 which led 

o porosity volume fractions of 9.8% for the homogeneous MOX1 

uel and 9.7% for the heterogeneous MOX2 fuel. The thermal dif- 

usivity results after annealing (the highest values for each tem- 

erature) are close, and the homogeneous fuel showing a slightly 

igher thermal diffisivity. Fig. 24 shows a comparison of the ther- 

al conductivity of MOX1 and MOX2 samples to irradiated UO 2 at 

04.5 GWd/tHM obtained by a series of laser-flash measurements 

y Ronchi et al. [32] (with an irradiation temperature of 970 K) 

nd the thermal conductivity of irradiated UO 2 as derived from in- 

ile centreline temperature measurements in the Halden Reactor 

roject [33] . The thermal conductivity of the current MOX samples 

s significantly higher. 

. Discussion 

.1. Fission gases and helium 

The first observation to discuss is the behaviour of the fission 

asses that were present in the fuel after irradiation. The gas re- 

ease (Xe, Kr) during irradiation of the two rods 11 and 12 was not 

onitored, but the release fractions for sibling rodlets in the lower 

luster of the irradiation capsule (see Section 2.2 ) was 25% for 



J.-Y. Colle, T. Wiss, O. Dieste et al. Journal of Nuclear Materials 578 (2023) 154340 

Fig. 19. Sequence of SEM pictures at two magnifications from MOX1 a,b) as received (as irradiated) and after annealing c,d) at 1250 K, e,f) 1520 K and g, h) 20 0 0 K. 

11 
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Fig. 20. SEM micrograph of the MOX1 sample after annealing at 1250 K. The inset 

show a STEM image showing the very small rounded grains as shown for example 

by the arrow in the SEM micrograph. 
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1

OX1 and 60% for MOX2, see Table 1 . As shown in Figs. 9 and 10 ,

n the KEMS measurements, the main release of Xe and Kr takes 

lace at lower temperature in the heterogeneous MOX2 fuel than 

n the homogeneous MOX1. In contrast, the homogeneous MOX1 

uel, which had a high-burnup structure, showed low-temperature 

pikes that were not observed in the heterogeneous fuel. These 

pikes could be related to burst release from gas bubbles near the 

urface of the full HBS structure of the MOX1 sample, and/or from 

micro-) cracks forming upon heating. On the other hand, the fact 

hat the MOX2 fuel operated for 24 h between 800 and 900 °C 

nd went up to 10 0 0 °C for a very short period at a burnup of

40 MWd/kgHM, as mentioned in Section 2.2 [7] , the same effect 

n that fuel could have been partly removed during irradiated, as 

 pressure jump can be seen during the online fission gas release 

onitoring. 

The MOX2 still shows a substantial release between the ma- 

or release peak and the complete vaporisation of the sample. In 

OX2 the HBS developed only in the Pu rich areas, and the matrix 

ept its original microstructure. Moreover, at the low irradiation 

emperature in reactor (973 K) the diffusion of the gases was prob- 

bly limited. Thus, fission gas generated in the matrix of MOX2 

as still present after irradiation, as clearly seen from the EPMA 

apping of Xe in Fig. 26 . It should be noted here that typically

PMA cannot detect Xe in larger gas bubbles, and the low concen- 

ration of Xe in Pu-rich areas should thus not be interpreted as 

omplete absence of this element [34] . As observed in Fig. 19 the 

OX1 sample developed the HBS structure throughout the whole 

isk, and thus had a high density of grain boundaries as well as 

as intergranular bubbles therefore with little gas remaining in the 

rains. 

Table 3 shows that the heterogeneous MOX2 has a lower 

esidual gas content (about half) compared to the homogeneous 

OX1. This is consistent with the results of the fission gas release 

easurements during the reactor irradiation [7] , during which 

odlet 12 experienced high temperature at a burnup around 40 

Wd/kgHM for approximately 24 h due to mal-operation of the 

as flow system [7] as shown in Fig. 17 . During this incident, the

stimated peak temperature in rodlet 12 (with MOX2) could have 

eached values above 10 0 0 °C and the subsequent short-lived fis- 

ion gas release measurements showed clear indications of inter- 

inkage on this rodlet. The evaluated release-to-birth and surface- 

o-volume ratios remained high for this rodlet for the remainder of 

he irradiation after this temperature excursion event. 

It is interesting to also compare the in-pile pressure data 

rom the sibling MOX rodlets from the lower cluster, since they, 

s stated above, had a very similar power history to the two 

odlets from which the disc examinations documented here were 

erformed. The normalised pressure curves for these rodlets 

howed no significant fission gas release below a burnup of ∼62 

Wd/kgHM, at which point the pressure in rodlet 6 (with MOX2 

uel) showed an abrupt jump as can be seen in Fig. 18 . The pres-

ure increase became evident above ∼96–101 MWd/kgHM. From 

hese pressure data in the lower rodlets cluster, the in-reactor fis- 

ion gas release values were derived as 17% for rodlet 5 with ho- 

ogenous MOX1 and 47% for rodlet 6 containing heterogeneous 

OX2 ( Table 1 ), which suggest a residual gas ratio of 0.64, slightly 

igher than the value observed for Xe, the major fission gas. This 

s of course an overall value for the pins with sibling fuel and near

dentical power histories, whereas the values reported in our work 

efer to a local sampling. 

Helium is different from the fission products because it is also 

enerated in the fuel during cooling due to alpha decay and has 

 much larger diffusion coefficient. The cooling time prior analy- 

es of the MOX2 sample was shorter than MOX1 sample (65 vs 

8 months, i.e. a ratio of 0.663). The release curves of helium 

see Fig. 11 ) are very similar to those of the fission gases, showing
12 
lso the 100 K earlier release between MOX2 and MOX1. It should 

e noted that in the case of the heterogeneous MOX2 there is a 

raction of helium that is released around 1100 K and which is not 

resent in the release curve of the homogeneous MOX1. The re- 

ease of this fraction could be attributed to the helium produced 

uring cooling and located likely in the matrix compared to the 

as that has migrated and precipitated concomitantly with the fis- 

ion gases in the homogeneous fuel during irradiation [35] . This is 

onsistent with measurements of irradiated fuel showing that he- 

ium is partially retained in fuel with HBS up to about 1750 K [30] .

It can thus be concluded that the fission gas release from the 

eterogeneous fuel is larger and starts at lower temperature com- 

ared to homogeneous fuel with full HBS structure. In the het- 

rogeneous fuel the gas is mainly generated in the Pu-rich areas 

ith HBS structure that have very large local burnup. Due to the 

ighly porous HBS structure and the fracturing of matrix, the gas 

an be released easily and is not limited by grain boundary diffu- 

ion through the matrix. However, the Xe generated in the matrix 

f the heterogeneous fuel is only released at higher temperature, 

ypical for its low local burnup [36] , and is likely related to small

ntragranular bubbles, as observed by TEM in this type of MOX fuel 

30] . 

The behaviour of krypton and xenon is usually quite similar. 

owever, for the MOX1, the NIR of Krypton as shown in Fig. 9 does

ot perfectly match the one of Xenon in Fig. 10 . For example the 

pikes at about 1050 K appear on the Xenon release but not on the 

rypton one. This is due to the fact that each mass is measured for 

alf a second every 2–3 min, so that the Xenon spike was already 

erminated when the measurement for Krypton started. However, 

he Q-Games data in Fig. 16 clearly show both spikes and a similar 

ehaviour for both gases could be concluded. 

.2. Other fission products 

The other fission products are concentrated in the Pu-rich areas 

n the heterogeneous MOX2 fuel as can be seen from the EPMA 

aps of Cs and Mo in Fig. 26 . They are more homogeneously dis- 

ributed in the MOX1 as shown in Fig. 25 . The normalised release 

urves of Cs of MOX1 and MOX2 are very similar, with a shift be- 

ween the two fuels, similar to the fission gases. The Cs release oc- 

urs in multiple maxima in the mid-temperature B interval (1300–

650 K) in which intergranular and intragranular diffusion dom- 
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Fig. 21. TEM bright field images of the MOX1 annealed samples at (a, d, g, j) 1250, (b, e, h, k) 1520 and (c, f, I, l) 20 0 0 K respectively. 
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Fig. 22. TEM micrograph of MOX1 sample after annealing at 1250 K Showing 

the presence of nanometric bubbles (small bright spots shown for example by a 

white arrow) as well as epsilon particles (larger darker polyhedral spots with Moiré

fringes, shown for example by a black arrow). 
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Fig. 24. Thermal conductivity (normalised to 5 vol.% porosity) of the homogeneous 

and heterogeneous MOX as a function of temperature and comparison to the pre- 

dictions of the formulas for UO 2 at 104.5 GWd/tHM of Ronchi [32] (with an irradi- 

ation temperature of 970 K) and of the Halden Reactor Project [33] . 
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nate and grain boundaries start to open, as demonstrated in sys- 

ematic heating studies of MOX fuel [30] . Since the main maximum 

elease of Cs at about 1500 K in coincides with the release of Xe,

r, and I in both fuels, it is likely related to its transport along the

rain boundaries from the HBS zones. It is shifted by about 70 K 

etween MOX1 and MOX2. The second clear maximum that fol- 

ows and partially overlaps with the first one and a weak release 

n between, is shifted more substantially, about 150 K and repre- 

ents the intragranular diffusion of Cs to the grain boundaries in 

he HBS zones. Since in the homogeneous MOX1 this strong maxi- 

um of Cs at 1720 K coincides with a strong Te signal, it suggests

hat the mobility of Cs is related to different mechanisms/species. 

his is not surprising as the Cs fission yield is much higher than 

hat of other elements such as I or Te, and therefore it can be as-

ociated/bonded with multiple elements. The heterogeneous fuel 

hows minimal Cs release above 1700 K, in contrast to the fission 

ases, indicating that only a limited fraction of the Cs produced 

emained dissolved in the matrix or in nanobubbles. 
Fig. 23. Thermal diffusivity measurement cycles with increasing maximum temperature 

14 
The release curves of Iodine from the two fuels are very similar 

o those of the fission gases with a similar temperature shift, in- 

icating a similar behaviour. It can be noted that the spike release 

f Iodine in the interval A of MOX1, corresponds to the Xe signal. 

t only slightly correlates to the very weak Cs signal whereas Io- 

ine spikes are absent for strong Cs spikes. This suggests there is 

o association of the two elements (e.g. CsI). Also the strong low- 

emperature spike in the release curves of Te in MOX1 correspond 

o Xe but not Cs. Te is, however, different from Xe, I and Cs because

he shift of the curves between MOX1 and MOX2 is not system- 

tic as in the other cases. The release peak at the highest temper- 

ture occurs significantly higher in the heterogeneous MOX2 and 

s not associated with Cs release as in MOX1, suggesting a differ- 

nt chemical origin. This could suggest that Te is present in vari- 

us forms in MOX2, labile and bonded. For example, in the high- 

urnup Pu-rich areas of MOX2, Te might be partially bonded in 

he five metal particles, as observed for example in UO 2 fuel [37] , 

hereas it might be still elemental in the matrix where it is much 

ore diluted or associated with Cs, for example as a caesium tel- 

uride. 

The release of Sr occurs in the very high temperature range 

20 0 0–250 0 K) and shows two maxima, but again different for 

OX1 and MOX2. In the homogeneous fuel, the two maxima are 

lose in temperature and the release is terminated before the com- 

lete vaporisation of the sample. In the heterogeneous sample, the 
of the homogeneous MOX1 (left, rod 11) and heterogeneous MOX2 (right, rod 12). 
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Fig. 25. EPMA of the homogeneous MOX1 fuel after irradiation. Top left image: SE = Secondary Electron image. 
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Fig. 26. EPMA of the heterogeneous MOX2 fuel after irradiation. Top left image: SE = Secondary electron image. 
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wo maxima are clearly separated by more than 500 K, indicating 

gain distinct different mechanisms or species. 

.3. Comparison with commercial PWR fuels 

In previous studies we have measured the fission product re- 

ease from fragments of commercial UO 2 fuel with HBS structure 

 [37] , results from this reference are shown in Fig. 8 in this paper),

nd of fragments of OCOM MOX fuel from different radial locations 

n the pellet ( [30] , results shown in Fig. 7 ). 

The microstructure of MOX1 studied here is very similar to the 

ne of the HBS UO 2 sample with a local burn-up of about 240 

Wd/kgHM. The release behaviour from the two fuels is compa- 

able, including the above noted correlations between the fission 

roducts. However, the Cs release in the UO 2 fuel continued to 

igher temperatures which could be explained by a higher oxygen 

otential at which caesium is no longer present in a volatile form 

Cs, CsI) but bonded in oxide form, for example caesium molyb- 

ate, caesium uranate or a more complex oxide compound [37] . 

The fission gas release curves of commercial OCOM MOX fuel 

eported in [30] (sample A, irradiation temperature between 854 

nd 1312 K, fuel burnup 44.5 MWd/kgHM, local burnup > 200 

Wd/kgHM) shows a somewhat different behaviour from MOX2. 

he Xe curves show a first release at about 1200 K, lower than ob- 

erved here for MOX2, and at high temperature ( > 1500 K) the re-

ease is substantially larger. This can be explained by the difference 

n the Pu distribution in the fuel. In the commercial MOX fuel the 

u concentration is higher in the matrix and lower in the Pu-rich 

reas compared to the heterogeneous sample studied here. The lo- 

al burnup of the matrix is thus higher resulting in (i) a larger fis- 

ion gas concentration at the grain boundaries, and thus a faster 

lower temperature) grain boundary opening, and (ii) larger con- 

entration of fission gas still contained in the matrix (dissolved, 

ano- and microbubbles) which is only released at high tempera- 

ure. 

The particular behaviour of Te and Sr, both showing a shift in 

elease to higher temperature in the heterogeneous MOX2 fuel in 

omparison to the commercial MOX fuel, can be explained by the 

act that in this fuel the Pu areas change substantially their com- 

osition during the irradiation. An average fuel burnup of about 

4.5 MWd/kgHM means that about one-third of the Pu and U in 

s a result of the much higher Pu concentration. Pu-rich areas is 

eplaced by fission products, resulting in about 50 at% concentra- 

ion of new elements. At such high concentrations, in combina- 

ion with short diffusion paths and elevated temperatures, reac- 

ions can take place rapidly, and we hypothesize that new phases 

re more likely to form, as observed in fast reactor fuel [38] , which

olatilize at relatively low temperature. The high release tempera- 

ure of Te may be related to its incorporated in the five-metal par- 

icles in which it may be strongly bonded to Pd [39] . Finally, Sr in

he Pu areas will be incorporated in a grey-phase-like perovskite 

ype (Ba,Sr,…)(Pu,Zr,…)O 3 from which the Sr is released at higher 

emperature than when dissolved in the fluorite matrix. Generally 

he formation of compounds between Pu and FPs is still matter of 

nvestigation and local oxygen potential and low FPs and Pu ratio 

ight impact the local chemistry. 

.4. Correlating fission gas release and thermal diffusivity 

easurements 

An interesting aspect is the correlation between the fission gas 

elease and the observations made during the thermal diffusivity 

easurements. As discussed in Section 3.4 , the thermal cycling of 

he samples during the laser-flash measurements results in an an- 

ealing of radiation damage accumulated in the fuels. This was dis- 

ussed extensively by Ronchi et al. [32] , who indicated that dis- 
17 
inction should be made between the annealing of defects result- 

ng from self-irradiation during the storage (out-of-pile) of fuel be- 

ween end-of-life and measurement, and the annealing of defects 

reated during the irradiation period (in-pile) of the fuel. The irra- 

iation temperature T irr is a key parameter in this interpretation. 

elow T irr the out-of-pile self-irradiation defects dominate, as an- 

ealing of in-pile defects has taken place, above both have to be 

aken into account. 

The fuel disks studied here were irradiated at a constant tem- 

erature of T irr = 973 K. The homogeneous MOX1 fuel fractured at 

bout 930 K, close to the temperature at end of irradiation, also 

orresponding to the temperature range in which the first burst 

elease of fission gases was observed in the KEMS. Thus, we hy- 

othesize that the annealing of the defects mobilised the helium 

rom the out-of-pile decay and remaining fission gases in the HBS 

atrix, their mobility led to sudden release by venting of overpres- 

urised intergranular HBS bubbles and (saturated) grain boundaries 

nd, hence, to destabilisation of the fuel disk. The MOX2 fracturing 

ook place at about 1050 K, above T irr and the KEMS showed no 

urst release in that temperature range. Since the fission gas re- 

ease in MOX2 starts only at higher temperature, the mechanical 

estabilisation of the fuel disk must be due to a different mecha- 

ism, probably involving the growth of intergranular pores in the 

atrix and local swelling of the Pu-rich areas. 

. Conclusion 

The distribution of plutonium in mixed oxide fuel has a strong 

nfluence on the fission product release when the fuel is heated, 

s has been demonstrated in this study by examining two extreme 

ases: a fully homogeneous and a highly heterogeneous MOX fuel. 

EMS measurements of irradiated fuel samples combined with 

EM imaging of the fuel during various stages of the heating and 

PMA analysis show that the differences in the Pu concentration 

nd the concomitant differences in burnup distribution affect the 

icrostructure evolution (local or uniform HBS formation) as well 

s the fission product concentration in Pu-rich areas, matrix and 

rain boundaries, and thus the release mechanisms. The main re- 

ease of fission products from the homogeneous and heteroge- 

eous fuels takes place at about the same temperature. i.e. around 

500 K. The slightly lower temperature in the heterogeneous fuel 

an be related to the extreme burnup and restructuring of the Pu- 

ich areas, and higher mobility along the grain boundaries of the 

urrounding matrix resulting from the substantially higher in-pile 

as release. In the homogeneous fuel, spike release of fission gases 

nd volatiles takes place at a lower temperature, probably because 

f the full HBS development and release from near surface pores. 

he most prominent differences are observed for Sr, Te and Cs, 

hich were attributed to differences in chemistry in the Pu-rich 

reas that have an extremely high burnup and FP concentration, 

ery likely resulting in a more extensive chemical interaction. 
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