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1. Introduction 

In the frame of the European project ESNII+, an update of the European catalogue 
of properties of (U,Pu)O2 mixed oxide fuel was published in 2017. For each 

property, recommendations and validity ranges were given and the knowledge 
gaps were also highlighted. 

During the ESFR-SMART project and then the PuMMA project, new experimental 

measurements of properties have been performed on both fresh and irradiated 
MOX fuels. The aim of this deliverable is to provide updated versions of several 

chapters of the 2017 catalogue, based on the new experimental results collected 
in the frame of both ESFR-SMART and PuMMA projects. The properties concerned 
are lattice parameter, thermal conductivity, melting point, specific heat and 

thermal expansion. In particular, a new law is recommended regarding melting 
point. 

In the meantime, an international report on recommendations on oxide fuels and 
fuels for Fast Reactor has been published by experts in the field 
(https://www.oecd-nea.org/jcms/pl_107583/recommendations-on-fuel-

properties-for-fuel-performance-codes?details=true ). 

So in our new European catalog we have tried to compare, when it was possible, 

our European recent measurements with these recommendations. 

  

https://www.oecd-nea.org/jcms/pl_107583/recommendations-on-fuel-properties-for-fuel-performance-codes?details=true
https://www.oecd-nea.org/jcms/pl_107583/recommendations-on-fuel-properties-for-fuel-performance-codes?details=true
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2. Lattice parameter  

This chapter was originally provided by J.P. Ottaviani (CEA). 

 

2.1 Literature data 

2.1.1 Effect of plutonium content 

The law originally recommended in the European catalogue is based on the 
assumption that the lattice parameter of stoichiometric mixed oxide (U1-yPuy)O2 
may be calculated by applying the Vegard’s law from the commonly accepted 

values of 5.470 Å, and 5.396 Å as lattice parameters of UO2.00 and PuO2.00 
respectively. This means that lattice parameter changes in a straight line with 

increasing Pu content. 

 

2.1.2 Effect of deviation from stoichiometry 

For hypo-stoichiometric mixed oxide (U1-yPuy)O2-x, considering a linear variation of 

the lattice parameter as a function of deviation from stoichiometry and Pu content, 
Vegard’s law is extended between UO2.00 and PuO2.00 poles by adding a term 

featuring the effect of the O/M ratio, depending on both the deviation from 
stoichiometry and the Pu content. The evolution of the lattice parameter is given 
by Eq. 2.1: 

a (pm) = 547.0 − 7.4 y + (30.1 + 11.0 y) x Eq. 2.1 

This recommendation has been implemented from the review of the CEA internal 

catalogue dating back to 1977, data published in the open literature [Ben69, 
Jav72, Mar67], as well as other measurements carried out at CEA [Phi90]. 

It is applicable to a single phase domain for Pu contents limited to 0 < y < 0.30. 

Moreover, it is worth noting that, due to the observed experimental dispersion, the 
slope Δa/Δx is given with substantial uncertainty, in the order of 20%, or 

approximately ± 6 pm. 

The above correlation recommended by Philipponneau was established from 
experimental data strongly scattered, particularly for the lowest Pu contents. The 

dispersion was explained by poor Pu homogeneity of the samples. 

An additional study was achieved by Duriez et al. in 2000 [Dur00] on  

(U1-yPuy)O2-x fuel samples thermally treated in order to promote plutonium 
homogenization, and finely characterized. The results obtained from this study 
were less scattered than those that had conducted to the previous 

recommendation. The revaluation was suggested as given per Eq. 2.2: 
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a (pm) = 547.0 − 7.4 y + 32 x Eq. 2.2 

Accordingly, the effect of deviation from stoichiometry appeared again 
independent from the Pu content . 

The range of applicability of Philipponneau’s recommendation is limited to Pu 
contents lower than 30%, as a single-phase solid solution in this range was 
considered. However, due to the complexity of the U-Pu-O system, this range of 

applicability still remains open to discussion. Indeed, for low Pu contents all 
literature data [Mar67, Sar70] show the existence of a single phase (U,Pu)O2-x 

solid solution until complete reduction of Pu to trivalent state, then transition to a 
two-phase domain MO2-x + metal. For higher Pu contents, a phase separation is 
observable when reducing Pu, leading to two FCC phases in the miscibility gap of 

the hypo-stoichiometric region. The lowest value of Pu content for which this 
phenomenon has been observed at room temperature is variable according to the 

authors. It was proposed at 35% by Markin et al. in 1967 [Mar67]. Later the 
phenomenon was observed between 15 and 20% by Sari et al. [Sar70] and 
Koizumi et al.[Koi69]. Sari et al. indicated that samples of the same composition 

exhibited sometimes a single phase, and sometimes two phases. The kinetics of 
formation of the second FCC phase, very slow at room temperature in this range 

of Pu content, could explain the disparity in the results. The lowest value of Pu 
content at which the second phase appears increasing as temperature increases 

[Koi69, Sar70, Mar67] single phase solid solutions observed at room temperature 
for Pu contents higher than 20% may correspond to equilibriums at high 
temperature. 

So, in a large hypo-stoichiometric region, the limit of applicability of 30% Pu should 
be considered cautiously. 

Furthermore, it is important to mention that Sari et al. observed the existence of 
single phase solid solutions containing between 17% and 100% Pu and O/M ratios 
exceeding 1.985. In this narrow hypo-stoichiometric region, the lattice parameter 

varies linearly with the Pu content. 

In 2009, Kato et al. [Kat09a] and Morimoto et al. [Mor09] determined the lattice 

parameters at room temperature of hypo-stoichiometric uranium-plutonium mixed 
oxide fuels doped with americium and neptunium, of type  
(U1-z-y'-y’’PuzAmy'Npy’’)O2-x with (z = 0 - 1, y'= 0 - 0.02, y’’ = 0 - 0.12). Figure 2.1 

shows a linear variation of lattice parameter as a function of the O/M ratio for each 
type of fuel, in accordance with the recommendation ofPhilipponneau. However, 

as well as Sari et al, Kato et al. observed single phase solid solutions on fuels with 
O/M ratio lower than 2.00, even for Pu contents greater than 30%. 
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Figure 2.1: Effect of the O/M ratio on the lattice parameter of hypo-

stoichiometric oxides of type (U,Pu,Am,Np)O2-x [Kat09a]. 

These recent results added to those of Sari et al. tend to demonstrate that a new 
recommendation could be extended to higher Pu contents but in a reduced hypo-
stoichiometric area (1.985 < O/M < 2). 

 

2.1.3 Effect of addition of minor actinides 

Any Japanese studies tend to demonstrate that the addition of minor actinides is 
likely to change the limit of phase separation [Kom10, Kat06]. In 2006, Kato et al. 

studied the effect of addition of minor actinides Am and Np on the lattice parameter 
of U0.7Pu0.3O2-x mixed oxide [Kat06]. Figure 2.2a shows that the lattice parameter 

linearly decreases according to the Vegard’s law for stoichiometric material. Figure 
2.2b shows that the evolution of the lattice parameter as a function of the deviation 
from the stoichiometry in oxygen is linear, with a slope similar to that of the 

material without minor actinides. The lattice parameter was described by the 
correlation given in Eq. 2.3: 

a (pm) = a(𝑀𝑂2) + 24.8 x Eq. 2.3 

where x is the deviation from the stoichiometry and a(MO2) is the lattice parameter 
of the stoichiometric mixed oxide calculated from Vegard’s law as per Eq. 2.4: 

a(𝑀𝑂2) = ∑ 𝑎𝑖  𝑐𝑖 Eq. 2.4 

where ai (pm) is the lattice parameter of the ith AnO2 end-member, and ci is its 

concentration, defined as per Eq. 2.5 
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∑ 𝑐𝑖 = 𝑐𝑈𝑂2
+  𝑐𝑃𝑢𝑂2

+  𝑐𝐴𝑚𝑂2
+  𝑐𝑁𝑝𝑂2

= 1 Eq. 2.5 

 

Figure 2.2: Lattice parameter of MOX doped with minor actinides  

(a) as a function of minor actinide content,  

(b) as a function of the O/M ratio [Kat06]. 

The previously mentioned study from Kato et al. [Kat09a] also analyzes the effect 

of addition of minor actinides on the lattice parameter of stoichiometric or hypo-
stoichiometric uranium-plutonium mixed oxide fuels (Figure 2.1 & Figure 2.3). 

From the compilation of a significant number of experimental and bibliographic 
data, the authors offer a new expression of the lattice parameter (Eq. 2.6) as a 
function of U, Pu, Am, and Np contents, their respective ionic radii (see Table 2.1 

and Table 2.2), the deviation from the stoichiometry in oxygen, and ionic radius 

of the oxygen anion 𝑟𝑎. 

a = 4/√3[(𝑟𝑈(1 − 𝑧 − 𝑦′ − 𝑦′′) + 𝑟𝑃𝑢 𝑧 + 𝑟𝐴𝑚 𝑦′ + 𝑟𝑁𝑏 𝑦′′)(1 + 0.112 𝑥) + 𝑟𝑎] Eq. 2.6 

where a is expressed in the same unit as ionic radii.  

Table 2.1: Ionic radii from [Kat09a]. 

Ionic species Ionic radius (Å) 

U4+    (CN=8) 0.9972 

Pu4+  (CN=8) 0.9642 

Am4+ (CN=8) 0.9539 

Np4+  (CN=8) 0.9805 

O2-    (CN=4) 1.372 
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Table 2.2: Ionic radii from [Sha76]. 

Ionic species Ionic radius (Å) 

U5+    (CN=8) 0.840 

Pu3+  (CN=6) 1.00 

Am3+ (CN=8) 1.090 

Am3+ (CN=6) 0.975 

The previous correlation represents the experimental data very well, within a 
standard deviation of σ = ±0.025%. The correlation suggested by Kato et al. 

[Kat09a] may also be written according to Eq. 2.7 which highlights the fact that 
the effect of deviation from stoichiometry proves to be weakly dependent on the 

Pu or MA content: 

a (pm) = 547.1 − 7.6 z − 10.0 y′ − 3.8 𝑦′′ + (25.8 − 0.9 𝑧 − 1.1 𝑦′ − 0.4 𝑦′′) 𝑥 Eq. 2.7 

This correlation, based on a significant number of experimental data represented 

with great precision, could be considered as a new recommendation for the 
calculation of the lattice parameter of stoichiometric or hypo-stoichiometric 

uranium-plutonium-minor actinides mixed oxides within the following limits: 

0 ≤ Pu/M ≤ 100%,  0 ≤ Am/M ≤ 2%,  0 ≤ Np/M ≤ 12%,  1.985 ≤ O/M ≤ 2. 

 

Figure 2.3: Effect of Am content on the lattice parameter of oxide 

(U,Pu,Am)O2.00 [Kat09a]. 
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Kurosaki et al. [Kur04] have directed molecular dynamics calculations aimed at 

studying the effect of addition of americium on the lattice parameter of MOX fuel 
of type U0.7-xPu0.3AmxO2 (with x = 0; 0.016; 0.03; 0.05; 0.1 and 0.15) as a function 

of temperature (Figure 2.4). The lattice parameter of U0.7-xPu0.3AmxO2 decreases 
with the addition of americium. Their calculation is consistent with the limited data 
available in the literature. 

 

Figure 2.4: Variation of the lattice parameter of MOX fuel of type  

U0.7-xPu0.3AmxO2  as a function of temperature [Kur04]. 

 

2.1.4 Effect of self-irradiation 

Self-irradiation 𝛼 induces an increase of the lattice parameter as a function of time. 

The given recommendation (Eq. 2.8) is independent of the fuel composition, taking 
as parameter not the plutonium content but the dose absorbed by the material 𝑑, 

expressed in 𝛼. 𝑚−3 (one 𝛼-decay by m3). 

∆a (pm) = 4.453 10−25 d (𝛼. 𝑚−3) Eq. 2.8 

The change can be considered linear up to a dose of about 5 1024 𝛼. 𝑚−3. 

In 1994, Philipponneau conducted an in-depth study of the effect of 𝛼 self-

irradiation on the lattice parameter of uranium-plutonium mixed oxides [Phi94]. 

Taking account of the evolution of the O/M ratio over time helped to significantly 
reduce the dispersion of the experimental results and to suggest a new 
recommendation (Eq. 2.9) giving the variation of the lattice parameter as a 

function of the 𝑑 dose absorbed by the material, expressed in 𝛼. 𝑚−3. 

∆a (pm) = 3.954 10−25 d (𝛼. 𝑚−3) Eq. 2.9 

As previously, it applies up to a dose level of about 5 1024 𝛼. 𝑚−3. 
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In 2009, Kato et al. [Kat09b] published a study on the effect of 𝛼 self-irradiation 

in mixed oxides with Pu content between 17% and 49%. They proposed the 
following law of evolution for the lattice parameter (Eq. 2.10): 

∆a/a0 = 2.9 10−3(1 − exp(−12000 𝜆′𝑡)) Eq. 2.10 

Where 𝜆′ is the average alpha decay constant of plutonium weighted by its isotopy 

taking into account 241Am nuclides as given per Eq. 2.11. Relative expansion Δa/a0 
reached saturation to 0.29% after a sufficiently long storage time. 

𝜆′ = 𝑐𝑃𝑢 ∑ 𝜆𝑖𝐶𝑖  Eq. 2.11 

Where cPu is plutonium content, 𝜆𝑖 is decay constant (of 𝛼-decay) of plutonium 

isotope as given in Table 2.3 and Ci is plutonium isotopic composition. 

Table 2.3: decay constant of Plutonium isotopes. 

Isotope Decay constant (s-1) 

Pu238 2.505 x 10-10 

Pu239 9.116 x 10-13 

Pu240 3.349 x 10-12 

Pu241 6.869 x 10-14 

Pu242 5.888 x 10-14 

Am241 5.086 x 10-11 

 

2.1.5 Effect of Burn-up 

Change of lattice parameter as a function of burn up (𝜏) has been established from 

experimental results obtained on PHENIX fuels. The recommended correlation for 

fast fuel is given by Eq. 2.12: 

∆a (pm) = −0.039 τ (at. %) Eq. 2.12 

This correlation, established from experimental results obtained on PHENIX fuels, 

Is based on a reduced amount of experimental data. Then, it appears difficult to 
extrapolate this recommendation to all mixed oxide fuels, and therefore it should 

be used cautiously. 

 

2.2 NEA recommendation 

The recommended law in [NEA25] for lattice parameter calculation for solid 

solution (U1-z-y'-y’’PuzAmy'Npy’’)O2-x is the one proposed by Kato in Eq. 2.6, with ionic 
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radii given in Table 2.1 and Table 2.2. Comparison of this law to experimental data 

is given in Figure 2.5. 

 

Figure 2.5: Comparison of calculated vs. experimental data of lattice 

parameter for MOX fuels [NEA25]. 

The lattice parameter slightly decreases with MA content, and increases with 

decreasing O/M, as shown in Figure 2.3. 

The range of parameters for the validity of the recommendation is: 

• O/M from 1.94 to 2.0 
• Pu content from 10 to 45% 
• Am content from 0 to 5% 

Uncertainty is estimated to be σ = ± 0.025%. 

 

2.3 Data obtained in the frame of ESFR-SMART 

project 

In the frame of the ESFR-SMART project, lattice parameter on three fresh MOX 
samples were measured [ESF23]. Details of the measured samples and obtained 

results are given in Table 2.4.  

As expected with Vegard’s law, lattice parameter decreases when Pu content 
increases. 
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Table 2.4: Details of the three fresh (U,Pu)O2 samples studied and 

measured lattice parameter. 

Name Composition Lattice parameter (Å) 

PHENIX29 U0.70Pu0.29Am0.01O1.984 5.445 ± 0.003  

CAPRA4 U0.70Pu0.28Am0.02O2.004 5.446 ± 0.003 

TRABANT40 U0.60Pu0.39Am0.01O1.995 5.434 ± 0.003 

 

2.4 Data obtained in the frame of the PuMMA 

project 

In the frame of the PuMMA project, lattice parameter was measured at 300 K on 
one fresh MOX samples (MOX70-F), manufactured by co-milling process, with an 

O/M ratio of 1.99 ± 0.01 and a Pu content of 69% [PuM25]. 
Lattice parameter was measured equal to 5.417 ± 0,001 Å. This value is in very 

good agreement with those calculated using the empirical relations developed by 
Kato and Konashi [Kat09a] and Duriez et al. [Dur00], respectively 5,416 Å and 
5,418 Å (for calculation the considered plutonium content values were those 

determined by EPMA (0.704 %Pu/(U+Pu)) with an O/M ratio equal to 2.00). 

 

2.5 Conclusions and recommendations 

Taking into account the limitations of the law recommended for the calculation of 
the lattice parameter of (U,Pu)O2-x fuels as well as the limited number of published 
data, it is possible to propose a work plan as follows: 

Verification of applicability limit of the recommendation 

For significant values of deviation from the stoichiometry in oxygen, it seems 

essential to determine more precisely the plutonium content limit beyond which 
the law recommended for the calculation of the lattice parameter is no longer 
applicable. This limit must be less than the Pu content corresponding at the 

beginning of the miscibility gap observed in the phase diagram. However, the limit 
of the existence of this gap is controversial. Fine characterizations of hypo-

stoichiometric samples U1-yPuyO2-x (with 0.2 < y < 0.35) elaborated by controlling 
the oxygen potential are needed. 

Extension of the recommendation to higher Pu contents for minor 

deviations from stoichiometry in oxygen 

Studies are needed in a wide Pu content range (20% – 40%) but for minor 

deviations from stoichiometry in oxygen (1.985 < O/M < 2.000) to validate the 
work of Sari and Kato tending to reveal the existence of a monophasic area. 

Characterizations shall be clearly realized by X-ray diffraction (XRD) - nature of 

the phases and determination of the lattice parameter - but also by X-ray 
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absorption spectroscopy (XAS) at beamlines dedicated to radioactive materials 

[Den16]. This method could be used to quantitatively assess the oxidation state 
of U or Pu cations, and therefore determine the average value of the O/M ratio. 

Extension of the recommendation to high temperature 

The given recommendation is applicable only at room temperature. However, 
knowing the evolution of the lattice parameter as a function of temperature is of 

major interest for a better understanding of the in-pile fuel behaviour. The high-
temperature X-ray diffractometer available at CEA could be used to extend the 

recommendation up to the melting point. These data could also be used to assess 
the thermal expansion coefficient depending on the plutonium content and 
compare the values thus obtained to those determined by dilatometry. 

Influence of the Am and Np minor actinides 

Finally, given the limited amount of data available in this area, the effect of minor 

actinides Am and Np on the lattice parameter must be considered. Samples doped 
to various Am and/or Np contents should be developed and characterized by XRD 
and XAS. These results will be compared to those published by Kato et al. 

[Kat09a]. According to the results, an extension of the recommendation taking 
into account Am and Np could then be proposed. 
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3. Thermal conductivity 

This chapter was originally provided by D. Staicu (JRC-Karlsruhe). 

 

3.1 Literature data 

In 1990, Philipponneau recommended equation Eq. 3.1 to calculate the thermal 
conductivity of mixed oxide fuel. 

λ = [
1

𝐴 + 𝐵𝑇
+ 𝐶𝑇3] 𝛼 Eq. 3.1 

Where: 

T = temperature (K) 
A = coefficient depending on the deviation from stoichiometry x = 2-O/M and on 

the fractional burn-up  calculated by Eq. 3.2: 

𝐴 = 1.320√𝑥 + 0.00931 − 0.0911 + 0.38𝜏   [m.W-1.K-1] Eq. 3.2 

B = 2.493 10-4 m.W-1 (constant) 

C = 88.40 10-12 W.m-1.K-4 (constant) 
 = porosity correction factor calculated with Eq. 3.3 

𝛼 =
1 − 𝑝

1 + 2𝑝
 Eq. 3.3 

The ranges of applicability are: 

• 500K < T < melting point 
• O/M ≤ 2.00 

• Pu content limits 0 < y < 0.30 
• Porosity limits 0 ≤ p ≤ 0.4 

The thermal conductivity is considered as independent of the plutonium content, 
which was clearly shown for fresh fuels in the range 0.15 < y < 0.30, and would 
need be checked below 0.15. 

The influence of non-stoichiometry was quantified using fresh fuels measurements 
results. 

The effect of burn-up is introduced using results for simulated irradiated fuels 
[Har73] or models. The influence of burn-up considers only the effect of some solid 
fission products and was deduced from only a small number of results, with a large 

uncertainty due to the O/M correction. The available results correspond to doped 
samples where the O/M ratio is expected to have decreased and to a model by 

Martin. 
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3.1.1 Effect of the Plutonium content and 

stoichiometry 

A slightly revised recommendation was published in the open literature by 
Philipponneau for FBR MOX in 1992 [Phi92]. Inoue [Ino00] proposed a formula for 

fast reactors fuels giving similar results as the formula of Philipponneau for 
stoichiometric fuel but predicting a weaker effect of non-stoichiometry. He has 

validated his law on measurements made in JOYO facility, on hypo-stoichiometric 
fuel (O/M ratio of 1.95 and 1.96), illustrated on Figure 3.1. 

 

Figure 3.1: Thermal conductivity for hypo-stoichiometric MOX proposed 

by Inoue [Ino00] 

Duriez et al. [Dur00] has measured the thermal diffusivity and deduced the 
thermal conductivity for unirradiated LWR MOX with Pu contents between 3 and 

15 wt.%. They have shown that the conductivity of stoichiometric LWR MOX is 
lower than for UO2 and in the same range as the recommendation of Philipponneau 

for FBR MOX (Figure 3.2). A significant difference in thermal conductivity is 
observed between LWR and FBR MOX for hypo-stoichiometric fuels, the impact of 
non-stoichiometry is stronger in FBR fuel.  
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Figure 3.2: Conductivity of MOX at 95% TD obtained with the 

correlations of Duriez and Philipponneau, and thermal conductivity of 

UO2 recommended by Fink [Fin00]. 

Kato [Kat11] and Morimoto [Mor08a, Mor08b] have measured the thermal 

conductivity of FBR MOX with 30% Pu and proposed a correlation for the effect on 
non-stoichiometry. The conductivities of Kato and Philipponneau are compared in 
Figure 3.3. For stoichiometric fuel, the conductivity of Kato is higher than UO2 in 

the low temperatures range. The conductivity of Kato is higher than the 
recommendation of Philipponneau, both for stoichiometric and hypo-stoichiometric 

fuels. The conductivity of FBR MOX obtained with the recommendation of Kato is 
compared to the results of Duriez for LWR MOX in Figure 3.4. The conductivity of 
Kato for stoichiometric fuel is higher, but a relatively good agreement is observed 

for hypo-stoichiometric fuel. 
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Figure 3.3: Conductivity of FBR MOX at 95% TD obtained with the 

recommendation of Philipponneau compared to the results of Kato 

[Kat11]. 
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Figure 3.4: Conductivity of FBR MOX at 95% TD obtained with the 

recommendation of Kato compared to the results of Duriez for LWR MOX. 

Sengupta [Sen09] measured the thermal diffusivity and deduced the thermal 

conductivity of stoichiometric FBR MOX with 44% Pu and a density of 82% TD. The 
obtained thermal conductivity was converted to 95% TD (Figure 3.5) and is 

significantly below the recommendation of Philipponneau for FBR fuel, which was 
interpreted as due to the high Pu content.  

Vasudeva Rao [Vas06] measured the thermal diffusivity and deduced the thermal 

conductivity of stoichiometric FBR MOX with 21, 28 and 40 % Pu and a density of 
about 96% TD (Figure 3.5). Vasudeva Rao observed that the thermal conductivity 

decreases with the increase of the plutonium content. The uncertainty on these 
results is probably high, as suggested by the crossing of the curves. 
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Figure 3.5: Conductivity of FBR MOX determined by Vasudeva Rao and 

Sengupta, and comparison to the recommendation of Philipponneau and 

to the results of Kato [Kat12]. 
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The effect of the Plutonium content in LWR MOX fuels was investigated by Staicu 

et al. [Sta13] and it was concluded that the difference in thermal conductivity 
between LWR UO2 and MOX fuels with Pu contents up to 11% is not linked to the 

Pu content but can mainly be attributed to the stoichiometry fluctuations in 
heterogeneous MOX. The study included homogeneous and heterogeneous MOX 
samples with Pu contents up to 11% and can therefore not be extrapolated to FBR 

MOX.  

Recently, Magni et al. [Mag20] has considered a slight effect of the plutonium 

content for the thermal conductivity of MOX fuel, in the range between 0 and 
45wt.%, supported by literature works [Dur00, Phi92], and by the recent 
measurements on TRABANT fresh MOX fuel performed in the framework of the 

ESNII+ European Project [Sta17b]. 

The correlation for fresh MOX thermal conductivity obtained by Magni et al is given 

as per Eq. 3.4: 

𝑘0(𝑇, 𝑥, [𝑃𝑢], 𝑝) = 

(
1

𝐴0 + 𝐴𝑥 ∙ 𝑥 + 𝐴𝑃𝑢 ∙ [𝑃𝑢] + (𝐵0 + 𝐵𝑃𝑢[𝑃𝑢])𝑇
+

𝐷

𝑇2
𝑒−

𝐸
𝑇) (1 − 𝑝)2.5 

Eq. 3.4 

Where : 
𝐴0 = 0.01926 
𝐴𝑥 = 1.06 ∙ 10−6 
𝐴𝑃𝑢 = 2.63 ∙ 10−8 
𝐵0 = 2.39 ∙ 10−4 

𝐵𝑃𝑢 = 1.37 ∙ 10−13 
𝐷 = 5.27 ∙ 10+9 
𝐸 = 17109.5 

Other than from experimental approach, Molecular Dynamic calculations were 
performed to estimate the evolution of fresh fuel thermal conductivity with Pu 

content. Cooper et al. [Coo15] investigated Pu content impact by molecular 
dynamic using non-equilibrium method from 300 to 2000 K. Figure 3.6 from 
[Coo15] evidences a sensible effect of Pu content up to about ~1600 K, as 

expected. Most interesting point is that Pu degrades thermal conductivity in 
(U,Pu)O2 up to 25% content roughly, but then lead to an increase of the thermal 

conductivity. This work also indicates that, from temperature of interest in Fast 
Reactor (at least 800 K and more) it seems reasonable not to account of Pu content 

in thermal conductivity, at least for stoichiometric fuel. Indeed, the deviation from 
0 Pu to 100 % Pu is very limited above this temperature. 
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Figure 3.6: The variation of thermal conductivity as a function of 

uranium composition for (UxPu1-x)O2 at a range of temperatures obtained 

in [Coo15]. 

3.1.2 Effect of porosity 

The effect of porosity on fuel thermal conductivity is hard to experimentally 

investigate as the samples porosity value varies and a correction is applied in order 
to compare results obtained by different authors. Usually, the thermal conductivity 

data are converted to 95% or 100% TD. 

Philipponneau recommended the formula given per Eq. 3.5: 

p

p

21

1

+

−
=  Eq. 3.5 

Kato used the correction factor given by Eq. 3.6: 

p

p

5.01

1

+

−
=  Eq. 3.6 

Brandt and Neuer [Bra76] proposed a formula which was later recommended by 

Fink [Fin00] for the normalisation of the LWR UO2 conductivity to 95% TD as given 
per Eq. 3.7. 

)( 1

)( 0.051
95

Tfp

Tf

−

−
=  Eq. 3.7 

where f(T)=2.6-0.5 T/1000  and T is in °C. 
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The formula of Brandt and Neuer takes into account the radiative heat transfer in 

the pores, which results in the temperature dependence of this correction. 
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Figure 3.7: Porosity correction factor (from a given porosity to 100%TD) 

for the thermal conductivity evaluated by three correlations. 

The porosity correction factor (from a given porosity to 100%TD) for the thermal 

conductivity evaluated by these three correlations is shown in Figure 3.7 for 
porosity volume fractions between 0 and 0.2. The formula of Kato gives the 

smallest correction factor. At the temperature of 500K and up to a porosity volume 
fraction of 0.1, the formulas of Philipponneau and Brandt and Neuer [Bra76] give 
identical correction factors. At the temperature of 1500K, the Brandt and Neuer 

formula gives a correction which is intermediary between the corrections of 
Philipponneau and Kato. 

Finally, Magni [Mag20] used another factor as given per Eq. 3.8: 

𝛼 = (1 − 𝑝)2.5 Eq. 3.8 

3.1.3 Effect of burn-up 

New out-of-pile thermal diffusivity measurements for irradiated LWR fuels were 

obtained since 1990, mostly for UO2 fuels, a few for MOX fuels. These were used 
to obtain new correlations for the effects of burn-up and irradiation temperature 
on the thermal conductivity. For irradiated LWR MOX fuels, most of the in-pile 

central temperature measurements and out-of-pile thermal diffusivity results show 
that the thermal conductivity of irradiated UO2 and LWR MOX can be supposed to 

be equal, within the uncertainties.  

A relatively large number of out-of-pile thermal diffusivity measurements for 
irradiated LWR fuels were obtained [Ama02, Yag00, Coz08, Hir97, Min01, Nak98, 

Sta07, Sta14 as examples]. Only one publication is available for FBR MOX with 
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17.7 % Pu and burn-ups of 8, 19 and 35 GWD/t [Yam93], but surprisingly no burn-

up degradation of the thermal conductivity was observed. 

• Correlation of NFI (1997-2005) 

Ohira [Ohi97] proposed the ‘NFI’ model (Eq. 3.9, Table 3.1) for the thermal 
conductivity, based on experimental results for an UO2 fuel with about  
61 MWdkgHM-1. A linear dependence of the parameter A on burn-up was assumed 

for the effect of fission products in solution, f(bu), and the effect of radiation 
damage was modelled as increasing slowly with burn-up (proportional to bu0.28) 

and to be progressively annealed when temperature increases, as described by 
h(T). 

 Eq. 3.9 

Lanning [Lan05] modified this model (Eq. 3.10, Table 3.1) and verified it against 
the experimental results of Carroll [Car94] and Ronchi [Ron04].  

 Eq. 3.10 

The Duriez-Modified NFI model (Eq. 3.11, Table 3.1) was proposed for MOX fuels 

[Lan05]. It is a combination of the fresh MOX fuel model of Duriez [Dur00] and 
the modified NFI model for irradiated UO2, incorporating a modification of the high 
temperatures term of Duriez (Cmod). The constants A(x), B(x) and D are those 

proposed by Duriez for fresh MOX and x is the deviation from stoichiometry (i.e. 
x=2-O/M). This model was verified by PNNL using in-pile fuel central temperature 

measurements. 

 Eq. 3.11 

Table 3.1: Constants of the NFI and NFI based models.  

a = 1.1599 A = 0.0452 mKW-1 

gad : weight fraction of gadolinia B = 2.4610-4 mKW-1K-1 

f(bu) = 0.00187bu : effect of fission products in solution in the matrix C=-5.4710-9 Wm-1K3 

g(bu) = 0.038bu0.28 effect of irradiation defects D=2.291014 Wm-1K-5 

h(T)=1/(1+396 exp(-6380/T)) : annealing of irradiation defects D1 = 13520 K 

x = 2.00 – O/M (O/M is the oxygen-to-metal ratio) E = 3.5109 WKm-1 

A(x) = 2.85x + 0.035 mKW-1 F = 16361 K 

B(x) = (2.86 - 7.15x)10-4 mW-1 Cmod=1.5109 WKm-1 

2 4
95

1
C T D T

A B T f (bu ) g(bu )h(T )
 = +  + 

+  + +

F

T
95 0.04 bu 2

1 E
e

A a gad B T f ( bu ) (1 0.9 e )g( bu )h(T ) T


−

− 
= +

+  +  + + −

1D

mod T
95 0.04 bu 2

C1
e

A( x ) B( x ) T f ( bu ) (1 0.9 e )g( bu )h(T ) T


−

− 
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+  + + −
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• Correlation of Baron and NFIR (1998-2004) 

Using NFIR experimental results for UO2 up to a burn-up of 80 MWdkgHM-1, Baron 

[Bar98] proposed a correlation where thermal recovery during the out-of-pile 

annealing is accounted for by using the variation of the lattice parameter as a 
marker of the matrix damage evolution. Comparison with experimental results 
shows a good agreement, but the application of the correlation is possible only 

when the lattice parameter is known. For this reason, approximate formulae for A0 
and B0 for the conductivity before recovery were deduced from the original plots. 

The correlation includes the effect of Pu and Gd. The effects of these two additives 
were obtained from fresh fuel measurements and from NFIR results for irradiated 
gadolinia fuel [Bar98]. 

An updated correlation for UO2 and (U,Gd)O2 (Eq. 3.12) was derived by Yagnik et 
al. from the NFIR thermal conductivity results obtained on samples irradiated 

below 800°C [Yag04] . This correlation takes into account the thermal recovery 
observed during laboratory measurements. The lattice thermal conductivity before 
and after thermal recovery is given by start and end, respectively, and the 

temperature dependence of the fission products redistribution and radiation 
damage recovery is given by the coefficient F. The burn-up, Bu, is in MWdkgHM-1 

and T is in °C. 

 Eq. 3.12 

with: 

 

 

 

 

For (U,Gd)O2 the same formula is used, replacing the coefficients A1 and B1 by: 

 and  

In this correlation, no information on the irradiation temperature or on the out-of-
pile auto-irradiation is explicitly taken into account.  

• HBRP (2004) 

UO2 and (U,Gd)O2 samples were irradiated in the framework of the High Burn-up 

Rim Project (HBRP) which comprised a matrix of four burn-ups (from 34 to  
96 MWd·kgHM-1 ) and four irradiation temperatures (750 to  1500 K) [Ron04].  

Kinoshita [Kin04] derived a first correlation (Eq. 3.13) summarizing the HBRP 

thermal conductivity results and including the effect of the HBS structure formation 
(Table 3.2). A slight increase of the conductivity normalized to 100% TD was 

observed after its formation.  

95 start end el( Bu ) (1 F ) F   = −  +  +
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1

A A Bu A Bu ( B B Bu ) T( C )
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+  +  + −   

end
1 4 1 3

1

A A Bu ( B B Bu ) T( C )
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+  + −   

D T( C )
el C e  = 
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e
1

A B T
 = +

+ 
 Eq. 3.13 

e is the electronic contribution to the conductivity. 

Table 3.2: Parameters of the thermal conductivity model of Kinoshita 

[Kin04]. 

3

3

3

3

T 1273K

A ( 40 4.12 bu ) 10

bu 50 B 0.22 10

50 bu 80 B (0.447 0.00453 bu ) 10

80 bu B 0.084 10

−

−

−

−



= +  

 = 

  = −  

 = 

              

      

              

3

3

T 1473K

A ( 40 1.74 bu ) 10
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Ronchi obtained a second model based on the HBRP results [Ron04], taking 
explicitly into account the irradiation temperature. The model considers the effects 

of radiation damage, soluble and volatile fission products, and of the HBS 
formation. 

• Thermal conductivity determined from in-pile measurements 

The fuel thermal conductivity can be deduced from a measurement of the 

temperature history at the pellet centre during irradiation with a thermocouple. 

The main result was obtained by the Halden Reactor Project.  

The thermal conductivity of irradiated UO2 (Eq. 3.14) is given by Wiesenack 

[Wie97]. A recent adaptation was cited by Lanning [Lan05], including the effect of 

gadolinia. 

C0.00188 T
95 3 4 3

C

1
k 0.0132e

0.1148 3.05 10 BU 2.475 10 (1 3.3 10 BU )T



− − −
= +

+   +  −  
 Eq. 3.14 

The Halden Reactor Project also developed an adaptation of their correlation for 

MOX fuel, based on fuel central temperature measurements. As cited and adapted 
by Lanning et al. [Lan05], this formula is obtained by multiplying the phonon term 

of the formula for UO2 by the factor 0.92, corresponding to the ratio of the 
conductivities of fresh UO2 and LWR MOX. 

Magni et al [Mag20] proposed recently a correlation for irradiated fuel in function 

of the burn-up 𝑏𝑢 in GWd/tHM, based on Yamamoto [Yam93] and ESNII+ results 

[Sta17b] as given per  

𝑘𝑖𝑟𝑟(𝑇, 𝑥, [𝑃𝑢], 𝑝, 𝑏𝑢) = 𝑘𝑖𝑛𝑓 + (𝑘0(𝑇, 𝑥, [𝑃𝑢], 𝑝) − 𝑘𝑖𝑛𝑓) ∙ 𝑒
−

𝑏𝑢
𝜑  Eq. 3.15 

Where: 𝑘𝑖𝑛𝑓 = 1.755  𝜑 = 128.75 
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• PhD Thesis of P. Bonev: assessing thermal conductivity of irradiated 

fuel using thermal mechanical and thermal chemistry approach to 
interpret NESTOR-3 measurements 

An interesting approach on MOX fast reactor fuel thermal conductivity modelling 
in the recent year has been done by P. Bonev in his PhD work [Bon23]. He worked 
on the impact of irradiation on thermal conductivity of SFR fuels, adapting Lucuta’s 

model [Luc94] based on LWR SIMFUEL to SFR irradiated fuel pins characteristics. 
Lucuta’s model assess thermal conductivity degradation with burnup using 

hypothesis on dissolved and precipitates fission product contribution to thermal 
conductivity of irradiated fuel. Thermal conductivity is then given as per Eq. 3.16. 

𝜆(𝐵𝑈) = 𝜆0 × 𝐹𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 × 𝐹𝐹𝑃𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑒𝑠
× 𝐹𝐹𝑃𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑

× 𝐹𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑑𝑎𝑚𝑎𝑔𝑒 Eq. 3.16 

With : 𝜆 the thermal conductivity of irradiated fuel; 

 𝜆0 the thermal conductivity of fresh 100% dense fuel; 

 𝐹𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 the impact of porosity on thermal conductivity; 

 𝐹𝐹𝑃𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑒𝑠
 the impact of Fission Products (FP) precipitates on thermal conductivity; 

 𝐹𝐹𝑃𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑
 the impact of FP in (U,Pu,PF)O2±x solid solution on thermal conductivity; 

𝐹𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑑𝑎𝑚𝑎𝑔𝑒 the impact of irradiation on fuel thermal conductivity. 

His work identified in particular 𝐹𝐹𝑃𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑒𝑠
 and 𝐹𝐹𝑃𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑

 using representative elements or 

compounds concentration: 

• 𝐹𝐹𝑃𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑒𝑠
: based on Maxwell-Eucken’s formula for two dispersed phases 

representing the Grey Phase (i.e. BaZrO3) which lower the fuel thermal 
conductivity and the Metallic precipitates (i.e. Mo, Ru, Tc, Rh, Pd) which is 

increasing the thermal conductivity. Impact depends on estimation of each 
phase thermal conductivity and and their own volume fraction; 

• 𝐹𝐹𝑃𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑
: Using Nd impact on MOX fuel thermal conductivity (from 

dedicated experiments) as representative of dissolved FP, based on 
dissolved FP molar concentration higher than 0.1%. 

Access to FP concentration in each phase or in solid solution depends on: 

• Local burnup, temperature, stoichiometry, FP concentration and matter 
transport (U, Pu, PF), accessible from fuel performance code GERMINAL V2 
(in his work); 

• Thermal-chemistry calculation of phase equilibrium, accessible from 
ThermoCalc + TAF-ID database (in his work). 

Applying his methodology to NESTOR-3 irradiation, he greatly improved thermal 
conductivity predictions of measurements performed from the maximum power 
elevation of the fuel pin, see Figure 3.8, MFP=Max Flux Plan data. However, his 

modelling, even if giving reasonable results for measurements on the Top of Fissile 
Column (TFC) at temperature above 1000 K, failed in predicting lower 

temperature, probably related to a missing parameter in the modelling at low 
temperature. Nevertheless, it shows the capability of this approach to adapt to 

different irradiation case better than traditional model (Philipponneau, Lucuta from 
PWR fuel).  
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The approach coupling thermal mechanical and thermal chemistry calculations to 

interpret irradiated fuel thermal conductivity measurements allow to better 
understand each phase contribution. The model derived appears to lead to better 

predictions and improved capability of adaptation to fuel irradiation specificity but 
requires including in fuel performance codes a thermal chemistry model to predict 
the chemical phases formation in the fuel.  

 

Figure 3.8: Bonev et al [Bon23] prediction of NESTOR-3 fuel thermal 

conductivity measurements 

 

3.1.4 Relevance of LWR MOX results for FBR fuel 

The thermal conductivities of irradiated LWR [Ron04] and FBR fuels (European 

Catalogue of 1990) with a burn-up of 13 at.% are compared in Figure 3.9. The 
thermal conductivity of irradiated LWR fuel evaluated with the recommendation of 
Ronchi [Ron04] is based on experimental results obtained up to 1500K both on as 

irradiated and annealed LWR fuel. The irradiated FBR fuel thermal conductivity 
recommended in the European Catalogue of 1990 results from fresh fuel 

measurements and a burn-up effect determined from fresh fuels with simulated 
burn-up effects. The thermal conductivity of LWR fuel was both evaluated at end 

of life (EOL) and annealed at 1500K, which is the maximum temperature for the 
correlation of Ronchi. The conductivity of the annealed LWR fuel is considered in 
order to have values corresponding to the high irradiation temperatures relevant 

for FBR fuels. It appears that the thermal conductivity of LWR fuel is much lower 
that the recommendation of Philipponneau, even if annealed LWR fuel is 

considered. 
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Figure 3.9: Recommendation of thermal conductivities of irradiated LWR 

fuel [Ron04] (determined from measurements on irradiated fuels up to 

1500K and extrapolated up to 2700K using a standard high temperature 

contribution) and FBR fuel (European Catalogue of 1990, determined 

from simulated irradiated fuels) at the burn-up of 13 at.%. 

 

3.2 NEA recommendation 

The recommended law in [NEA25] for thermal conductivity is the one proposed by 
Kato [Kat11] and given in Eq. 3.17 as it is in good agreement with the most recent 

experimental results obtained by JAEA and JRC. Thermal conductivity is defined as 
a function of density, temperature, Np content, Am content and deviation to 
stoichiometry. 

𝜆

=
(1 − 𝑝)

(1 + 0.5𝑝)
[

1

(2.713𝑥 + 3.583 × 10−1 × 𝑧1 + 6.317 × 10−2 × 𝑧2 + 1.595 × 10−2) + (2.493 − 2.625𝑥) × 10−4𝑇

+
1.541 × 1011

𝑇
5

2⁄
𝑒𝑥𝑝 (−

1.522 × 104

𝑇
)] 

Eq. 3.17 

With: 
𝜆 : thermal conductivity 

𝑝 : porosity 

𝑥 : deviation to stoichiometry in 𝑀𝑂2.00−𝑥 

𝑧1 : Am content 

𝑧2 : Np content 

Effect of porosity is taken into account via the recommended porosity correction 
factor (1-p)/(1=0.5p). 

It was shown that Np and Am addition to MOX caused the data to decrease slightly 

in the lower temperature range of less than 1000K and the change was negligibly 
small in the operation temperature range of fast reactor MOX fuels. It was 
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estimated that the addition of 1.6% Am and 1.6% Np caused the thermal 

conductivity to decrease by 2.0–2.5%. 

The range of parameters for the validity of the recommendation is: 

• Temperature from 500 to 1800 K for fresh, stoichiometric fuels 
• Temperature from 500 to 2270 K for fresh, hypostoichiometric fuels 
• Temperature from 500 to 1600 K for irradiated fuels 

• O/M from 1.92 to 2.00 
• Pu content from 19 to 45% 

• Porosity volume fraction from 0 to 15% 

Uncertainty is estimated to be about 10% for fresh and irradiated fuels. 

 

3.3 Measurements obtained in the framework of 

the ESNII+ Project 

Measurements of thermal diffusivity on fresh and irradiated FBR MOX were 
obtained in the framework of the ESNII+ Project. Measurements on unirradiated 

PHENIX (24%Pu) and TRABANT2 (40 and 45% Pu) were obtained in order to 
investigate the effect of the plutonium content. The burn-up effect was 

investigated with irradiated Nestor 3 fuel (19.82% Pu, 12.5 at.%).  

3.3.1 Fresh FBR MOX fuel 

The thermal diffusivity of a fresh stoichiometric PHENIX MOX with a Pu content of 
24 % and a density of about 95 % TD was measured and the thermal conductivity 

was deduced. In the temperature range from 500 to 1600 K, the thermal 
conductivity was interpolated with the 1/(A+BT) equation, with  
A=2.13510-2 KmW-1 and B=2.49310-4 mW-1. Thermal conductivity was found 

higher than the recommendations of Philipponneau and slightly higher than the 
recommendations of Kato (Figure 3.10). 

TRABANT stoichiometric fuels obtained by mechanical milling with 40% Pu and 
TRABANT stoichiometric fuels obtained by sol-gel with 45% Pu were also measured 
in the framework of the ESNII+ Project. The thermal conductivities for the Pu 

contents of 40 and 45% are very close and significantly lower than the conductivity 
of the PHENIX fuel with 24% Pu but remain higher than the recommendation of 

Philipponneau for Pu contents from 15 to 30%. An effect of the Pu content on the 
thermal conductivity, as suggested by the measurements of Sengupta [Sen09] 
and Vasudeva Rao [Vas06] is therefore observed and is still present in the higher 

temperature range, as shown in Figure 3.11, where the uncertainties linked to the 
measurements of thermal diffusivity and density are taken into account (the 

specific heat was obtained using the same formula for all samples and does not 
introduce supplementary uncertainties in the comparison of the different Pu 
contents). 
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Figure 3.10: Thermal conductivity of fresh MOX with Pu contents of 24% 

(PHENIX), 40 and 45% (TRABANT) measured within the ESNII+ Project 

and comparison to literature data. 
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Figure 3.11: Thermal conductivity in the temperature range 1300 to 

1600K of fresh MOX with Pu contents of 24% (PHENIX), 40 and 45% 

(TRABANT) measured within the ESNII+ Project and comparison to 

literature data 

3.3.2 Irradiated FBR MOX fuel 

The thermal diffusivity and specific heat were characterised for irradiated 
NESTOR 3 samples with burn-ups of 8.4 and 13 at.%. The results are presented 

in the ESNII+ deliverable D7.4.2 [Sta17a]. The two samples were obtained from 
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the same fuel pin, but from different axial positions. The sample with burn-up of  

8.4 at % was irradiated near the top position of the fuel pin, where irradiation 
temperatures are lower than in the medium flux plane. The sample with a burn-

up of 13 at % was irradiated near the medium flux plane, where the irradiation 
temperatures are the highest. 

The thermal conductivity results have shown a non-trivial variation with burn-up, 

with the sample at 8.4 at.% burn-up having a lower thermal conductivity than the 
sample at 13 at.% burn-up (Figure 3.12). As shown in Figure 3.12, the sample 

with 13 at.% burn-up had higher local irradiation temperatures compared to the 
sample at 8.4 at.% burn-up. 

The experimental results are compared to two correlations: 

- The recommendation of Philipponneau for FBR MOX from the European 
Catalogue on FBR MOX fuel properties from 1990, also published in [Phi92], 

which was obtained from results on fresh FBR MOX fuels with a burn-up 
effect determined from simulated irradiated fuel (simfuel). As not all the 
burn-up effects are present in simfuel samples, the burn-up effect is 

underestimated in this kind of recommendation, as shown in [Wal06] for 
LWR simfuel. 

- The recommendation of Ronchi [Ron04] for LWR UO2 or MOX fuels, which 
was obtained from a large number of measurements up to 1500K on real 

irradiated LWR fuels. The advantage of this recommendation is that all the 
burn-up effects are taken into account, but the plutonium content and the 
irradiation temperatures are not in the range relevant for FBR fuels. As a 

consequence, the typical microstructure of FBR fuel and the extensive 
restructuring and diffusion processes are not taken into account. 

For the sample at 13 at.% burn-up, the thermal conductivity was found to be 
significantly higher than observed experimentally for LWR UO2 or MOX fuels 
[Ron04] at a similar burn-up. This can only be achieved by supposing a lower than 

expected effect of the non-volatile fission products, part of which are present in 
the JOG and therefore do not contribute anymore to the fuel thermal conductivity 

degradation. The thermal conductivity was found to be in good agreement with 
the recommendation of Philipponneau for FBR MOX. This fact can be a coincidence 
resulting from the fact that part of the fission products have diffused out of the 

fuel matrix, resulting in an attenuation of the expected burn-up effects and in a 
conductivity as high as for a simfuel.  

At the burn-up of 8.4 at.%, the thermal conductivity was found to be in the range 
of that observed experimentally for LWR UO2 or MOX fuels with similar burn-up, 
and significantly lower than the recommendation of Philipponneau for FBR MOX. 

This is probably due to the lower temperature during irradiation, resulting in less 
diffusion of fission products from the fuel matrix. This hypothesis is sustained by 

the reduced JOG thickness observed at this position, compared to the fuel 
irradiated at the burn-up of 13 at%. Differences in the fuel microstructure, in the 
recovery of irradiation defect, and a higher gas retention can also explain the 

observed differences in the thermal conductivity degradation. 

The differences in the concentration of fission products dissolved in the fuel matrix, 

in their diffusion and the resulting variations in the extent of JOG and in the 
presence of metallic precipitates are proposed as major parameters for the 
estimation of the FBR fuel thermal conductivity. Therefore, simple correlations 
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based on temperature and burn-up, which give satisfactory results for LWR fuel, 

are not sufficient in order to predict the thermal conductivity of FBR fuel, and 
further measurements on irradiated FBR fuels are necessary. 

500 600 700 800 900 1000 1100 1200 1300 1400 1500
1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

LWR MOX 13 at. %

FBR MOX - Philipponneau 

 irradiated 13 at.%    unirradiated

                     8.4 at.%

LWR MOX 8.4 at. %

        NESTOR 3 Phénix 24% Pu

                annealed at 1500K

              13 at. %                 8.4 at %

irrad. T                 pos.                irrad. T

1900K        Center       1730 K

1750K        Middle        1550 K

1510K        Cladding    1410 K

T
h

e
rm

a
l 
C

o
n

d
u

c
ti
v
it
y
, 

W
 m

-1
 K

-1

T(K)  

Figure 3.12: Comparison of the measurements for NESTOR 3 fuels at 8.4 

and 13 at.% burn-up annealed at 1500 K with unirradiated MOX [Phi92] 

and irradiated fuels at the same burn-up:  
LWR MOX [Sta11] and the recommendation of Philipponneau for FBR MOX [Phi92]. For 

each NESTOR 3 fuel, the conductivity was measured in 3 radial positions (Center, Middle, 

Cladding) characterized by different irradiation temperatures. 

 

3.4 Data obtained in the frame of the ESFR-

SMART project 

3.4.1 Fresh fuel 

In the framework of the ESFR-SMART project, the thermal diffusivity was 
measured, and the thermal conductivity was calculated on several fresh MOX 

samples, as described in [ESF23]. The names and chemical compositions of these 
samples are summarized in Table 3.3. The new measurements included thermal 
diffusivity and specific heat measurements on all the samples in the temperature 

range 1800-2800K, and thermal diffusivity measurements in the temperature 
range 550-1500K for the PHENIX29-OM and CAPRA4 samples which were not 

measured in the ESNII+ Project. The thermal conductivity results are plotted in 
Figure 3.13. In the low temperature range (550-1600K), the scatter in the data is 

low but no trend for the effect of the plutonium content could be observed. In the 
high temperature range (1600-2800K), the scatter in the data is high and here 
also no trend for the effect of the plutonium content could be recognized.  
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Table 3.3: Details of the fresh (U,Pu)O2 studied samples. 

Samples Compositions 

PHENIX24 U0.76Pu0.235Am0.005O1.983 

PHENIX29 U0.70Pu0.29Am0.01O1.984 

PHENIX29-OM U0.70Pu0.29Am0.01O1.998 

CAPRA4 U0.70Pu0.28Am0.02O2.004 

TRABANT40-A U0.60Pu0.39Am0.01O1.995 

TRABANT40-B U0.60Pu0.39Am0.01O1.978 

TRABANT40-OM U0.60Pu0.39Am0.01O1.999 

RV45 U0.55Pu0.45O1.987 

TRABANT45 U0.55Pu0.44Am0.01O2.00 

 

Figure 3.13: Thermal conductivity of the fresh MOX samples over the 

entire temperature range and comparison with UO2. 

The review and comparison of the literature data has shown that a clear difference 

is observed between a previous correlation [Phi92] and the most recent JAEA and 
JRC results presented in this report (Philipponneau recommendation for 

stoichiometric MOX being significantly below the recent results), but this difference 
decreases with increasing temperature as shown in Figure 3.14. 
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Figure 3.14: Thermal conductivity of the fresh MOX samples over the 

entire temperature range and comparison with UO2. 

JAEA and JRC obtained measurement results which are in very good agreement 
for stoichiometric fuels with various Pu contents. A clear trend with the Pu content 

was not observed. Only JAEA has obtained results for hypostoichiometric fuels and 
for different Am and Np contents, and has proposed a correlation based on these 

(see Eq. 3.17). Because the very good agreement with the data obtained at JRC 
for stoichiometric fuels, this correlation is recommended.  

 

3.4.2 Irradiated fuel 

In the framework of the ESFR-SMART project, thermal diffusivity was measured, 
and the thermal conductivity was calculated on two irradiated MOX fuels [ESF23]: 

- PAVIX-8 pin: fresh fuel Pu content of 23.3%, initial O/M = 1.975 and burn-

up = 13.0% FIMA. 
- MYOSOTIS-12 pin: fresh fuel Pu content of 28.3%, initial O/M = 1.971 and 

burn-up = 15.2% FIMA. 

The thermal conductivity was deduced from the measured thermal diffusivity, the 
density predicted by a fuel performance code and the specific heat of the fresh 

fuel. The results are shown in Figure 3.15.  
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Figure 3.15: Thermal conductivity of irradiated PAVIX and MYOSOTIS 

MOX samples. 

Thermal conductivity before recovery is in the same range for the two fuels, but 
after recovery PAVIX sample has a higher thermal conductivity. The lower thermal 

conductivity of the MYOSOTIS sample can be explained by the damage of the 
sample which took place during the measurement of the thermal diffusivity and 
was recognized by an increase scatter in the values. 

 

3.5 Data obtained in the frame of the PuMMA 

project 

3.5.1 Fresh fuel 

In the frame of the PuMMA project, thermal diffusivity was measured on PuO2 
samples and 6 fresh MOX samples [PuM25a] : 

- PuO2 samples with an initial O/M = 2.00. 
- Three stoichiometric samples (O/M = 1.99 ± 0.01) with Pu content of 59, 

63 and 69% named MOX60-F, MOX65-F and MOX70-F respectively. 
- Three annealed hypostoichiometric samples (O/M = 1.98) with Pu content 

of 59, 63 and 69% named MOX60-A, MOX65-A and MOX70-A respectively. 

Thermal diffusivity was measured with laser-flash device (LAF) between 500 and 
1500K for F batch only. No data were collected for the A batch as 

hypostoichiometry of the samples cannot be preserved within the LAF 
experimental setup. Uncertainty of measured thermal diffusivity is about 2%. The 
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same values were obtained for MOX60-F and MOX65-F on the whole temperature 

range. Concerning the MOX70-F sample, higher values were systematically 
measured up to 1400K. These experimental data were also compared with 

empirical law determined for 28 and 45% Pu/(U+Pu) in the frame of the ESFR-
SMART project (see §3.4). The results obtained for MOX60-F and MOX65-F are in 
good agreement with the law as shown in Figure 3.16. 

 

Figure 3.16: Thermal diffusivity measured by LAF compared to law 

obtained for 28 and 45% Pu/(U+Pu) in frame of the ESFR-SMART 

project [ESF23]. 

Measurements between ~ 1500K and ~ 2800K were done on all the 6 samples 
with the CLASH setup at JRC, under Ar and Ar + 6.5 H2. Oxygen partial pressure 

was monitored and controlled inside the chamber, allowing the determination of 
O/M ratio of the samples after measurement. Although the scatter of the results is 

rather high, a tendency can be suggested with slightly lower values obtained with 
the A batch in both atmospheres, meaning a reduction of the samples (lower O/M 
ratio) would induce a decrease of the thermal conductivity above 1500 K.  

All data acquisitions (LAF and CLASH) are shown in Figure 3.17 for each sample. 
One can see that thermal diffusivity decreases between 500 and 1500 K, then 

experimental values stabilise up to 3000 K. This pattern is consistent across the 
three plutonium contents studied, and there is a notable continuity in the 
measurements obtained from the two techniques employed. However, a higher 

dispersion can also be observed for measurements at high temperatures  
(T > 1500K), which corresponds to greater instability of the thermograms at 

elevated temperatures due to the experimental method: laser surface heating, 
non-isothermal conditions and low signal to noise ratio. The O/M characterizations 
performed after thermal diffusivity measurement, either with HERFD-XANES (High 

Energy Resolution Fluorescence Detected X-rays Absorption Near-Edge 
Spectroscopy) or with oxygen partial pressure follow-up in the experimental 

chamber during the experiment, show that O/M ratio remains constant over the 
whole temperature range, for all samples. 
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Figure 3.17: Thermal diffusivity of the fresh MOX samples over the entire 

temperature range. 

The thermal diffusivity of PuO2 was also measured with both facilities LAF and 
CLASH. The results are presented in Figure 3.18. The CLASH results under Ar are 

fitting well with results of LAF, performed under vacuum. The measured diffusivity 
under Ar + H2 is lower than under Ar atmosphere up to 2000 K. Above 2200 K, the 
diffusivity seems to stabilise and slightly increasing at higher temperatures. 
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Figure 3.18: Thermal diffusivity of PuO2 over the entire temperature 

range. 

3.5.2 Irradiated fuel 

Still in the frame of the PuMMA project, thermal diffusivity was also measured by 

the laser-flash method using the LAF set-up in the temperature range 550-1600 K 
for various irradiated samples [PuM25b]: 

- two samples coming from TRABANT 1-1 pin: 45% Pu in fresh fuel, burnup 
9.5%at. Samples were taken from the bottom of the fuel pin, supposed less 
affected by the pin failure (presence of sodium in the pin at the top of fuel 

column).  
- two samples coming from CAPRIX pin, from the Maximum Flux Plane (MFP) 

(B-271 segment): 45% Pu in fresh fuel, burnup 12.2%at. 
- One sample coming from CAPRIX pin, from the top of the fissile column 

(HCF) (B-267 segment): 45% Pu in fresh fuel, burnup 7.8%at. 

Due to the very small size of the CAPRIX and TRABANT 1.1 samples, it was not 
possible to measure more than one position per sample, the samples size being 

just sufficient to provide one measurement point. 
The precision of the individual measurements is better than 1% for the thermal 
diffusivity. The accuracy of the measured thermal diffusivity is, however, worse 

than the precision of the method, being principally determined by sample thickness 
variations. 

Thermal conductivity was calculated assuming a density of 95% TD and the specific 
heat of the fresh fuel. Results are shown in Figure 3.19 and compared to other 
experimental results (PAVIX and MYOSOTIS samples) in Figure 3.20. 
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Figure 3.19: Thermal conductivity of irradiated TRABANT and CAPRIX 

samples. 

 

Figure 3.20: Thermal conductivity of irradiated TRABANT and CAPRIX 

samples compared to PAVIX and MYOSOTIS samples. 
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Measurements obtained on the CAPRIX pin were in the same range for all the three 

samples leading to the conclusion that no clear effect of the axial position in the 
pin was observed between the two axial positions measured (MFP and HCF). 

Regarding TRABANT 1.1 samples, thermal diffusivity measurements were 
significantly scattered and both samples show unexpected low results although no 
obvious signs of sample damage were observed. 

 

3.6 Conclusions and recommendations 

New results obtained in the frame of the PuMMA project on fresh samples are 

consistent with the conclusions drawn from previous project ESFR-SMART which 
will therefore renewed here. Although recent measurements are in very good 

agreement for stoichiometric fuels with various Pu contents, a clear trend with the 
Pu content is not observed at low temperature. For high temperature (>2000K) 
the MOX thermal conductivity values are more much higher than for UO2. If the 

Cp deduced for CLASH thermograms is taken into account the conductivity 
increases with Pu content. The stoechiometry after the test is not completely 

confirmed and the dispersion among the results don’t allow any definitive 
conclusion on the effect of Pu%. Furthermore, a lack of data for low O/M is noticed 
whereas the effect of Pu content is linked to O/M. 

Based on these recent results, JAEA correlation (Eq. 3.17) should then be 
recommended. 

Even with 5 sets of measurements (NESTOR, PAVIX, MYOSOTIS, CAPRIX, 
TRABANT) a complete understanding of the effect of irradiation on thermal 
properties is still pending. Indeed, a recommendation for the thermal conductivity 

of irradiated FBR fuel is currently not possible, taking into account the dependence 
not only on burn-up, but also on the irradiation temperature range and resulting 

fuel composition.  
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4. Melting point 

This chapter was originally provided by D. Staicu (JRC-Karlsruhe). 

 

4.1 Literature data 

In the early version of this European Catalogue (1990), recommendations were 

made for unirradiated stochiometric UO2 (Eq. 4.1) and PuO2 (Eq. 4.2), and the law 
for (U,Pu)O2 was obtained via a mixture law depending on the Pu molar fraction Y 

(0 < Y < 1) (Eq. 4.3 and Eq. 4.4) as illustrated on Figure 4.1. 

𝑇𝑚(𝑈𝑂2.00) = 3120 ± 30𝐾 Eq. 4.1 

𝑇𝑚(𝑃𝑢𝑂2.00) = 2701 ± 35𝐾 Eq. 4.2 

𝑆𝑜𝑙𝑖𝑑𝑢𝑠 ∶  𝑇𝑆((𝑈, 𝑃𝑢)𝑂2.00) = 3120 − 540 𝑌 + 121 𝑌2 Eq. 4.3 

𝐿𝑖𝑞𝑢𝑖𝑑𝑢𝑠 ∶  𝑇𝐿((𝑈, 𝑃𝑢)𝑂2.00) = 3120 − 290 𝑌 − 129 𝑌2 Eq. 4.4 

With Y the Pu molar fraction (0 < Y < 1) 

 

Figure 4.1: Solidus and Liquidus temperature for unirradiated (U,Pu)O2 

The decrease in melting temperature due to hypo-stoichiometry was calculated as 
per Eq. 4.5 and Eq. 4.6. 
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𝑇𝑆(𝑥) = 103 𝑥 Eq. 4.5 

𝑇𝐿(𝑥) = 300 𝑥 Eq. 4.6 

where 𝑥 = 2 − 𝑂 𝑀⁄  in the interval between the hypo-stoichiometry limit and 2.00 

and 0 < Y < 0.3 

For the effect of burn-up, it was recommended that the solidus temperature should 

be decreased by 34K at 10at% burn-up. It was also stated that the experiments 
with simulated irradiated fuel give a decrease between 22K and 75K at this burn-
up. 

The melting behaviour of (U,Pu)O2±x has been extensively studied over the past 
decades by Lyon and Baily [Lyo67], Aitken and Evans [Ait68], Reavis et al. 

[Rea73], Konno and Hirosawa [Kon98], Kato et al. [Kat08a, b and c] by classical 
thermal analysis and later by De Bruycker et al. [DeB11], Böhler et al. [Böh14] 
and Strach et al. [Str16] by laser heating. Reviews of the literature data for 

(U,Pu)O2 were performed by M. Kato in 2009 [Kat09] and Guéneau et al. in 2011 
[Gué11]. The composition range and the methods of the available measurements 

are given in Table 4.1.  

Table 4.1: Experimental solidus/liquidus data on fresh (U,Pu)O2 

available in the literature. 

Reference Composition Experimental technique 

Lyon and Baily  

[Lyo67] 

0 < y ≤ 0.85 

O/M = 2.00 

Thermal arrest using a sealed 

W crucible 

Aitken and Evans  

[Ait68] 

0.20 ≤ y ≤ 0.60 

1.76 ≤ O/M ≤ 2.00 

Thermal arrest using a sealed 

W crucible 

Reavis et al.  

[Rea73] 

y = 0.25 

O/M = 1.97 and 1.98 

Differential Thermal Analysis 

using W crucible 

Konno and Hirosawa 

[Kon98] 

y = 0.29 

O/M=1.95 and 1.99 

Thermal arrest technique a 

sealed W crucible 

Kato et al.  

[Kat08a, b and c] 

0.117 ≤ y ≤ 0.60 

1.922 ≤ O/M ≤ 2.00 

Thermal arrest using sealed W 

or Re crucible 

De Bruycker et al. 

[DeB11] 

0.75 ≤ y ≤ 0.90 

O/M=2.00 
Laser heating under Ar and air 

Böhler et al.  
[Böh14] 

0.037 ≤ y ≤ 0.90 
O/M=2.00 

Laser heating under Ar  
(y < 0.50) and air (y > 0.50) 

Strach et al.  
[Str16] 

0.14 ≤ y ≤ 0.62 
O/M = 2.00 

Laser heating technique under 
Ar and air 

The available experimental solidus/liquidus data for (U,Pu)O2.00 are plotted in 
Figure 4.2, where only the data for stoichiometric dioxides are represented for 

sake of clarity. Large discrepancies can be noticed for both solidus/liquidus 
temperatures. Lyon and Baily (0 < y ≤ 0.85, O/M = 2.00), followed by Aitken and 
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Evans (0.20 ≤ y ≤ 0.60), used first a thermal arrest technique with stoichiometric 

(U,Pu)O2.00 samples encapsulated in W crucibles [Lyo67 , Ait68]. Their study 
depicted an ideal solution model between UO2 and PuO2, with a melting point of 

PuO2 around 2700 K and a decrease of the solidus temperatures when increasing 
the PuO2 content. In the study of Aitken and Evans, hypo-stoichiometric  
U1-yPuyO2-x were also studied, with 1.76 ≤ O/M ≤ 2.00 [Ait68].  

 

Figure 4.2: Experimental melting data available for U1-yPuyO2.00 

Lyon and Baily [Lyo67], Aitken and Evans [Ait68], Kato et al. [Kat08b], De Bruycker et 

al. [DeB11], Böhler et al. [Böh14] and Strach et al. [Str16]. 

In 2008, Kato et al. performed further investigations on the solidus/liquidus 
temperatures using also the thermal arrest method with W crucibles, and 

comparison between the available correlations in the literature for the solidus 
temperatures for U1-yPuyO2.00 as a function of Pu content.[Kat08c]. However, for 

Pu content higher than 20% Pu(/U+Pu), interactions between the samples and the 
W containers were observed [Kat08c]. Another study was conducted by Kato et al. 
using rhenium capsules to overcome this interaction [Kat08b]. Solidus/liquidus 

temperatures higher of 100 K were obtained compared to the ones with W 
crucibles. However, interactions between the material and its capsule were also 

occurring with Re crucibles for Pu content higher than 50% Pu(/U+Pu) [Kat08a 
and b]. For hypo-stoichiometric samples, an increase of the solidus/liquidus 
temperatures was evidenced when decreasing the O/M ratio.  

In order to eliminate possible interactions, solidus/liquidus temperatures were 
measured using a laser heating technique by De Bruycker et al. whose results were 

found to be significantly higher than the ones obtained by thermal arrest [DeB11]. 
This study was not consistent with the ideal solution model mentioned previously 
described and a minimum in the melting temperatures was found for  

0.50 < Pu/(U+Pu) < 0.80. Böhler et al. with the same laser heating technique 
observed also a minimum for 0.40 < Pu(U+Pu) < 0.70 [Böh14]. The results 

obtained for y < 0.50 were found to be in agreement with the ones of Kato et al. 
using thermal arrest [Kat08c]. Strach et al. also performed measurements of 
solidus/liquidus temperatures using laser heating [Str16], with values in 

agreement with the ones of De Bruycker et al. and Böhler et al.. In the work of 
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Strach et al., the influence of the atmosphere of melting was also studied. Indeed, 

uranium-rich samples tend to oxidize under air, leading to a progressive decrease 
of the melting temperature [Str16]. In case of Pu-rich samples, air was used to 

maintain the O/M ratio at 2.00. Moreover, Strach et al. performed experimental 
campaigns under argon and air, and significantly lower solidus temperatures were 
obtained in the case of air (2470 K) as comparted to argon (3065 K) for 

U0.86Pu0.14O2.00 [Str16]. 

In the thermodynamic modelling of the U-Pu-O system developed by Guéneau et 

al. [Gué11], the solidus/liquidus temperatures obtained by De Bruycker et al. 
[DeB11] and Kato et al. [Kat09] were selected. The obtained model is shown in 
Figure 4.3 where the discarded data obtained by Lyon and Baily are represented 

for comparison [Lyo67]. 

 

Figure 4.3: Solidus/liquidus temperatures of U1-yPuyO2±x calculated using 

the CALPHAD model of Guéneau et al. [Gué11], compared to the 

experimental values of De Bruycker et al. [DeB11], Kato et al. [Kat09] 

and Lyon and Baily [Lyo67]. 

In 2023, Fouquet-Métivier et al. [Fou23] proposed a re-evaluation of the 

thermodynamic model of the U-Pu-O and more especially the liquid/solid 
transition. This reassessment is based on a critical review of the available data in 
the literature and the inclusion of experimental data published after 2011 by Böhler 

et al. [Böh14]. The new representation of the solid/liquidus temperatures is given 
in Figure 4.4. A good agreement between the calculated solidus-liquidus curves 

and the selected experimental data can be observed. 
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Figure 4.4: UO1.97-PuO1.95 phase diagram compared with the selected 

experimental data of Kato et al. [Kat08b] and Böhler et al. [Böh14] 

(figure from [Fou23]). 

In addition to the CALPHAD models, several authors established empirical 

correlations between the solidus and liquidus temperatures and different variables 
such as the oxygen stoichiometry or the plutonium content. Unless stated, the 

temperature assessed by these equations corresponds to the solidus temperature. 
For all the correlations, it was evidenced that both the plutonium content and the 
deviation from the stoichiometry in oxygen decrease the solidus and liquidus 

temperatures of MOX fuels with respect to UO2. In agreement with the approach 
used by Fouquet-Metivier et al. [Fou23], only the correlations obtained by Konno 

et Hirosawa [Kon02a, Kon02b] and by Magni et al. [Mag20] are considered. The 
equations and their validity ranges are given in Table 4.2 and are compared to the 
experimental solidus temperatures [Böh14, Kat09] selected by Fouquet-Métivier 

et al. in Figure 4.5. These two correlations are in rather good agreement with the 
experimental data in their validity ranges.   

Table 4.2: Correlations for the solidus temperature as a function of the 

plutonium content (y) and deviation to oxygen stoichiometry (x) for  

U1-yPuyO2-x. 

References Equation 
Validity 

ranges 
 

Konno et Hirosawa 

[Kon02a] 

𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠 = 3838 − 497𝑦 + 60𝑦2

− 𝑥(1000 − 2850𝑦) 

0<y<0.4 

0.06<x<0.0 

Eq. 

4.7 

Magni et al.  

[Mag20] 

𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠 = 3147 − 364.85𝑦

− 1014.15𝑥 

0<y<0.5 

0.06<x<0.0 

Eq. 

4.8 
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Figure 4.5: Comparison between the correlations available in the 

literature [Kon02a ,Mag20] for the solidus temperatures for (U,Pu)O2.00 

as a function of Pu content and the experimental solidus values [Böh14, 

Kat09] selected by Fouquet-Metivier et al. [Fou23] for their model. 

In 2001, Carbajo et al. [Car01] reviewed the effect of burn-up on the melting point 
of LWR MOX, and recommended a decrease of 0.5 K for each MWd/tHM burn-up. 

In 2011, the impact of burn-up on melting point was also studied by Hirosawa et 
Sato [Hir11] on a 29% Pu/(U+Pu) fuel up to 112.5 GWd.t-1. These data obtained 
using the thermal arrest method with Re crucible are compared to the values 

obtained by Konno et Hirosawa on 18 and 29% (U,Pu)O2 up to 124 GWd.t-1 
[Kon02a] in Figure 4.6.  

 

Figure 4.6: Burn-up dependence of melting temperature for (U,Pu)O2 

using data of Hirosawa et Sato [Hir11], Konno et Hirosawa [Kon02a] 

and Kato et al. [Kat09]. (figure adapted from [Hir11]). 
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From these experimental data, Hirosawa et Sato [Hir11] proposed an updated 

version of the correlation for (U1-y-zPuyAmz)O2 of the correlation between melting 
temperature and the burn-up determined by Konno and Hirosawa [Kon02a]. This 

correlation is given by Eq. 4.9. 

𝑇𝑚𝑒𝑙𝑡𝑖𝑛𝑔 = 30 + 𝑇𝑠𝑜𝑙.𝑀𝑂𝑋 + ∆𝑇𝑠𝑜𝑙.𝑂 𝑀⁄ + ∆𝑇𝑠𝑜𝑙.𝐴𝑚 + ∆𝑇𝑠𝑜𝑙.𝐹𝑃 Eq. 4.9 

With :  

𝑇𝑠𝑜𝑙.𝑀𝑂𝑋 = 3138 − 497𝑃𝑢 + 60𝑃𝑢2 Eq. 4.10 

∆𝑇𝑠𝑜𝑙.𝑂 𝑀⁄ = −(1000 − 2850𝑦)(2.00 − 𝑂𝑀) Eq. 4.11 

∆𝑇𝑠𝑜𝑙.𝐴𝑚 = −(1206 − 782𝑦)𝐴𝑚 Eq. 4.12 

∆𝑇𝑠𝑜𝑙.𝐹𝑃 =  −(1.06 − 1.43𝑦)𝐵𝑈 + 0.0008((1.06 − 1.43𝑦)/0.66)
1.5

𝐵𝑈2 Eq. 4.13 

With 𝑇𝑚𝑒𝑙𝑡𝑖𝑛𝑔 the melting temperature in K, OM the O/M ratio, Pu the Pu fraction 

(Pu/(U+Pu)) and Am the Am fraction (Am/(Pu+U+Am)) and BU the burn-up in 

MWd.kg-1. 

In Figure 4.7, the correlation (Eq. 4.9) and the Hirosawa et Sato experimental data 

are plotted. A Linear decrease can be observed with a decrease of 0.6 K each 
GWd.t-1. 

 

Figure 4.7: Correlation (red curve) and experimental data from Hirosawa 

et Sato [Hir11] for a 29% Pu/(U+Pu) fuel. 

Based on these results, Hirosawa et Sato proposed. A Linear decrease can be 
observed with a decrease of 0.6 K each GWd.t-1 as illustrated  
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4.2 NEA recommendation 

The recommended law in [NEA25] for solidus temperature is given in Eq. 4.14, 

considering the most recent results obtained by JAEA and JRC. 

𝑇𝑚𝑒𝑙𝑡𝑖𝑛𝑔 = 3143 − 521 𝑥 + 416 𝑥² Eq. 4.14 

With 𝑥 is the Pu fraction and 𝑥 < 50%  

This recommendation for the solidus temperature of stoichiometric unirradiated 

MOX is in good agreement with experimental results for Pu contents up to 40%. 

At higher Pu contents, a deviation is observed for stoichiometric fuels, the results 

of JRC showing higher solidus temperatures. The discrepancies could be due to 

difficulties in the sample’s stoichiometry control at high temperatures and require 

further investigations. 

To consider the effect of stoichiometry and minor actinides, the results of Kato 

[Kat08b] are recommended. 

The effect of burn-up is recommended to be of 0.5K per MWd/kgHM, as 

recommended by Carbajo [Car01]. 

The range of parameters for the validity of the recommendation is: 
• O/M from 1.93 to 2.0 

• Pu content from 0 to 50% 
• Burn-up from 0 to 112 GWd/t 

Uncertainty is estimated to be σ = ± 35 K. 

 

4.3 Data obtained in the frame of the ESFR-

SMART project 

Measurements using the laser-heating technique were performed at JRC-Karlsruhe 
in framework of ESFR-SMART [ESF23] to determine the solidus temperature on 
height samples listed in the Table 4.3.  

Table 4.3: Details of the eight fresh (U,Pu)O2 samples studied. 

Name Composition 

PHENIX24 U0.760Pu0.235Am0.005O1.983 

PHENIX29-brut U0.70Pu0.29Am0.01O1.984 

PHENIX29-OM U0.70Pu0.29Am0.01O1.998 

CAPRA4 U0.70Pu0.28Am0.02O2.004 

TRABANT40-brut U0.60Pu0.39Am0.01O1.978 

TRABANT40-OM U0.60Pu0.39Am0.01O1.999 

TRABANT45 U0.55Pu0.44Am0.01O2.00 

RV45 U0.55Pu0.45O1.987 
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Since the measurements of Strach et al. [Str16], the setup was improved by the 

implementation of oxygen gauges to monitor the oxygen partial pressure during 
the experiments. Hence, the variation of the oxygen partial pressure inside the 

chamber during the melting could be assessed and the associated O/M ratio of the 
samples could be determined. The uncertainty of the O/M ratio value is ±0.005. 

The solidus temperatures on the eight samples are shown in Figure 4.8 where they 

are compared to existing literature on similar plutonium and americium contents. 
The different values for each sample correspond to the successive measurements 

performed on the same samples [ESF23]. As it can be seen in, considering the 
uncertainty (±30 K) the solidus temperatures vary mainly with the plutonium and 
americium contents. The solidus temperatures are summarized in Table 4.4. 

Table 4.4: Solidus temperature values measured for ESFR-SMART. 

Sample name Composition O/M ratio Solidus temperature (K) 

PHENIX24 U0.760Pu0.235Am0.005O2 1.99 3062 ± 30 K 

PHENIX29 U0.70Pu0.29Am0.01O2 
2.00 

1.99 

3050 ± 30 K 

3052 ± 30 K 

CAPRA4 U0.70Pu0.28Am0.02O2 1.99 3054 ± 30 K 

TRABANT40 U0.60Pu0.39Am0.01O2 1.99 3021± 30 K 

RV45 U0.55Pu0.45O2 1.99 2994 ± 30 K 
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Figure 4.8: Comparison of the new solidus temperatures obtained with 

the existing literature [Böh14, Str16, Kat09]. 

The variation of the solidus temperature with the Pu content measured in this work 
is plotted in Figure 4.9. To this aim, data are selected for samples containing the 

same americium content (around 1 %, so PHENIX24, PHENIX29, TRABANT40 and 
TRABANT45) and with the same O/M ratio of about 1.99. As it can be seen, the 
solidus temperatures decrease linearly when increasing the plutonium content. 

This observation was already made by Kato et al. [Kat08] as well as by Böhler et 
al. [Böh14] and Strach et al. [Str16] as illustrated with Figure 4.9. This is in 

agreement with the fact that the melting point of UO2.00 (3147 ± 20 K [Man05]) is 
higher than the one of PuO2.00 (3050 ± 60 K [Böh14]). However, as reported in 
the works of De Bruycker et al. [DeB11] and Böhler et al. [Böh14], a minimum in 

the solidus temperature is expected for 0.50 < y < 0.80. Thus, the linear decrease 
of the temperature with the plutonium content can only be stated up to y = 0.45.  
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Figure 4.9: Variation of the solidus temperature as a function of the 

plutonium content (O/M = 1.990). 

 

4.4 Data obtained in the frame of the PuMMA 

project 

In the frame of the PuMMA project, solidus temperature was measured on two 
PuO2 samples and on 6 fresh MOX samples [PuM25a] : 

- Two PuO2 samples fabricated at JRC Karlsruhe in 2021, with an initial 
O/M = 2.00.  

- Three stoichiometric MOX samples (O/M = 1.99 ± 0.01) with Pu content of 
59, 63 and 69% named MOX60-F, MOX65-F and MOX70-F respectively. 

- Three annealed hypostoichiometric MOX samples (O/M = 1.98) with Pu 

content of 59, 63 and 69% named MOX60-A, MOX65-A and MOX70-A 
respectively. 

For PuO2 samples, melting point was measured under argon flow and 3.1 bar 
absolute pressure in the chamber. Results are summarized in Table 4.5. As the 
samples are reducing shot after shot due to the laser heating, it was not possible 

to average the results to determine one solidus temperature ; the last result has 
to be linked to a stoichiometry change.  

Table 4.5: Solidus temperatures of PuO2.00 measured under Ar. 

Shot # 
Melting point (± 30 K) 

Sample 1 Sample 2 

1 3046 3055 

2 3044 3050 

3 3027 3034 

4 3022  
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Measurements were also performed on PuO2.00 Sample 2 (from the same batch as 

above) under Ar +6.5% H2. However, the measurements were performed in 2023, 
two years after fabrication, which implies that the sample was hypostoichiometric. 

Furthermore, the first transition plateau was seen after the fourth shot, and under 
a strong reducing atmosphere the sample was well reduced, but with an unknown 
starting O/M ratio. The results are summarized in Table 4.6. 

Table 4.6: Solidus temperatures of PuO1.9x measured under 

Ar + 6.5% H2. 

Shot # 4 5 6 8 9 10 11 

Melting point (± 30 K) 3023 3017 2993 2980 2986 2959 2961 

Additionally, measurements were performed also under air flow on a PuO2.00 
sample from the same batch in the same year as manufactured. Measured solidus 

temperatures were repeatable (in the uncertainty range), and the average value 
was to be found 3055 K ± 30 K, which is in accordance with the result of Böhler 

et al. [Böh14], who reported a solidus temperature of 3050 K ± 59K, but higher 
than De Bruycker et al. [DeB11] (3017 ± 28 K). 

For each MOX sample, 4 successive shots were performed, and lead to a good 

repeatability for melting temperature determination (measurement uncertainty of 
± 30K). Measurements were performed under argon (pO2 ~ 10-6 atm at 923 K) 

and under argon + 6.5% H2 (pO2 = 10-26 atm at 923 K) – results are shown on 
Figure 4.10. 

(a) under Ar 

 

(b) under Ar + 6.5% H2 

 

Figure 4.10: Solidus temperature measured for F (♦) and A (●) batches. 
(a) under Ar ; (b) under Ar + 6.5% H2  

Considering the experimental uncertainty of ± 30 K, no significant variation as a 
function of plutonium content is observed for both batches F and A and both 
atmospheres. Under Ar, solidus temperature is lowered by 40-50 K for 

hypostoichiometric samples. This is in contradiction with the conclusion of Kato et 
al. [Kat08a] who reported an increase in melting temperature with decreasing O/M 

ratio although these results correspond to lower plutonium contents (typically  
% Pu < 0.40) than those studied in the frame of PuMMA project. Under Ar + H2, 
the values are the same considering the uncertainty of ± 30 K, which means that 

no difference is observed between F and B batches. 
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For each sample, O/M ratio after melting temperature measurement was 

determined either with the evolution of the oxygen partial pressure in the 
experimental chamber during the experiment or from the determination of the U, 

Pu and Am speciation after melting using HERFD-XANES (High Energy Resolution 
Fluorescence Detected X-rays Absorption Near-Edge Spectroscopy). Both methods 
give consistent results and show that a final O/M of 1.98 was achieved under all 

measurement conditions (except for measurements under Ar+H2 on annealed 
samples that reached an O/M of 1.99-2.00). 

Thermodynamic properties of the fuel were also evaluated in the frame of the 
PuMMA project [PuM25b]. All available experimental data on fresh (U,Pu)O2±x 
oxides from the literature and measured in frame of the ESNII+, ESFR-SMART and 

PuMMA projects were reviewed. Data were measured using conventional thermal 
analysis or advanced laser heating techniques. Based on the analysis of 

uncertainties, a selection of experimental data is proposed. The data are used as 
input to derive a new correlation law for fresh fuel as given per Eq. 4.15, to be 
used in Fuel Performance Codes as it is in very good agreement with most of the 

data (around 90% lying within the 1% deviation band). 

𝑇𝑚,𝑓𝑟𝑒𝑠ℎ = 𝑇𝑚,𝑈𝑂2
+ 𝐴1 ∙ [𝑃𝑢] + 𝐴2 ∙ [𝑃𝑢]2 + 𝐵1 ∙ |𝑂 𝑀⁄ − 𝑂 𝑀𝑚𝑎𝑥⁄ | Eq. 4.15 

Where: 

𝑇𝑚,𝑈𝑂2
= 3132 𝐾 based on data for UO2 [Kat09] 

[𝑃𝑢] is the plutonium content between 0 and 1 

𝑂 𝑀𝑚𝑎𝑥 = {
2 − 0.3077 ∙ [𝑃𝑢]            𝑖𝑓 [𝑃𝑢] < 0.65

1.8 + 1.5214 ∙ [𝑃𝑢]           𝑖𝑓 [𝑃𝑢] > 0.65
⁄  

The best fit for parameters is: 

𝐴1 = −299.58 𝐾 

𝐴2 = 210.46 𝐾 

𝐵1 = −251.78 𝐾 

A comparison of the model with experimental data is given on Figure 4.11. 
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Figure 4.11: Solidus temperature of MOX fuels as a function of the Pu 

content for various O/M ratios (2 – 1.99 – 1.98 – 1.97) compared to 

experimental date for each selected O/M. 

 

4.5 Conclusions and recommendations 

The new correlation established in the frame of PuMMA project (Eq. 4.15) shall be 

recommended. 

In the future, simulations of thermograms and associated solidification phenomena 

occurring during cooling would be very useful for a better understanding of 
melting/solidification processes, and would help to reduce the remaining 
uncertainties, particularly on the O/M ratio of samples at the measured 

temperature. Additional melting temperature measurements for lower O/M ratios 
(below 1.92) would enable a wider range of O/M ratios to be covered, and the 

exact congruent melting temperature for MOX fuels to be determined 
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5. Specific heat / Heat capacity 

This chapter was originally provided by D. Staicu (JRC-Karlsruhe). 

 

5.1 Literature data 

In 1982, J.K. Fink [Fin82] developed correlations for UO2, PuO2 and (U,Pu)O2. The 

correlation for UO2 was improved by in 2000 by J.K. Fink [Fink00]. In 1990, 
Cordfunke et Konings [Cor90] refitted the data of determined by J.K. Fink [Fin82] 

and proposed new parameters for the correlation for PuO2.  

For mixed oxides, the Neumann-Kopp rule is used to estimate the heat capacity 

C𝑝(𝑇, 𝑈1−𝑦𝑃𝑢𝑦𝑂2) [Car01, Dur00]. In such case, the heat capacity of the mixed 

oxide, considered as an ideal solution, is calculated by a linear combination of the 
end-members as per Eq. 5.1. 

𝐶𝑝(𝑇, 𝑈1−𝑦𝑃𝑢𝑦𝑂2) = (1 − 𝑦) × 𝐶𝑝(𝑇, 𝑈𝑂2) + 𝑦 × 𝐶𝑝(𝑇, 𝑃𝑢𝑂2) Eq. 5.1 

Where Cp are in J.kg-1.K-1 and T in K  

In 2001, Carbajo et al. [Car01] recommend Eq. 5.2 for 𝐶𝑝(𝑇, 𝑈𝑂2) and 𝐶𝑝(𝑇, 𝑃𝑢𝑂2) 
using the J.K. Fink [Fin82] and Cordfunke et Konings [Cor90] correlations: 

𝐶𝑝 = 𝐶2 + 2 × 𝐶3 × 𝑡 + 3 × 𝐶4 × 𝑡2 + 4 × 𝐶5 × 𝑡3 + 5 × 𝐶6 × 𝑡4 − 𝐶7 × 𝑡−2 Eq. 5.2 

Where the 𝐶𝑖 coefficients for UO2 and PuO2 are given in Table 5.1 and 𝑡 = 𝑇 1000⁄  

with T is the temperature in K. 

Table 5.1: Coefficients used in the specific heat correlations 

recommended by Carbajo et al. [Car01]. 

Constant UO2 PuO2 Units 

𝐶2 193.238 311.7866 J.Kg-1.K-1 

𝐶3 162.8647 19.629 J.Kg-1.K-2 

𝐶4 -104.0014 -0.752 J.Kg-1.K-3 

𝐶5 29.2056 0 J.Kg-1.K-4 

𝐶6 -1.9507 0 J.Kg-1.K-5 

𝐶7 2.6441 7.0131 J.K.Kg-1 

In 2000 Duriez et al. [Dur00] published a correlation for (U,Pu)O2 based on the 

same values for UO2 and PuO2 used by Carbajo et al. [Car01] except for 
temperatures above 2000 K where they used their PuO2 data.  
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The specific heat of unirradiated UO2, PuO2 and (U0.75Pu0.25)O2 as recommended by 

Duriez [Dur00] and Carbajo [Car01] is shown in Figure 5.1. The relative 
uncertainty on the Heat Capacity is 2% from 298 to 1800K and 13% from 1800 K 

to the melting point.  
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Figure 5.1: Specific heat of unirradiated UO2, PuO2 and (U0.75Pu0.25)O2 as 

recommended by Duriez [Dur00] and Carbayo [Car01]. 

 

In 2014, Konings et al. [Kon14] published new relations for UO2 and PuO2 as given 
in Eq. 5.3 and Eq. 5.4 respectively. 

𝐶𝑝(𝑇, 𝑈𝑂2) = 247.1735 + 1.5976 × 10−1 × 𝑇 − 1.3199 × 10−4 × 𝑇2

+ 4.3162 × 10−8 × 𝑇3 − 4.3278 × 106 × 𝑇−2 
Eq. 5.3 

𝐶𝑝(𝑇, 𝑃𝑢𝑂2) = 127.8532 + 5.5151 × 10−1 × 𝑇 − 4.6097 × 10−4 × 𝑇2

+ 1.3145 × 10−7 × 𝑇3 − 1.2591 × 106 × 𝑇−2 

Eq. 5.4 

With 𝐶𝑝 in J.kg-1.K-1 and T the temperature in K. 

Figure 5.2 and Figure 5.3 compare Konings model to the one of Carbajo and to 

some selected experimental data, for UO2 and PuO2 respectively. 
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Figure 5.2: Carbajo et al. [Car01] and Konings et al. [Kon14] relations 

compared with selected experimental data for UO2 heat capacity [Ina87, 

Ama01, Pav17, Ron99, Hei68]. 

 

 

Figure 5.3: Carbajo et al. [Car01], Duriez et al. [Dur00] and Konings et 

al. [Kon14] relations compared with selected experimental data for PuO2 

heat capacity [Oga70, Oet82, Kru03]. 
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• Effect of stoichiometry 

Duriez et al. [Dur00] recommended for hypostoichiometric samples the subtraction 
of a corrective term as per Eq. 5.5: 

𝐶𝑝(𝑇, 𝑈1−𝑦𝑃𝑢𝑦𝑂2−𝑥)

= (1 − 𝑦) × 𝐶𝑝(𝑇, 𝑈𝑂2) + 𝑦 × 𝐶𝑝(𝑇, 𝑃𝑢𝑂2) − 𝑥 2 × 𝐶𝑝(𝑇, 𝑂2)⁄  
Eq. 5.5 

Where 𝐶𝑝(𝑇, 𝑂2) is given by Eq. 5.6. 

𝐶𝑝(𝑇, 𝑂2) = 870.28125 + 0.2665625 × 𝑇 − 6.39188 × 10−5 × 𝑇2

+ 6.0375 × 10−9 × 𝑇3 
Eq. 5.6 1 

With 𝐶𝑝 in J.kg-1.K-1 and T the temperature in K. 

 

• Molecular Dynamic calculations dedicated to O/M and Pu content influence 

With progress in Molecular Dynamic modelling to represent (U,Pu)O2 system, 
research work aiming at computing MOX heat capacity has been released in the 

past years. [Bat21] and [Por24] used the Cooper-Rushton-Grimes interatomic 
empirical potential [Coo14] to compute the heat capacity of stoichiometric 

(U,Pu)O2 on the whole range of Pu content [Bat21] and for O/M ratio from 1.92 to 
2.00 [Por24]. Their results are indicating a dependance on O/M ratio and Pu 

content on the Bredig transition by :  
- Moving it to lower temperature range with higher Pu content, see Figure 

5.4; 

- Reducing its amplitude with decreasing O/M, see Figure 5.4. 

A model has been derived from these calculations accounting for Bredig transition, 

O/M and Pu content. However, for now, no heat capacity model based on 
experimental data includes Bredig transition, but it is of importance to better 
assess thermal conductivity from Flash Laser measurements at temperature above 

2000 K and better predict temperature transient in irradiated fuel. For the 
temperature below 2000 K, their work confirms that O/M ratio and Pu content have 

no impact on heat capacity, which can be considered equivalent to UO2 law. 

 
1 Contrary to what is mentioned in [Dur00], 𝐶𝑝(𝑇, 𝑂2) was given in J.mol-1.K-1 in the publication. It has been 

converted here in the mentioned unit J.kg-1.K-1 
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Figure 5.4: Molecular dynamic data evaluating MOX Cp versus 

temperature for various Pu content on figure a) ([Por24] citing [Bat21]) 

and for various O/M on figure b) [Por24] 

• Effect of burn-up 

Only a very limited number of studies is available and the specific heat of irradiated 

fuel is not yet fully clarified. The effect of soluble FP elements added to fresh UO2 
was quantified for instance by Verall [Ver96], Matzke [Mat97] Matsui [Mat92] or 
Takahashi [Tak93]. A small (absolutely negligible) effect of burn-up in SIMFUEL 

was described by Matzke [Mat97]. Carbayo [Car01] recommended the same 
formula, his equation (21) contains an error compared to the original equation in 

the paper of Matzke. No large burn-up effect was found because the specific heat 
obeys the law of mixtures (Neumann-Kopp law) and because only a limited fraction 
of the fresh fuel heavy metal atoms change nature during irradiation.  

Specific heat measurements for irradiated fuel by calorimetric techniques show an 
exothermic effect during the first heat-up of the sample linked to the 

recombination of radiation damage and to FP redistribution. The apparent specific 
heat is lower than for annealed samples because of this heat effect, as observed 
by Gomme [Gom98] and Yagnik [Yag06]. A similar effect is observed for (U,Pu)O2 

samples damaged by auto-irradiation [Sta10]. This means for instance that during 
fast power increases, the temperature will increase faster than predicted using the 

fresh fuel specific heat. For the intrinsic specific heat (i.e. measured on annealed 
samples) no significant difference was found compared with fresh fuel.  

In the case of UO2, a measurement by Amaya [Ama01] has shown that the heat 

capacity of irradiated UO2 with 39 GWd/t burn-up is similar to fresh UO2. 

Similar results were obtained by direct measurements of specific heat on irradiated 

fuels by laser flash, reported by Ronchi for UO2 [Ron04] and by Sonoda for 
(U,Gd)O2 [Son07]. Therefore, the specific heat of irradiated fuel is generally 
assumed to be equal to that of the fresh fuel. 
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• Measurements on fuel (fresh and irradiated) 

Specific heat for fresh and irradiated FBR MOX fuels was determined in the 
framework of the ESNII+ Project [Sta17a, Sta17b] on: 

- two unirradiated PHENIX MOX fuels, with a Pu content of 24% and O/M 

values of 2.000 and 1.978. 

- two unirradiated TRABANT MOX fuels with Pu contents of 40 and 45%. 

- two irradiated NESTOR3 fuels, with a fresh fuel Pu content of 24% and 

burn-ups of 8.4 and 13 at%. 

The specific heat of unirradiated fuels obtained during the ESNII+ Project and a 
comparison to the recommendation of Duriez [Dur00] is shown in Figure 5.5. 

Taking into account the experimental uncertainties (7%), the new specific heat 
values can be considered as consistent with the litterature data. 

Specific heat of the irradiated NESTOR3 fuels obtained during the ESNII+ Project 

compared to the fresh fuel value calculated following the recommendation of 
Duriez [Dur00] is shown in Figure 5.6. The irradiated fuels have a clear tendency 

to have a higher specific heat when compared to the fresh fuel value. The 
difference remains however within the experimental uncertainties (10%). 
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Figure 5.5: Specific heat of unirradiated fuels obtained during the 

ESNII+ Project and comparison to the recommendation of Duriez 

[Dur00]. 
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Figure 5.6: Specific heat of the irradiated NESTOR3 fuels obtained during 

the ESNII+ Project compared to the fresh fuel value calculated following 

the recommendation of Duriez [Dur00]. 

 

[Hir24] performed enthalpy measurements on fresh UO2, MOX with Pu 18% and 
45% Pu and PuO2 samples. The results obtained are in agreement with literature 
data below 2000 K. Above, high values of enthalpy are obtained, with a substantial 

deviation from historical literature data and recent Molecular Dynamic results, see 
Figure 5.7. From these enthalpy measurements, heat capacity was derived with 

the same results. Figure 5.8 shows the heat capacity compared to literature and 
MD results. An important shift is observed in temperature between these results 
with the increase in Cp evaluated from MD calculations for Bredig transition from 

Cooper or Pavlov (UO2), but compared to MD results from [Bat21] reported in 
Figure 5.4-a), shows an appreciable similarity, at least for onset of Bredig’s 

transition for high Pu content (> 45 %) is similarly observed in measurements and 
MD calculations. However, maximum values of Cp in [Hir24] are much higher than 
predicted by MD.  
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Figure 5.7: Enthalpy increase in UO2, 18 and 45% Pu MOX and PuO2 by 

drop calorimetry [Hir24]. Data are compared with Molecular Dynamic 

calculations (Cooper) and historical results (Hein, Leibowitz) 

 

Figure 5.8: Heat Capacity for UO2, 18 and 45% Pu MOX and PuO2 derived 

from enthalpy variation measurements [Hir24] compared to Hein and 

Ronchi data, and Cooper and Pavlov MD calculations 

 

5.2 NEA recommendation 

The recommended law in [NEA25] for heat capacity variation with the plutonium 
content and the deviation to stoichiometry is based on Neumann-Kopp law (Eq. 

5.1) and is given in Eq. 5.7. 

𝐶𝑝(𝑀𝑂𝑋) = 𝑓𝑈𝑂2
. 𝐶𝑝

𝑈𝑂2 + 𝑓𝑃𝑢𝑂2
. 𝐶𝑝

𝑃𝑢𝑂2 + 𝑓𝑁𝑝𝑂2
. 𝐶𝑝

𝑁𝑝𝑂2 + 𝑓𝐴𝑚𝑂2
. 𝐶𝑝

𝐴𝑚𝑂2 + 𝑓𝑂2
. 𝐶𝑝

𝑂2 Eq. 5.7 

Where 𝑓𝑖 is the weight fraction of species 𝑖,  

𝐶𝑝
𝑈𝑂2 and 𝐶𝑝

𝑃𝑢𝑂2 are the one recommended by Konings et al. [Kon14] (resp. Eq. 5.3 

and Eq. 5.4) 
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𝐶𝑝
𝑂2 is the one recommended by Duriez et al. [Dur00] (Eq. 5.6) 

𝐶𝑝
𝑁𝑝𝑂2 and 𝐶𝑝

𝐴𝑚𝑂2 are given respectively by Eq. 5.8 (valid up to 2500 K) and Eq. 5.9 

(valid up to 1080 K). 

𝐶𝑝(𝑁𝑝𝑂2) = 240.7431 + 1.6301 × 10−1 × 𝑇 − 1.3035 × 10−4 × 𝑇2

+ 4.9031 × 10−8 × 𝑇3 − 2.9338 × 106 × 𝑇−2 
Eq. 5.8 

𝐶𝑝(𝐴𝑚𝑂2) = 287.1073 + 1.3948 × 10−2 × 𝑇 − 5.1113 × 106 × 𝑇−2 Eq. 5.9 

Limited to no heat capacity data exist on irradiated MOX fuel; thus, direct 

correlations are difficult to assess. 
 
The range of parameters for the validity of the recommendation is: 

• O/M from 1.9 to 2.0 
• T < 2500 K 

Uncertainty is estimated to be ~ 3%. 

 

5.3 Data obtained in the frame of the ESFR-

SMART project 

5.3.1 Fresh fuel 

In the frame of the ESFR-SMART project, heat capacity was measured on various 

fresh MOX samples for temperatures above 1500K using the CLASH setup at JRC. 
Details on the measured samples are given in Table 5.2. 

Results are shown in Figure 5.9. 

 

Table 5.2: Details of the fresh (U,Pu)O2 studied samples. 

Samples Compositions 

PHENIX24 U0.76Pu0.235Am0.005O1.983 

PHENIX29 U0.70Pu0.29Am0.01O1.984 

PHENIX29-OM U0.70Pu0.29Am0.01O1.998 

CAPRA4 U0.70Pu0.28Am0.02O2.004 

TRABANT40-A U0.60Pu0.39Am0.01O1.995 

TRABANT40-B U0.60Pu0.39Am0.01O1.978 

TRABANT40-OM U0.60Pu0.39Am0.01O1.999 

RV45 U0.55Pu0.45O1.987 

TRABANT45 U0.55Pu0.44Am0.01O2.00 
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Figure 5.9: Specific heat results for fresh MOX samples obtained  

with the CLASH set-up 
and comparison to UO2 (Fink) and MOX containing 45 wt. % Pu  

(based on the Cp of Fink for UO2 and Konings for PuO2). 

The scatter in the measurement data is typical for this method. No clear trend with 
the increase in the Pu content or with O/M could be observed, but a clear increase 
of the specific heat was observed for all samples with increasing temperature. 

For comparison purposes, literature data for UO2 [Fink00] and MOX containing 
30 wt. % Pu (based on the Cp of Fink for UO2 and Konings for PuO2) are also shown 

in Figure 5.9. The experimental data are in the expected range. In the low 
temperature range (below 2200K) the data are below the expectation and tend to 
be higher in the high temperature range (above 2500K). The results obtained for 

UO2 by Pavlov [Pav17] are also shown in Figure 5.9 and show a similar behavior 
when compared to the values expected from the recommendation of Fink. 

 

5.3.2 Irradiated fuel 

In the framework of the ESFR-SMART project, specific heat was determined on two 
irradiated MOX fuels [ESF23]: 

- PAVIX-8 pin: fresh fuel Pu content of 23.3%, initial O/M = 1.975 and burn-
up = 13.0% FIMA. 

- MYOSOTIS-12 pin: fresh fuel Pu content of 28.3%, initial O/M = 1.971 and 

burn-up = 15.2% FIMA. 

The specific heat of the MYOSOTIS and PAVIX samples was evaluated using the 

data obtained with the LAF set up and is shown in Figure 5.10.  
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Figure 5.10: Specific heat results for the PAVIX and MYOSOTIS samples 

obtained with the LAF set-up. 

A scatter of about 25% was observed in the data, which is in the usual range and 
is significantly higher than usual due to the small samples size and complex shape. 

 

5.4 Data obtained in the frame of the PuMMA 

project 

5.4.1 Fresh fuel 

In the frame of the PuMMA project, heat capacity was measured on PuO2 samples 
and 6 fresh MOX samples for temperatures above 1500K using the CLASH setup 
at JRC [PuM25a]: 

- PuO2 samples with with an initial O/M = 2.00. 
- Three stoichiometric samples (O/M = 1.99 ± 0.01) with Pu content of 59, 

63 and 69% called MOX60-F, MOX65-F and MOX70-F respectively. 
- Three annealed samples, with an O/M = 1.98, and with Pu content of 59, 

63 and 69% called MOX60-A, MOX65-A and MOX70-A respectively. 

The results from the measurements on PuO2 under Ar and Ar + H2 (CLASH set-up) 
are plotted in Figure 5.11. Obtained results were scarce due to the low signal to 

noise ratio, and thus it was not possible to reach a conclusion. 
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Figure 5.11: Heat capacity results obtained on PuO2 under Ar and Ar/H2 

atmospheres. 

The obtained results are plotted in Figure 5.12 and Figure 5.13 for batches F and 
A respectively and compared with the empirical laws determined by Konings et al. 

[Kon14] (Eq. 5.3, Eq. 5.4) for UO2 and PuO2. 

 

(a) 

 

(b) 

 

Figure 5.12: Heat capacity results obtained on samples of the F-Batch 

compared to Konings et al. [Kon14] (a) in Ar, (b) in Ar/H2. 
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(a) 

 

(b) 

 

Figure 5.13: Heat capacity results obtained on samples of the A-Batches 

compared to Konings et al. [Kon14] (a) in Ar, (b) in Ar/H2. 

Typically, values for (U,Pu)O2 compounds are estimated using the Neumann-Kopp 

rule, which means that the heat capacity for (U,Pu)O2 cannot be higher than that 
for PuO2. Nevertheless, as shown in Figure 5.12 and Figure 5.13, all experimental 
values obtained for temperatures above 2000-2200 K for the tree compositions 

are systematically above the PuO2 law. This behavior cannot be attributed to an 
evolution of the O/M ratio during the measurements, since the latter remains 

constant over the whole temperature range. 

These new experimental results show a significant deviation from the existing law. 
Nevertheless, as these are the first experimental results for (U,Pu)O2 with such 

high plutonium content, they have to be taken into account. Furthermore, recent 
results obtained by Hirooka et al. [Hir24] on 45 % and 18 % Pu/(U+Pu) samples 

also show a significant increase in the heat capacity above 1800K compared to the 
literature as previously illustrated in Figure 5.8. Hirooka et al. determined heat 

capacity values of 1066 J.Kg-1.K-1 at 2125 K and 1110 J.Kg-1.K-1 at 2160K for 
samples (U0.516Pu0.453Am0.031)O2.000 and (U0.816Pu0.179Am0.005)O2.000 respectively. 
These values are in good agreement with results show in Figure 5.12 and Figure 

5.13.  

A dependence of Pu content is not possible to assess considering the large 

dispersion of the new experimental points. However, the heat capacity increases 
significantly above 1800 K compared to Konings et al. recommendations.  

 

5.4.2 Irradiated fuel 

Still in the frame of the PuMMA project, specific heat was measured simultaneously 
with the thermal diffusivity by the laser-flash method using the LAF set-up in the 
temperature range 550-1600 K for various irradiated samples [PuM25b]: 

- two samples coming from TRABANT 1-1 pin: 45% Pu in fresh fuel, burnup 
9.5%at. Samples were taken from the bottom of the fuel pin, supposed less 
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affected by the pin failure (presence of sodium in the pin at the top of fuel 

column).  
- two samples coming from CAPRIX pin, from the Maximum Flux Plane (MFP) 

(B-271 segment): 45% Pu in fresh fuel, burnup 12.2%at. 
- One sample coming from CAPRIX pin, from the top of the fissile column 

(HCF) (B-267 segment): 45% Pu in fresh fuel, burnup 7.8%at. 

The specific heat is determined with an uncertainty of 10%, due to the uncertainty 
on the sample emissivity and to the complex sample shape.  

Obtained results on CAPRIX and TRABANT 1.1 samples are shown in Figure 5.14 
and compared to other experimental results (PAVIX and MYOSOTIS samples) in 
Figure 5.15. 

 

Figure 5.14: Specific heat of irradiated TRABANT and CAPRIX samples. 
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Figure 5.15: Specific heat of irradiated PAVIX and MYOSOTIS samples. 

Considering the high scatter on the measurements, it could only be concluded that 
the specific heats of the different fuels were in the same range, but a more detailed 
comparison was not possible. 

 

5.5 Conclusions and recommendations 

A good consensus exists in the open literature on the specific heat values of 

unirradiated stoichiometric MOX fuel and the formula of Kopp-Neuman (Eq. 5.1) 
with Cp-UOX and Cp-PuOX recommended by Konings (resp. Eq. 5.3 and Eq. 5.4) 
can be recommended. However deviation was highlighted with the measurements 

for high plutonium content samples performed in the frame of the PuMMA project. 
For Pu% higher than 45%, Cp was twice the expected values at high temperature 

(>2000K). These results are consistent with Japanese direct measurements with 
a drop calorimeter but the interpretation is still on-going. 

The effect of stoichiometry should be considered introducing Cp-O2 in the Kopp-
Neuman formula as recommended by Duriez (see Eq. 5.5 and Eq. 5.6). This 
recommendation will nevertheless need to be subject to experimental validation. 

The measurements obtained on irradiated fuels show that the values are very 
dispersed up to a factor 2 even for the same composition and burn-up conditions. 

On irradiated fuels all the data provided were obtained between 500 to 1500K. 

Effort on modelling high temperature heat capacity should be pursued, as it is a 
key parameter for thermal conductivity measurements interpretation and transient 

modelling in fuel performance codes. 
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6. Enthalpy of fusion 

This chapter was originally provided by R. Calabrese (ENEA). 

 

6.1 Literature data 

The enthalpy of fusion (heat of fusion) of MOX fuel is a thermodynamic property 
assumed to be small and whose experimental measurement is affected by high 

uncertainties. The review of the open literature provided a set of values in great 
part calculated and mostly based on the ideal solution model. The data on MOX 

fuel is scanty while the determinations of the enthalpy of fusion of UO2 are more 
abundant. Recent laser heating measurements have increased the value assumed 
for the melting temperature of PuO2 pointing out the need for a re-evaluation of 

the phase diagram of the UO2-PuO2 system at high concentrations of plutonium. 
Based on these recent measurements, the validity of the ideal solution model was 

questioned, whereas the description of the entropy of fusion according to the 
Epstein’s proposal has been confirmed in the literature presented here [Eps67]. 

The study of Epstein is fundamental for the following investigations on the enthalpy 

of fusion of MOX fuel [Eps67]. The author, relying on the measurements of the 
phase diagram of the UO2-PuO2 system discussed in [Lyo67], calculates the 

enthalpy of fusion of UO2 and PuO2 [Eps67]. His results are based on the 
hypothesis that UO2 and PuO2 form an ideal solution with a continuous series of 
solid solutions and a lens-shaped phase diagram. In addition, he assumes that the 

entropy of fusion follows correlation (Eq. 6.1). 

∆𝑆𝑓𝑢𝑠𝑖𝑜𝑛 𝑖 = ∆𝐻𝑓𝑢𝑠𝑖𝑜𝑛 𝑖 / 𝑇𝑚𝑒𝑙𝑡𝑖𝑛𝑔 𝑖  =  𝛼𝑖𝑁𝑖𝑅 Eq. 6.1 

In this correlation, ΔSfusion stands for the entropy of fusion; ΔHfusion for the enthalpy 
of fusion; Tmelting is the melting temperature; Ni the number of atoms forming the 

compound; R the ideal gas constant (8.314 J.K-1.mol-1); αi is a coefficient 
expressing the deviation from the hypothesis that the entropy of fusion is R 

multiplied by the number of atoms in the compound (α = 1). The subscript i 
indicates the specific compound under consideration. 

His analysis of the enthalpies of fusion and melting points of 56 elements and 46 
oxides showed that the departure from ideality is limited. In the case of oxides, 
the average value of α turned out to be 1.178 [Eps67]. The analysis of the 

experimental measurements presented in [Lyo67] gave for αUO2 and αPuO2 the 
values 1.140 and 1.057, respectively [Eps67]. The corresponding enthalpies of 

fusion were 88.8 and 70.3 kJ.mol-1. Under the hypothesis of ideal behaviour 
(α = 1), the enthalpies of fusion of UO2 and PuO2 determined by Epstein are 77.9 
and 66.6 kJ.mol-1, respectively. 

A high-energy laser technique was employed by Ohse et al. to determine the 
vapour pressure of MOX fuel up to 7000 K [Ohs76]. The heat of fusion of MOX fuel 

for a PuO2 concentration of 20 mol.% and 1.96 oxygen-to-metal (O/M) ratio was 
determined by subtraction of the vapour pressure slopes obtained from 
measurements performed below and above the melting point (3073 K). Their 
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measurements gave a value of 82.5 kJ.mol-1 in good agreement with the 

differential thermal analysis (DTA) measurements performed by the authors on 
MOX fuels with similar composition (83.7 kJ.mol-1) [Ohs76]. The authors noted 

that their evaluation was in good agreement with the value of 81.2 kJ.mol-1 
presented in [Oga69]. According to their measurements, the enthalpy of UO2 is 
69.1 kJ.mol-1 [Ohs76]. 

Measurements performed by means of a calorimetric technique indicated in the 
case of UO2 a value of 74.1 kJ.mol-1 with estimated uncertainties of 4.6 kJ.mol-1 

[Lei71]. This result was in good agreement with the value of 76.2 kJ.mol-1 
previously published in [Hei68].  

In the study by Adamson et al. the experimental phase diagram of the UO2-PuO2 

system presented in [Lyo67] and [Ait68] was re-analyzed by assuming an ideal 
solution model [Ada85]. Under the hypothesis that the melting temperature of UO2 

is 3120 K, the authors published a revised value of the PuO2 melting temperature 
(2701 K) [Ada85]. Based on these assumptions, the heats of fusion of UO2 and 
PuO2 turned out to be 86.9 and 90.5 kJ.mol-1. These results are not consistent with 

the data presented here where the heat of fusion of UO2 is generally higher than 
PuO2. 

In the study by Komatsu et al., the ideal solution model was employed to discuss 
the phase diagram of the UO2-PuO2 system relying on the heats of fusion published 

in [Eps67] and the melting temperatures resumed in Table 6.1 [Kom88]. The 
impact of the O/M ratio on the enthalpy of fusion was assumed to be small where 
the value of PuO1.61 was close to that of stoichiometric PuO2 [Kom88]. 

Values of the enthalpy of fusion have been reported in [Bak97]. In particular, 
78 kJ.mol-1 and 67 ± 15 kJ.mol-1 have been employed for UO2 and PuO2, 

respectively. 

Konno and Hirosawa present a value of the heat of fusion of MOX that is employed 
in an ideal solution model [Kon98]. It has been obtained from the measurement 

of the melting temperature of an unirradiated MOX fuel (30 wt.% in plutonium) 
and under the hypothesis proposed by Epstein (Eq. 6.1). 

In the review presented in [Fin00], the author recommends for UO2 a value of 
70 ± 4 kJ.mol-1. This value is consistent with the curves of solid and liquid enthalpy 
also recommended by the author. Fink underlines that this evaluation, lower than 

the value of 74.83 kJ.mol-1 published in [Fin81], is more accurate as based on a 
comprehensive review of both enthalpy and specific heat this latter not used in his 

previous determinations [Fin00]. 

Carbajo et al. confirm the recommendation given for UO2 in the Fink’s review 
[Car01]. The authors also suggest for MOX the experimental value of 

67 ± 3 kJ.mol-1 published in [Lei74]. This measurement was obtained by means of 
a calorimetric technique on a MOX fuel with a concentration in plutonium dioxide 

of 20 mol.%. In agreement with [Cha74], they affirm that the enthalpy of fusion 
of MOX, should be not markedly different from UO2 [Car01]. The authors do not 
give indications for PuO2 due to the scatter seen in the published data [Car01]. 
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Under the hypothesis of ideal solution, Konno and Hirosawa determine the 

enthalpies of fusion of UO2 (78 kJ.mol-1) and PuO2 (62 kJ.mol-1) [Kon02].  

Kato et al. perform a comprehensive analysis of the conditions applied for the 

measurement of the solidus and liquidus temperature of MOX fuel [Kat08]. They 
adopt an ideal solid solution modelling and the hypothesis introduced in the work 
of Epstein. Their evaluation of the PuO2 melting temperature was higher by about 

200 K than previous determinations. They fitted their experimental measurements 
suggesting for the enthalpy of fusion of UO2 and PuO2 a value of 77.9 and 

70.9 kJ.mol-1, respectively [Kat08]. Based on the findings presented in [Kat08], 
several investigations were performed on the melting temperature of MOX with 
high plutonium content employing a laser heating method. In the study of De 

Bruycker et al., this technique gave for the melting temperature of PuO2 a value 
much higher (3017 K) than previously assumed [DeB11]. According to this, the 

enthalpy of fusion of PuO2 based on the assumption presented in [Eps67], was 
estimated to be 75 kJ.mol-1 [DeB11]. 

In the study presented in [Gom11], the authors employ in their analysis the values 

recommended in [Car01]. 

In [Ari09], the melting temperature and the heat of fusion of UO2 have been 

determined by means of Molecular Dynamics calculations. In [Boy12], the melting 
point of UO2 nanocrystals has been investigated by means of the Molecular 

Dynamics approach. The authors apply 10 different interatomic potentials noting 
a general underestimation of the heat of fusion. Compared to the value of 
70 ± 4 kJ.mol-1 recommended in [Fin00], the results of simulations are 

underestimated by 25–30 kJ.mol-1.  

Similar outcomes are reported in [Gho16]. The authors employ classical Molecular 

Dynamics to calculate melting temperature, enthalpy increments, and density for 
solid and liquid UO2 and PuO2. The heats of fusion of UO2 and PuO2 are generally 
underestimated in comparison with the experimental measurements, however, 

melting temperatures are in reasonable good agreement [Gho16]. 

Kim et al. calculate the heat of fusion of UO2 using a many-body interatomic 

potential [Kim17]. In agreement with the melting temperature predicted by the 
model (between 3000 and 3100K) their results are close to the recommendation 
published in [Car01]. 
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Table 6.1: Comparison of melting temperatures and heats of fusion of 

UO2, PuO2, MOX. 

Reference 

UO2 PuO2 MOX 

Tmelting 

(K) 

Heat of 

fusion 

(kJ mol-1) 

Tmelting 

(K) 

Heat of 

fusion 

(kJ mol-1) 

Heat of 

fusion 

(kJ mol-1) 

Epstein, 1967 3113 88.8 2663 70.3  

Epstein, 1967 3113 77.9 2663 66.6  

Hein and Flagella, 1968 3120 76.2    

Ogard et al., 1969     81.2 

Leibowitz et al., 1971 3120a 74.1    

Leibowitz et al., 1974     67b 

Ohse et al., 1976 3133 69.1   82.5c 

Adamson et al., 1985 3120 86.9 2701 90.5  

Komatsu et al., 1988 3138 77.9 2718 66.6  

Bakker et al., 1997 3123 78 2663 67  

Konno & Hirosawa, 1998     74.7d 

Fink, 2000 3120 70    

Konno & Hirosawa, 2002 3138 78 2701 62  

Kato et al., 2008 3123 77.9 2843 70.9  

Arima et al., 2009e 3125 60    

De Bruycker et al., 2011   3017 75  

Ghosh et al., 2016 3050-3075 58.94 2800-2825 43.21  

Kim et al., 2017f 3000-3100 58.85    
a qualitative evaluation from Fig, 2 in [Lei71] 
b MOX 20 mol.% in PuO2 
c MOX 20 mol.% in PuO2 ; O/M = 1.96 ; melting temperature 3073 K 
d MOX 30 wt.% in plutonium ; O/M = 2.00 ; melting temperature 2993 K 
e Yakub potential (two phases 3x3x3x2) 
f the published value is 218 kJ.kg-1 

 

6.2 Conclusions and recommendations 

The recommendations for the enthalpy of fusion of UO2 in [Fin00] and [Car01] are 
slightly under–predicting most of the values found in the open literature. However, 

they are in good agreement with the experimental measurements. For PuO2, the 
determinations are numerical and lower than the values of UO2 whereas the value 
of its melting temperature has moved from 2663 K in [Eps67] to 3017 K in 

[DeB11]. For MOX, few data are available and the recommendation in [Car01] is 
based on the measurements discussed in [Lei74]. The heats of fusion show 

deviations slightly higher than the uncertainties usually reported and the values 
found in the open literature are quite consistent and based on an ideal solution 
model and the entropy of fusion as presented in Eq. 6.1. Molecular Dynamics 

calculations could be of interest especially for MOX with high plutonium content 
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where the development and the re-definition of the phase diagram of the UO2-

PuO2 system has been significant. 
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7. Emissivity 

This chapter was originally provided by R. Calabrese (ENEA). 

 

7.1 Literature data 

Safety analysis requires knowledge of the thermal radiation properties of nuclear 
fuel materials especially above their melting points. Moreover, this quantity is 
important for accurate measurements based on the use of laser heating [Bob80a, 

Ron98]. The spectral radiance of a surface is determined through the Planck’s 
radiation law (ideal blackbody) multiplied by the normal spectral emissivity that 

depends on temperature and wavelength [Nun14]. 

The total hemispherical emittance is a quantity relevant to the accident conditions 
and the formation of a molten core phase. This quantity is obtained by integration 

over the hemispherical space of the directional spectral emissivity whose values 
depends on the incidence angle [Bob80a]. 

In [Ohs76] the values of emissivity used in their experimental study on vapour 
pressure through a laser heating technique, were based on the review presented 
in [Neu73] and the hypothesis that the emissivity of rare earth oxides shows no 

change when passing through the melting point [McM68].  

Bober et al. measured the normal spectral emissivity of UO2 in the temperature 

interval 2000 – 4100 K at a wavelength of 630 nm (visible) [Bob80a]. Their results 
show that the emissivity has a weak dependence on temperature up to the melting 
point thereafter it increases markedly. The indications presented in this study are 

in good agreement with previous measurements performed at low temperature 
and at a wavelength of 650 nm [Cab67, Hel69, Sch78]. Their findings were not in 

agreement with the results published in [Cla58] where the values of emissivity 
move from 0.85 down to 0.37 with temperature increasing from 964 K to 2220 K. 
According to the review of Harding et al. (1989), the evaluations in [Cla58] are 

rejected casting doubts on the reliability of the experimental technique employed 
by the author. The measurements performed in the far infrared at a wavelength 

of 10600 nm showed that beyond the melting point the normal spectral emissivity 
of UO2 decreases with increasing temperature [Bob80a]. Authors note that the 

emissivity of sintered samples was slightly higher in comparison with pre-melted 
samples. The results obtained for a wavelength of 10600 nm show a fairly good 
agreement with the results published in [Cab67] and [Cla66]. The authors 

conclude that the emittance of sintered UO2 shows no dependence on temperature 
(up to melting), surface roughness, density and stoichiometric variations 

[Bob80b].  

Bober presented a series of emissivity measurements performed on UO2 in the 
temperature interval 2000 – 4000 K for three values of wavelength (647, 514.5 

and 458 nm), different incident angles, and polarization [Bob80b]. The results, 
while confirming previous conclusions, show a slight dependence on wavelength 

and proved that the total hemispherical emittance was lower than the near-normal 
spectral emissivity by about 5% [Bob80b]. The author notes that to obtain more 
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reliable information regarding the total hemispherical emittance of liquid UO2 

measurements up to the far infrared are necessary [Bob80b]. 

In [Sal99], the authors aim at investigating the structural modification occurring 

in UO2 approaching the melting temperature. For the purpose, they measured the 
reflectivity in the interval 2000 – 4200 K at a wavelength of 644 nm. The 
experimental results confirm the existence of a pre-melting transition around 

0.85*Tmelting. The authors measured the spectral emissivity of UO2 confirming good 
agreement with the data of Bober et al. [Sal99]. The values of emissivity are 

increasing before reaching melting and nearly constant beyond. At 3.5 MPa the 
emissivity maintains its increasing trend beyond the melting temperature. The 
condensation of the vapor plume over the sample could explain an overall 

reduction of the emissivity under this experimental condition [Sal99]. 

In his review, Fink states that the studies in [Bob80a] are reliable and consistent 

with the majority of the experimental studies published at the time [Fin00]. The 
author, in agreement with the indications in [Har89], recommends for the total 
hemispherical emittance of UO2 the value presented in Eq. 7.1. 

𝜀ℎ = 0.85 ± 0.05 Eq. 7.1 

In agreement with the previous review [Fin81], Fink recommends the correlation 
of Bober et al. for the normal spectral emissivity of pre-melted UO2 at 630 nm 

extending its validity in the visible range (400 - 700 nm). The temperature may 
vary in the interval 1000 – 3120 K.  

𝜀𝑛 = 0.836 + 4.321. 10−6(𝑇 − 3120) Eq. 7.2 

The normal spectral emissivity of liquid UO2 recommended by Fink in the visible 
range is presented in Eq. 7.3. 

𝜀𝑛 = 1 − 0.1609 exp (−3.7897. 10−4∆𝑇 − 3.2718. 10−7∆𝑇2) Eq. 7.3 

In this correlation, ∆𝑇 = 𝑇 − 3120 and T lies in the interval 3120 – 4200 K [Fin00]. 

The author notes that this relationship should not be used in the infrared and far 

infrared regions where the emissivity is expected to decrease from 0.85 to 0.4 with 
temperature increasing up to 4000 K [Fin00]. 

In [Ron02], a value of 0.86 ± 0.01 for the UO2 normal spectral emissivity at 
650 nm and at melting (3110 K) is reported. The experimental measurements 
discussed in [Man05] are in good agreement with the recommendations given in 

[Fin00]. The oxygen-to-metal ratio should not have a significant effect on the value 
of UO2 emissivity [Man05]. These results are further confirmed in [Man08]. This 

study does not indicate an increase with temperature of the normal spectral 
emissivity of the liquid UO2 as in the Fink’s recommendations. 

As aforementioned, the measurement of the normal spectral emissivity of PuO2 
and UO2 is important for the determination of the true temperature in a laser 
heating technique. For the purpose, the experimental set-up presented in 
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[DeB11a] employs a spectro-pyrometer working in the interval 550 - 920 nm. The 

values of the normal spectral emissivity of PuO2 and UO2 determined in this study 
are not significantly different [DeB11a]. This statement has been confirmed by the 

measurements performed on MOX samples with high concentration of PuO2 (80 
and 90 mol.%) [DeB11b]. Based on these findings, the approach adopted for the 
analysis of the experimental measurements was to assume that the emissivity of 

MOX is not depending on wavelength (greybody approximation) and equal to 
0.83 ± 0.05 [DeB11b]. 

In agreement with the results presented here a constant value is often employed 
in the literature. In [Mus99], the melting point of UO2 was measured by means of 
a laser heating technique assuming a value of 0.85 for the normal spectral 

emissivity (at 650 nm). In [Sob08] the emissivity of fuel is 0.85. Constant values 
of emissivity, 0.8 and 0.88, are applied in [Yu12] and [Mel13], respectively. In 

[Wil11] a value of 0.8 is used. In [Auf13] the value employed for emissivity is 
0.95. 

Previously, the results of Bober et al. were employed in the study [Yag88]. Hayes 

and Peddicord [Hay93] adopt the hypothesis that the total hemispherical emittance 
of UO2 remains higher than 0.8 up to melting. The spectral emissivity of liquid UO2 

recommended by Fink (Eq. 7.2) has been used in [Wel08]. 

In [Yam06] the emissivity was defined according to the MAPRO–11 model that 

predicts a decrease of emissivity in the interval 1000 – 2050 K while below and 
above this interval remains constant and equal to 0.8707 and 0.4083, respectively 
[Yam06]. This correlation is mostly based on the work of Claudson. 

 

7.2 Conclusions and recommendations 

The data presented here is mostly consistent and in fair agreement with the studies 

of Bober et al. often cited and recommended. Measurements of the directional 
spectral emissivity in the far infrared region are still an open issue to determine 
with high accuracy the total hemispherical emittance a quantity relevant to 

accident conditions. The behavior of the normal spectral emissivity with 
temperature of the liquid UO2 has not been revised in the literature. The reported 

different behavior in the visible and far infrared region has not been clearly 
assessed. This comment is valid for PuO2 and MOX fuel where no explicit 
indications have been found. 
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8. Theoretical density 

This chapter was originally provided by J-P. Ottaviani (CEA). 

 

8.1 Literature data 

The general formula for the calculation of the theoretical density of (U1-yPuy)O2-x in 
the solid state is presented in Eq. 8.1.: 

ρs =
4(MHA + (2 − x)MO)

N  a3
 Eq. 8.1 

Where: 

a is the lattice parameter, 

x is the deviation from stoichiometry in oxygen, 

N is the Avogadro number (N = 6.022 1023 mol−1), 

MO is the atomic mass of oxygen (MO = 16 g. mol−1), 

MHA is the average atomic mass of Heavy Atoms, calculated from the Pu content, 

the isotopic composition of the fuel, and the atomic mass of each isotope using  

Eq. 8.2: 

MHA =  (1 − y) ∑ γiM(Ui)

i

+ y ∑ δjM(Puj)

j

 Eq. 8.2 

Where: 

y is the fractional Pu content,  

Ui is uranium isotope,  

γi is the fractional part of isotope Ui in uranium,  

Puj is plutonium isotope,  

δj is the fractional part of isotope Puj in plutonium. 

If the atomic masses MHA and MO are expressed in g and the lattice parameter a 
in pm, the theoretical density is calculated in g. cm−3 using the correlation 

recommended by Philipponneau as per Eq. 8.3:  

ρs = 1.66 106
4MHA + 64(2 − x)

a3
 Eq. 8.3 

Recommendations for lattice parameter are given in chapter 2.The melting point 
density of liquid UO2 recommended is 8640 kg.m-3, calculated using the solid 
density given by Martin’s equation for thermal expansion [Mar88] (9560 kg.m-3 at 

3120 K, assuming that the density of UO2 is 10963 kg.m-3 at 273 K) and the change 
of density on melting determined by Christensen (-9.6%, i.e. -920 kg.m-3) 

[Chr63]. 
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For MOX fuels it is assumed the same decrease in density on melting as for UO2 

(920 kg.m-3). Between the solidus and liquidus temperatures it is suggested to 
obtain densities by linear interpolation. 

8.1.1 Effect of addition of minor actinides 

From a study of Kato and Konashi [Kat09] analyzing the effect of addition of minor 

actinides on the lattice parameter of stoichiometric or hypo-stoichiometric 
uranium-plutonium mixed oxide fuels, it becomes possible to suggest a correlation 

for the calculation of theoretical density at room temperature of stoichiometric or 
hypo-stoichiometric uranium-plutonium mixed oxide fuels doped with americium 
and neptunium, of type (U1-y-y'-y’’PuyAmy'Npy’’)O2-x, using Eq. 8.3 and determining 

MHA and lattice parameter as per Eq. 8.4 and Eq. 8.5 respectively. 

 

MHA (g) =  (1 − y − y′ − y′′) ∑ γiM(Ui)

i

+ y ∑ δjM(Puj)

j

+ y′ ∑ μkM(Amk)

k

+ y′′ ∑ νlM(Npl)

l

 
Eq. 8.4 

a (pm) = 547.1 − 7.6y − 10.0y′ − 3.8y′′ + (25.8 − 0.9y − 1.1y′ − 0.4y′′)x Eq. 8.5 

Where: 

x is the deviation from stoichiometry in oxygen, 

y is the fractional Pu content,  

y′ is the fractional Am content,  

y′′ is the fractional Np content,  

Ui is uranium isotope,  

γi is the fractional part of isotope Ui in uranium,  

Puj is plutonium isotope,  

δj is the fractional part of isotope Puj in plutonium, 

Amk is americium isotope,  

μk is the fractional part of isotope Amk in americium, 

Npl is neptunium isotope,  

νl is the fractional part of isotope Npl in neptunium, 

This correlation could be considered as a recommendation for the calculation of 

theoretical density at room temperature of stoichiometric or hypo-stoichiometric 
uranium-plutonium-minor actinides mixed oxides within the following limits:  

0 ≤ Pu/M ≤ 100%, 0 ≤ Am/M ≤ 2%, 0 ≤ Np/M ≤ 12%, 1.985 ≤ O/M ≤ 2. 

8.1.2 Effect of temperature 

The general formula for the calculation of the theoretical density of (U1-yPuy)O2-x is 
usable whatever the temperature as long as the fuel remains in a single phase 

solid state. The theoretical density at the temperature  T can be calculated from 

the value of the lattice parameter at the same temperature using Eq. 8.6. 
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ρs(T) = 1.66 106
4MHA + 64(2 − x)

[a(T)]3
 Eq. 8.6 

The dependence on temperature of the lattice parameter having yet to be assessed 
as the subject of future experimentation it is also conceivable to calculate the 
dependence on temperature of the theoretical density using thermal expansion 

data as per Eq. 8.7: 

ρs(T) =
ρs0

[
L(T)

L0
]

3 =
ρs0

[1 + ∆L L0⁄ ]3
  

Eq. 8.7 

Where: 

ρs0
 is the theoretical density at a reference temperature,  

L and L0 are lengths at temperature T and reference temperature respectively, 

The quantities L(T) L0⁄  or ∆L L0⁄  given for stoichiometric actinide dioxides (Cf. 

chapter 9) can be combined to assess the thermal expansion of stoichiometric 
actinides mixed dioxides using mixing rules as per Eq. 8.8 or Eq. 8.9: 

L

L0
((U, Pu)O2.00) = (1 − y)

L

L0

(UO2.00) + y
L

L0

(PuO2.00) Eq. 8.8 

∆L

L0
((U, Pu)O2.00) = (1 − y)

∆L

L0

(UO2.00) + y
∆L

L0

(PuO2.00) Eq. 8.9 

Where y is the mass fraction of PuO2 in the MOX 2. 

However, as shown on Figure 8.1, UO2 and PuO2 have very similar thermal 
expansion [Mar88; Tok73]. Hence, it can be considered that: 

L

L0
((U, Pu)O2.00)  ≈  

L

L0

(UO2.00)  ≈  
L

L0

(PuO2.00) Eq. 8.10 

or 

∆L

L0
((U, Pu)O2.00)  ≈  

∆L

L0

(UO2.00)  ≈  
∆L

L0

(PuO2.00) Eq. 8.11 

 

 
2 Strictly the mixing law asked that the volume fraction of the constituents is used here as a weighting factor, and 

not their mass fraction. However, with regard to UO2 and PuO2 these two quantities are relatively close to one 

another. 
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Figure 8.1: Relative thermal expansion of UO2 and PuO2 fuels [Mar88, 

Tok73]. 

From the equations of thermal expansion L(T) L0⁄  developed by Martin to be used 

for UO2 and MOX fuels [Mar88], Carbajo et al. recommended in 2001 the 
correlations hereafter to calculate the density of solid stoichiometric UO2 and MOX 

fuels [Car01] as per Eq. 8.12 and Eq. 8.13: 

For temperatures 𝑇 from 273 K to 923 K: 

ρs(kg. m−3) =
ρs0

[9.9734 10−1 + 9.802 10−6T − 2.705 10−10T2 + 4.391 10−13T3]3
 Eq. 8.12 

And for temperatures  T from 923K to the UO2 or MOX fuel melting temperature: 

ρs(kg. m−3) =
ρs0

[9.9672 10−1 + 1.179 10−5T − 2.429 10−9T2 + 1.219 10−12T3]3
 Eq. 8.13 

Where ρs0
 refers to density at 273 K: 

ρs0
(UO2,00) = 10970 kg. m−3  

ρs0
(PuO2,00) = 11460 kg. m−3  

ρs0
((U1−y, Puy)O2.00) = 10970 + 490y (kg. m−3) for (0 ≤ y ≤ 1) according to the linear law 

The recommended uncertainty in the density of UO2 and MOX fuels is 1% for the 

entire temperature range. 

Based on a very limited amount of data analyzed by Martin [Mar88] the coefficient 

of thermal expansion of hypo-stoichiometric (U, Pu)O2−x solid MOX fuels was 

recommended to be calculated by the corresponding coefficient of the 

stoichiometric fuel, multiplying it by a factor of (1 + 3.9x). Analysis of the 
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experimental data showed that this recommendation is valid up to 1800K. 

However, in the absence of high temperature data, Martin [Mar88] as well as 
Carbajo et al. [Car01] suggested to use it up to the melting temperature. 

The corresponding effect on theoretical density has not been reported. However 
taking into account the equivalent formulations for the corrective factor 
recommended by Martin as per Eq. 8.14, Eq. 8.15 or Eq. 8.16, it can be suggested 

to calculate the theoretical density of hypo-stoichiometric (U, Pu)O2−x solid MOX 

fuels with the correlations given in Eq. 8.17 and Eq. 8.18: 

α((U, Pu)O2−x)  =  (1 + 3,9x)  α((U, Pu)O2.00)  ≈  (1 + 3.9x)  α(UO2.00) Eq. 8.14 

L

L0
((U, Pu)O2−x)  =   [

L

L0
((U, Pu)O2.00)]

(1+3.9x)

≈   [
L

L0

(UO2.00)]
(1+3.9x)

 Eq. 8.15 

∆L

L0
((U, Pu)O2−x)  ≈  (1 + 3.9x) 

∆L

L0
((U, Pu)O2.00)  ≈  (1 + 3.9x) 

∆L

L0

(UO2.00) Eq. 8.16 

For temperatures T from 273 K to 923 K: 

ρs((U, Pu)O2−x)

=
ρs0

((U, Pu)O2−x)

[9.9734 10−1 + 9.802 10−6T − 2.705 10−10T2 + 4.391 10−13T3]3(1+3.9x)
 

Eq. 8.17 

And for temperatures T from 923K to the UO2 or MOX fuel melting temperature: 

ρs (((U, Pu)O2−x))

=
ρs0

((U, Pu)O2−x)

[9.9672 10−1 + 1.179 10−5T − 2.429 10−9T2 + 1.219 10−12T3]3(1+3.9x)
 

Eq. 8.18 

At reference temperature the deviation from stoichiometry in oxygen in the hypo-

stoichiometric domain causes both an increase of lattice parameter and a decrease 
of molar mass which lead to a decrease of the theoretical density of MOX fuels. In 

the range of x between 0 and 0.1 (1.90 ≤ O/M ≤ 2.00) the effect is quasi linear. It 

can be assessed from the general formulation of density that increasing x of 0.01 

causes a decrease in theoretical density at reference temperature of about 0.22%. 

A correlation for the density of liquid UO2 was given in 1990 by Breitung and Reil 
[Bre90] as per Eq. 8.19: 

ρl(kg. m−3) = 8860 − 9.285 10−1(T − 3120)       (3120 ≤ T(K) ≤ 7600) Eq. 8.19 

The uncertainty of the correlation is ± 1.4% at 3120 К, +1.6% and −2% at 3500 К, 
+2.2% and −4% at 4500 К, + 3% and −6.3% at 5400 К, + 4.2% and −10% at 

6500 К, + 6% and −15.4% at 7600 К (Cf Figure 8.2). This correlation is consistent 
with the equation given by the same authors for the instantaneous volumetric 
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thermal expansion coefficient 3 of liquid UO2 and MOX fuels for mole fractions of 

Pu lower than 25% and given in Eq. 8.20: 

αv,l(K−1)  =  −
1

ρl

dρl

dT
 =  

9.285 10−1

8860 − 9.285 10−1(T − 3120)
 

(3120 ≤ T(K) ≤ 7600) 

Eq. 8.20 

These equations from Breitung and Reil are in good agreement with the 
experimental data given by Drotning for the volume expansion coefficient of liquid 

UO2, and its density at the melting point (Tm = 3120 K) [Dro82]: 

dρl

dT
(kg. m−3. K−1) = − (9.16 ±  0.43) 10−1 Eq. 8.21 

ρl(Tm) = 8860 ±  60 kg. m−3 Eq. 8.22 

Because the measurements by Drotning are more precise than those of 

Christensen [Chr63] the consistent correlations suggested by Drotning for density 
at the melting point, and by Breitung and Reil for density and volume expansion 
coefficient of liquid UO2, were recommended in 2000 by Fink [Fin00] rather than 

the change in density on melting of Christensen. 

Same correlations from Breitung and Reil were also recommended in 2001 by 

Carbajo et al. to be used for both liquid UO2 and MOX fuels in the range 3120 – 
4500 K with a relative uncertainty of 4% [Car01]. Indeed, the effect of the 

plutonium content on the density of liquid oxide fuel seems to be negligible, 
compared to the remaining uncertainty in the density data. Then it appears 
justified to recommend the Breitung and Reil correlations for both UO2 and  

(U1-yPuy)O2-x mixed oxide with y ≤ 0.25. 

 

3 Strictly, in the single-phase region, the volumetric thermal expansion coefficient is given by α =
1

v
(

∂v

∂T
)

P
. 

Considering here α = −
1

ρl
 
dρl

dT
   assumes the approximation of incompressible substances. 
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Figure 8.2: Density of liquid (U,Pu) mixed oxide as a function of 

temperature [Bre90], and comparison to earlier density measurements 

on liquid UO2 [Chr63, Dro82]. 

 

8.2 Conclusions and recommendations 

The recommendation for theoretical density is applicable only at room 

temperature. However, knowing the evolution of the lattice parameter as a 
function of temperature is of major interest for a better assessment of the 
theoretical density change versus temperature. The high-temperature X-ray 

diffractometer available at CEA could be used to extend the recommendation at 
high temperature performing lattice parameter measurements up to the melting 

point. Such measurements should be achieved on UO2 and MOX fuels with various 
compositions, including Pu content up to 35%, and oxygen to metal ratio in the 
range 1.94 – 2.00. Further, same type of measurements should be achieved on 

MOX fuels containing also few percents of minor actinides Am and Np. Then, all 
these data could also be used for comparison with densities obtained from thermal 

expansion data determined by dilatometry. 

Strictly speaking, the density of an oxide fuel is a function of the uranium and 

plutonium isotopic vector, the Pu/(U+Pu) ratio, and the O/(U+Pu) ratio. However 
the differences between solid uranium and solid (U,Pu) oxides are small. For 
instance, at 298 K the theoretical density of 238UO2.00 and (238U0.75

239Pu0.25)O2.00 

differ by only 1%. Since the thermal expansion of both oxides is also identical 
within the quite small uncertainties up to the melting temperature, the plutonium 

content seems to have a small effect on the density of solid oxide fuel. 
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The same appears to be the case in the liquid regime. Because the experimental 

uncertainty should cover the relatively small effect of the plutonium content on the 
liquid oxide density, it seems not to be relevant to consider further 

experimentation in this domain, except to develop a technique very precise for 
measuring at high temperature. 
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9. Thermal expansion 

This chapter was originally provided by N. Vér (MTA-EK). 

 

9.1 Literature data 

Available thermal expansion data obtained by dilatometry for stoichiometric UO2.00 

and for UO2+x with 0 < x < 0.13 and 0.23 < x < 0.25 were critically assessed by 
D.G. Martin [Mar88] and led to the Eq. 9.1 and Eq. 9.2 valid for temperatures up 

to UO2.00 melting point (3120 K).  

• for 273 ≤ T ≤ 923 K 

𝑎 = 𝑎273𝐾(9.9734 × 10−1 + 9.802 × 10−6 × 𝑇 − 2.705 × 10−10 × 𝑇2

+ 4.391 × 10−13 × 𝑇3) 
Eq. 9.1 

• for 923 ≤ T ≤ 3120 K 

𝑎 = 𝑎273𝐾(9.9672 × 10−1 + 1.179 × 10−5 × 𝑇 − 2.429 × 10−9 × 𝑇2

+ 1.219 × 10−12 × 𝑇3) 
Eq. 9.2 

With 𝑎 the lattice parameter of the sample at T of the fluorite phase (in Å) and T 

the temperature (in K). 

These relations were later confirmed by Carbajo et al. [Car01] and J.K. Fink [Fin00] 

who revaluated the associated uncertainties. The thermal expansion for UO2.00 
calculated with Eq. 9.1 and Eq. 9.2 is plotted in Figure 9.1. 

 

Figure 9.1: D.G. Martin [Mar88] thermal expansion recommendation for 

stoichiometric UO2.00 with uncertainties determined by J.K. Fink 

[Fin00]. 
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Based on data available on stoichiometric (U,Pu)O2.00 containing up to 25% 

Pu/(U+Pu) and PuO2.00, D.G. Martin [Mar88] concluded that equations Eq. 9.1 and 
Eq. 9.2 can be also used for stoichiometric (U,Pu)O2.00 on the whole Pu range (0-

100%). Nevertheless, except one measurement at ~2300 K, no thermal expansion 

data for stoichiometric (U,Pu)O2 and PuO2.00 exists above 1900 K. As concluded in 
the previous revision of this catalogue, the range of validity of D.G. Martin 
recommendations for (U,Pu)O2.00 have to be reduced to 300-1900K.  

Concerning the impact of oxygen hypostoichiometry, in his review D.G. Martin 
recommended that the thermal expansion of (U,Pu)O2-x corresponded to the value 

for (U,Pu)O2.00 corrected by a factor [1 + 3.9 (± 0.9) x] where x is the deviation 
from oxygen stoichiometry 2.00 as in (U, Pu)O2-x. This relation would be valid for 
oxygen/metal (O/M) ratios ranging from 1.940 to 1.995. Nevertheless, this 

recommendation is based on a very limited number of experimental data and only 
on measurements up to 1273K. Furthermore, one major issue with this 

recommendation is that the presence of miscibility gaps (2 and 3 phases domains) 
for Pu content greater than 17% (Pu/(U+Pu)) and O/M ratios smaller than 1.97 in 
the U-Pu-O ternary phase diagram was not considered[Gué20].  

In 2016, based on the new experimental results obtained on UO2, (U,Pu)O2 and 
PuO2 and a critical review of values existing in the literature, Kato et al. [Kat16] 

published an extended study of thermal expansion of (U,Pu)O2. By coupling a 
thermogravimetric analyser with a dilatometer, Kato et al. achieved a fine and 

accurate control of the O/M ratio (M=U+Pu) during new measurements performed 
on U0.7Pu0.3O2.00-1.97 and U0.52Pu0.48O2.00 samples up to 1950 K. The results obtained 
for the stoichiometric samples are compared in Figure 9.2 with results obtained on 

UO2.00, PuO2.00-1.92 by Uchida et al.[Uch11 ; Uch14]. Up to 1500K, in agreement 
with D.G. Martin recommendations, no difference is observed between UO2.00, 

PuO2.00 and (U,Pu)O2.00. Above 1500K, an impact of the Pu content is clearly 
observed.  

 

Figure 9.2: Experimental results of thermal expansion measured by 

Uchida et al. for UO2.00 [Uch11] and PuO2.00 [Uch14] and by Kato et al. on 

(U,Pu)O2.00 [Kat16] (Uncertainty: ±0.002%) 



D3.9 – New MOX fuel and PuO2 properties catalogue (20 – 70 % Pu range) 

 109 
This project has received funding from the Euratom research and 

training programme 2019-2020 under grant agreement No 945022. 

Based on their results, Kato et al. [Kat16] proposed the following equations: 

∆𝐿

𝐿0
= 𝑎0 + 𝑎1𝑇 + 𝑎2𝑇2 + 𝑎3𝑇3 Eq. 9.3 

With L and L0 lengths at temperature T in K and 300 K, ∆𝐿 = (𝐿 − 𝐿0) and coefficients 

a0, a1, a2 and a3 are defined using 

𝑎𝑖 =  𝑏0 +  𝑏1 𝐶𝑃𝑢 + 𝑏2 𝑥 +  𝑏3 𝐶𝑃𝑢
2 + 𝑏4 𝑥2 + 𝑏5 𝐶𝑃𝑢 𝑥 Eq. 9.4 

With CPu the Pu content in mol. %, x the deviation from 2.00 oxygen stoichiometry, 
b0, b1, b2, b3, b4 and b5 are constants. Their values are given in Table 9.1. 

Table 9.1: Coefficients b0, b1, b2, b3, b4 and b5 of Eq. 9.4. 

 b0 b1 b2 b3 b4 b5 

a0 (x10-3) -2.8809 0.0301 -4.3954 0.0156 -15.1759 2.5642 

a1 (x10-6) 9.5024 -0.1864 15.8173 -0.0229 7.6285 -7.5789 

a2 (x10-10) 2.0894 2.9483 -19.9227 -1.0355 73.8931 11.6442 

a3 (x10-13) 4.4096 -1.4263 23.5638 0.0251 -54.751 -14.418 

In Figure 9.3, thermal expansion calculated using D.G. Martin (Eq. 9.1 and Eq. 
9.2) and Kato et al. equations (Eq. 9.3 and Eq. 9.4) for UO2.00 and PuO2.00 are 

compared. The later values are within the uncertainties domain of D.G. Martin 
equation up to 2450K and 3000K for PuO2.00 and UO2.00, respectively. Nevertheless, 
considering the reduced uncertainties observed by Kato et al. (0.002 %) compared 

to those suggested by J.K. Fink [Fin00], the impact of plutonium content should 
be considered above 1500K and Kato et al relations should used for stoichiometric 

(U,Pu)O2.00 compounds. Kato et al achieved to obtain rather small uncertainties 
which can be explained by the fact that experimental data used were generated 
by the same research group. Uncertainties suggested by J. K. Fink were the result 

of a review work of the all experimental data available in the open literature and 
obtained by different experimental techniques which explained larger values 

compared to Kato et al. These conclusions show that the Kato et al relations (Eq. 
9.3 and Eq. 9.4) should be used for (U,Pu)O2.00 samples. 
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Figure 9.3: Comparison between thermal expansion using D.G. Martin 

recommendation [Mar88] in blue and using Kato et al. [Kat16] relations 

for UO2.00 and PuO2.00. The orange arrow represents the experimental 

range studied by Kato. 

 

The results obtained by Kato et al. on hypostoichiometric (U,Pu)O2 samples are 

compared to D.G. Martin equations in Figure 9.4. The Kato et al. experimental data 
are systematically lower than the values calculated using D.G. Martin relation 
corrected from the hypostoichiometry. Considering that Kato et al. equations (Eq. 

9.3 and Eq. 9.4) should be used for hypo stoichiometric (U,Pu)O2-x. The effect of 
hypostoichiometry for U0.70Pu0.30O2-x can be observed in Figure 9.5. 
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(a) 

 

(b) 

 
(c) 

 

(d) 

 

Figure 9.4: Comparison between Kato et al [Kat16] results 

(experimental and calculated) and D.G. Martin [Mar88] relations 

(calculated) for U0.70Pu0.30O1.97 (a and b) and U0.70Pu0.30O1.98 (c and d). 

(a) 

 

(b) 

 

Figure 9.5: Thermal expansion calculated U0.70Pu0.30O2-x using Kato et al 

[Kat16] equations (uncertainty: ±0.002). 
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9.2 NEA recommendation 

The recommended law in [NEA25] for thermal expansion is the one proposed by 

Kato [Kat16] and given in Eq. 9.3 and Eq. 9.4, with coefficients from Table 9.1. 
thermal expansion is given a dependency of the plutonium content and O/M ratio. 

This correlation is also valid for MOX doped with up to 4 mol.% of minor actinide 
(Np and Am) up to 1050 K. 

Considering the heterogeneity of irradiated fuel composition, the burn-up effect on 

thermal expansion cannot be correctly assessed. 

The range of parameters for the validity of the recommendation is: 

• Temperature from 300 to 1900 K 
• O/M from 2.00 to 1.97 but can be extrapolated in a larger range when single 

phase is assumed 
• Pu content from 0 to 48% in MOX and 100%Pu (PuO2) 

Uncertainty is constant for the whole ranges (T, O/M and Pu content) and is 

estimated to be ± 0.002 %. 

 

9.3 Data obtained in the frame of the ESFR-

SMART project 

In the frame of the ESFR-SMART project, thermal expansion on three fresh MOX 
samples were measured [ESF23]. The name on chemical compositions of these 
samples is summarized in Table 9.2 and are extracted from P. Fouquet-Metivier 

thesis[Fou22]. Thermal expansion was measured using High-Temperature X-ray 
Diffraction in the 300-1873K range. During measurements, a reducing atmosphere 

of He/H2 4% + 55 ppm H2O (pO2 = 1x10-28 atm) was used. The oxygen inside the 
experimental chamber was monitored by an oxygen gauge, resulting in an oxygen 
potential ranging between -489.2 kJ.mol-1 at 1873 K and  

-494.7 kJ.mol-1 at 923 K. The experimental uncertainties on the lattice parameter 
and temperature are ± 0.003 Å and ± 15 K respectively. 

Table 9.2: Details of the three fresh (U,Pu)O2 samples studied. 

Name Composition 

PHENIX29 U0.70Pu0.29Am0.01O1.984 

CAPRA4 U0.70Pu0.28Am0.02O2.004 

TRABANT40 U0.60Pu0.39Am0.01O1.995 

The lattice thermal expansions of the three samples are plotted in Figure 9.6. The 

results are compared to the recommendations of D.G. Martin [Mar88] and Kato et 
al. [Kat16] using initial O/M ratios given in Table 9.2.  
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Figure 9.6: Thermal expansions of the PHENIX29, CAPRA4 and 

TRABANT40, from 300 to 1873 K [Fou22]. 

For the three compositions, a deviation from the recommendations of D.G. Martin 
and Kato et al. is observed: above 1500 K for the PHENIX29, above 1300 K for the 
CAPRA4 and on the whole temperature range for the TRABANT40. This observation 

is assumed to originate from the reduction of the samples occurring at high 
temperature. Indeed, in the two recommendations, the O/M ratio is supposed to 

be constant during the whole experiment and equal to the initial O/M ratio before 
thermal treatment for D.G. Martin and Kato et al.. 

In order to better understand the difference observed recommendations,  

P. Fouquet-Metivier [Fou22] calculated the O/M ratio of the samples assuming the 
equilibrium with the gas atmosphere using the thermodynamic U-Pu-O model 

available in the TAF-ID database V13. The results of these calculations are plotted 
in Figure 9.7 illustrating that reduction of the three samples occurred during the 
measurements. These results clearly explained the disagreements observed in 

Figure 9.6.  
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Figure 9.7: Variation in the O/M ratio of the samples with temperature 

(He/H2 4% + 55 ppm H2O) [Fou22]. 

In Figure 9.8, the experimental results with thermal expansion calculated with the 
Kato et al relations using the deviation from stoichiometry calculated (cf Figure 
9.7) at each temperature. A better agreement is noticed for the PHENIX29 on the 

whole temperature range and from room temperature to 1400 K the CAPRA4 
sample. On the contrary, for the TRABANT40, the thermal expansion calculated 

from Kato et al. still differs from the one determined here, with too low values. 
Indeed, in their work, Kato et al. performed their experiments for a minimum O/M 
ratio of 1.97, whereas in this study the minimum value reached was 1.89.  

These results show that the equation given by Kato et al. cannot be used for lower 
O/M ratios than their experimental range of validity (1.97≤O/M≤2.00). 
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Figure 9.8: Thermal expansions of (a) PHENIX29, (b) CAPRA4 and (c) 

TRABANT40, compared to the recommendation of Kato et al. with 

varying O/M ratio [Fou22]. 

 

9.4 Data obtained in the frame of the PuMMA 

project 

In the frame of the PuMMA project, thermal expansion was measured between 300 

and 1800K with XRD-HT setup on one fresh MOX samples (MOX70-F), 
manufactured by co-milling process, with an O/M ratio of 1.99 ± 0.01 and a Pu 

content of 69% [PuM25]. During data acquisition, peaks of the (U,Pu)O2 phase 
(faces centered cubic (fcc) structure) were observed over the whole temperature 
range and their drift toward larger 2θ angular positions as the temperature 

decrease highlight that the lattice parameter of this phase decrease with 
temperature as expected. 
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The lattice thermal expansion of the sample is plotted in Figure 9.9 and compared 

to the recommendations of D.G. Martin [Mar88] and Kato et al. [Kat16] using initial 
O/M ratios of 2.00. 

 

Figure 9.9: Thermal expansion for MOX70-F sample compared to 

empirical relations for O/M=2.00. 

As one can see on Figure 9.9, the thermal expansion of the MOX70-F sample is in 
very good agreement with the two empirical relations up to 1500K. Above this 

value, the experimental values are higher. As this experiment was performed in a 
reducing atmosphere (pO2=10-28 atm), this increase can be attributed to the 
reduction of the sample (lower O/M values). Figure 9.10 shows the comparison 

with the empirical relation of Kato et al. for O/M=1.97 (limit of the validity range) 
and the calculated values, although still not close to the experimental values, are 

closer to the latter. This therefore validates the hypothesis of a reduction of the 
sample above 1500K. 

 

Figure 9.10: Thermal expansion for MOX70-F sample compared to 

empirical relations for O/M=1.97. 
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The results obtained on the MOX70-F sample are compared on Figure 9.11 to 

thermal expansion of (U,Pu)O2 samples with 29 and 39 % Pu/(U+Pu), i.e. samples 
PHENIX29 and TRABANT40 respectively, described in §9.2. 

 

Figure 9.11: Thermal expansion for MOX70-F sample compared to 

empirical relations for O/M=1.97. 

The three samples have the same behavior with an increase of their thermal 

expansion for temperature above 1200-1500 K due to the decrease of their O/M 
ratios. It’s worth noting that the thermal expansion both in term in values and 

reduction are almost identical for MOX70-F and PHENIX 29 samples despite their 
differences in term of Pu content. For these compositions, the experimental results 
are in good agreement up to 1400 K, before their reduction, with both D.G. Martin 

and Kato et al. empirical laws. Meaning that the plutonium content up to 29% and 
for 70% does not have an impact in (U,Pu)O2 thermal expansion. For 39% Pu, this 

not the case as the experimental results show a deviation from the two empirical 
law on the whole temperature range.  

 

9.5 Conclusions and recommendations  

Based on the new experimental results obtained in the framework of ESFR-SMART 
and PuMMA projects and the recent bibliography, the recommendation for thermal 

expansion of (U,Pu)O2 is to use the Kato et al relations (Eq. 9.3 and Eq. 9.4) and 
the parameters given in Table 9.1.  

The validity ranges are the following: 
- Pu content: 0-100% for (U,Pu)O2, 
- O/M ratio: 2.00 – 1.97  

- Temperature: 300-1900 K 

P. Fouquet-Métivier [Fou22] has proposed a new set of parameters to replace 

those given in Table 9.1 in order to extend the O/M validity range down to values 
shown in Figure 9.7. Considering that no experimental measurements of the O/M 
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ratios are given in this work, these new set of parameters and the extended O/M 

ratio range cannot be recommended. 

These perfectly illustrated the lack of experimental data, thermal expansion and 

O/M in the same conditions. The crucial point would perform further TGA 
experiments to correlate the variation of the O/M ratio with the thermal expansion 
beyond the validity ranges given before. 
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10. Elastic constants 

This chapter was originally provided by N. Vér (MTA-EK) 

 

10.1 Literature data 

The four elastic constants which are relevant to polycrystalline materials are the 
Young’s modulus (E), the shear modulus (G), the bulk modulus (B) and Poisson’s 

ratio (ν). Because in practice only two of these four parameters are independent 

variables, recommendations are given only for E and G; values of B and ν can then 

be derived from Eq. 10.1 and Eq. 10.2. 

E)(3G 3

G E
B

−
=  Eq. 10.1 

1
2G

E
ν −=  Eq. 10.2 

In addition, it is necessary to differentiate between adiabatic and isothermal elastic 
constant values. These will be distinguished below through the use of subscripts S 

and T, respectively. While at room temperature adiabatic and isothermal elastic 
constants are virtually identical, differences between the two increase with 
temperature so that by 2929 K, ES, BS and νS are respectively 3, 33 and 12% higher 

than their isothermal counterparts. (Note that at any specific temperature values 

of the adiabatic and isothermal shear moduli are identical.) Adiabatic elastic 
constants should be employed in situations when stresses vary with time by  

Eq. 10.3. 

0.53 t 105L −  Eq. 10.3 

where t is the time constant of the applied stress (sec) and L is an appropriate 
dimension of the solid under stress (m). Otherwise isothermal elastic constant 

values should be employed. 

Main of following recommendations are based on a review of the elastic constants 

of polycrystalline oxide fuels between 298 K and the melting temperature by Martin 
[Mar89].Post-90’s experimental works have been focused mainly on two areas. In 
Japan a series of measurements was performed in order to characterize the high 

burn-up low decontamination MOX fuel [Yam97] [Yam98] [Yam01] [Kur09] 
[Tan12]. In France the research was aimed at the development of new 

investigation techniques, such as microacoustic devices and microindentation, for 
evaluation of the local elastic properties of irradiated nuclear fuels [Roq99] 
[Roq00] [Lau02] [Gat05] [Lau12] [Lau14] [Cap16] [Mar16] [Mar17] [Sta17a] 

[Bal18]. 

Table 10.1 compares the recommendations of Martin [Mar89] and MATPRO 

[MAT01] and the results of the recent studies. 
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Table 10.1: Summary of findings on the elastic properties (Young’s 

modulus) of UO2 presented in the literature. 

Influencing parameters 

Domain of 

variation of 

influencing 

parameters 

Domain of variation of Young’s 

modulus 

[Mar89] [MAT01] 
Recent 

studies 

Young’s modulus at 298 K (GPa)  222 225.8  

Temperature (K) 298 → 1273 0 → - 13% 0 → - 11% - 

Porosity 0 → 0.1 0 → - 25% 0 → - 28% 

0 → - 26% 

[Gat05] 

[Lau12] 

[Cap16] 

Stoichiometry 

0 → -0.05 0 → - 7% 0 → - 8% - 

0 → +0.05 0 → - 5% 0 → - 6% - 

Grain size (μm) 5 → 35 0 → - 5% - 
no effect 

[Lau02] 

Pu content (at.%) 0 → 20 0 → 0% 0 → 3% 
0 → ~ 4% 

[Sta17a] 

Ce content (at.%) 0 → 20 - - 

0 → - 40% 

[Yam97] 

[Yam98] 

[Mar17] 

Gd2O3 content (wt%) 0 → 10 - - 
0 → - 15% 

[Mar17] 

Burn-up (GWd/tM) 0 → 100 - - 

0 → - 25% 

[Lau12] 

[Lau14] 

0 → - 33% 

[Mar17] 

10.1.1 Recommendations for stoichiometric, fully 
dense UO2 and (U,Pu)O2 

The elastic constants of stoichiometric, fully dense UO2 as a function of 
temperature, T, are given by the following relationships: 

• Isothermal Young’s modulus: 

26-22
T T109.597T101.539910  2.2693E −−−=           if K 2610TK 273   Eq. 10.4 

243
T T102.38803T 1.1810610  1.33445E −−+−=         if K 2929TK 2610   Eq. 10.5 
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• Adiabatic Young’s modulus: 

26-22
S T109.746T101.342810  2.2685E −−−=           if K 2610TK 273   Eq. 10.6 

243
S T102.60352T 1.2947310  1.48030E −−+−=          if K 2929TK 2610   Eq. 10.7 

• Shear modulus: 

26-31 T103.747T105.15710  8.583G −−−=                      if K 2610TK 273   Eq. 10.8 

24-12 T101.00939T105.0218910  5.7625G −−+−=         if K 2929TK 2610   Eq. 10.9 

with T in K and ET, ES and G in units of GPa. 

Errors in the Young’s modulus recommendations are about 1% at room 
temperature, rising to 10% at 2929 K; corresponding figures for the shear 

modulus are 3% and 12%. The above recommendations apply also to 
stoichiometric, fully dense (U,Pu)O2; however errors in Young’s modulus and 
shear modulus values derived from Eq. 10.4 to Eq. 10.9 are about twice the 

corresponding UO2 figures. The elastic constants of fully dense UO2.00 and 
(U,Pu)O2.00 derived from equations Eq. 10.4 to Eq. 10.9 and Eq. 10.1-Eq. 10.2 are 

shown in Figure 10.1 and Figure 10.2. 

 

 

Figure 10.1: Young’s modulus, shear modulus and bulk modulus of fully 

dense UO2.00 and (U,Pu)O2.00 as a function of temperature. 
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Figure 10.2: Poisson’s ratio of fully dense UO2.00 and (U,Pu)O2.00 as a 

function of temperature. 

No recommendations are given over the temperature range 2929-3120 K, the 

melting point of UO2, because no experimental data are available. In principle, not 
unreasonable values of ET, ES and G may be obtained in this temperature range 
using Eq. 10.5, Eq. 10.7 and Eq. 10.9, respectively. However it should be noted 

that with increasing temperature the resulting bulk modulus, derived from Eq. 
10.1, first decreases (as at lower temperatures), attains a minimum value at 

2985 K (BT) or 3007 K (BS), becomes infinite at 3094 K (BT) or 3103 K (BS) and 
subsequently is negative. Values of Poisson’s ratio, derived from Eq. 10.2, appear 

to behave more satisfactorily over this temperature range since they increase 
monotonically with temperature. However it should be noted that Poisson’s ratio 
values exceed 0.50 at temperatures above 3094 K (isothermal) and 3103 K 

(adiabatic), i.e. when the corresponding bulk modulus becomes infinite. 

 

10.1.2 Effect of temperature 

The elastic modulus of UO2 decreases with increasing temperature. The 

assumption of a linear decrease of the elastic modulus of stoichiometric UO2 with 
increasing temperature (as done e.g. in [MAT01]) was not justified at 

temperatures above ~1773 K and there was some evidence from the experimental 
data of nonlinearity at lower temperatures [Mar89]. The temperature dependence 
of the elastic constants exhibits a discontinuity at about 2610 K where UO2 

undergoes a Bredig transition. 

The MATPRO analysis did not include the only data above ~1773 K (and up to 

2929 K) by Clausen et al. [Cla85], and the linear relationship based on the 
available UO2 fuel data in the temperature range 450 to 1600 K was simply 
extrapolated to the approximate melting temperature [MAT01]. Thus, the linear 

expression used in the MATPRO correlation for the effect of temperature 
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systematically overpredicts the Young’s modulus at a low (<450 °C) and high 

(>1600 °C) temperature. 

Since the review work by Martin [Mar89], all experimental works on the elastic 

properties of oxide fuels have been done at room temperature. The only exception 
is the work by Yamada et al. [Yam98] which is discussed in Section 10.1.7. 

 

10.1.3 Effects of porosity 

In order to allow for the effects of porosity,isothermal or adiabatic Young’s modulus 
and shear modulus values derived from Eq. 10.4 to Eq. 10.9 should be multiplied 
by a factor. 

• if 0 ≤ p < 0.30 

p) 2.500)(1(pE(p)E TS,TS, −==  Eq. 10.10 

p) 2.250)(1G(pG(p) −==  Eq. 10.11 

• if p ≥ 0.30 

p) 6(1

p)(1
0)(pE(p)E TS,TS,

+

−
==  Eq. 10.12 

p) 3.85(1

p)(1
0)G(pG(p)

+

−
==  Eq. 10.13 

where p is the fractional porosity. The uncertainty in the numerical value within 
each of these brackets is ± 0.4. 

The elastic modulus of UO2 decreases with an increasing volume fraction of 
porosity. Based on experimental evidence, Martin [Mar89] concluded that the 

linear decrease of the elastic modulus of UO2 with increasing porosity seems to be 
valid up to the highest porosity values measured, namely 28% (Boocock et al. 

[Boo72]). 

The linear expression in MATPRO [MAT01] to describe the effect of porosity on 
Young’s modulus in the limited range of porosities of interest (between 0 and 0.1) 

was evaluated with the existing high temperature data (and not with the room 
temperature data). 

Recently, Roque et al. [Roq00] investigated the effect of porosity on the elastic 
properties of nuclear fuel materials at room temperature by microacoustic 
techniques (acoustic microscopy and microechography). All of their samples had 

the same stoichiometric composition (UO2.00) and the same microstructure 
(approximately same grain size) and the porosity (1-10%) was the only parameter 

whose role should be related to elastic modulus alterations. The pore size 
distribution was centered both on 1 µm and 10 µm. 
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Their experimental results showed good agreement between the elastic moduli of 

samples having a porosity spectrum centered on 1 µm and 10 µm which proved 
that elastic modulus varies as a function of the porosity ratio and not as a function 

of the pore size. From their measurement results they established the following 
linear laws of variation of elastic constants as a function of porosity: 

p) 2.34(1 220E −=  Eq. 10.14 

p) 2.03(1 82G −=  Eq. 10.15 

Eq. 10.14 and Eq. 10.15 are in good agreement with Martin’s recommendations 

[Mar89]. From the comparison between their experimental data and the 
Berryman’s model [Ber80a] [Ber80b], they deduced a pore shape factor equal to 

0.4 (oblate spheroidal pores with an aspect ratio c/a = 0.4) in the range of 1–10% 
porosity. According to Berryman’s model it can be shown that the elastic constants 
are very sensitive to the porosity morphology/pore shape variation [Lau12]. 

The above results were extended by Gatt et al. [Gat05] over the porosity range 
from 1 to 20%. Their experimental data can be given by the following linear 

relationship: 

p) 2.62(1 222E −=  Eq. 10.16 

p) 2.48(1 84G −=  Eq. 10.17 

Eq. 10.16 and Eq. 10.17 are also in good agreement with Martin’s 
recommendations [Mar89]. 

From the comparison of the analytical–numerical estimates to the micro-acoustic 
experimental data Gatt et al. [Gat05] concluded that: 

- The usual empirical fits of Martin [Mar89] performed on a wide range of 
bibliographic data give accurate estimates of elastic properties as a function of 

porosity. 

- The UO2 nuclear ceramics contain both spherical (intra-granular) cavities and 
ellipsoidal (inter-granular) cavities. Agreement with experimental data cannot 

be reached unless including a population of ellipsoidal pores (inter-granular 
cavities). 

- Assuming that inter-granular pores have ellipsoidal shapes, their aspect ratio 
is lower than about 0.25 (penny shaped oblates). (For a microstructure with 
10% of porosities made up only of ellipsoidal inter-granular cavities, i.e. 

containing 0% of spherical cavities, the experimental data could be reached 
with an aspect ratio of about 0.25.) 

Elastic moduli E and G values of non-irradiated UO2 measured by ultrasonic method 
in the porosity range of 0–20% are given in [Lau12] by Eq. 10.18 and Eq. 10.19 

p) 2.69(1 223E −=  Eq. 10.18 
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p) 2.46(1 84G −=  Eq. 10.19 

Cappia et al. [Cap16] performed Vickers microhardness and Young’s modulus 

measurements (by acoustic microscopy) on irradiated fuel samples at a burn-up 
range 60–110 GWd/tM. From the results the Young’s modulus dependence on the 

local porosity (up to 20%) was derived and extended to the full radial profile, 
including the high burn-up structure. The obtained dependence could be well 
represented by a linear correlation and no major differences could be identified in 

the Young’s modulus decrease with porosity between irradiated and non-irradiated 
UO2 by the authors. 

 

10.1.4 Effect of deviation from stoichiometry 

In order to allow for the effect of deviations from stoichiometry, the above 
recommendations for the isothermal and adiabatic Young’s modulus should be 

multiplied by a factor as per Eq. 10.20. 

 x)a)(1(UOE)Pu)O((U,E 2.00TS,x2TS, +=+
 Eq. 10.20 

• if x > 0 (hyperstoichiometry): 0.141.06 a −=  

• if x > 0 (hypostoichiometry) :  0.191.37a =  

In like manner the shear modulus should be taken as the stoichiometric value 

multiplied by a factor a per Eq. 10.21. 

c x))(1G(UO)Pu)OG((U, 2.00x2 +=+  Eq. 10.21 

• if x > 0 (hyperstoichiometry): 0.141.09 c −=  

• if x > 0 (hypostoichiometry): 0.191.34 c −=  

These recommendations indicate that both the Young’s modulus and the shear 
modulus decrease when the O/M ratio is altered in either direction from that of the 
stoichiometric composition. 

Elastic moduli are higher for stoichiometric fuel but decrease with hyper- or 
hypostoichiometric samples. The influence of stoichiometry is difficult to quantify, 

because other parameters (e.g., the fabrication route, grain size, etc.) interfere 
[Lau12]. In his review work Martin [Mar89] concluded that the Young’s modulus 
of UO2+x depends not only on the value of x but also on the manufacturing 

procedure, since this will affect the relative amount of the U4O9-y phase that is 
present. 

The only recent study on the effect of O/M ratio on the mechanical properties of 
hyper-stoichiometric uranium dioxide was performed by Laux et al. [Lau12]. The 
results obtained by acoustic microscopy and extrapolated to 0% of porosity are in 
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good agreement with all the previous measurements (see Figure 10.3) but they 

cover a relative limited range of stoichiometry from 2 to 2.015. 

 

Figure 10.3: Young’s modulus for UO2+x at room temperature, expressed 

as a ratio of the stoichiometric value, as a function of O/M = 2+x 

[Lau12]. 

10.1.5 Effect of grain size 

The only study on the effect of grain size on the elastic constants reported by 

Martin [Mar89] was the work of Igata and Domoto [Iga73]. They observed a 
decrease of 5% in the room temperature Young’s modulus of UO2 when the grain 
size was increased from 5 to 35 μm, so the effect was regarded by Martin as fairly 

small. 

Recently, Laux et al. [Lau02] studied the effect of grain size on the elastic moduli 

of UO2 by acoustic microscopy and microechography. In their measurements the 
size of the grains (10-90 μm) had no influence on the intrinsic (extrapolated to 0% 
of porosity) elastic moduli. 

 

10.1.6 Effect of PuO2 content 

Although the published (U,Pu)O2 mixed oxide data are very limited and scattered, 
several authors indicate that the addition of PuO2 to UO2 causes a moderate 

increase in Young’s modulus: 

- Boocock et al.’s [Boo72] values for UO2 and (U,Pu)O2 are very similar. 

- De Novion et al.’s [Nov70] results indicate that the Young’s modulus 
increases by 4% when the plutonium content is raised from 0 to 15%. 

- Nutt et al. [Nut70] found an only 11% higher modulus value for a mixed 

(U,Pu)O2 containing 70% plutonium than the corresponding UO2 figure. 

Based on these scarce data on mixed oxides, Matthews [Mat74] and Martin 

[Mar89] concluded that the elastic constants of stoichiometric (U,Pu)O2 should be 
taken to be identical to those of UO2. However, in MATPRO [MAT01] a 3% increase 
in Young’s modulus due to an addition of 20% PuO2 to UO2 was regarded as the 

most reliable estimate, based on [Boo72, Mat74, Nut70, Nov70]. 
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Again, given the inadequate data (only one measurement on the elastic constants 

of (U,Pu)O2 above room temperature by Padel and de Novion [Pad69]), Martin was 
forced to assume that the temperature dependence of the corresponding elastic 

moduli relating respectively to stoichiometric mixed oxide and UO2 are the same 
[Mar89]. 

The effect of local heterogeneities in the U/Pu composition ratio, which may occur 

when solid mixed-oxide bodies are manufactured by initially blending together UO2 
and PuO2 powders, has been investigated by Nutt et al. [Nut70]. Decreases in the 

Young’s modulus of ~10% and 25% were observed when heterogeneities occur in 
the solid on scales of ~50 µm and 200 µm respectively [Mar89]. 

New results might be obtained with molecular dynamic simulation: Balboa López 
indicates a small increase of the Young’s modulus of about 5% between 0% and 

100% of Pu [Bal18]. This variation of the Young’s modulus is consistent with the 
above reported experimental results where an increase of 4% and 11% is observed 

for Pu content of 15% and 70% respectively. However, Young’s modulus and 
Poisson ratio of the poly-crystal are not a direct result of the molecular dynamic 
simulation and are deduced from the computed single crystal elastic constants. 

 

10.1.7 Effect of additives and fission products 

Because UO2 and (U,Pu)O2 are used as fuel in nuclear reactors, the effect of 
irradiation on the elastic constants is of interest. The main effects are expected to 

arise from the introduction of fission products into the material. Gaseous fission 
products will largely precipitate into bubbles, which may be treated as additional 

voidage. The effects of the solid fission products have been simulated by doping 
the material with appropriate simulants [Mar89]. 

Several authors have reported on the influence of fission products/additives (to 
simulate burn-up or to study low fission gas release fuel and integrated burnable 
absorbers fuel) on the elastic properties. 

Marlowe and Kaznoff [Mar69] found that the addition of 6% fission product 
simulants or 1% gadolinium oxide to UO2 did not significantly alter the elastic 

moduli. Boocock et al. [Boo72] also reported that the addition of 6 wt.% of fission 
products, comprising transition metals and lanthanides, to a mixed oxide reduced 
both the Young’s modulus and the shear modulus by less than 10%. Based on 

these results, Martin [Mar89] concluded that the effect of solid fission products on 
the elastic constants is not large. 

Recently, in Japan a series of measurements was performed on (U,Ce)O2 in order 
to understand the behavior of uranium dioxide fuel under irradiation in connection 
with the changes in the phase relations and in the thermodynamic and mechanical 

properties caused by accumulated fission products [Yam97] [Yam98] [Yam01] 
[Kur09]. On the other hand, the studies of the physico-chemical properties of 

(U,Ce)O2 are considered to help to understand the properties of (U,Pu)O2 in some 
degree, because of the similar chemical and/or thermodynamic behavior of cerium 
and plutonium. 
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Yamada et al. [Yam97] [Yam98] performed high-temperature X-ray diffraction 

analysis from room temperature to 1273 K and ultrasonic pulse-echo 
measurements up to 673 K on (U,Ce)O2 pellets with CeO2 contents ranging from 

0 to 20 mol.% of CeO2 to estimate the change in the lattice parameter and 
mechanical properties of (U,Ce)O2 with the CeO2 content. Although the lattice 
parameter decreased with CeO2 content, the intrinsic (corrected for porosity) 

elastic moduli of (U,Ce)O2 were found to decrease with increasing CeO2 content at 
room temperature. The decrease was about 35-40% and 30-35% in the Young’s 

and shear modulus, respectively, and about 25% in the Poisson’s ratio with 
20 mol.% CeO2 content compared to UO2. 

The elastic moduli of all (U,Ce)O2 were found to decrease with rising temperature 

[Yam98], as a result of the increase of the bond length accompanied by the 
thermal expansion. The changes in the Young’s and shear moduli of (U,Ce)O2 with 

temperature were smaller than the change of UO2 (see Figure 10.4 and Figure 
10.5). This was consistent with the result that the linear thermal expansion 
coefficient of (U,Ce)O2 decreased with increasing CeO2 content. 

 

Figure 10.4: Change in the Young’s 

modulus of fully dense (U,Ce)O2 with 

temperature [Yam98]. 

 

Figure 10.5: Change in the shear 

modulus of fully dense (U,Ce)O2 with 

temperature [Yam98]. 

In order to evaluate the safety of high burn-up MOX fuel, Yamanaka et al. [Yam01] 
studied the mechanical properties of simulated 50 – 250 GWd/tM burn-up fuel:  
(U0.8-xCe0.2Mx)O2 [M: Nd (0≤x≤0.13) or Zr (0≤x≤0.06)]. The elastic moduli of  

(U0.8-xCe0.2Mx)O2 were found to decrease with increasing M content. The reduction 

rate in the elastic moduli of (U0.8-xCe0.2Zrx)O2 is much greater than that of  
(U0.8-xCe0.2Ndx)O2, which indicates that the dissolution of ZrO2 to the fuel matrix 

have greater effect on the elastic moduli than the case of Nd2O3 dissolution. 

Kurosaki et al. [Kur09] investigated the effect of Nd and Pr addition on the 
mechanical properties of (U,Ce)O2 with the aim to assess the performance of high 
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burn-up low decontamination MOX fuel with large quantities of fission products 

and minor actinides. They also experienced decreasing Young’s modulus for  
(U0.65-xCe0.3Pr0.05Ndx)O2 with increasing Nd content (x = 0.01 – 0.12, corresponding 

to 0 – 250 GWd/tM). However, they derived 21% higher Young’s modulus value 
for (U0.65-xCe0.3Pr0.05)O2 from their indentation test results than that recommended 
by Martin [Mar89] for stoichiometric, fully dense UO2, which does not seem to be 

in agreement with the previous findings. 

Tanaka et al. [Tan12] prepared MOX fuels with Am and 26 different fission 

products, simulating low decontamination MOX fuel and high burn-up to 
250 GWd/tM in order to examine the effect of both Am and a large amount of 
fission products addition on the thermophysical properties of MOX fuel. The elastic 

moduli of the fabricated pellets with a pore fraction of about 20% and O/M ratio of 
2.00 were determined by an ultrasonic pulse-echo method at room temperature 

and corrected to 100% of the theoretical density by using the empirical relations 
between the moduli and density given by Nutt et al. [Nut70]. The elastic moduli of 
3%Am-MOX fuel ((U0.67Pu0.3Am0.03)O2) and the simulated low decontamination 

MOX fuel with 0 GWd/tM burn-up (MOX fuel containing 3 at.% Am and 1.5 at.% 
fission products) were almost the same values and about 5% lower than the 

recommended value for stoichiometric, fully dense UO2 by Martin [Mar89]. The 
elastic moduli decreased slightly with increasing simulated burn-up: with about 

10% and 20% at 150 and 250 GWd/tM, respectively, compared to the figures of 
the low decontamination MOX fuel with 0 GWd/tM burn-up. Because the measured 
elastic modulus values of the low decontamination MOX fuels simulating different 

burn-ups were the same level as literature data at the burn-up of about 60 GWd/tM 
[Boo72], Tanaka et al. concluded that the effect of addition of small amount 

(3 at.%) of Am on the elastic moduli of irradiated MOX fuel was almost negligible. 

On the contrary, the results by Pujol et al. [Puj04] using synchrotron diffraction 
under high pressure and Knoop indentation on simulated UO2 spent fuels have 

given a very different evolution of elastic moduli than those reported above; the 
elastic constants of the simulated fuels are increased with burn-up. 

Yamanaka et al. [Yam09] performed a characterization work on erbium (slow 
burnable poison) doped UO2 fuel pellets. The Young’s modulus (determined by an 
ultrasonic pulse-echo method at room temperature in air) of (U1-xErx)O2 was found 

to decrease with the Er content (0 ≤ x ≤ 0.1), with about 10% for (U0.9Er0.1)O2 

compared to UO2. The same trend was reported for gadolinia-containing UO2. 

 

10.1.8 Effect of irradiation/burn-up 

In-reactor measurements of Young’s modulus as a function of neutron fluence 

[Bar76] have indicated that irradiation increases Young’s modulus by about 2% at 
saturation. Since the effect is small and could be explained by in-reactor 

densification of the fuel, in [MAT01] no separate model for such burn-up related 
changes as fission product accumulation and fuel lattice damage was formulated. 

Elastic moduli measurements executed on irradiated fuel were reported by the 

same expert group [Roq99] [Lau12] [Lau14] [Cap16] [Mar16] [Mar17]. During 
approximately twenty years of experimental campaigns, several measurements 
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have been performed on SIMFUEL (unirradiated chemical analogue of irradiated 

UO2 fuel) samples, on commercial fuels (UO2) irradiated in PWRs and on special 
irradiation discs (UO2, UO2 doped with Gd2O3, CeO2, Cr2O3, kaolinite and MOX) 

irradiated in the Halden reactor, by high frequency acoustic microscopy and 
microindentation techniques. 

Laux et al. [Lau12] [Lau14] measured the elastic constants of simulated spent fuel 

(SIMFUEL) and irradiated fuel (HBRP, N118 and MOX) samples by acoustic 
microscopy. From the measurement results (see Figure 10.6) they concluded that 

the global trend is a decrease of the elastic moduli by about 25% from 0 to 
100 GWd/tM and then a stabilization beyond this limit when the solubility threshold 
is reached. Although only a few samples have been studied at low simulated burn-

up, the elastic properties were considered to start decreasing from around 
30 GWd/tM. The consistency of the data acquired on irradiated UO2 samples and 

on SIMFUEL samples show that the amount of fission products in solution plays an 
important role in the evolution of the elastic properties and that irradiation defects 
have a smaller effect on the elastic properties. The broad scatter of the data is due 

to the influence of other parameters such as the average porosity volume, pore 
shape and pore size but also to the location of fission products, strongly related to 

the local temperature history. Some of the SIMFUEL samples contained 4, 7 or 11 
additives for the same simulated burn-up, but no significant impact on the number 

of fission products on the elastic moduli was observed. Some of the HBRP samples 
(special UO2 irradiation discs manufactured for the High Burn-up Rim Project) 
contained a small amount (3%) of Gd. The distinction between pure UO2 samples 

and the Gd doped one was not made in Figure 10.6. But it can be noticed that a 
small decrease was observed for doped samples (around 10 GPa), which is in 

agreement with the literature. 

 

Figure 10.6: Young’s modulus versus burn-up – Measurements 

conducted on irradiated fuel (HBRP and N118 Rod) samples and on 

simulated spent fuel (SIMFUEL) samples with acoustic microscopy 

[Lau12]. 

Recently, Marchetti et al. [Mar17] performed new acoustic microscopy 

measurements on irradiated fuel. Based on their new results and the analysis of 
data from the open literature they proposed an empirical relation describing the 
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variation of Young’s modulus (GPa) with the burn-up (GWd/tM) in the burn-up 

range 0 – 100 GWd/tM as per Eq. 10.22. 

2141062.71013.91063.3E 5.12365.410 +−+−= −−− burnupburnupburnup  Eq. 10.22 

Before fitting, Marchetti et al. corrected the Young’s modulus data for gadolinium- 

or cerium-doped UO2 samples for the gadolinium or cerium content in solid solution 
using Eq. 10.23 and Eq. 10.24. 

Gd) 3.3(%)E(UO )Gd)O E((U, 22 −=  Eq. 10.23 

2
22 Ce) 0.074(mol%Ce) 2.88(mol%)E(UO )Ce)O E((U, −−=  Eq. 10.24 

The graph in Figure 10.7 illustrates the fitting of Eq. 10.22 to the data, the 95% 
confidence level and its corresponding prediction band. The experimental results 

from special irradiation and commercial PWR nuclear fuels show an overall Young’s 
modulus reduction of ~33% in the burn-up range 0 – 100 GWd/tM. The data 
estimated in the low burn-up range indicates that variations in Young’s modulus 

values due to the initial densification do not exceed ~20 GPa. The Young’s modulus 
values determined in the different measurement campaigns are fairly scattered 

especially in the burn-up range 60 – 95 GWd/tM. Marchetti et al. could not 
establish unequivocal links between irradiation conditions such as temperature and 
the presence of high burn-up structure and the datapoints falling at or outside the 

limits of the prediction band. They concluded that the data scattering most likely 
related to the heterogeneity in terms of microstructure, chemical composition, 

measured samples conditions and irradiation history of the samples investigated. 
They also concluded that the validity of the relations found in the very low burn-
up range and beyond 100 GWd/tM is still uncertain. 
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Figure 10.7: Young’s modulus of the investigated samples as a function 

of burn-up [Mar17].  
The full circles correspond to the Young’s modulus estimated by Marchetti et al from the 

density reported in [Har98] for the standard grain UO2.  

The triangles represent the results by Laux et al. [Lau14]: HBRP samples (special 

irradiation discs of UO2, (U,Ce)O2 and (U,Gd)O2 manufactured for the High Burn-up Rim 

Project and irradiated in the Halden reactor), N118 samples (commercial UO2 fuel 

irradiated in the Belgian Reactor 3 (BR-3) core), and a MOX sample with a burn-up of 

102.7 GWd/tM irradiated in the Halden reactor.  

The asterisks and the rhombi refer to data measured by Marchetti et al. on NFIR samples 

(special irradiation discs of UO2 and UO2 doped with Gd2O3, Cr2O3, kaolinite belonging to 

the Nuclear Fuel Industry Research program and irradiated in the Halden reactor) and on 

UO2 samples from commercial PWR fuel, respectively.  

The black squares are relative to the Young’s moduli of unirradiated UO2 samples 

determined by Phani et al. [Pha07].  

The empty small circles correspond to the estimations from densities published in 

[Ass77] for the standard UO2 fuel by Marchetti et al.  

The empty large circles are the Knoop indentation results obtained by Spino in [Spi05]. 

The dot-dashed lines represent 95% of confidence level, whilst the external dashed lines 

indicate 95% prediction band. 

It has to be noted that Young’s modulus values for simulated fuels determined by 

Pujol et al. [Puj04] from Knoop indentation tests do not agree with data from 
acoustic microscopy [Lau12] [Lau14] [Cap16] [Mar16] [Mar17]. The results of a 
new Knoop indentation campaign performed on irradiated fuel samples by Spino 

[Spi05] however fit perfectly with data from acoustic microscopy (see Figure 10.7). 
Although the new results from Knoop indentation tests alleviated the problem of 

discrepancies in the elastic moduli measured on irradiated fuels, differences 
observed in simulated fuel remained. 

10.1.9 Effect of long-term storage on unirradiated fuel 

In the framework of ESNII+ Project, the Young’s modulus of un-irradiated 

stoichiometric samples was determined at room temperature by high frequency 
acoustic microscopy:  
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- PHENIX MOX fuel (containing 23.5% Pu) both after storage (i.e. having 

accumulated alpha self-irradiation point defects after approx. 17 years of 
storage) and after annealing at 1500 K [Sta17a]. 

- TRABANT MOX fuel (containing 45% Pu) as stored (i.e. having accumulated 
alpha self-irradiation point defects) [Sta17b]. 

No porosity correction was applied.For PHENIX fuel samples, the Young’s modulus 

for the sample damaged by alpha self-irradiation is about 5% lower (195.2 ± 
1.5 GPa) than for the annealed sample (204.6 ± 1.9 GPa). The results obtained 

for the PHENIX fuel are in reasonably good agreement with the recommendations 
of Martin [Mar89] and MATPRO [MAT01] by taking into account the 5% porosity 
and the ~20% PuO2 content of the sample (194 and 200 GPa, respectively, see 

Table 10.1). 

The value obtained for the TRABANT fuel damaged by alpha self-irradiation  

(190 ± 8 GPa) is ~3% lower than the value measured for the non-annealed 
PHENIX fuel. Applying the recommendations of Martin [Mar89] with 7% porosity 
[Sta17b], a young’s modulus value equal to 183 GPa is calculated which is included 

within the uncertainty of the measured value. In MATPRO [MAT01], a 3% increase 
in Young’s modulus due to an addition of 20% PuO2 to UO2 is recommended, which 

leads to a value of 187 GPa very close to the experimental value (190.0 ± 8 GPa). 
Nevertheless, no recommendation exists for a 45% Pu content. Therefore, 

considering the experimental uncertainty, the measured value is in good 
agreement with the recommendations of Martin [Mar89] and MATPRO [MAT01]. 

 

10.2 NEA recommendation 

The recommended laws in [NEA25] for elastic constants are given in Eq. 10.25 to 
Eq. 10.28 for Young’s modulus, Shear modulus, Bulk modulus and Poisson’s ratio. 

 
Eq. 10.25 

 
Eq. 10.26 

 
Eq. 10.27 

 Eq. 10.28 

Where: 𝑃𝑢 is Pu/(Pu+U) weight fraction, 𝑝 is porosity fractional volume, 𝑥 is the 

deviation from stoichiometry (2.00 – O/M ratio) and T is the temperature (in K). 

The presence of pores induces a degradation of the mechanical properties of MOX 
fuel.  

Du to the lack of experimental data on the effect of minor actinides on the elastic 
properties of MOX in the open literature, no recommendation can be done. 
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Local quantities such as temperature, porosity, plutonium and minor actinides 

concentration, and O/M ratio change under irradiation with an effect on the elastic 
properties of MOX fuel. The determination of these quantities allows considering 

the effect of burn-up. 

The range of parameters for the validity of the recommendation is: 
• Temperature from 300 to 2930 K (or up to melting if melting occurs at 

T < 2930 K) 
• O/M from 2.00 to 1.90  

• Pu content from 0 to 100% 
• Porosity from 0 to 20% 

It can be assumed that uncertainties at low temperature are between 6% and 8% 

increasing to about 15% at high temperature. 

 

10.3 Conclusions and recommendations 

Based on the elastic moduli measurements performed on oxide fuels since the 
review work by Martin [Mar89], the Young’s modulus of an oxide fuel can be 

expressed as per Eq. 10.29. 

𝐸 = 𝐸0. 𝑓(𝑇). 𝑔(𝑝). ℎ(𝑥). 𝑖(𝑃𝑢). 𝑗(𝑑𝑜𝑝). 𝑘(𝐵𝑈) Eq. 10.29 

Where : 

E0 (GPa) Young’s modulus of the non-irradiated, fully dense, stoichiometric UO2 
fuel at room temperature, 

T (K) temperature, 
p (-) fractional porosity, 
x (-) deviation from stoichiometry, 

Pu (-) Pu content, 
dop (-) dopant content, 

BU (GWd/tM) burn-up. 

Since the review work by Martin, no experimental work was dedicated to 
investigate the temperature dependence of elastic properties of oxide fuels, thus 

Eq. 10.4 to Eq. 10.9 recommended by Martin can be used to calculate the elastic 
moduli of an oxide fuel as a function of temperature. Because of technical 

problems, the ultrasonic velocity technique has only been used at around room 
temperature; also the resonant frequency method is unsuitable at temperatures 
above ~1773 K because of the monotonic increase in the damping of the excited 

wave with temperature [Mar89]. The only results above ~1773 K (and up to 
2929 K) [Cla85] have been obtained from neutron inelastic scattering 

measurements on single crystals, with the use of the derived phonon dispersion 
relationships at low wavevectors to evaluate elastic moduli. Also only one 
measurement exists on the elastic constants of (U,Pu)O2 above room temperature 

[Pad69]. 

The effect of porosity on the elastic properties of nuclear fuel materials was 

thoroughly investigated in the last twenty years, and the obtained dependences, 
both on irradiated and non-irradiated fuel, agreed well with Martin’s 
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recommendations. Eq. 10.16-Eq. 10.17 and Eq. 10.18-Eq. 10.19, published in 

[Gat05] and in [Lau12] respectively, can be recommended to calculate the elastic 
moduli dependence on the fractional porosity. 

The agreement between the three sets of available data [Nov70] [Pad69] [Nut70] 
relating to the Young’s modulus as a function of O/M ratio is poor. Therefore, Martin 
[Mar89] considered only the selfconsistent and most comprehensive data due to 

de Novion et al. [Nov70] to formulate his recommendation. Moreover, the data 
available to describe the effect of variations in the O/M ratio on Young’s modulus 

are difficult to interpret because it is possible that the fabrication history of the 
fuel is more significant than the O/M ratio in determining the Young’s modulus 
[Mar89] [MAT01]. The only recent study by Laux et al. [Lau12] cover a very limited 

range of stoichiometry from 2 to 2.015, so the influence of stoichiometry on the 
elastic constants is still not well quantified. 

The addition of PuO2 to UO2 causes a moderate (at ~25 at.% Pu content about 
5%) or even negligible increase in Young’s modulus. However as in case of the 
effect of non-stoichiometry, the effect of PuO2 addition is based on limited data 

and is therefore uncertain. More experimental measurements especially for higher 
Pu content (up to 45 at.% Pu) are needed in order to validate or to correct the 

current recommendations.  

As reported in [Mar17], a 10 wt% Gd2O3 content decreases the Young’s modulus 

of oxide fuel by ~15% as compared to UO2. Marchetti et al. [Mar17] also pointed 
out that the effect of fuel additives on Young’s modulus at different burn-up needs 
further systematic investigation, as the corrections for dopant content are mainly 

based on measurements performed on unirradiated uranium dioxide samples. 

To calculate the variation of Young’s modulus with the burn-up, the empirical 

relation determined by Marchetti et al. [Mar17] can be used in the burn-up range 
0–100 GWd/tM. Because the validity of Eq. 10.22 is still uncertain in the very low 
burn-up range and beyond 100 GWd/tM, here more experimental measurements 

are needed in order to validate or to correct the present relation. 
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11. Brittle-to-ductile transition temperature 

This chapter was originally provided by G. Trillon (Framatome). 

 

11.1 Literature data 

In the publications reviewed, the brittle-to-ductile transition for nuclear ceramic is 
defined, for a given strain rate, as the temperature where yield stress and ultimate 

stress are not the same anymore. Below this temperature, the fuel displays a 
brittle mechanical behavior. Above, plasticity occurs. 

In case of UO2, it has been determined [Led92] that two transitions occurred as 
temperature increases (Figure 11.1). 

• A low temperature transition at Tc : 

o Below Tc fuel behavior is brittle. 

o Above Tc fuel behavior is pseudo-brittle, with some plastic features. 

• A high temperature transition at Tt above which the fuel is fully plastic. 

 

Figure 11.1: UO2 typical plastic strain test versus temperature as per 

[Can71] 

 

The reference method for investigating the brittle-to-ductile transition is bending 

tests. However some data has also been found about uniaxial compressive testing.  
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11.1.1 Compressive load 

Under compressive load, [Pet77] has found out that pre-cracked PuO2 pellets – 

supposedly stoichiometric with grain size ≈ 13 μm and ≈ 92% of Theoretical 
Density (T.D.) – exhibit brittle behavior up to 1400°C under relatively modest 

strain rate (≈ 10-3 s-1). Because of the presence of inner cracks before testing, this 

result is highly doubtful. For instance, crack-free PuO2 pellets (grain size ≈ 15 μm, 
O/M = 1.88 and ≈ 87% T.D.) have demonstrated a plastic behavior above 1000°C. 
This latter result is consistent with [Sto94] experiment of compressive load of pure 
UO2 (strain rate of 2.5·10-4 s-1), where transgranular (=brittle) fracture is observed 

below 1100°C and largely intergranular (=ductile) cracks above 1200°C. 

 

11.1.2 Four-point bending 

Using a four-point bend test, [Rob71] has investigated the brittle-to-ductile 

transition temperature of a 20 wt% PuO2 MOX fuel. Characteristics of fuels samples 
investigated are reported in Table 11.1. 

Table 11.1: Four-point bend test measurements [Rob71] – Samples 

characteristics. 

 

Results show that Tc ≈ Tt (no pseudo-brittle domain) and that this single transition 

lays around half the melting temperature, for low strain rate: 1445-1460°C at 
2.4·10-5 s-1 for a 96%T.D. sample. As a matter of comparison, the first transition 

Tc in a 97%T.D. UO2 sample has been measured to be of 1100°C (at 2.6·10-5 s-1), 

and the second one Tt of 1400°C. However, the MOX and UO2 samples were quite 

different in terms of microstructure (for instance grains sizes of 2.5 μm for MOX 
and 8 μm for UO2). 
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The transition temperature measurements were demonstrating sensitivity to both 

strain rate and sample porosity: the brittle-to-ductile transition temperature 
increases with increasing strain rate and decreases with increasing porosity 

[Rob71], [Rob73]. This behaviour is consistent with UO2 [Led92]. 

 

11.2 Conclusions and recommendations 

The reference test for brittle-to-ductile transition temperature ( )CTc   determination 

being the four-point bending test, we propose to keep the recommendations from 

[Rob71] for 20 wt.% PuO2 MOX fuel, which are: 

• As a function of   the strain rate (h-1) : ( ) 273
ln6.28

105.5
CT

4

c −
−

=


   

for 0.085 ≤   ≤ 0.73, and for high density fuels (96-97% T.D.). 

• As a function of the porosity volume fraction P : ( ) P15881487CTc −=     

for 0.03 ≤ P ≤ 0.12 at a strain rate of 0.085 h-1. 
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12. Yield stress 

This chapter was originally provided by G. Trillon (Framatome). 

 

12.1 Literature data 

Yield stress is the limit over which strain relationship with stress is not linear 
anymore (Cf Figure 12.1). In other words, yield stress defines the boundary in 

between elastic, reversible strain, and plastic, irreversible deformation. At 
temperatures well below the brittle-to-ductile transition, yield stress in ceramic 

such as a nuclear fuel pellet is equivalent to the ultimate stress. Thus, we are going 
to look only for yield stress data when plasticity may occur in the fuel, whether 
due to sufficient high temperature, sufficient low strain rate or a combination of 

both. For brittle behavior information, where yield stress and ultimate stress are 
the same, data reported in chapter 13 should be considered. 

Elastic moduli of fuel do not seem to be significantly affected by PuO2 content 
[Mar90]. Thus MOX fuel behavior under compressive and tensile stress should 
remain similar to UO2 in the elastic domain. Consistently, the yield stress of MOX 

fuel is expected to be close to UO2. 

 

Figure 12.1: Example of a nominal stress versus strain tensile test 

[Led92] – Definition of yield stress. 

12.1.1 Uniaxial compressive yield stress 

While no compressive (neither tensile) loading curves have been found in the 
literature for MOX fuel, such data exist for pure UO2 and PuO2 pellets ([Pet77] & 

[Sto94]). In these studies, the yield stress under compressive loads of both 
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materials has been found to be very similar below 1200°C at a strain rate of  

10-3 s-1 (Figure 12.2). 

 

Figure 12.2: UO2 and 239PuO2 compressive yield stress values versus 

temperature ([Pet77]). 

 

Effect of temperature 

The temperature sensitivity of compressive yield stress appears to be similar for 
both pure UO2 and pure PuO2 (crack-free pellets, [Pet77]), at least below 1200°C. 

Therefore, it should also be the same for MOX fuel, i.e. a decrease versus 
temperature. 

 

12.1.2 Flexural yield stress 

The yield stress of 20%wt. PuO2 MOX fuel has been determined by Roberts & 
Wrona [Rob71] using a four-point bend apparatus. Samples characteristics are 

reported in Table 12.1.  
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Table 12.1: Four-point bend test measurements [Rob71] – Samples 

characteristics. 

 

Samples average grain sizes are low (0.65 to 2.5 µm) leading to a specific 

microstructure named “ultra-fine” grain structure. Instability of such 

microstructure under thermal treatment (and therefore potentially during test 
routines) is reported by [Rob71]. 

Effects of temperature, strain rate and initial porosity were benchmarked by 
[Rob71]. 

Effect of temperature and strain rate 

As per Figure 12.3 and Figure 12.4, above the brittle to ductile transition 𝑇𝑐 , the 

yield stress 𝜎𝑦 decrease with increasing temperature and increase with increasing 

strain rate. 

[Rob71] has proposed a relationship in between the plastic strain rate 𝜀̇ (0.15 to 

0.73 h-1), the yield stress 𝜎𝑦 and the temperature as given by Eq. 12.1: 

𝜀̇ = 𝐴𝜎𝑦
𝑛𝑒− 

∆𝐻
𝑅𝑇 Eq. 12.1 

With: 

𝐴 a structure-sensitive constant 

𝑛 = 2 the stress exponent, characteristic of the deformation mechanism 

∆𝐻 = 121.5 (kcal/mole) the activation enthalpy 

𝑅 the gas constant 

𝑇 the temperature (in K) with 1600 ≤ T ≤ 2000 
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[Rob71] explains the plastic behavior under low stress of the MOX samples by a 

grain-sliding mechanism, here enhanced by the ultra-fine grain structure. The 

values obtained for 𝑛 and ∆𝐻 are typical of such a mechanism. For instance, 

standard UO2 at 8 µm gain size measured under the same conditions gives values 

typical of large grains ceramics deformation behavior (𝑛 = 4.23 and ∆𝐻 = 82). 

However, results from [Boh70] on a large grain 20 wt% PuO2 MOX hints values of 

𝑛 = 1 and ∆𝐻 = 110 at low stress, very similar to the small grain samples of 

[Rob71]. Therefore, it is not clear whether the difference in plastic behavior in 
between MOX and UO2 samples is due to the ultra-fine grain structure, to grain 

boundaries embrittlement because of Pu addition, or to another parameter such 
as oxygen stoichiometry. 

 

Figure 12.3: Effects of temperature and strain rate on the yield stress 

(proportional limit) for high density samples (samples 1 & 2 from 

[Rob71]). 

Effect of porosity 

As per Figure 12.4, the yield stress decrease with increasing porosity. According 
to [Rob71], pores behavior under stress may be described through the 

combination of the following antagonist mechanisms: 

- Production of dislocation sources under conditions of localized yielding 

- Creation of shear stress, further enhancing the grain sliding process 

- Stress relaxation by pores equal or larger than the typical grain size 
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Figure 12.4: Effects of temperature and porosity on the yield stress 

(proportional limit), at a strain rate of 2.4·10-5 s-1 ([Rob71]). 

 

12.2 Conclusion and recommendation 

• Uniaxial compressive yield stress 

Based on a comparison of pure UO2 and PuO2, MOX fuel uniaxial compressive yield 
stress is on a precautionary basis the same as UO2, whatever the Pu content, and 

up to 1200°C. 

• Flexural yield stress 

Weakening fuel grain boundaries due to Pu has already been noticed in the case 
of the tensile tests achieved by [Sto94] (see section 13.2.1.1 from chapter 13). It 
is believed that [Rob71] has evidenced such an effect on his MOX samples rather 

than “ultra-fine grains” microstructure effect. Therefore, the following 

relationship is of application for a 20 wt% PuO2 MOX fuel in the ductile domain: 

𝜀̇ = 𝐴𝜎𝑦
𝑛𝑒− 

∆𝐻

𝑅𝑇     

With: 

𝜎𝑦  the yield stress (in MN/m2) 

𝜀̇  the plastic strain rate (in h-1) with 0.15 ≤ 𝜀̇ ≤ 0.73 

𝐴 a structure-sensitive constant, to be further determined for a typical, fast reactor 

MOX fuel microstructure. 
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𝑛 = 2 the stress exponent, characteristic of the deformation mechanism, to be 

further confirmed for a typical, fast reactor MOX fuel microstructure 

∆𝐻 = 121.5 the activation enthalpy (in kcal/mole), to be further confirmed for a 

typical, fast reactor MOX fuel microstructure 

𝑅  the gas constant 

𝑇  the temperature (in K) with 1600 ≤ T ≤ 2000 
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13. Ultimate stress 

This chapter was originally provided by G. Trillon (Framatome). 

 

13.1 Literature data 

The ultimate stress, also named ultimate strength, is the maximal stress a pellet 
can withstand before breaking (Cf Figure 13.1). In ceramic nuclear fuels, at 

temperatures well below the brittle-to-ductile transition, the break results from 
brittle failure without plastic deformation and the ultimate stress is easily 

measured (catastrophic fracture). At higher temperature, plastic deformation 
occurs and the ultimate stress should be considered as the highest stress 
measured without significant stretching/creeping of the sample (if no breaking 

prior to that). In the articles found however, it is the fracture stress that is 
investigated, no matter what sample plastic deformation occurred (up to 17% for 

[Pet77]). In case of no breaking of the sample, the maximum stress applied is 
given as the ultimate stress [Rob71]. 

 

Figure 13.1: Example of a nominal stress versus strain tensile test 

[Led92] – Definition of ultimate stress. 
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13.1.1 Uniaxial compressive and tensile ultimate stress 

While no uniaxial compressive neither tensile loading curves has been found in the 

literature for MOX fuel, such data exist for pure UO2 and PuO2 pellets ([Pet77] & 
[Sto94]). In the study of [Pet77] however, most of the PuO2 pellets were pre-
fractured during the fabrication process. High uncertainties are associated to these 

data. Hence a comparative analysis is achieved hereby from a qualitative point of 
view only. 

In these studies the compressive ultimate stress of both materials has been found 
to be very similar below 1200°C at a strain rate of about 10-3 s-1. Over 1400°C, 
the ultimate strength (i.e. the fracture stress here) of PuO2 becomes significantly 

lower than the one of UO2. 

Tensile behaviors on the other hand do not seem to match in between UO2 and 

PuO2 [Sto94], PuO2 being much more brittle than UO2 under tensile load (here 
simulated using diametral compression load). This poor mechanical resistance of 
PuO2 under tensile stress is attributed to weaker grain boundaries than UO2 

[Sto94]. 

Effects on compressive ultimate stress (and partially on tensile ultimate stress 

also) of temperature, strain rate, porosity, grain size and of storage have been 
investigated by [Pet77]. 

13.1.1.1 Effect of temperature 

Below 1200°C, where ultimate and yield stresses of UO2 are usually not 
experimentally distinguishable, compressive test results of [Pet77] for pure PuO2 

pellets are very close to UO2 values (see Figure 13.2). In between 1200°C and 
1400°C, the ultimate stress of PuO2 pellets becomes lower than that of UO2. Above 

1400°C, in the plastic domain, this difference becomes significant, the ultimate 
stress of UO2 being reported to be twice the one of PuO2. 

Regarding tensile ultimate stress, PuO2 samples broke at 28 MPa at 800°C and 

16 MPa at 1400°C ([Sto94], from [Pet77]). In the brittle domain, this is much 

lower than the compressive ultimate stress results. In the ductile domain however, 
results seems to be similar. 

The mechanism proposed for explaining sample breaking in the brittle domain is 
transgranular fracture propagation. In the plastic domain, fracture is explained 
through grain sliding and intergranular fracture propagation. The weaker grain 

boundaries in PuO2 should therefore be the cause of the lower ultimate stresses 
reported above 1200°C. 
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Figure 13.2: UO2 and 238PuO2 compressive ultimate (fracture) stress 

versus temperature ([Pet77] & [Sto94]). 

 

13.1.1.2 Effect of strain rate 

[Pet77] found out that increasing the strain rate drastically improves the 
compressive ultimate stress of pure PuO2 pellets, at least in the high temperature 

domain (temperatures above 1200°C, see Figure 13.3). [Pet77] suggests that such 
an effect should not be visible in the brittle domain, since this dependence to strain 

rate is typical of a grain sliding mechanism (=plastic deformation). Since it is the 
modulus of rupture which is in practice reported by [Pet77], this dependence of 

the fracture stress to strain rate may also be explained by a shift of the brittle-to-
ductile transition towards higher temperatures with increasing strain rate (see 
Figure 11.1 from chapter 11). 
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Figure 13.3: 238PuO2 compressive ultimate (fracture) stress versus strain 

at various temperatures ([Pet77] & [Sto94]). 

 

13.1.1.3 Effect of grain size 

No marked effect of the grain size on the compressive ultimate (fracture) stress 
was found by [Pet77] (see Figure 13.4). The results remain in the statistical data 

scatter for 12 μm and 16 μm samples, even if a decreasing trend is noticeable in 

the ductile domain. As per [Pet77], grain size effect on ultimate stress may have 

been concealed by the pre-existent cracks in samples, since it is usually observed 
on UO2 samples. It is likely, however, that the increment in grain size was too 
small to evidence such an effect on compressive strength. 
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Figure 13.4: 238PuO2 compressive ultimate (fracture) stress versus grain 

size at various temperatures ([Pet77] & [Sto94]). 

 

13.1.1.4 Effect of porosity 

A decrease in sample porosity (i.e. an increase of its density) leads as usual for 
ceramics to an increase of its fracture strength [Pet77] (see Figure 13.5), in both 

the brittle and the plastic domain. 
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Figure 13.5: 238PuO2 compressive ultimate (fracture) stress versus 

sample density at various temperatures ([Pet77] & [Sto94]). 

 

13.1.1.5 Effect of storage 

Due to microstructural damage through alpha-decay and helium generation 
[Lan80], storage duration may have an impact on compressive ultimate stress, at 
least at test temperatures high enough to promote He bubbles nucleation. [Pet77] 

results (see Figure 13.6) do not clearly evidence such an impact. At low 
temperature, (below 1400°C), effect of microstructural damage and He bubbles 

nucleation may have been hindered by the pre-existent cracks in samples. For 
1400°C compressive tests an effect is clearly observed, still. At higher temperature 
(1500°C), it is supposed that fast He diffusion towards grain boundaries has 

occurred, without any impact on the plastic behavior. 
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Figure 13.6: 238PuO2 compressive ultimate (fracture) stress versus 

storage time at various temperatures ([Pet77] & [Sto94]). 

 

 

13.1.2 Flexural ultimate stress 

The ultimate (fracture) stress of 20%wt. PuO2 MOX fuel has been determined by 

Roberts & Wrona ([Rob71] & [Rob73]) using a four-point bend apparatus. Samples 
characteristics are reported in Table 13.1 and Table 13.2.  
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Table 13.1: Four-point bend test measurements [Rob71] – Samples 

characteristics. 

 

 

Table 13.2: Four-point bend test measurements [Rob73] – Samples 

characteristics. 

 

Samples from [Rob71] have an “ultra-fine” grain microstructure with grain sizes 

of 0.65 µm and 2.5 µm. Instability of such microstructure under thermal treatment 
(and therefore potentially during test routines) is reported. [Rob73] makes report 

of samples with larger grain size (5 µm to 30 µm), which should be better 
representative of a standard fuel. 

Effects of temperature, strain rate, and initial porosity were benchmarked by 

[Rob71] & [Rob73]. Fracture in the ductile domain was not specifically measured 
by [Rob71] and [Rob73]. Only data in the brittle domain and in the neighborhood 

of the transition temperature were collected by these authors. The main 
conclusions are: 

- The ultimate (fracture) stress increases with increasing temperature. 

- Other parameters such as strain rate, porosity, grain size, O/M or impurities 
are negligible when compared to temperature. 
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13.1.2.1 Effect of temperature 

[Rob73] has fitted the relationship given by Eq. 13.1 on all available experimental 
data on 20%wt. PuO2 MOX (see Figure 13.7): 

𝜎𝐹 =  43.5 + 0.058 𝑇 Eq. 13.1 

With: 

𝜎𝐹 the flexural ultimate (fracture) stress (in MN/m2); 

𝑇 the temperature (in °C) with 20 ≤ T ≤ 1900. 

The standard deviation associated to this adjustment is ±15.8 MN/m2. 

 

Figure 13.7: Effect of temperature on the ultimate stress (fracture 

strength) [Rob73]. 

 

13.1.2.2 Effect of strain rate 

In contradiction with [Rob71], [Rob73] reports no significant effect of strain rate 
on the ultimate stress of 20%wt. PuO2, at least in the brittle domain (see Figure 
13.8). Wrong results from [Rob71] are explained by defective samples. 
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Figure 13.8: Effects of strain rate and temperature on the ultimate stress 

(fracture strength) [Rob73]. 

 

13.1.2.3 Effect of porosity 

[Rob71] results outline a decrease of the ultimate (fracture) stress in the brittle 
domain with increasing porosity (i.e. decreasing sample density, see Figure 13.9). 

This conclusion is somewhat dimmed by different grain sizes in [Rob71] samples. 

At temperatures near the brittle-to-ductile transition, the ultimate (fracture) stress 

becomes even more sensitive to porosity, according to [Rob71]. 
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Figure 13.9: Effects of temperature and porosity on the ultimate 

(fracture) stress at a strain rate of 2.4 10-5 s-1 

 

 

13.2 Conclusion and recommendation 

• Uniaxial compressive and tensile ultimate stress 

In the brittle domain, based on a comparison of pure UO2 and PuO2 compressive 
behavior, MOX fuel uniaxial compressive ultimate (fracture) stress is on a 
precautionary basis the same as UO2 whatever the Pu content. Below the brittle-

to-ductile transition temperature, effects on MOX fuel compressive ultimate stress 
of temperature, strain rate, grain size and porosity should be very similar to UO2 

(see [Rad79] for instance). A specificity of MOX fuel however is an additional 
possible effect of storage duration that does not exist in UO2. 

In the ductile domain however, MOX uniaxial compressive ultimate (fracture) 

stress should be lower than UO2, due to the addition of Pu which likely weakens 
grain boundaries. This conclusion being drawn from a qualitative comparison of 

pure PuO2 and UO2 behavior, it is not possible to provide here quantitative 
evaluation of effects such as temperature, strain rate, grain size, and porosity. 
Storage duration on the other hand seems to have a lesser, if any, impact at higher 

temperature (>1500°C). 

Concerning uniaxial tensile ultimate (fracture) stress, existing data permit only to 

outline its nonequivalence to compressive ultimate stress, as usual in ceramics. 

However there is no experimental data acquired on MOX fuel to support these 
recommendations. 
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• Flexural ultimate stress 

In the brittle domain, [Rob73] concludes that flexural ultimate stress is not 
sensitive to strain rate neither to microstructural effects (i.e. pores, grain size 

a.s.o). Exceptions are flaws that are larger than the average microstructure grain 
size and pores diameter (i.e. large pores, large impurity particles or surface 
defects). The main parameter of influence remains the temperature. From 

[Rob73], the recommended relationship for temperature dependence of ultimate 
flexural stress of 20%wt. PuO2 MOX is given by Eq. 13.1 : 

𝜎𝐹 =  43.5 + 0.058 𝑇  with: 

𝜎𝐹 the flexural ultimate (fracture) stress (in MN/m2); 

𝑇 the temperature (in °C) with 20 ≤ T ≤ 1900. 

The standard deviation associated to this adjustment is ±15.8 MN/m2. This 

relationship is valid only for brittle fracture. 
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14. Thermal creep 

This chapter was originally provided by J. Klousal (UJV). 

 

14.1 Literature data 

The most common empirical form of the creep rate equation (
𝑑𝜀

𝑑𝑡
) of UO2 or MOX is 

given by Eq. 14.1: 

𝑑𝜀

𝑑𝑡
= (𝐴1𝐹 +

𝐴2

𝑑𝑔
2 exp (−

𝑄1

𝑅𝑇
)) 𝜎 + 𝐴3𝜎4.5exp (−

𝑄2

𝑅𝑇
) Eq. 14.1 

Where F denotes local fission rate,  the stress (majority of experimental data was 

obtained with uniaxial loading, Von Misses stress is generally used in application) 
and dg is the fuel grain size. Some older works use slightly different exponent in 
the power creep part, e.g.4.4 in [Rou72]. Parameters A and activation energies Q 

incorporate the effect of porosity, stoichiometry and Pu content. The formula 
represents combination of three mechanisms – radiation induced creep, the 

viscous creep with some grain boundary sliding occurring at low stresses and the 
dislocation-climb process, which operates at stresses greater than a transition 

stress that is governed by the grain size. 

The recommended formula for combined thermal and irradiation induced creep 
based on the review by Matthews et Martin, which in turn originated in the work 

by Dumbill [Dum87] and Hough [Hou88] is given in Eq. 14.2:  

𝑑𝜀

𝑑𝑡
= 𝑓(𝑝) {𝜎 [𝐴1𝐹 +

(𝐴2 + 𝐴2
𝐹𝐹)

𝑑𝑔
2 exp (−

𝑄1

𝑅𝑇
)] + 𝐴3𝜎4.5exp (−

𝑄2

𝑅𝑇
)} Eq. 14.2 

With : 

A1 = 2.26.10-30 m3.MPa-1  

A2 = 1.11.10-6 s-1.m2 .MPa-1 
A2

F
 = 6.62.10-26 m5.MPa-1 

A3 = 5.20.104 s-1.MPa-4.5 

Q1 / R = 48000 K,  Q1  = 3.99.105 J.mol-1 

Q2 /R = 75000 K,  Q2  = 6.24.105 J.mol-1 

The effect of porosity p is approximated by 𝑓(𝑝) = exp (25𝑝). 

The full version of Dumbill’s formula for thermal creep includes also the primary 

creep component  
p
 as well as the dependence on the Pu content and deviation 

from the stoichiometry x. The expression is given in Eq. 14.3 (given values of 
parameters reproduce creep rate in s-1 when  is input in MPa):  

𝑑𝜀

𝑑𝑡
= [𝑓1(𝑝)

𝜎

𝑑𝑔
2 + 4.8. 1010𝑓2(𝑝)(𝐾 − 𝑀𝜀𝑝) exp (−

27000

𝑇
) 𝜎4.5] 𝐹(𝑥, 𝑇)𝐺(𝑃𝑢) Eq. 14.3 
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It should be noted that the porosity enhancement factors are different in linear 

and power terms: 

𝑓1(𝑝) = exp (3.0 ∗ 𝑝)  and  𝑓2(𝑝) = exp (2.2 ∗ 𝑝) 

The creep rate grows with the PuO2 weight fraction (Pu) up to 0.15: 

𝐺(𝑃𝑢) = 0.2 + (16/3)𝑃𝑢 if Pu < 0.15 and 𝐺(𝑃𝑢) = 1 otherwise. 

The impact of the deviation from stoichiometry is expressed as temperature 
dependent function as per Eq. 14.4. 

𝐹(𝑥, 𝑇) = 1.07. 10−9 exp (−
21000

𝑇
) (√𝑥2 + 2000 exp (−

27000

𝑇
) + 𝑥)

2

+ 4.03. 10−7|𝑥|exp (−
40000

𝑇
) 

Eq. 14.4 

Strain hardening law is used to model the non-stationary (primary) creep. The 

enhancement factor applied to the power term is (𝐾 − 𝑀𝜀𝑝) where K and M are 

model parameters and 𝜀𝑝 the primary creep strain: 

𝑑𝜀𝑝

𝑑𝑡
= [4.8. 1010𝑓2(𝑝)(𝐾 − 1 − 𝑀𝜀𝑝) exp (−

27000

𝑇
) 𝜎4.5] 𝐹(𝑥, 𝑇)𝐺(𝑃𝑢) Eq. 14.5 

With K = 6 and M =50 

The description of the application of the strain hardening (and softening) law in 
the fast reactor fuel performance code may be found for example in [Rit93].  

There has been only very limited amount of new information published in the open 
literature since 1990, especially related to the FBR MOX. In fact, even the very 

recent codes used to model the FBR MOX behavior employ the models dating in 
1970s, for example the FEAST-OXIDE [Kar10] with the Roubort’s model [Rou72]. 
The other often cited source from 1970s are works of Bohaboy [Boh70]. Therefore 

it is of interest to focus also on the recent results related to the LWR MOX and UO2 
fuels. 

Recently, a less empirical approach to the UO2 creep has been adopted by Malygin 
et al. ([Mal09] and [Mal10]) with the resulting formula given in Eq. 14.6: 

𝑑𝜀

𝑑𝑡
= α

Ω𝐷𝑉

𝑘𝑇𝑑𝑔
2 𝜎 + 𝛽

𝐷𝑉

𝑘𝑇𝜇3.5√𝑏𝑁
𝜎4.5 Eq. 14.6 

Where α and β are constants that depend on the degree of relaxation of the 

tangential stresses at the boundary of a grain, Ω is the atomic volume, DV is the 

volume diffusion coefficient, k is Boltzmann’s constant, b is the Burgers vector, 

N is the density of mobile dislocations, and μ is the shear modulus. These 

parameters are distinctive for MOX fuel, however α and β still must be tuned by 
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comparison with experimental data. The porosity enhancement factor assumed in 

the work based on the fitting of LWR UO2 is given by Eq. 14.7 

𝑓(𝑝) = 1 + 1234.1 𝑝1.8 Eq. 14.7 

Golovin et al [Gol00] have studied the thermal creep rate of PuO2 as well as the 
MOX fuels in thermal spectrum. The high temperature component is again 
expressed as the combination of grain boundary sliding term linear in stress and 

disclocation climb term with typical power law behavior. The activation energies 
are reported to be 3.6 – 4.0 .105 J.mol-1 and 5.6 – 5.9 .105 J.mol-1 respectively, 

which is consistent with the recommendation given in Eq. 14.2. They also note 
that “at temperatures above 1400–1450°C the creep rate of UO2 approaches that 
of (U,Pu)O2”. 

Some information concerning the French MOX test programme (albeit for LWR) 
was published by Caillot et al. at the PCI seminar in Aix in 2004 [Cai04]. The out-

of pile creep test reported was performed in the LEFCA facility of CEA Cadarache 
and involved MIMAS MOX pellets with different Pu content (0, 6 and 10%). The 
secondary creep rates were of the same order of magnitude as soon as the stress 

exceeded 60 MPa, below 60 MPa the MOX creep was greater compared to UO2 

despite smaller grain size. 

There was no systematic difference between 6 and 10% Pu MOX. The activation 
energies were 4.0.105 J.mol-1 in UO2 and 5.0.105 J.mol-1 in MOX. Most importantly, 

the paper shows marked difference in the primary creep rate measured. At the 
temperature about 1550°C and 40 MPa load the creep strain is greater by a factor 
of 2 in MOX sample in spite of lower temperature and grain compared to UO2. 

Calabrese et al. [Cal25] give an interesting review of the different models proposed 
for thermal creep of FBR MOX. They compared the correlations employed to 

account for the impact of porosity, the effects of plutonium content and 
stoichiometry, leading to a new correlation for steady-state creep based on the 
work of Routbort et al. [Rou72]. In particular, this new correlation addresses the 

impact of stoichiometry deviation as illustrated per example on Figure 14.1 for a 
temperature of 1823 K. 
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Figure 14.1: Creep rates as a function of stoichiometry for different 

models (T = 1823 K) compared to measurements from [Rou72]– from 

[Cal25] 

 

14.2 Conclusion and recommendations 

There are no publicly published new data on the FBR MOX thermal creep which 
would require change of the recommendation given in Eq. 14.2, although it would 
be worthwhile to exploit the work of Malygin and derive the creep rate using his 

formula and the fundamental physical properties of MOX fuel in question. Impact 
of stoichiometry deviation shall also be further assessed. 

For the detailed calculation of the pellet-cladding interaction the primary creep 
given by Eq. 14.5 should be considered as well. 
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15. Diffusion/migration of pores and fission 

gas bubbles 

This chapter was originally provided by A. Fedorov (NRG). 

 

15.1 Literature data 

In UO2 and (U,Pu)O2 fuels the fission gasses xenon and krypton as well as helium 

are produced as a result of direct fission reactions and transmutation decay chains. 
At the operation temperatures, fission gases are insoluble in the fuel matrix and 
mobile. For the gas atoms rejected from the matrix the following routes are 

possible: 

• direct gas release from the fuel. 

• filling the pre-existing as-fabricated porosity. 

• precipitation within the fuel in the form of bubbles. The precipitation of 
bubbles takes place within fuel grains, at dislocations or other lattice 

irregularities, or at grain boundaries. 

All three routes are detrimental for fuel performance. Direct gas release causes 

pressure build-up in the fuel pin plenum and, as a consequence, excess pressure 
on the fuel cladding. The two other options lead to fuel swelling, and consequently 
to fuel cladding mechanical interaction, jeopardizing mechanical integrity of both. 

Moreover, formation of bubbles decreases thermal conductivity of the fuel, which 
implies higher central temperature, which in turn promotes further bubble growth. 

Bubbles grow by diffusion limited processes of accumulation of mobile gas atoms 
and vacancies, and via coalescence if they come in contact. The bubbles shrink by 
capture of self-interstitials, thermal resolution or dissociation at high temperatures 

(> 1500 C), or disintegrate by passage of fission fragments or neutrons (recoil 

resolution). As a counter play of these processes, bubble size typically saturates 

at a few nanometers.  

Newly formed bubbles should be distinguished from fabricated porosity because 
their shape, sizes, gas pressure, mobility and general behavior are quite different. 

Thus the fabricated porosity relatively fast evolves into lenticular pores bigger than 
1 micrometer in size which under typical irradiation conditions move to the fuel 

pellet center in the existing temperature gradient resulting into formation of the 
central void and fuel densification at periphery. The gas filled bubbles are much 
smaller, under micrometer size and have a spherical shape inside the gains and 

lenticular and triangulated shapes at grain boundaries and junctions. 

Fission gas accumulated in the bubbles and pores can be released back to the fuel 

matrix, (via thermal or recoil resolution) and be re-trapped by other sinks, or 
transported to the grain boundary with further release to the fuel plenum. 

In another mechanism, which does not require resolution of bubbles, the 

bubbles/pores form an interconnected or tunnel network of open porosity 
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(coalescence). Typically such a network of lenticular pores is formed along the 

grain boundaries. As the network becomes interconnected the gas is vented 
resulting in a so-called burst release. The interconnection of the bubble network 

comes along with micro-cracking along the same grain boundaries. This 
mechanism is held responsible for onset of (high) fission gas release. 

Alternatively, bubbles and pores can move as an entity thus providing a different 

mechanism for fission gas transport. 

Mobility of bubbles was in the focus of many publications in the past. This chapter 

is based on the monograph of Olander [Ola76], extended reviews made by Nichols 
[Nic69; Nic79], works of Van Uffelen [Uff02], Cottrell [Cot02], Evans [Eva95; 
Eva96], Geguzin [Geg73], and references therein. 

15.1.1 Brownian motion 

In the absence of gradient, the atoms of the material matrix randomly hop over 
the inner surface of the bubble resulting in a form of Brownian motion of the latter. 
The resulting motion of bubbles is also random.  

On microscopic level three mechanisms of Brownian bubble motion are considered: 
surface diffusion, volume diffusion and vaporization. 

In case of the surface diffusion the atoms (ions) move along the surface of the 
bubble with the rate characterized by the surface diffusion coefficient. From 

geometrical considerations the overall bubble diffusion is obtained as per Eq. 15.1. 

𝐷𝑏 =
3 𝜆 Ω

2 𝜋 𝑅4
𝐷𝑠 Eq. 15.1 

Where : 
Ds is the surface diffusion coefficient,  

 is the lattice constant,  

 is the atomic elementary volume,  

R is the bubble radius.  

In oxide fuel, preservation of stoichiometry implies that ions of both sub-lattices 
should be transported along the bubble surface congruently, therefore the slowest 
species (in UO2 the uranium cation) defines the overall diffusion rate.     

In case of the volume diffusion the motion of the species is normal to the bubble 
surface and takes place via the matrix of the fuel. Similar to the surface diffusion, 

the slowest species defines the overall diffusion rate. The bubble diffusion 
coefficient is defined as per Eq. 15.2. 

𝐷𝑏 =
3 Ω

4 𝜋 𝑅3
𝐷𝑣 Eq. 15.2 

where Dv is the volume diffusion coefficient. 

In case of vaporization or vapor diffusion the diffusing species also move normal 
to the bubble surface, but via the bubble volume. This mechanism includes the 
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following steps: evaporation, diffusion through the vapor or bubble gas, and 

condensation. The evaporation step is considered rate limiting. Preservation of 
stoichiometry requires congruent vaporization, therefore the least volatile species 

controls the overall rate. The bubble diffusion coefficient for vapor diffusion is given 
by Eq. 15.3. 

𝐷𝑏 =
3 Ω2 𝛼𝑣  𝑝𝑣

4 𝜋 𝑘 𝑇 𝑅3
𝐷𝑔 Eq. 15.3 

where: 
Dg is the diffusion coefficient in the gas, 

pv is the equilibrium vapor pressure of the rate controlling species,  

𝛼 (1) measures the departure from equilibrium. 

For all considered mechanisms the Brownian motion is effective only for small 

bubbles: 𝐷𝑏 ~ 𝑅−4 for surface diffusion and 𝐷𝑏 ~ 𝑅−3 for volume diffusion and 

vaporization (under condition that Dg is constant). 

15.1.2 Drift in field gradients  

Under typical fuel operation, bubbles and pores present in the fuel matrix are 
subjected to extreme gradients of various fields. The most important are the 

thermal gradient (> 105 K/m), vacancy concentration gradient, stress field 
gradient, and electric potential gradient. Different from the random Brownian 
motion, bubble motion is directional within a field gradient. 

Nichols has developed a generic approach to describe drift of bubbles in a field 
gradient of general nature [Nic69; Nic79]. The drift velocity is calculated as a 

product of bubble mobility Mb and force Fb applied to the bubble as per Eq. 15.4. 

𝑣𝑏 = 𝑀𝑏 𝐹𝑏 Eq. 15.4 

The mobility is related to the bubble diffusion coefficient Db via the Nernst-Einstein 
equation (Eq. 15.5). 

𝑀𝑏 =
𝐷𝑏

𝑘 𝑇
 Eq. 15.5 

There is a relation between the microscopic force f acting on individual atomic 

species and Fb as given per Eq. 15.6. 

𝐹𝑏 = − (
4 𝜋 𝑅3

3 𝑎0
3 ) 𝑓 Eq. 15.6 

where R is the bubble radius, and a0 is the lattice parameter. 
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15.1.2.1 Thermal gradient 

The thermal gradient presents the strongest driving force for bubble motion in 
fuels. Under typical operation conditions the thermal gradients can be as high as 

4000 K/cm. In case of surface thermal diffusion the effective force per atom f is 
given by Eq. 15.7 [Nic69; Nic79]. 

𝑓 = −
𝑄𝑠

𝑇
(

𝑑𝑇

𝑑𝑥
) Eq. 15.7 

Where Qs is the heat of transport for the surface thermal self-diffusion mechanism. 
The Qs measures a net heat flow per unit matter flow.  

For the same three atomistic transport mechanisms drift velocities are: 

• Surface diffusion mechanism: 

𝑣𝑏 =
2 𝐷𝑠 𝜈𝑠 𝛺 𝑄𝑠

𝑘 𝑇2 𝑅
(

3𝐾

2𝐾 + 𝐾′
) ∇𝑇∞ Eq. 15.8 

• Volume diffusion mechanism: 

𝑣𝑏 =
𝐷𝑣 𝑄𝑠

𝑘 𝑇2 (
2(𝐾 − 𝐾′)

2𝐾 + 𝐾′ ) ∇𝑇∞ Eq. 15.9 

• Vaporization mechanism: 

𝑣𝑏 =
2 𝐷𝑔 𝛺 𝛼𝑣  𝑝𝑣  ∆𝐻𝑣

𝑘2 𝑇3
(

3𝐾

2𝐾 + 𝐾′
) ∇𝑇∞ Eq. 15.10 

Where: 

𝜈𝑠 = 𝜆/Ω is a number of rate controlling species per unit surface area  

 is the atomic volume 

The expression inside the brackets presents the numerical factor connecting the 

local thermal gradient inside the bubble/pore and macroscopic bulk thermal 
gradient T.  

The K and K’ are the thermal conductivities of the matrix and bubble, respectively 

(for pores and bubbles K >> K’). 
Hv is the activation energy for evaporation of the rate limiting species. 

Using typical fuel operation parameters from Table 15.1 [Ola76], the drift velocity 

of a 200 Å bubble at 2000 K in a gradient of 4000 K/cm is estimated as  
2.310-6 cm/sec. 

In case of bubble/cavity drift in thermal gradient the drift velocity is inversely 
proportional to the bubble size for the surface diffusion mechanism and 
independent of R for the volume diffusion mechanism. The drift velocity via the 

vaporization mechanism is also independent of R under condition that Dg is 
constant. It the fission gas pressure inside the bubble is at equilibrium with the 
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surface tension, 𝑝 = 2𝛾/𝑅, and 𝐷𝑔~1/𝑝,   the drift velocity is proportional to R, and , 

hence, larger pores/bubbles move rapidly than the small ones. 

The surface diffusion mechanism is dominant for sub-micron size, while volume 
diffusion and vapor transport are dominant in the region of a few to ten 

micrometers. 

Since normally Δ𝐻𝑣 > 𝑄𝑣 > 𝑄𝑠, where Qv and Qs are the activation energies for 

volume and surface diffusion, as the temperature increases, the dominant 
mechanism shifts from surface to volume diffusion, and then to vapor transport. 

The pores and bubbles always move up the thermal gradient (under a trivial 

condition, K > K’). Because of the difference in the thermal gradient along the pore 
size the leading end of the pore moves faster than the trailing end. Therefore the 

elongation of the pore increases. This effect is limited by arising gradient in the 
chemical potential (Gibbs–Thomson Effect) which eventually stabilizes the 
elongated shape of the pore. Small pores, where the difference in temperature 

across the pore is much smaller than the average temperature, preserve their 
shape and migrate without distortion. 

Lenticular pores apparently originate from non-spherical flat shapes (fabricated 
porosity), rather than formed during drift. The pores move up the thermal 
gradient, to the center of fuel pellet, leaving densified matrix behind. This motion 

takes place before the onset of gas release. 

Note that for bubble motion one requires both, high temperature for activation of 

transport mechanism (surface/volume diffusion or vaporization) and temperature 
gradient. A typical temperature profile in fuel pellet has a quadratic dependency 
on radius, with high temperature but small gradient at the center, and relatively 

low temperature but steep gradient at periphery. Thus under typical fuel operation 
the optimum conditions for bubble migration are not realized. 

15.1.2.2 Vacancy concentration gradient 

Vacancy gradient is another driving force for bubble/pore motion. Grain boundaries 

present a source of thermal vacancies, causing drift of bubbles from the grain 
interior towards the grain boundaries. 

The bubble drift velocity in a vacancy gradient does not depend on the bubble 

radius and is described by Eq. 15.11 [Geg73; Eva96]. 

𝑣𝑏 = 2 𝐷𝑉 Ω (
𝑑𝐶𝑉

𝑑𝑥
) Eq. 15.11 

where DV is the vacancy diffusivity. 

Strong temperature gradients also introduce gradients in concentration of thermal 
vacancies, therefore both effects are correlated. 
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15.1.2.3 Stress field gradient 

In a varying elastic stress field, a bubble moves in the direction down the stress 
gradient, i.e. away from compressive stress. The driving force for such motion is 

reduction of the Gibbs free energy of the system which comprises two main 
contributions accounting for the bubble surface (interfaces with the matrix) and 

gas inside the bubble. Assuming that the gas inside the bubble obeys the ideal law 
and is in mechanical equilibrium with the matrix at the local hydrostatic stress, 
two approximations for the driving force Fb are found (Eq. 15.12 for small bubbles 

and Eq. 15.13 for the large ones) [Ola76]. 

• For small bubbles, 3𝜎𝑅 ≪ 4𝛾: 

𝐹𝑏 = −
𝜋 𝑅4 𝜎

𝛾
(

𝑑𝜎

𝑑𝑥
) Eq. 15.12 

• For large bubbles, 3𝜎𝑅 ≫ 4𝛾: 

𝐹𝑏 = −
4 𝜋 𝑅3

3
(

𝑑𝜎

𝑑𝑥
) Eq. 15.13 

Under typical operation conditions the stress gradient provides a much smaller 

driving force than the temperature gradient (Eq. 15.14) [Ola76] (see also Table 
15.1). 

(𝐹𝑏)𝑠𝑡𝑟𝑒𝑠𝑠

(𝐹𝑏)𝑡𝑒𝑚𝑝
=

𝑅 𝜎2 𝑎0
3

2 𝛾 𝑘 𝑇 (𝑄𝑠/𝑘𝑇)

(1/𝜎)

(1/𝑇)

(𝑑𝜎/𝑑𝑥)

(𝑑𝑇/𝑑𝑥)
≈ 0.03% Eq. 15.14 

Local stress fields can be introduced by moving dislocations and grain boundaries, 
thus the dislocations and grain boundaries can drag bubbles along their motion. 

On the other hand, if mobility of bubbles due to other causes is higher (for 
example, due to temperature gradient), the same stress fields can pin the bubbles 
reducing their mobility. 

15.1.2.4 Electric field gradient 

UO2 and (U,Pu)O2 present ionic crystals where diffusion of cations 

(uranium/plutonium ions) and anions (oxygen ions) takes place within a separate 
sub-lattice. Transport of bubbles and cavities requires movement of both types of 

species. Non-congruent diffusion or vaporization leads to deviations from 
stoichiometry, which creates not only concentration gradients but also electric 
potential. 

Such electric potential gradient works against further deviations from 
stoichiometry, by slowing down or suppressing the diffusion of a faster species, 

and/or providing additional driving force for diffusion of the slower species. 

In practice, this mechanism is not implemented explicitly in models, but rather 
accounted by natural requirement of congruent diffusion or vaporization fluxes, 
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and by implying that that the transport of the slowest species is the rate limiting 

process for the overall bubble motion 

 

15.1.3 Practical examples 

To get a feeling on the efficiency of different bubble/pore transport mechanisms a 

number of calculations were carried out using the equations presented above. The 
parameters used in the calculations are given in Table 15.1.  

The Brownian bubble diffusion coefficients as a function of bubble radius are 
calculated for two temperatures, 1000 and 2000 K. All three mechanisms for 
atomic transport are included, surface diffusion, volume diffusion, and 

vaporization. The results are presented in Figure 15.1 and Figure 15.2. The bubble 
diffusion coefficients are compared to the atomic Xe diffusion coefficient as defined 

by Matzke [Mat80]. It is seen that the bubble diffusion only for surface diffusion 
mechanism and for small bubbles, less than 1 m for 1000 K, and less than 10 nm 

for 2000 K, is more efficient than the atomic xenon diffusion. Figure 15.3 and 

Figure 15.4 demonstrate the diffusion coefficients for bubble diffusion and xenon 
atomic diffusion as a function of reciprocal temperature. The slope of each curve 

is defined by the corresponding activation energy. It is expected that vaporization 
mechanism would dominate at higher temperatures, however using the literature 
data for U vapor pressure from [Ack69] does not provide the expected steepness 

of the slope.  

Figure 15.3 and Figure 15.4 demonstrate the bubble drift velocity in a temperature 

gradient of 4000 K/cm and stress gradient 1010 Pa/m at a stress 104 kN/m2, both 
at T= 2000 K. The values for the gradients chosen for the calculations are the 
same as those used examples in [Ola76]. The bubble radius is 10 nm. Figure 15.3 

presents the bubble velocity as a function of bubble radius, and Figure 15.4 
presents the bubble velocity as a function of reciprocal temperature. It is seen that 

for the field gradients used in the calculations the drift velocity due to the thermal 
gradient is more than 100 times bigger than that for the stress gradient.  

In Figure 15.3 (left) it is demonstrated that the drift velocity for surface diffusion 

is  1/R, for volume diffusion is independent from R, and for vaporization  R, 

under condition that the fission gas pressure inside a bubble is in equilibrium with 

the surface tension. 
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Figure 15.1: Brownian bubble diffusion coefficients as a function of 

bubble radius. 
Calculated for three transport mechanisms and compared to the atomic xenon diffusion 

coefficient at 1000 K (left) and 2000 K (right). Parameters used in calculation are given 

in Table 15.1. 

 

 
 

Figure 15.2: Brownian bubble diffusion coefficients as a function of 

reciprocal temperature. 
Calculated for three transport mechanisms and compared to atomic xenon diffusion 

coefficient. Bubble radius is 1 nm (left) and 10 nm (right). Parameters used in 

calculation are given in Table 15.1. 
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Figure 15.3: Drift bubble velocity in temperature gradient (left) and 

stress gradient (right) as a function of bubble radius. 
The temperature used in the calculations is 2000 K. Other parameters involved are given 

in Table 15.1. 

 

  

Figure 15.4: Drift bubble velocity in temperature gradient (left) and 

stress gradient (right) as a function of reciprocal temperature. 
The bubble radius used in the calculations is 1 nm. Other parameters involved are given 

in Table 15.1. 
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Table 15.1: Parameters used in the calculations, if not specified are 

taken from [Ola76]. 

Parameter Units  Value/expression 

R, bubble radius m 2 10-8 

a0
3=, atomic volume m3 4 10-29 

, hydrostatic stress N/m2 107 

d/dx, stress gradient Pa/m 1010 

T, absolute temperature K 2000 

dT/dx, thermal gradient K/m 4 105 

Qs, heat of transport kJ/mol 415 

Ds, cation surface diffusion at 2000 K m2/s 5 10-11 

Ds, cation surface diffusion m2/s 𝐷𝑠 = 4. 105 exp (−
450000

𝑅𝑇
) 

Dv, cation volume diffusion m2/s 𝐷𝑠 = 4. 10−11 exp (−
290000

𝑅𝑇
) 

DXe, Xe atomistic diffusion [Mat89] m2/s 𝐷𝑋𝑒 = 7.6. 10−10 exp (−
290000

𝑅𝑇
) 

, surface tension N/m 1 

U vapor pressure, [Ack69] Pa 
1.013 × 105 × 105.71−

25230
𝑇  

PXe, fission gas pressure inside bubble Pa 𝑃𝑋𝑒 = 2𝛾/𝑅 

DXe,b, fission gas diffusion inside bubble m2/s 𝐷𝑋𝑒,𝑏 = 1/3𝑣̅𝜆 

𝑣̅, average Xe velocity in gas phase in bubble m/s 𝑣̅ = √
8𝑅𝑇

𝜋𝜇
 

, scattering length in gas phase  

(r – Xe atomic radius) 
m 𝜆 =

1

√2(𝜋𝑟2)𝑛
 

n, fission gas density in bubble m-3 𝑛 =
𝑁

𝑉
=

𝑃𝑋𝑒

𝑘𝑇
 

 

15.1.4 Experimental observation 

Mobility of pores and bubbles have been observed experimentally and reported in 
the literature [Ola76; Nic79; Eva96]. It is well accepted that drift of lenticular pores 
towards the pellet center in the temperature gradient is an important 

phenomenon, which leads to formation of the central hole and densification of the 
rest of the fuel. Example of such bubble motion is demonstrated in Figure 15.5. 

Figure 15.6 shows the velocities of lenticular voids in a temperature gradient 
created in a laboratory out-of pile experiment. The enthalpy derived in this 
experiment, 480 kJ.mol-1, is close to the value of the heat of vaporization.  
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Figure 15.5: Cross-section of ThO2 + 5 wt% UO2 fuel rod after irradiation 

(Ref. 1 in [Nic79]) ; Migration of fission gas bubbles and metallic fission 

product particles up the thermal gradient in (Pu0.2U0.8)O2 fuel rod (Ref. 

121 in [Nic79]). 
The edge of the central void, toward which they are migrating, is at the top of the figure. 

 

 

Figure 15.6: Experimentally determined velocities of lenticular voids 

during the first restructuring of UO2 in an out-of-pile thermal gradient 

(Ref. 17 in [Mat89]). 
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Example of helium bubble migration in temperature gradient UC fuel is 

demonstrated in Figure 15.7. The observed inverse dependency of the 
displacement (= velocity) on the bubble radius suggests that the bubble mobility 

is controlled by the surface diffusion mechanism. 

In Figure 15.8 experimental values of bubble diffusivities are compared to a typical 
effective diffusion coefficient obtained from the out-of pile fission gas release data. 

It is argued if the bubble diffusion can provide a sufficiently fast gas transport 
mechanism to explain the gas release experimental results. 

 

Figure 15.7: Drift of He bubbles in temperature gradient in UC as a 

function of bubble radius (Ref 95 in [Mat80]). 

 

 

Figure 15.8: Bubble diffusivity in UO2 as a function of bubble radius 

compared with an effective diffusion coefficient calculated from gas 

release measurements. ([Eva95] and references therein). 
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15.2 Conclusion and recommendations 

Transport mechanisms of pores and bubbles in UO2 and (U, Pu)O2 fuels are 

reviewed. On the microscopic level three mechanisms are considered: surface 
diffusion, volume diffusion and vaporization. In absence of field gradients these 

mechanisms result in random Brownian motion of bubbles, with mobility strongly 
reduced with increase of bubble radius. In ionic crystals, such as UO2 and (U, 
Pu)O2, preservation of stoichiometry requires that transport of ions via diffusion or 

vaporization mechanisms is congruent, therefore mobility of the slowest species 
defines the rate of the overall bubble transport.  

In the presence of field gradients, bubble motion is directional and is characterized 
by drift velocity. The same three atomistic mechanisms were considered. In case 

of a thermal gradient, which is the most prominent driving force under typical fuel 
operation conditions, the bubbles and pores move up the thermal gradient. The 
surface diffusion mechanism yields a drift velocity which is inversely proportional 

to the bubble size, and therefore is more applicable for small, sub-micrometer 
bubbles. For the volume diffusion mechanism, the drift velocity is independent 

from bubble radius. In case of vaporization mechanisms, the drift velocity is 
proportional to the bubble radius, and therefore, this mechanism is effective in the 
region of a few to ten micrometers pores.    

As the temperature increases the dominant mechanism shifts from the surface 
diffusion to volume diffusion, and then to vapor transport. 

Other considered field gradients which provide driving forces for bubble motion are 
thermal vacancy concentration gradients (correlated to the temperature gradient), 
stress field gradients, and electrostatic potential gradients.  

Fission gas bubbles produced during fuel operation should be distinguished from 
fabricated (pre-existing) porosity because of their shape, sizes, gas pressure, 

mobility and general behavior are quite different.  

Drift of lenticular pre-existing pores towards the fuel pellet center up the 
temperature gradient is an important phenomenon which results in formation of a 

central void and fuel densification. 

Motion of gas filled bubbles in the temperature or vacancy gradients has been 

observed experimentally, but it is questioned if this mechanism can dominate over 
other fission gas transport mechanism: atomic gas diffusion, bubble coalescence 
and interconnection at grain boundaries. 
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16. Diffusion/migration of fission gas 

This chapter was originally provided by A. Fedorov (NRG). 

 

16.1 Literature data 

In UO2 and (U,Pu)O2 fuels fission gasses (FG), xenon and krypton, and helium are 

produced as results of direct fission reactions and transmutation decay chains. At 
the operation temperatures these inert gases are insoluble in the fuel matrix and 

mobile. Both factors provide a driving force and necessary conditions for 
segregation of gas atoms at grain boundaries or dislocations in a form of gas 
bubbles, and their further growth. 

Depending on many factors, such as grain size and diffusion length, the bubbles 
are formed inside the fuel grains and at the grain boundaries. Further, via various 

transport mechanisms a considerable fraction of the produced FG is released in 
the fuel plenum. 

Presence of the FG and helium, both in the fuel and in the fuel plenum, affects in 

great deal operation conditions of the fuel, and limits the fuel lifetime. The 
formation and growth of the FG bubbles results in fuel swelling, which promotes 

pellet-cladding gap closure followed by pellet-cladding mechanical interaction 
(PCMI). Bubbles reduce thermal conductivity of fuel in the same manner as 
fabricated porosity, leading to higher central temperature. 

The fission gas release (FGR) to the fuel rod free volume, on the other hand, causes 
pressure build-up in the fuel rod plenum and degradation of thermal conductivity 

of the filling gas. Consequently, the fuel temperature increases, which in turn leads 
to higher FGR (thermal feedback) until the rod fails due to cladding ballooning and 

cladding burst. 

Swelling and FG release in the plenum are considered as two complementary 
phenomena. 

It is clear that diffusion of fission gasses is central in all process related to 
behaviour of FG in fuels. This chapter presents an overview of the diffusion 

parameters in use for transport of FG in MOX and UO2 fuels. 

16.1.1 Definitions and Formulations of FG Diffusion 

Various transport mechanisms affecting the fission gas behaviour in nuclear fuel 
are extensively discussed in the literature [Ola76; Mat80; Mat86; Bal90; Uff02]. 

The transport mechanisms typically involve the following processes: 

- Lattice diffusion of single fission gas atoms and helium 
- Trapping at pre-existing defects (impurities, precipitates, dislocations, 

closed pores) and radiation induced defects (vacancy and vacancy-gas 
atoms clusters, dislocation loops, fission gas and helium bubbles, fission 

product precipitates, etc). 
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- Athermal recoil resolution of fission gas and helium bubbles by energetic 

fission products and neutrons 
- Grain boundary diffusion 

- Sweeping of bubbles and gas from the matrix by moving grain boundaries 
- Bubble migration 
- Bubble interconnection (typically at grain boundary) 

Most of the transport mechanisms are implemented in different dedicated FGR 
models and Fuel Performance Codes (FPC), although not always using the same 

formulation of equations and parameters.  Considering that such complex 
transport mechanisms as bubble diffusion and grain boundary sweeping are 
subject of FPC development, this report will rather focus on elementary lattice 

diffusion of a single (fission) gas atom, which presents the basic process controlling 
many other transport phenomena.  

 

Figure 16.1: Basic mechanisms of fission gas release [Uff02]. 

 

Even limiting this discussion to the lattice diffusion of a single fission gas atom 
some unambiguity in the definitions of the diffusion coefficient has to be resolved 
first. According to Matzke [Mat80] the following definitions of the bulk diffusion 

coefficients are considered: 
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Table 16.1: Definitions of the FG bulk diffusion coefficient’s proposed by 

Matzke [Mat80]. 

Dint 

Intrinsic diffusion of a single gas atom in the undamaged fuel lattice. 

D is affected by deviation from stoichiometry, oxygen potential, and 

Pu concentration. 

𝐷𝑡𝑟𝑎𝑝
𝑙𝑎𝑏

 

Diffusion in the presence of traps, but in the absence of radiation. 

Measured in laboratory, out-of pile experiments. The traps can be pre-

existing and/or irradiation induced (post irradiation examination) 

𝐷𝑡𝑟𝑎𝑝
𝑖𝑛−𝑝𝑖𝑙𝑒

 

Diffusion in the presence of both, traps and irradiation, describing gas 

mobility between fission gas bubbles. Measured in in-pile irradiation 

experiments. 

𝐷𝑒𝑓𝑓 

𝐷𝑡𝑟𝑎𝑝
𝑖𝑛−𝑝𝑖𝑙𝑒

𝑏/(𝑔 + 𝑏) describing effective mobility including precipitation in 

bubbles. b – resolution probability; g – capture probability 

(formulation of Speight).  

The 𝐷𝑡𝑟𝑎𝑝
𝑙𝑎𝑏  accounts for detrimental effect of traps (different from bubbles) present 

within the fuel grains on mobility of the FG. Traps can be both pre-existing and 
irradiation induced. There is however, no clear reference to the kind of the traps, 

neither to specific mechanism of trapping and de-trapping mechanisms involved. 

The 𝐷𝑡𝑟𝑎𝑝
𝑖𝑛−𝑝𝑖𝑙𝑒

 accounts in addition to enhancement of FG mobility via vacancy 

assistant diffusion due to introduction of irradiation induced vacancies. Generally 

𝐷 > 𝐷𝑡𝑟𝑎𝑝
𝑖𝑛−𝑝𝑖𝑙𝑒

> 𝐷𝑡𝑟𝑎𝑝
𝑙𝑎𝑏

.  

Effect of presence of FG bubbles on the FG mobility is accounted by introducing 

the effective diffusion coefficient 𝐷𝑒𝑓𝑓 using Speight model: 

𝐷𝑒𝑓𝑓 =  
𝑏

𝑔 + 𝑏
𝐷𝑡𝑟𝑎𝑝

𝑖𝑛−𝑝𝑖𝑙𝑒
 

where b – resolution probability and g – capture probability. The 𝐷𝑡𝑟𝑎𝑝
𝑖𝑛−𝑝𝑖𝑙𝑒

 is FG 

diffusion coefficient in the fuel matrix between the bubbles. The diffusion controlled 
capture to the bubbles is: 

𝑔 = 4𝜋𝐷𝑡𝑟𝑎𝑝
𝑖𝑛−𝑝𝑖𝑙𝑒

 𝑅𝑏𝑁𝑏 

where Rb is the average bubbles radius and Nb is the bubbles density. Note that in 

this approach all bubbles have the same size and gas pressure. 

The recoil resolution rate is: 

𝑏 = 3.03𝐹𝜋𝑙𝑓(𝑅𝑏 + 𝑍0)2 



D3.9 – New MOX fuel and PuO2 properties catalogue (20 – 70 % Pu range) 

 183 
This project has received funding from the Euratom research and 

training programme 2019-2020 under grant agreement No 945022. 

where F represents the fission rate, Z0 is the radius of the bubble distraction area 

around the fission fragment track. In a different formulation  

𝑏 = 3 × 10−23 × 𝐹. 

Turnbull et al proposed to describe the single atom gas diffusion in UO2 grain by 
considering three diffusion mechanisms dominant in different temperature 

regimes: 

𝐷 = 𝐷𝑎 + 𝐷𝑏 + 𝐷𝑐 = 7.6 × 10−10𝑒𝑥𝑝(−
3.02

𝑘𝑇
) + 5.64 × 10−25√𝐹̇ 𝑒𝑥𝑝(−

1.19

𝑘𝑇
) + 8 × 10−40𝐹̇ 

𝐷𝑎 is thermally activated intrinsic diffusion dominant above 1400 C with the 

Arrhenius type of dependency on the fuel temperature T:  

𝐷𝑎 = 𝐷0𝑒𝑥𝑝(−𝐻/𝑘𝑇)    

where 𝐷0 is the pre-exponent factor, 𝐻 is the activation enthalpy, T is the absolute 

temperature and k is the Boltzmann constant k = 8.6210-5 eV/K. Similar to Dint in 

definition of Matzke, Da describes the intrinsic atomic diffusion in absence of traps 
and radiation.  

Two other terms account for increase in mobility due to radiation. 𝐷𝑏 is cation 

vacancy assisted diffusion, which depends both on the fuel temperature (thermal 

vacancies) and fission rate density (irradiation induced vacancies). 

𝐷𝑐 is the athermal term, which dominates below 250 C and depends only on the 

fission rate density.  

The retarding effect of trapping on fission gas mobility is not directly included in 
the Turnbull formulation. The effective diffusion is defined using the same Speight 

model or similar formulation: 

𝐷𝑒𝑓𝑓 =  
𝑏

𝑔 + 𝑏
𝐷 

where 𝐷 = 𝐷𝑎 + 𝐷𝑏 + 𝐷𝑐 . 

It has been reported in the literature that using the effective diffusion coefficient 
as introduced above leads to systematic underestimation of the FGR fraction at 

high temperatures and transients. Therefore, additional transport mechanisms 
meant to increase FG mobility were considered: 

- Grain boundary swiping 

- Thermal resolution of bubbles 
- Bubble migration, random Brownian or direct drift in thermal gradient 

Establishing a relation between the intrinsic diffusion coefficient and measured 
fission gas release fraction is not trivial, even for laboratory experiments, where 
the lattice bulk diffusion can be reasonably isolated from other processes. In the 

reactor in-pile and post irradiation experiments the measured gas released fraction 
is a results of a whole spectrum of transport phenomena, and for interpretation of 

such experimental data application of FPC is required. 
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In a very simple form by interpretation of FGR data two regimes are usually 

considered: 

• FGR fraction < 1% 

FG transport inside the fuel grains is described by standard diffusion model with 
the matrix diffusion coefficient as proposed by Turnbull. The fission gases expelled 
from the fuel matrix are accommodated within the intra- and intergranular bubbles 

and pre-existing porosity. FGR from the fuel is moderate (<1%) and mainly due 
to athermal mechanisms. 

• FGR fraction > 1% 

Grain boundaries have limited capability to accommodate FG in the form of 
intergranular bubbles. Eventually the bubbles get interconnected, and the gas 

accumulated inside the intergranular bubbles is vented to the plenum which results 
in the onset of the FGR. There is an empirical criterion for the onset of the FGR, 

which is a function of burn-up and temperature. The widely used Vitanza or Halden 
burnup threshold criteria for the onset of FGR in UO2 fuel is formulated as follows: 

𝐵𝑈𝑃 (𝑀𝑊𝑑/𝑡𝑈𝑂2) = 5.0 × exp (
9800

𝑇𝑐𝑙(𝐶)
). 

16.1.2 Intrinsic Diffusion Parameters 

For the thermally activated diffusion of Xe in UO2 and UO2x, 𝐷𝑎 , the following 

parameters are proposed (all pre-exponent factors are in m2/s, activation enthalpy 
in eV, and absolute temperature in K): 

• Near stoichiometric: 

𝐷𝑎 = 6.7 × 10−10𝑒𝑥𝑝(−3.09(𝑒𝑉)/𝑘𝑇) , for UO2 (Turnbull, [Tur82; And12])  

𝐷𝑎 = 0.5 × 10−4 × 𝑒𝑥𝑝(−3.9(𝑒𝑉)/𝑘𝑇) , for UO2 (Matzke, [Mat86]) 

• Non stoichiometric: 

𝐷𝑎 = 0.5 × 10−4 × 𝑒𝑥𝑝(−6.0(𝑒𝑉)/𝑘𝑇)   , for UO2-x (Matzke, [Mat86])  

𝐷𝑎 = 0.5 × 10−4 × 𝑒𝑥𝑝(−1.7(𝑒𝑉)/𝑘𝑇) , for UO2+x (Matzke, [Mat86])  

The activation energies for the intrinsic diffusion found in the literature and 
adopted in various FPC’s vary between the values proposed by Turnbull and 
Matzke. In case of non-stoichiometric fuel the diffusion coefficient decreases with 

x for UO2-x (sub- stoichiometric) and increases with x for UO2+x, (hyper-
stoichiometric), see Figure 16.4. The observed enhancement of the Xe diffusion 

coefficient for hyper-stoichiometric fuel is correlated with the cation vacancy 
concentration and mobility, and oxygen interstitial concentration, all increase with 
x. For small deviations from stoichiometry the enhancement is proportional to x2. 

At higher deviations because of the cation vacancy clustering saturation will occur 
[Uff02].  
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The mixed (U,Pu)O2+x fuel is normally sub-stoichiometric, typically the starting 

O/(U+Pu) = 1.98, therefore one would expect lower fission gas mobility for MOX 
fuel [Mat80]. Lower O/M (M=U+Pu) ratio occur in the centre of the pellet and the 

ratio increases with burn-up. The burn-up, however, does not lead to increase of 
gas mobility. On the contrary, the gas mobility decrease with the burn-up with 
further saturation (above 1024 f/m3), because of the build-up of the irradiation 

induced defects [Mat80]. 

 

Figure 16.2: Possible components of the in-pile rare gas diffusion 

coefficient [Tur82]. 

According to Matzke, the equilibrium site for Xe in stoichiometric UO2 is neutral 

trivacancy (Schottky trio) [Mat89]. Equilibrium site for Xe in UO2+x can be charged 
trivacancy or a single cation vacancy. 

Ab initio calculations support that preferred solution site for Xe is VU-VO divacancy 
or VU-2VO neutral trivacancy, depending on the oxygen chemical potential. Xe 
migration requires involvement of another cation vacancy [Bal90; Gov08]. Thus 

self-diffusion of VU is rate determining for Xe diffusion.  

In [And12] Andersson attempted to compare the experimental enthalpy values 

proposed by Turnbull and Matzke to the DFT calculations, and to find physical 
mechanisms responsible for the observed diffusivities. It was argued that 
depending on stoichiometry, xenon atom occupies different trap sites: VUO (U-O 

divacancy) for near-stoichiometric UO2, VO2 (O-O divacancy) for UO2-x, and VU (U-
vacancy) for UO2+x. The elementary jump occurs via arrival of a cation vacancy, 
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VU. The DFT calculated enthalpy parameters obtained in [And12] are compared 

with the experimental values in Table 16.2. 

 

 

Figure 16.3: Equilibrium lattice site of Xe in UO, and possible migration 

path [Mat89]. 

 

Table 16.2: Calculated and measured Xe and Kr activation energies. All 

units are in eV [And12]. 

 UO2-x UO2 UO2+x 

Xe calculated 5.70 3.86 1.52 

Xe experimental 6.0 3.9 1.7 

Kr calculated 6.37 4.04 1.61 
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Figure 16.4: Arrhenius diagram for the diffusion of Xe in UO2. The data 

are thought to represent largely unperturbed diffusion of single gas 

atoms [Mat80].  

 

16.1.3 Formulations of FG Diffusion in FPC 

A revised expression for the atomic diffusion coefficient was proposed by Turnbull 

in [Tur00] where in the third term a slight temperature dependence is introduced: 

𝐷 = 𝐷𝑎 + 𝐷𝑏 + 𝐷𝑐

= 7.6 × 10−10𝑒𝑥𝑝 (−
3.02

𝑘𝑇
)   + 1.38 × 10−16√𝑅 exp (−

1.19

𝑘𝑇
)   

+   7 × 67−22𝑅𝑒𝑥𝑝(−
0.24

𝑘𝑇
) 
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The formulation for the single atom diffusion coefficient proposed by Turnbull, only 

with somewhat different parameters is adopted in the FPC TRANSURANUS, model 
FGRM09 [Las09]: 

𝐷 = 𝐷𝑎 + 𝐷𝑏 + 𝐷𝑐 = 7.6 × 10−10𝑒𝑥𝑝(−
3.02

𝑘𝑇
) + 3.22 × 10−16√𝑅 𝑒𝑥𝑝(−

1.19

𝑘𝑇
) + 6 × 10−23𝑅, 

where R is the rating in W/gU. The 𝐷𝑐 affects release only from the surface layer 

typically to a depth of 20 nm. Accordingly, 𝐷𝑐 is not used in the stable fission gas 

release calculations. 

A very similar formulation for the atomic diffusion coefficient is adopted in the FPC 
BISON development at the Idaho National Laboratory (INL) [Pas13]: 

𝐷 = 𝐷𝑎 + 𝐷𝑏 = 7.6 × 10−10𝑒𝑥𝑝(−
3.03

𝑘𝑇
) + 1.41 × 10−25√𝐹̇ 𝑒𝑥𝑝(−

1.19

𝑘𝑇
) 

Note, that the pre-exponent factor for 𝐷𝑏 is different, and no athermal contribution 

is considered.  

Also in the SPHERE FPC which was used to model FGR in sphere pack fuel only two 

first terms were employed: 

𝐷 = 𝐷𝑎 + 𝐷𝑏 = 7.6 × 10−10𝑒𝑥𝑝(−
3.03

𝑘𝑇
) + 4.84 × 10−22√𝐹̇ 𝑒𝑥𝑝(−

1.19

𝑘𝑇
) 

A different formulation for the effective volume diffusion coefficient,  𝐷𝑒𝑓𝑓 , was 

used by Lemehov et al., (MACROS FPC) to model fission gas release in MOX with 
high content of Pu:  

𝐷𝑒𝑓𝑓 = 𝐷𝐹 + 𝐷𝑅 +
𝑏𝑓

𝑏𝑓 + 4𝜋𝑅𝑏𝑁𝑏𝐷𝑇
𝐷𝑇 

where 

𝐷𝐹 = 1.35 × 10−39𝐹̇ 

𝐷𝑅 = 2.0 × 10−7√𝐹̇ 𝑒𝑥𝑝(−
5.155(𝑒𝑉)

𝑘𝑇
) 

𝐷𝑇 = 2.4 × 10−16𝑒𝑥𝑝(−
0.7(𝑒𝑉)

𝑘𝑇
) + 1.5 × 10−22√𝐹̇ 𝑒𝑥𝑝(−

1.95(𝑒𝑉)

𝑘𝑇
) 

where 𝐷𝐹 is the a-thermal diffusion constant caused by the ion explosion and 

primary collisions in fission tracks; 𝐷𝑅 represents the diffusion mechanisms acting 

during the quenching phase of primary track zone; 𝐷𝑇 is the diffusion coefficient 

caused by the annealing stage of fission fragment tracks; 𝑏𝑓 is the probability of 

resolution of fission gases accumulated in the intragranular bubbles, 𝑅𝑏 is the 

average radius of intragranular bubbles; and 𝑁𝑏 is the volume density of 

intragranular bubbles. 

In FRAPCON3 (FGR model Ans-5.4, MASSIH, based on Forsberg and Massih model) 

the following formulation for intragranular fission gas diffusion is adopted [Ber97; 
Lan97]: 
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𝐷𝑙𝑜𝑤 = 2.11 × 10−16 × 𝑒𝑥𝑝(−9508/𝑇) 

𝐷ℎ𝑖𝑔ℎ = 3.00 × 10−12 × 𝑒𝑥𝑝(−26316/𝑇) × 100(𝐵𝑈−21)/35 

𝐷 = 𝑚𝑎𝑥(𝐷𝑙𝑜𝑤, 𝐷ℎ𝑖𝑔ℎ) 

 

The model is employed on MOX fuel without modification [Tve07].  

 

Figure 16.5: FRAPCON-3 (Modified MASSIH Model) Diffusion Constant as 

a Function of Temperature and Burnup [Lan97]. 

 

In Figure 16.6 FG diffusion coefficients adopted in various FPC’s to calculate FGR in 
UO2 are compared. In this plot a fission rate of F = 1019 m-3 sec-1 is used. Clearly, 
the spread in the diffusion coefficients in use is substantial. 
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Figure 16.6: FG atomic diffusion coefficient in fuel grain used in different 

FPC. (In calculations the fission rate F = 1019 m-3sec-1 is used).  

It should be mentioned that inert gases Kr and Xe are practically not formed 

directly by fission, but rather produced via -decay from the precursor: Se and Br 

in the case of Kr, Te and I in the case of Xe. Many of such precursors are mobile 
and have a half-life long enough to contribute in the final distribution of the inert 

gases. The precursor mobility can even exceed the inert gas mobility. For example, 
I and Te diffuse faster than Xe, and Br diffuses faster than Kr. The precursor 
enhancement of the fission gas mobility for most isotopes is less than 30%, and 

in some FPC is incorporated in the effective diffusion coefficient [Ola76; Uff02]. 

16.1.4 Fission gas release in MOX fuel 

Production and release of fission gases and helium both in MOX and UO2 fuel have 
critical impact on the fuel operation and life time. 

Although production of xenon and krypton is slightly lower in MOX, helium is 
produced in much bigger quantities (4-10 times higher than in UO2). Moreover, 

helium production takes place both during fuel operation and after discharge from 
the reactor. The latter is relevant for fuel storage.  

In most of the reported data, for both steady-state and power ramps, MOX fuels 
show larger FGR than UO2 for the same burn-up. This is mainly attributed to lower 
thermal conductivity of MOX, stronger degradation rate of the thermal conductivity 

with burnup, and higher linear powers at EOL.  

Implementation of the MOX thermal conductivity alone in FPC’s and using the same 

unmodified UO2 models for FG transport typically lead to under-prediction of FGR 
in MOX. 
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Other important feature of MOX fuel which is hold responsible for high FGR is 

microstructural non-homogeneity. MOX fuel contains Pu-rich agglomerates which 
during operation reach extremely high local burnup and attain a microstructure 

similar to HBS in rim UO2. Fission gases produced in these Pu-rich grains are 
accumulated inside the pores of the HBS and in bubbles at grain boundaries. A 
practical approach to account for this effect is to reduce the threshold burnup for 

the fission gas release onset (applied in FPC COPERNIC). 

Most FPC’s employed to model FGR in MOX use Booth-Speight models for grain 

diffusion with the unmodified diffusion coefficient in Turnbull formulation validated 
for UO2:  

𝐷 = 𝐶1𝑒𝑥𝑝(−
𝑄1

𝑘𝑇
) + 𝐶2√𝐹̇ 𝑒𝑥𝑝(−

𝑄2

𝑘𝑇
) + 𝐶3𝐹̇ 

Here the first term is the thermally activated intrinsic diffusion which is dominant 

above 1400 C, the second term is irradiation induced enhancement of the cation 

vacancy assisted diffusion, and the third term represents athermal mobility present 

below 250 C. 𝐹̇ is the fission rate in fissions.m-3.sec-1, T is the absolute 

temperature in K and k is the Boltzmann constant. 

Even for UO2 the coefficients used in different FPC have a substantial spread: 

 
 pre-exponent activation energy,  

in eV (K) 

1 thermally activated 7.610-10    [m2/s] 3.02(35000)-

3.09(35858) 

2 irradiation induced vacancy 

assisted 

4.8410-18  – 

5.6410-25   [m7/2 s 
-1/2] 

1.19(13800) 

3 athermal 0-8 10-40    [m7]  

In order to improve agreement with experimental data in FRAPCON3, for example, 
the diffusion coefficient was increased by factor 1.7. On the other hand, the 
diffusion coefficients used in various FPC and validated on UO2 already vary by 

decades.  

Involvement and adjustment of other transport mechanisms in FPC’s which 

potentially can enhance FGR in MOX, grain boundary swiping, bubble migration, 
etc, has not been reported. 

 

16.2 Conclusions and recommendations 

Direct use of the diffusion parameters for Fission Gas in UO2 to model Fission Gas 
Release (FGR) in MOX fuel generally would lead to underprediction of FGR. To 

obtain higher values of FGR some models use practical empiric corrections: simple 
multiplication factor or reduction of the threshold burn-up for FGR onset. 

Considering clear demand in reliable prediction of FGR in MOX fuel more physically 
based adaptation of present FPC’s is required. 
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17. Diffusion/migration of U and Pu 

This chapter was originally provided by M.A. Mignanelli (NNL). 

 

17.1 Literature data 

The large radial temperature gradient in a mixed oxide fuel pin during irradiation 

in a fast reactor causes a redistribution of the actinide cations due to diffusion 
(more specifically, thermal diffusion) and/or migration of certain species.  

After many months of irradiation, the net result is a Pu/U molar ratio which is 
higher in the hot, inner region of the fuel pellets than in the cold, outer region. 
Modelling this change in relative Pu concentration is necessary since this has an 

effect on in-reactor fuel performance and potentially also on the ability to reprocess 
the fuel (since solubility in nitric acid decreases with increasing Pu content). With 

respect to in-reactor fuel performance: heat generation by fission becomes higher 
in the inner region, leading to increases in fuel centreline temperature; and the 
local thermal conductivity, creep rate and solidus/liquidus temperatures along the 

fuel radius are altered, although it is important to note that these are also strongly 
affected by changes in local stoichiometry (that is, in oxygen-to-metal molar ratio). 

The change in Pu/U molar ratio is difficult to measure, but has been observed in 
high burn-up fuel irradiated with high centreline temperatures (e.g. by electron 
probe microanalysis (EPMA) of radial fuel sections during post-irradiation 

examination).   

For solid fuel, the processes by which uranium and plutonium can diffuse or 

migrate in the radial temperature gradient have been discussed by Clement and 
Finnis [Cle78a]. Three possible mechanisms were identified: 

• (a) Pore migration, 

• (b) Migration along cracks, 

• (c) Diffusion in the solid (which can be volume, surface, or grain boundary 

diffusion). 

For molten fuel, an additional solidus-liquidus separation process may occur 

[Bob73a], but this is not considered further in this review. 

A pore migrating towards the centre of the fuel by evaporation-condensation 
provides an opportunity for redistribution of the heavy metal atoms to occur 

(mechanism (a)). Since the vapour pressure of uranium-bearing species (UO2, 
UO3) exceeds that of the plutonium-bearing species (primarily PuO and PuO2), the 

uranium oxides will evaporate faster from the hotter side of the pore, and a Pu-
rich region will therefore build up at the section of the pore surface that is closest 
to the fuel centreline. This local plutonium excess can then diffuse towards the 

centre of the fuel. 

Clement and Finnis [Cle78b] developed a model for pore migration where pores 

are idealised as thin discs. The Pu current (that is, the relative concentration of Pu 
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being transported per unit area per unit time) due to pore migration, JP, is given 

by Eq. 17.1:  

𝐽𝑃 =
𝑝𝐷𝑒

𝑑
. 𝛿𝑐. exp (−

𝐷𝑒

𝑙𝑣
) Eq. 17.1 

where De is the mean value of the Pu diffusion coefficient in the Pu-rich layer in 

front of the migrating pore, p is the volume fraction of the coarse porosity, v is the 

pore velocity, l is the pore diameter, d is the pore thickness, and 

𝛿𝑐 =
𝑙𝑐

20
∇𝑇 Eq. 17.2 

where c is the relative plutonium concentration (i.e. Pu/(U+Pu)) and T is the 

temperature. 

The exponential term in Eq. 17.1 is to allow for the fact that if pore velocities are 

too low, the excess plutonium will have time to migrate around the pores to their 
colder side, thereby tending to negate the plutonium current towards the centre 

of the fuel. 

Preferential evaporation/condensation of the more volatile uranium oxides along 
cracks is another possible mechanism whereby plutonium concentrations could be 

enhanced in the central regions of pellets (mechanism (b)). However, Clement and 
Finnis [Cle78a] have shown that, in practice, the concentration of cracks is too low 

for such a process to have a significant effect. Accordingly, this particular 
mechanism is not considered any further. 

The third mechanism is solid-state diffusion in a temperature gradient (mechanism 

(c)). The plutonium current due to solid-state diffusion, 𝐽𝑆, is represented by Bober 

et al [Bob73a], and by Bober and Schumacher [Bob73b], as given by Eq. 17.3. 

𝐽𝑆 = −𝐷 [∇𝑐 + 𝑐(1 − 𝑐).
𝑄∗∇𝑇

𝑅𝑇2 ] Eq. 17.3 

where 𝐷 is the diffusion coefficient of Pu, 𝑄∗ is the heat of transport, and 𝑅 is the 

gas constant (strictly, 𝐷 is the chemical interdiffusion coefficient of U and Pu, but 

this is equal to the self-diffusion coefficient of Pu to a good approximation). 
Calculations by Clement and Finnis [Cle78a] suggest that, in general, this 
particular mechanism should be the most significant in determining the 

redistribution of uranium and plutonium. In addition, Thetford [The91] has shown 
that, compared with the plutonium current due to solid-state diffusion, the current 

due to pore migration is only significant in the case of fresh fuel, or fuel which has 
experienced very low burn-up (since as irradiation proceeds, the porosity migrates 
to the central void, so that the value of p, and therefore the relative importance of 

this mechanism, drops). Hence, transport by solid-state diffusion should be 
regarded as the most significant mechanism, since it is known that 

uranium/plutonium transport is a fairly slow process that takes place over the 
course of months, if not years. 
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17.1.1 Volume diffusion coefficient  

Recommendation is given here after for the cation diffusion coefficient in 

(U,Pu)O2+x fuel (which is also applicable to UO2+x), where x can be either negative 
(hypostoichiometric fuel) or positive (hyperstoichiometric fuel). The 
recommendation is strictly only applicable out-of-pile, since it is fitted to out-of-

pile data. 

Using the law of mass action and an assumption of local electroneutrality, the 

relative anion vacancy concentration (molar fraction of vacancies), V, is given by 
Eq. 17.4a [Lid66]. 

2𝑉 = −𝑥 + √𝑥2 + 4𝐾𝐹  Eq. 17.4a 

where 𝐾𝐹 is the law of mass action equilibrium constant for the formation of Frenkel 

defects on the anion sub-lattice. Using the expression for 𝐾𝐹 from the derivation 

of the catalogue recommendation for the anion diffusion coefficient then leads to 
Eq. 17.4b. 

2𝑉 = −𝑥 + √𝑥2 + 6.792. 105exp (−
45937

𝑇
)  Eq. 17.4b 

The cation diffusion coefficient is expressed as the sum of three terms for diffusion 
via divacancies (anion-cation vacancy pairs), single cation vacancies, and cation 
interstitials, respectively. The dependence of each of these three terms on the 

relative anion vacancy concentration, 𝑉 (inverse dependence, inverse square 

dependence, and square dependence, respectively) is consistent with a direct 

proportionality to the relative concentrations of divacancies, single cation 
vacancies, and cation interstitials, as shown by Lidiard [Lid66]. The activation 
energies and pre-exponential factors in the three terms were fitted to a variety of 

tracer diffusion coefficient measurements and their associated activation energies 
for both U in UO2 and Pu in mixed oxide fuel. In addition, activation energies 

obtained from creep measurements were included in the fitting exercise. 

The resulting expression for the cation diffusion coefficient, Dc (m2.s-1), is given by 
Eq. 17.5: 

Dc =
2.38. 10−3

V
exp (−

85547

T
) +

32.18

V2
exp (−

115119

T
)

+ 1.97. 10−2V2exp (−
70423

T
) 

Eq. 17.5 

Sample values of the cation diffusion coefficient derived from Eq. 17.5 for the 
hypostoichiometric, stoichiometric and hyperstoichiometric oxides are shown in 

Table 17.1(a) and (b). 

Diffusion coefficients calculated using Eq. 17.5 are compared with the tracer 
diffusion results in Figure 17.1 to Figure 17.3 – the open symbols denote Pu tracer 

diffusion and the closed symbols U tracer diffusion. Figure 17.4 compares the 
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activation energy predicted by the model with that measured from creep 

experiments. The minimum diffusion coefficients and the maximum activation 
energy occur for very slightly hypostoichiometric material. Table 17.2 relates the 

references shown in these figures with the references at the end of this chapter. 

 

Table 17.1: Recommended cation diffusion coefficients for mixed oxide 

fuel. 

Temp 

(K) 

Deviation to stoichiometry 

-0.10 -0.08 -0.06 -0.04 -0.02 

1000 -34.29 -34.48 -34.73 -35.09 -35.69 

1250 -28.17 -28.37 -28.62 -28.96 -29.54 

1500 -24.09 -24.28 -24.53 -24.86 -25.28 

1750 -21.17 -21.36 -21.58 -21.85 -22.01 

2000 -18.97 -19.14 -19.32 -19.47 -19.38 

2250 -17.21 -17.34 -17.44 -17.44 -17.26 

2500 -15.69 -15.75 -15.78 -15.76 -15.68 

2750 -14.29 -14.33 -14.36 -14.37 -14.37 

3000 -13.03 -13.05 -13.08 -13.11 -13.13 

(a) log10D (m2s-1) for hypostoichiometric oxide. 

 

Temp 

(K) 

Deviation to stoichiometry 

0.0 0.02 0.04 0.06 0.08 0.10 0.20 

1000 -32.40 -22.45 -21.84 -21.49 -21.24 -21.05 -20.45 

1250 -26.91 -20.43 -19.82 -19.47 -19.22 -19.03 -18.43 

1500 -23.21 -19.08 -18.48 -18.12 -17.88 -17.68 -17.08 

1750 -20.52 -18.09 -17.50 -17.16 -16.91 -16.72 -16.12 

2000 -18.48 -17.29 -16.75 -16.41 -16.17 -15.98 -15.39 

2250 -16.88 -16.42 -16.05 -15.78 -15.56 -15.38 -14.81 

2500 -15.55 -15.40 -15.23 -15.08 -14.93 -14.80 -14.32 

2750 -14.36 -14.32 -14.28 -14.23 -14.17 -14.11 -13.80 

3000 -13.15 -13.16 -13.17 -13.18 -13.18 -13.18 -13.12 

(b) log10D (m2s-1) for stoichiometric and hyperstoichiometric oxide. 

  



D3.9 – New MOX fuel and PuO2 properties catalogue (20 – 70 % Pu range) 

 197 
This project has received funding from the Euratom research and 

training programme 2019-2020 under grant agreement No 945022. 

  

Figure 17.1: Comparison of 

recommendation with 

experiments for MO2. 

Figure 17.2: Comparison of 

recommendation with experiments 

at 1773K. 

  

Figure 17.3: Comparison of 

recommendation with 

experiments at 1873K. 

Figure 17.4: Comparison of 

recommendation with the 

activation energy from creep data. 
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Table 17.2: Related references for Figure 17.1 to Figure 17.4. 

Ref on Figure 17.1 to Figure 17.4. Associated reference 

Alcock et al (1965) [Alc65] 

Reimann and Lundy (1969) [Rei69] 

Lambert (1979) and Matzke (1983) [Mat83b] 

Marin and Contamin (1969) [Mar69] 

Hawkins and Alcock (1968) [Haw68] 

Matzke (1969) [Mat69] 

Seltzer et al (1971) [Sel71] 

Routbort et al (1972) [Rou72] 

 

17.1.2 Surface and grain boundary diffusion 
coefficients 

The recommended equation for calculating the surface cation self-diffusion 
coefficient (which was derived for UO2) is given by [Mat83b] as per Eq. 17.6. 

𝐷𝑐(𝑠𝑢𝑟𝑓) = 50. exp (−
54152

𝑇
)              [𝑚2. 𝑠−1] Eq. 17.6 

However, Matzke [Mat83b] places no great confidence in this expression due to 
the significant uncertainty. (It should be noted that there is a typographical error 
in this reference [Mat83b] for the pre-exponential factor, which was incorrectly 

derived from a previous survey [Mat76].)   

Lambert [Lam78, Mat83b] has used his measured volume diffusion coefficients to 

re-analyse the UO2 data of Yajima et al [Yaj66] and obtained the following 
expression for the grain boundary diffusion coefficient: 

𝐷𝑐(𝑔𝑏) = 2.62. 10−3 exp (−
39587

𝑇
)              [𝑚2. 𝑠−1] Eq. 17.7 

A grain boundary diffusion coefficient has also been deduced by Reynolds and 
Burton from UO2 creep and sintering measurements [Rey79] and is given in Eq. 
17.8. 

𝐷𝑐(𝑔𝑏) = 1.38. 10−6 exp (−
28760

𝑇
)              [𝑚2. 𝑠−1] Eq. 17.8 

Eq. 17.8 gives values about an order of magnitude lower than Eq. 17.7 in the 
temperature region where Eq. 17.7 was obtained (2173 – 2423 K), and is broadly 

consistent with the values deduced by Olander [Ola87] in mixed (U,Th)O2. 
However, it is recommended that Eq. 17.7 should be used to calculate the grain 



D3.9 – New MOX fuel and PuO2 properties catalogue (20 – 70 % Pu range) 

 199 
This project has received funding from the Euratom research and 

training programme 2019-2020 under grant agreement No 945022. 

boundary diffusion coefficient, although it was noted that no great confidence 

should be placed in the values obtained.  

Neither of the recommendations above take account of the effects of deviations 

from stoichiometry. This is because there were said to be no reliable data available 
on these effects for either surface or grain boundary diffusion coefficients. Marin 
[Mar69] has shown that the grain boundary diffusion coefficient is much larger in 

hyperstoichiometric UO2 than stoichiometric material (activation energy falls from 
2.95 eV to 1.99 eV) but the data were judged to be too scattered to be used as 

the basis for a recommendation which is dependent on deviation from 
stoichiometry. 

Studies on actinide redistribution mechanisms in mixed oxide fuel have been 

reported by Di Marcello et al [Mar14]. Models for the solid-state thermal diffusion 
and vapour transport of plutonium and americium were incorporated into the 

TRANSURANUS fuel performance code [Las92]; the effect of fuel non-
stoichiometry on both diffusion coefficient and pore velocity was taken into 
account.  The actinide redistribution occurring by thermal diffusion was determined 

using the approach derived by Bober et al [Bob73a] (as previously described). The 
Pu diffusion coefficient was that proposed by Bober and Schumacher [Bob73b] (for 

fuel with an O/M ratio of 1.98) adjusted by a function F(O/M) to take account of 
the dependence on deviation from stoichiometry as given in Eq. 17.9. 

𝐷𝑐 = 3.4. 10−5exp (−
55891

T
)

𝐹(
𝑂
𝑀)

𝐹(1.98)
              [𝑚2. 𝑠−1] Eq. 17.9 

The function F(O/M) was developed based on the available experimental data 
[Mar12]. The actinide redistribution occurring by pore migration was modelled by 

the approach of Clement and Finnis [Cle78a] (as previously described). 

The TRANSURANUS plutonium and americium transport models were validated 

against post-irradiation examination data from two short-term irradiation 
experiments – B11 and B14 – performed in the JOYO experimental fast reactor 
[Mae09, Mae11]. The fuel tested was MOX with minor actinide additions. The 

calculated actinide distribution is in good agreement with the experimental data, 
although it was noted that more accurate measurements of pore velocity and Pu 

diffusion coefficient as a function of O/M ratio and temperature are required to 
improve predictions of Pu transport; the results for pin PTM0001 containing 
U0.666Pu0.31Am0.024O1.98 are shown in Figure 17.5. These results, together with those 

from simulated irradiations to higher burn-ups, confirm that under normal 
operation conditions with a decreasing fuel power, redistribution via pore migration 

is important only during the central hole formation at the beginning of life, whereas 
thermal diffusion represents the dominant effect for long-term irradiation. 
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Figure 17.5: Calculated and measured normalised radial profiles of U, Pu 

(a) and Am (b) for the PTM0001 fuel pin from the JOYO B14 experiment 

[Mar14]. 

The computer code FEAST-OXIDE has been developed to predict the steady-state 
and transient behavior of mixed oxide fuel in sodium-cooled fast reactors [Kar10]. 

Pu transport is simulated using Bober et al’s model for solid-state diffusion 
[Bob73a], with the same Pu diffusion coefficient. The FEAST-OXIDE code was 

benchmarked against the available FFTF, EBR-II and JOYO database for steady-
state and transient irradiations. The agreement for all these benchmarks was 
satisfactory. 

Both the TRANSURANUS and FEAST-OXIDE Pu transport models described above 
were based on equivalent models in the CEDAR code [Ish01]. The CEDAR 

predictions were validated against experimental data from various irradiations (up 
to burn-ups of 110 GWd/t) of JNC MOX fuel with O/M ratios of 1.95 to 1.99 and Pu 

contents of 27 to 30 wt%. Measured radial Pu profiles have been published for two 
specimens – XD0992 and XD1071 – both of which were irradiated for 560 effective 
full power days to a burn-up of ~ 110 GWd/t. XD0992 had an O/M ratio of 1.99 

and a Pu content of 27 wt%, while XD1071 had an O/M ratio of 1.955 and a Pu 
content of 30 wt%. 
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Using single crystal and polycrystalline UO2 specimens, measurements of uranium 

volume and grain boundary diffusion coefficients have been made by Sabioni et al 
[Sab98, Sab00] using a 235U tracer and depth profiling by secondary ion mass 

spectrometry (SIMS). The measured volume and grain boundary diffusion 
coefficients are both orders of magnitude lower than those obtained by other 
researchers, and those predicted by this catalogue recommendations. This was 

ascribed to a deficiency in measured volume diffusion coefficients (which in turn 
are used to determine measured grain boundary diffusion coefficients) from earlier 

work – that is, that the coefficients from earlier work incorrectly included the 
effects of grain boundary diffusion. However, this is inconsistent with the data 
analysis used in developing the recommendations for this catalogue, and so the 

data of Sabioni et al are not considered further here. 

The Reynolds and Burton cation grain boundary diffusion coefficient expression 

[Rey79] was modified by Kogai [Kog97] and adopted as a fission gas atom grain 
boundary diffusion coefficient in his light water reactor fission gas release and 
swelling model. The same diffusion coefficient was implemented in the fission gas 

release model of Van Uffelen [Uff02]. The modification by Kogai gives diffusion 
coefficients which are in good agreement with Lambert’s correlation [Lam78]. 

Thus, the work of Kogai and Van Uffelen provides indirect support to thiscatalogue 
recommendation for the cation grain boundary diffusion coefficient. 

 

17.2 Conclusions and recommendations 

The results from the recent investigations on cation diffusion/migration do not 
necessitate any changes of the recommendations for Pu diffusion coefficients (that 

is, volume, surface and grain boundary diffusion coefficients). However, the 
recommended volume diffusion coefficient is strictly only applicable out-of-pile. In-

pile, solid-state diffusion is enhanced by an irradiation-induced contribution, Dirr. 
This contribution is generally taken to be that derived by Matzke [Mat83a], namely 

Dirr = 1.2. 10−39Ḟ              [𝑚2. 𝑠−1] Eq. 17.10 

where F ̇ is the fission rate (fissions.m-3.s-1). 

It should be noted that a value for grain boundary width is required in any 

application of the recommended grain boundary diffusion coefficient. The value 
used should be consistent with that assumed in the derivation of the grain 

boundary diffusion coefficient. Hence, Lambert’s value [Lam78] should be used. 

With respect to the heat of transport for Pu thermal diffusion, a value was not 
originally recommended in this catalogue. However, Bober and Schumacher’s 

value of -146.5 kJ.mol-1 [Bob73b] is used in TRANSURANUS [Mar14], FEAST-
OXIDE [Kar10] and CEDAR [Ish01], and can therefore be recommended here. 

New (post-1990) experimental data obtained from the post-irradiation 
examination of irradiated MOX fuel should be assessed to validate the Pu transport 

models currently used in fuel performance codes. Data of interest are on the 
evolution of the Pu concentration radial profile as a function of the radial 
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temperature profile, burn-up, O/M ratio and Pu content. The published data used 

to validate the TRANSURANUS, FEAST-OXIDE and CEDAR codes  would be a good 
starting point. 
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18. Diffusion/migration of oxygen 

This chapter was originally provided by M.A. Mignanelli (NNL). 

 

18.1 Literature data 

The large radial temperature gradient in a mixed oxide fuel pin during irradiation 
in a fast reactor causes a redistribution of oxygen due to diffusion and/or migration 

of certain species [Sar74]. The diffusion of anions (O2-) in MO2 (M=U1-xPux) is very 
much faster than that of cations [Mat86a] (Pu3+, Pu4+, U4+) with the ratio DO/DM 

typically ~107 at a typical fuel operating temperature of 0.6 Tmelt (~ 1800 K, taking 
the melting temperature, Tmelt, as the liquidus point of U0.8Pu0.2O1.99, which is 
~3055 K). This factor contributes to the rapid redistribution of oxygen in mixed 

oxide fuel in the early stages of irradiation (that is, during the first few hours). 
Modelling the resultant changes in O/M ratio is necessary since this has an effect 

on fuel performance. In particular, the local creep rate, thermal conductivity, 
fission gas diffusion coefficient, and solidus/liquidus temperatures along the fuel 
radius are altered, and the extent of clad corrosion is impacted. 

Fast reactor oxide fuel is initially hypostoichiometric, with an as-manufactured O/M 
ratio which is typically in the range 1.97 to 1.99. As irradiation proceeds and the 

radial temperature gradient is rapidly established, oxygen transport towards the 
cooler peripheral regions occurs, but these peripheral regions do not become 
hyperstoichiometric due to the buffering effect of the internal surface of the clad 

(for example, the formation of Cr2O3). The buffering effect is in turn due to the 
oxygen potential (that is, the partial pressure of oxygen in equilibrium with the 

fuel) increasing significantly as the stoichiometric composition is approached, such 
that any excess oxygen reacts with the clad. 

Further redistribution of oxygen occurs during the course of the irradiation as more 

oxygen is made available due to the production of fission products which are not 
oxidised (that is, inert gases, Cs, Te, I and noble metals). 

18.1.1 Chemical diffusion and self-diffusion 

Matzke gives a good description of chemical diffusion and self-diffusion of oxygen.  

Quoting from his 1986 paper [Mat86b]:  

“For oxidation and reduction, chemical diffusion of oxygen is rate-determining. The 

corresponding diffusion coefficients 𝐷̃ are deduced from measurements of the rate 

at which thermodynamic equilibrium conditions are achieved by diffusion of point 

defects (oxygen vacancies for MO2-x, oxygen interstitials for MO2+x) within the 
chemical gradient set-up [sic] when the oxygen pressure of the gas atmosphere 

or the temperature are suddenly changed. A prerequisite is that oxygen transport 
across the gas-solid interface is fast and not rate-limiting. Most frequently, weight 

changes are measured to determine 𝐷̃. 

If equilibrium is achieved, self-diffusion coefficients D describe oxygen transport. 

Since no suitable radioactive tracers exist for oxygen [...] either mass 



D3.9 – New MOX fuel and PuO2 properties catalogue (20 – 70 % Pu range) 

 205 
This project has received funding from the Euratom research and 

training programme 2019-2020 under grant agreement No 945022. 

spectrometry with 18O, or different suitable nuclear techniques must be used to 

measure diffusion profiles of the naturally occurring inactive 18O isotope [...] 

A somewhat simplified relation [Matzke’s references omitted] between 𝐷̃ and D for 

oxygen diffusion in e.g. UO2+x is given by 

𝐷̃𝑂  = 𝐹𝐷 = 𝐷𝑂 (2+𝑥)

2𝑅𝑇

𝑑{∆𝐺̅(𝑂2)}

𝑑𝑥
  [where 𝐹𝐷 should read 𝐹𝐷𝑂]  

[...] the thermodynamic factor 𝐹 (and hence essentially the oxygen potential 

∆𝐺̅(𝑂2)), varies equally strongly with 𝑥 as does 𝐷𝑂 in UO2+x [...] but has the opposite 

trend. The product of 𝐷𝑂 and 𝐹, and hence 𝐷̃𝑂, are nearly constant and thus fairly 

independent of 𝑥 [...]. The 𝐷̃𝑂 values are very high indeed, thus explaining the 

high rates of oxidation and reduction of the oxides MO2±x.” 

18.1.2 Diffusion in temperature gradient (thermal 
diffusion) 

During an anneal in a radial temperature gradient, the oxygen distribution evolves 

until it reaches a steady state whereby the composition variation with temperature 
along the gradient is unchanging. Two possible mechanisms have been proposed 
for the movement of oxygen in a temperature gradient: the migration of oxygen-

bearing species in the gas phase in equilibrium with the fuel surface; and the solid-
state diffusion of oxygen ions in the bulk of the fuel. 

Gas phase diffusion 

The gas phase mechanism involves the transport of oxygen from the hotter to the 

colder regions of the fuel as a result of the higher equilibrium pressure at the more 
elevated temperatures for a given O/M ratio. Various gases can provide transport 
routes for oxygen via cyclic reactions in the gas phase (e.g. CO/CO2, H2/H2O) 

[Ran67]. Transport is also possible via vaporised metal oxides (e.g. PuO2, UO3, 
Cs2MoO4) [Ola76]. 

Gas diffusion mechanisms require continuous gas phase pathways, such as those 
due to radial cracks or interconnected pores. Therefore in the central regions of 
pellets where these are absent, solid-state diffusion is the operative mechanism 

[Bob73]. 

As emphasised by Olander [Ola76], there are difficulties in explaining oxygen 

transport via gaseous cyclic reactions in hypostoichiometric mixed oxide fuel 
because of the extremely low oxygen potential, and therefore extremely low partial 
pressures of the oxygen-bearing species (e.g. CO/CO2) at low O/M ratios; the slow 

reaction kinetics [Nor79] of oxygen equilibration between gas mixtures and the 
solid could limit the effectiveness of the gaseous diffusion mechanism. In addition, 

migration of oxygen by any gas diffusion mechanism will be reduced by the slow 
transfer between the gas phase and the solid surface, and by back-diffusion within 
the solid [Ait69]. 
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Solid-state diffusion 

The oxygen vacancy current (that is, the atomic fraction of oxygen vacancies in 
the anion sub-lattice being transported per unit area per unit time) due to solid-

state diffusion, J, for fuel with composition (U,Pu)O2-x is given by [Sar76] and 
shown in Eq. 18.1. 

𝐽 = −𝐷 [
∇𝑥

2
+

𝑥

2
(1 −

𝑥

2
) .

𝑄∗∇𝑇

𝑅𝑇2 ] Eq. 18.1 

where D is the oxygen bulk diffusion coefficient, Q∗ is the heat of transport, T the 

absolute temperature and R the gas constant. The heat of transport is an 

irreversible thermodynamic quantity and relates the flow of heat associated with 

material transport in an isothermal system [Nor79, How64]. However, since the 
appropriate value that is used in the equation is derived from experimental data 

and differs from this particular definition, Q* is in practice replaced by the 
experimentally-derived value Q to avoid confusion, and is referred to as the 
Arrhenius slope. 

When steady state is attained, i.e. J=0,  

𝑙𝑛 𝑥 =
𝑄

𝑅𝑇
+ 𝐴 Eq. 18.2 

where 𝑥 is the stoichiometry deviation, 𝐴 is a constant and 𝑄 the Arrhenius slope. 

For a given initial fuel composition, 𝑄 and 𝐴 can therefore be determined by fitting 

to experimental curves of 𝑙𝑛 𝑥 versus 1 𝑇⁄ . For fuel modelling purposes, 𝑄 as a 

function of 𝑥 can be derived from fits to multiple experiments with different fuel 

compositions, with 𝐴 fixed at each axial elevation to give the required pellet cross-

section averaged 𝑥 value (taking into account any axial migration of oxygen and 

any loss of oxygen from the pellet). 

18.1.3 Recommended equations for anion self-
diffusion 

In the case of stoichiometric oxide, MO2, the recommended equation for the anion 

self-diffusion coefficient is given by Eq. 18.3 [Mat87] 

𝐷(𝑠𝑡𝑜𝑖)
𝑂 = 2.6. 10−5 exp (

−29876

𝑇
)                [𝑚2. 𝑠−1] Eq. 18.3 

where 𝑇 = absolute temperature.   

In the case of hypostoichiometric oxide (MO2+x, with x negative), the 
recommended equation for the anion self-diffusion coefficient is given by Eq. 18.4 
[Kim81] 
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𝐷(ℎ𝑦𝑝𝑜)
𝑂 = 2.2. 10−8|𝑥| exp (

−5884

𝑇
)                [𝑚2. 𝑠−1] Eq. 18.4 

Assuming oxygen diffusion in hypostoichiometric material is via a vacancy 

mechanism, the vacancy diffusion coefficient, 𝐷𝑦 = 𝐷(ℎ𝑦𝑝𝑜)
𝑂 |𝑥|⁄ . (Arguably, the right-

hand side should be multiplied by a factor of two [Sar76], but this can probably 

be ignored given the uncertainty in the diffusion coefficients.) 

In the case of hyperstoichiometric oxide (MO2+x, with x positive), the 
recommended equation for the anion self-diffusion coefficient is given by Eq. 18.5 

[Con72, Mur87]. 

𝐷(ℎ𝑦𝑝𝑒𝑟)
𝑂 = 2.5. 10−7𝑥 exp (

−10590

𝑇
)                [𝑚2. 𝑠−1] Eq. 18.5 

Assuming oxygen diffusion in hyperstoichiometric material is via an interstitial 

mechanism, the interstitial diffusion coefficient, 𝐷𝑖 = 𝐷(ℎ𝑦𝑝𝑒𝑟)
𝑂 𝑥⁄ . 

Due to the limited amount of data on mixed oxide fuel available in 1990, all 
equations above are fitted to uranium oxide data; it is assumed that the anion 

self-diffusion coefficient is unaffected by the partial replacement of uranium by 
plutonium at a particular temperature and O/M ratio.  

In terms of a general equation for 𝐷𝑂 that can be used for any stoichiometry, it is 

recommended that the expression 𝐷𝑂 = 𝐷𝑖 𝑖 +  𝐷𝑣  𝑣 is employed, where 𝑖 is the 

molar fraction of interstitials, and 𝑣 is the molar fraction of vacancies. Using the 

defect model of Lidiard [Lid66] to derive expressions for 𝑖 and 𝑣 as a function of x, 

the formula for 𝐷𝑂 becomes : 

𝐷𝑂 = 𝐷𝑖 [
(𝑥2 + 4𝐾𝐹)1/2 + 𝑥

2
] + 𝐷𝑣 [

(𝑥2 + 4𝐾𝐹)1/2 − 𝑥

2
] Eq. 18.6 

where 𝐾𝐹 is the law of mass action equilibrium constant for the formation of Frenkel 

defects on the anion sub-lattice. 

Since 𝑖2 = 𝐾𝐹 for stoichiometric material (for which 𝑖 = 𝑣 is assumed),  

𝐾𝐹 = (𝐷(𝑠𝑡𝑜𝑖)
0 (𝐷𝑖 + 𝐷𝑣)⁄ )

2
  using the formulae above for 𝐷(𝑠𝑡𝑜𝑖)

0 , 𝐷𝑖 and 𝐷𝑣 and fitting to 

the resulting predictions of ln 𝐾𝐹 as a function of 1 𝑇⁄  gives 

𝐾𝐹 = 1.698. 105 exp (
−45937

𝑇
) Eq. 18.7 

This implies a Frenkel defect formation energy of 3.96 eV, which is consistent with 

the other determinations (see discussion in [Mur87] and [Mat87]). The pre-
exponential factor is much more liable to error; however, it is probably correct to 

within an order of magnitude. The value obtained by Hyland [Hyl84] from oxygen 
potential data is qualitatively different and should probably be rejected.   
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Eq. 18.6 may be used at all temperatures up to the melting point. However, at 

temperatures above the fast-ion transition (2670K) it may overestimate the self-
diffusion coefficient. At high non-stoichiometries, above about x = 0.15, this 

expression significantly overestimates the self-diffusion coefficient. Recommended 
values of the anion self-diffusion coefficient for hypostoichiometric, stoichiometric 
and hyperstoichiometric mixed oxide fuel (as derived from Eq. 18.6 and Eq. 18.7) 

are shown in Table 18.1. 

Table 18.1: Recommended anion self-diffusion coefficients for mixed 

oxide fuel. 

Temp 

(K) 

Deviation to stoichiometry 

-0.10 -0.08 -0.06 -0.04 -0.02 0.00 

500 -13.77 -13.87 -13.99 -14.17 -14.47 -30.10 

750 -12.06 -12.16 -12.29 -12.46 -12.76 -21.74 

1000 -11.21 -11.31 -11.43 -11.61 -11.91 -17.53 

1250 -10.70 -10.80 -10.92 -11.10 -11.40 -14.97 

1500 -10.36 -10.46 -10.58 -10.76 -11.06 -13.22 

1750 -10.12 -10.21 -10.34 -10.52 -10.82 -11.95 

2000 -9.93 -10.03 -10.15 -10.32 -10.60 -10.99 

2250 -9.77 -9.86 -9.96 -10.07 -10.19 -10.23 

2500 -9.53 -9.57 -9.60 -9.63 -9.63 -9.62 

2750 -9.14 -9.14 -9.14 -9.14 -9.13 -9.11 

3000 -8.72 -8.72 -8.71 -8.71 -8.70 -8.69 

(a) log10D (m2s-1) for hypostoichiometric and stoichiometric oxide. 

Temp 

(K) 

Deviation to stoichiometry 

0.02 0.04 0.06 0.08 0.10 0.20 

500 -17.50 -17.20 -17.02 -16.90 -16.80 -16.50 

750 -14.43 -14.13 -13.96 -13.83 -13.73 -13.43 

1000 -12.90 -12.60 -12.42 -12.30 -12.20 -11.90 

1250 -11.98 -11.68 -11.50 -11.38 -11.28 -10.98 

1500 -11.37 -11.07 -10.89 -10.77 -10.67 -10.37 

1750 -10.93 -10.63 -10.45 -10.33 -10.23 -9.93 

2000 -10.57 -10.29 -10.12 -10.00 -9.90 -9.60 

2250 -10.11 -9.96 -9.83 -9.72 -9.63 -9.34 

2500 -9.58 -9.53 -9.47 -9.41 -9.35 -9.11 

2750 -9.10 -9.08 -9.05 -9.03 -9.00 -8.86 

3000 -8.68 -8.67 -8.66 -8.65 -8.64 -8.57 

(b) log10D (m2s-1) for hyperstoichiometric oxide. 

Figure 18.1 shows oxygen self-diffusion coefficient values as a function of the O/M 
ratio at four different temperatures as predicted by Eq. 18.6. 
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Figure 18.1: Oxygen self-diffusion coefficient values (Eq. 18.6) 

There has been very limited new open literature information on anion diffusion in 

mixed oxide fast reactor fuel published since 1990. In fact, the only new 
experimental data that could be found were those published by Kato et al [Kat09]. 
They measured the kinetics of the reduction and oxidation of (U0.8Pu0.2)O2-x and 

(U0.7Pu0.3)O2-x in Ar/H2/H2O using thermo-gravimetry. The O/M ratios in the 
reduction process exhibited an inverse exponential dependence with time. In 

addition, the time to reach equilibrium was dependent on Pu content, but almost 
independent of the initial O/M ratio. On the other hand, the O/M ratios in the 
oxidation process varied linearly with time, and the time to reach equilibrium was 

dependent on initial O/M ratio, but independent of Pu content. These measurement 
results showed that the mechanisms of the O/M ratio changes in the reduction 

process and the oxidation process were distinctly different. Therefore, the oxygen 

chemical diffusion coefficients 𝐷̃ were estimated from the reduction curves only. 

The oxygen chemical diffusion coefficients were expressed by Eq. 18.8 and Eq. 
18.9 and are plotted in Figure 18.2 as a function of reciprocal temperature, 

together with data from other studies. 

𝑙𝑛𝐷̃ = (−
60000

𝑅𝑇
) + ln(3.03. 10−4)         [𝑐𝑚2. 𝑠−1]         (𝑈0.8𝑃𝑢0.2)𝑂2−𝑥 Eq. 18.8 

𝑙𝑛𝐷̃ = (−
88000

𝑅𝑇
) + ln(1.57. 10−3)         [𝑐𝑚2. 𝑠−1]         (𝑈0.7𝑃𝑢0.3)𝑂2−𝑥 Eq. 18.9 

Eq. 18.8 and Eq. 18.9 give activation energies of 60 and 88 kJ.mol-1 for 
(U0.8Pu0.2)O2-x and (U0.7Pu0.3)O2-x, respectively. It was concluded that the oxygen 

chemical diffusion coefficient in (U0.7Pu0.3)O2-x was smaller than that of 
(U0.8Pu0.2)O2-x. The diffusion coefficient did not depend strongly on the O/M 

variation of samples.  



D3.9 – New MOX fuel and PuO2 properties catalogue (20 – 70 % Pu range) 

 210 
This project has received funding from the Euratom research and 

training programme 2019-2020 under grant agreement No 945022. 

 

 

Fig.ref 

 

Rep. ref 

(13) [Bay84] 

(14) [Dan77] 

(15) [Sar78] 

(16) [Bay79b] 

(19) [Bay79a] 

Figure 18.2: Comparison of literature oxygen chemical diffusion 

coefficients and values obtained in the work of Kato et al [Kat09]. 

The data from the other works indicate larger coefficients. In these studies, the 
oxygen chemical diffusion coefficients were determined from kinetics of the 

oxidation process observed by placing samples in an atmosphere of CO2/CO heated 
to the test temperatures. Kato et al argue that such experimental conditions are 

difficult to control and that this may affect the experimental results.  

The “defect diffusion coefficients” D* of (U1-yPuy)O2-x were estimated from the 
oxygen chemical diffusion coefficients measured in this work, but it is unclear 

whether these are actually defect (i.e. vacancy) diffusion coefficients, or anion self-
diffusion coefficients. 

 

18.2 Conclusions and recommendations 

The results from the recent investigations on anion diffusion/migration do not 

necessitate any changes of the recommendation for the oxygen self-diffusion 
coefficient. With respect to the effective heat of transport (Arrhenius slope, Q) for 
oxygen solid-state diffusion, the oxygen chemical diffusion coefficient, and 

parameters associated with gas phase diffusion, no recommendations were made. 
An analysis of the available data – including the post-1990 data of Kato et al for 

the chemical diffusion coefficient – would be required to allow recommendations 
to be made; this would then enable the requirements for future experiments on 
oxygen transport (if any) to be determined (the work of Kato et al suggests that 

new experimental data on the oxidation/reduction kinetics of mixed oxide fuel as 
a function of gas atmosphere, grain size and sample density could provide a better 

understanding of oxygen chemical diffusion in this fuel type). However, it should 
be noted that: (a) the combined effects of solid-state diffusion and gas phase 
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diffusion on oxygen transport are generally modelled using either Eq. 18.1 

(transient) or Eq. 18.2 (steady state), with the effective heat of transport implicitly 
covering the effects of both phenomena; (b) the usual assumption made in oxygen 

transport calculations for hypostoichiometric MOX fuel (as relevant here) is that 
the chemical diffusion coefficient is approximately equal to the self-diffusion 
coefficient (since the fuel can be considered to be a dilute solution of vacancies in 

the oxygen sub-lattice). 
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19. Oxygen potential 

This chapter was originally provided by S. Portier (PSI). 

 

19.1 Literature data 

In 1990, R.G.J. Ball recommended a model developed by Lindemer and Besmann 
[Lin85, Bes85]. The experimental data base used for development of the model 

can be found in the R.G.J. Ball review [Bal89] on the subject. As noticed by Ball, 
the proposed model is a mathematical solution providing the oxygen potential of 

fresh mixed oxide fuel as a function of the plutonium enrichment Pu/(U+Pu), the 
temperature T in Kelvin and the oxygen to metal ratio (O/M) and does not describe 
any physical mechanism. Moreover, this model fits experimental results for O/M 

between 1.9 and 2.07 and should not be extended out of this range without 
previous experimental validation. In the other hand, by using this model, the 

calculation of the oxygen potential is possible for all temperatures, compositions 
and O/M ratios (within the range of validation). 

Several models, based on a large amount of experimental data and taking into 

account various physical descriptions have been developed since 1990. 4 models 
in particular are interesting:  

• The defect theory model aims to assess the concentration of different kind of 
defects, such as oxygen vacancies, inserted oxygen atoms, but also cluster 
defects, Frenkel defects or intrinsic ionization [Nak86, Kar06, Sas99, Kat05, 

Kat09, Kat11] to deduce the oxygen potential. In practical, the model has been 
elaborated from measurements data of oxygen potentials as functions of 

temperature and pO2 (oxygen partial pressure) to estimate the concentrations 
of the point defects in fresh MOX. The model has been validated using set of 
experimental data, but only for few given composition and temperature. The 

temperature dependency has been implemented in the model but no 
development has been performed to enable the calculation for varying 

composition. A comparison with the previous used model is shown in Figure 
19.1. 

• The valence model is based on the work of Blackburn, started on UO2 oxygen 

potential calculation from concentration of uranium atoms with various 
valences (2+ and 4+) [Bla73]. Fujino et al. extended the model to calculate 

the oxygen potential of irradiated MOX (intra-cations complex model) [Fuj93]. 
In this model, the different fission products are taken into account as a function 
of their valence (3+ for Y, La, Pr, Nd, Pm and Sm ; 4+ for Ce and Zr). This 

allows assessing the oxygen potential as a function of the original Pu 
enrichment, the burn-up, the temperature and the O/M ratio. Therefore this 

model has been validated only for existent experimental data on simulated 

fuels [Woo78] and irradiated fuels [Mat88], i.e. only for given original Pu content 
and given burn-up, implying that an effort is required for extending and 
validating it for larger range of enrichment and burn-up. For irradiated fuels, 
the amount of different fission products of interest was computed with the 

ORIGEN2 program [Cro81, Nak90]. A comparison with the previous used 
model is shown in Figure 19.2. 
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• The thermochemical approach [Lin85, Kri84] has been applied to MOX by 

S. Vana Varamban et al. [Van09]. The idea is to consider the MOX fuel as a 
pseudo-quaternary solid solution of UO2-UcOd-PuO2-PuaOb, with b = 1.5 a and 

d = 2.25 c. In this approach, the UcOd is U4O9-type and PuaOb is Pu2O3-type. 
The model has been validated using the experimental data from Woodley 
[Woo79] for 25 % Pu at 1073 K and 1273 K. 

• Using the CALPHAD method, which enables to describe both the phase diagram 
and all the thermodynamic properties of the phases, thermochemical models 

have been developed by Chevalier et al. [Che98, Che02] and Guéneau et al. 
[Gué02] for U-O and by Kinoshita et al. [Kin03] and Guéneau et al. [Gué08] 
for Pu-O. The oxygen potentials of MOX with different Pu content and O/(U+Pu) 

have been calculated combining the previous three binary systems, and then 
adjusted with a few ternary interactions parameters to fit available 

experimental data [Gué11]. A very good agreement is obtained with all the 
available experimental data, as shown in Figure 19.3.  

 

Figure 19.1: Comparison between the current model (Ball model) and 

the defects model [Kat11] for U0.7Pu0.3O2±x at 1000K. 

 

Figure 19.2: Comparison between the current model (Ball model) and 

the valence model [Fuj93] for U0.75Pu0.25O2-x at 1000K. 
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Figure 19.3: Calculated oxygen potential of MOX as a function of  

O/(U + Pu) ratio: (a) with 10% Pu at 1073, 1223, 1273, 1373 and 1473 K; (b) with 

30% Pu at 1073, 1223, 1273, 1373, 1423, 1473, 1573, 1623, 1713, 1810, 1815 K 

(figures and references for experimental data can be found in [Gué11]). 

 

19.2 NEA recommendation 

The recommended law in [NEA25] for oxygen potential is the one proposed by 
Kato [Kat17] expressing O/M ratio as functions of Pu content, PO2 and temperature 
and given in Eq. 19.1. 

 

Eq. 
19.1 

Where R is gas constant (8.3145 J/mol.K), T is absolute temperature, CPu is Pu 
concentration Pu/(Pu + U) and PO2 is oxygen partial pressure (in 0.101 MPa). 

Eq. 19.1 fits the available data very well for PuO2 contents of 40-68%. 

At lower Pu contents (≤ 40%), Eq. 19.1 should be used with an adjustment to the 

input value used for the temperature term as per Eq. 19.2. 

𝑇𝑎𝑑𝑗𝑢𝑠𝑡𝑒𝑑 = 𝑇𝑎𝑐𝑡𝑢𝑎𝑙 + 0.16 ∗ 𝑆 ∗ (1773 − 𝑇𝑎𝑐𝑡𝑢𝑎𝑙)  Eq. 19.2 

𝑆 = 1 (1 + exp(−3)∗(100∗(0.335−𝐶𝑃𝑢)) ⁄ ) Eq. 19.3 



D3.9 – New MOX fuel and PuO2 properties catalogue (20 – 70 % Pu range) 

 216 
This project has received funding from the Euratom research and 

training programme 2019-2020 under grant agreement No 945022. 

While the effects of temperature, Pu content and O/M in the hypostoichiometric 

and hyperstoichiometric regions result in a gradual increase in oxygen potential, 
there is a point of inflection in the stoichiometric transition region (O/M of 

approximately 1.99 to 2.01), which shows a dramatic increase. The need to avoid 
reaching this inflection and triggering excess clad corrosion is the reason why fast 
reactor MOX fuels are designed to be hypostoichiometric, typically with O/M of 

~1.97. 

Effect of minor actinide could be considered using the recommendation of Hirooka 

[Hir20] which consists in using an adjustment to the input value used for the Pu 
content in Eq. 19.1 as per Eq. 19.4. 

𝐶𝑃𝑢𝑀𝐴 = 𝐶𝑃𝑢 + 2.5 ∗ 𝐶𝐴𝑚 + 0.5 ∗ 𝐶𝑁𝑝 Eq. 19.4 

Regarding, effect of burn-up, the unirradiated temperature adjusted/unadjusted 
versions of Kato’s Equation can still be recommended to calculate the radial 

changes in oxygen potential in irradiated material by inputting values of O/M for 
different radii, calculated separately using the preferred model for differential Pu-

O transport. 

For both the unadjusted and adjusted temperature versions of Kato’s Equation, 
uncertainties in oxygen potential of ±50 kJ/mol and O/M of ±0.0025 are 

recommended. 

 

19.3 Conclusion and recommendations 

From the bibliographic review, it appears clearly that the new models developed 
are based on real phenomena to describe the oxygen potentials variations as a 
function of the original Pu fraction in the fuel, the temperature and the 

stoichiometry (O/M ratio). The model developed by Guéneau et al [Gué11] exhibits 
the best agreement with all the data found in the literature and allows to calculate 

the oxygen potential for a wide range of temperature, composition and 
stoichiometry. It appears to be the current best model to calculate oxygen 

potentials in MOX. 

 

19.4 References 

[Bal89] R.G.J. Ball, 1989, AERE-R13395, AGT 010101/P15. 

[Bes85] T.M. Besmann, T.B. Lindemer, J. Nucl. Mater. 130 (1985) 489. 

[Bla73] P.E. Blackburn, J. Nucl. Mater. 46 (1973) 244. 

[Che98] P.Y. Chevalier, E. Fischer, J. Nucl. Mater. 257 (1998) 213. 

[Che02] P.Y. Chevalier, E. Fischer, B. Cheynet, J. Nucl. Mater. 303 (2002) 1. 

[Cro81] A. G. Croff, J. W. McAdoo,  M. J. Bjerke, ORNL-TM-7176 (1981).  



D3.9 – New MOX fuel and PuO2 properties catalogue (20 – 70 % Pu range) 

 217 
This project has received funding from the Euratom research and 

training programme 2019-2020 under grant agreement No 945022. 

[Fuj93] T. Fujino, N. Sato, T. Yamashita, K. Ouchi, J. Nucl. Mater. 201 (1993) 

70. 

[Gué02] C. Guéneau, M. Baichi, D. Labroche, C. Chatillon, B. Sundman, J. Nucl. 

Mater. 304 (2002) 161. 

[Gué08] C. Guéneau, C. Chatillon, B. Sundman, J. Nucl. Mater. 378 (2008) 

257. 

[Gué11] C. Guéneau, N. Dupin, B. Sundman, C. Martial, J.C. Dumas, S. Gossé, 

S. Chatain, F. De Bruycker, D. Manara, R.J.M. Konings, J. Nucl. Mater. 419 (2011) 

145. 

[Hir20] S. Hirooka, T. Matsumoto, M. Kato, T. Sunaoshi, H. Uno and T. 

Yamada, Oxygen potential measurement of (U,Pu,Am)O2±x and 

(U,Pu,Am,Np)O2±x, Journal of Nuclear Materials, 542 (2020) 

[Kar06] P. Karen, J. Solid, State Chem. 179 (2006) 3167.  

[Kat05] M. Kato, T. Tamura, K. Konashi, S. Aono, J. Nucl. Mater. 344 (2005) 

235. 

[Kat09] M. Kato, K. Konashi, N. Nakae, J. Nucl. Mater. 389 (2009) 164. 

[Kat11] M. Kato, K. Takeushi, T. Uchida, T. Sunaoshi, K. Konashi, J. Nucl. 

Mater. 414 (2011) 120. 

[Kat17] M. Kato, M. Watanabe, T. Matsumoto, S. Hirooka and M. Akashi, 

Oxygen potential, oxygen diffusion coefficients and defect equilibria of 

nonstoichiometric (U,Pu)O2±x, J. of Nuclear Materials, 487, (2017), pp. 424-432 

[Kin03] H. Kinoshita, M. Uno, S. Yamanaka, J. Alloys Comp. 354 (2003) 129. 

[Kri84] M.V. Krishnaiah, P. Sriramamurti, J. Am. Ceram.Soc. 67 (1984) 568.  

[Lin85] T.B. Lindemer, T.M. Besmann, J. Nucl. Mater. 130 (1985) 473. 

[Mat88] Hj. Matzke, J. Ottaviani, D. Pellotiero, J. Rouault, J. Nucl. Mater. 160 

(1988) 142. 

[Nak86] A. Nakamura, T. Fujino, J. Nucl. Mater. 140 (1986) 113. 

[Nak90] Y. Nakahara, T. Suzuki, K. Gunji, N. Kohno, H. Takano, Z. Yoshida, T. 

Adachi, Radiochim. Acta 50 (1990) 141. 

[NEA25] N. Chauvin et al., Recommendations on Fuel Properties for Fuel 

Performance Codes, NEA/NSC/R(2024)1, July 2025 

[Sas99] K. Sasaki, J. Maeir, J. Appl. Phys. 86 (1999) 5422. 

[Van09] S. Vana Varamban, V. Ganesan, P.R. Vasudeva Rao, J. Nucl. Mater. 

389 (2009) 72.  

[Woo78] R. E. Woodley, J. Nucl. Mater. 74 (1978) 290. 

[Woo79] R. E. Woodley, M. G. Adamsom, J. Nucl. Mater. 82 (1979) 65. 

  



D3.9 – New MOX fuel and PuO2 properties catalogue (20 – 70 % Pu range) 

 218 
This project has received funding from the Euratom research and 

training programme 2019-2020 under grant agreement No 945022. 

20. Grain growth in MOX 

This chapter was originally provided by M. Verwerft (SCK-CEN). 

 

20.1 Literature data 

Grain growth of polycrystalline materials is closely studied in the processing of 
both ceramics and metals. The sintering process of UO2 and (U,Pu)O2 is controlled 

by the interplay of densification (pore mobility) and grain growth (coarsening). In 
the context of in-reactor grain growth, one is interested in the processes that are 

more generally referred to as “late stage sintering”, where non-densifying 
coarsening of both grains and pores occur. Grain growth continues to be driven by 
energy minimization through reduction of free surface and grain boundary surface 

and the dominating microscopic processes in the late stage of sintering are volume 
diffusion and grain boundary diffusion. In the intermediate stage of sintering, the 

pores are still cylindrically shaped and form an interconnected, open network. 
When entering the late sintering stage, the remaining porosity is in majority 
closed. Isolated, lenticular pores are found on the boundaries between grains and 

multi-coordinated pores are found at the contact point between many grains (e.g. 
tetrahedrally shaped at the contact point between three grains). The total surface 

area is minimal when pores are located on grain boundaries, which results in a 
binding energy between a pore and a grain boundary: the pores tend to remain 
attached to the moving grain boundaries. Generally, the mobility of grain 

boundaries is much higher than that of pores and the pores cause the so-called 
“grain boundary drag”. Pore mobility is driven by both surface diffusion (a 

densifying mechanism) and evaporation-condensation (a non-densifying 
mechanism), but for sizeable pores, typically µm-size and above, surface diffusion 
is negligible compared to evaporation-condensation. The various mechanisms are 

detailed in textbooks on the sintering mechanisms (see e.g. [Ger96]). At 
sufficiently elevated temperatures, the coarsening of both grains and pores 

continues during in-reactor stay. 

Proposed theoretical approach for grain growth is based on the modelling of vapor 
pressures of UO2, UO3 and PuO, and taking into account the local temperature, 

pressure and grain boundary porosity fraction. The recommendation refers to two 
publications on experimental observations of MOX grain growth [Sar86, Bai90]. 

In its most simple form, normal grain growth, i.e. grain growth with approximate 
conservation of a uniform grain size distribution is analyzed in terms of the 
shrinkage rate of smaller grains in favor of the larger ones. The driving force is the 

decrease of total energy by decreasing the total grain boundary area and is 
expressed in terms of the radius of curvature. The radius of curvature is inversely 

proportional to the grain diameter, which led to the simple formulation given in 
Eq. 20.1 [Bur49] : 

𝑑𝐷

𝑑𝑡
= 𝑘(𝑇).

1

𝐷
 Eq. 20.1 
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Herein, k(T) takes an Arrhenius form: 𝑘(𝑇) = 𝑘0 exp(
−𝑄

𝑅.𝑇
), with k0 a constant, Q the 

activation energy, R the universal gas constant and T the absolute temperature. 

Eq. 20.1 can be readily integrated and yields to Eq. 20.2: 

𝐷2 −  𝐷0
2 = 𝑘(𝑇) . 𝑡 =   𝑘0 exp(

−𝑄

𝑅. 𝑇
) .  𝑡 Eq. 20.2 

Herein, D0 is the initial grain diameter at t = 0. Apart from very pure systems at 

elevated temperatures, the kinetics of grain growth do not follow the quadratic 
relation of Eq. 20.2. Grain growth in real materials is analyzed according to the 
more general empiric formulation given in Eq. 20.3: 

𝐷𝑛 − 𝐷0
𝑛 = 𝑘0 exp(

−𝑄

𝑅. 𝑇
)  .  𝑡 Eq. 20.3 

Nichols [Nic66] discussed the relation between the exponent, n, and the different 
rate determining transport mechanisms of pore mobility, and for evaporation-

condensation  where the vapor is in equilibrium with the surface tension inside the 
pore (p = 2/r), the exponent n = 3. The activation energy, Q, is to be interpreted 

as the apparent activation energy of the mechanism that is rate determining for 

the grain boundary movement. When surface diffusion is dominant, n = 5 and both 
for volume diffusion and evaporation-condensation with constant pressure, n = 4. 

Grain growth in the presence of a retardation force on grain boundary motion has 
also been expressed as per Eq. 20.4 [Bur49]: 

dD

dt
= k(T).

1

D
− 𝐶 Eq. 20.4 

Herein, C is a constant independent from the grain diameter and accounts for the 

drag forces on grain boundary movement due to interactions with pores and/or 
inclusions. Obviously, the drag force implicitly defines an upper limit of the grain 

boundaries, since 
dD

dt
= 0 when C = k(T).

1

D
 . Eq. 20.4 may thus be rewritten as per 

Eq. 20.5: 

dD

dt
= k(T). (

1

𝐷
−  

1

𝐷𝑚
) Eq. 20.5 

With Dm the limiting grain size. 

Experimental observations of grain growth in UO2 are sometimes interpreted with 
a cubic rate law (Eq. 20.3, with n = 3) [Nic66, Bou01], sometimes with a quartic 

rate law (Eq. 20.3, with n = 4) [Sol86, Glo87, Kog89, Van13] or in terms of the 
formulation involving a limiting grain size (Eq. 20.5) [Ain73].  

In (U1-xPux)O2-y mixed oxide fuels, less experimental results have been published. 
An extensive study annealing periods ranging from 7 minutes to 120 hours on 
stoichiometric and sub-stoichiometric MOX with composition (U0.80Pu0.20)O2.00 and 
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(U0.80Pu0.20)O1.97 was conducted by Sari [Sar86]. The results of an in-pile 

experiment on (U0.68Pu0.32)O1.97 was reported by Bainbridge et al. [Bai90]. Both 
studies interpreted their results in terms of a cubic rate law (Eq. 20.3, with n = 3). 

Recently, a complementary study involving stoichiometric MOX fuels of different 
production routes and enrichments was published by Van Uffelen et al. [Van13]. 
The latter study interprets data for both UO2 and MOX fuels and concludes that the 

total data set is best represented by a quartic rate law (Eq. 20.3, with n = 4). In 
the margin of a study on thermal conductivity MOX fuels, grain growth data were 

obtained by Duriez et al. [Dur00], but the latter data were not interpreted in terms 
of grain growth kinetics by the authors.  

The original data published in references [Sar86, Bai90, Dur00, Van13] have been 

collected for this study and interpreted assuming a cubic rate law (Eq. 20.3, with 
n = 3). Figure 20.1 represents the grain growth coefficient k(T). The observations 

by Sari (Figure 20.1, top) clearly show an Arrhenius-type behavior for k(T), with 
activation energies Q = 319 ± 30 kJ/mol and Q = 446 ± 30 kJ/mol and pre-
exponential factor k0 = 2.55 109 µm3/min and k0 = 1.11 1012 µm3/min for 

stoichiometric and sub-stoichiometric MOX, respectively. The experiments by Sari 
[Sar86] were made on homogeneous MOX fuels produced by a Sol-Gel method 

and the results clearly demonstrate an effect of stoichiometry on the grain growth 
rate, with markedly higher growth rates for stoichiometric than for sub-

stoichiometric MOX. On the same figure, the uncertainty margins as reported by 
Sari for both correlations are also shown. Sari also limits the use of the derived 
correlations to D < 60 µm (beyond which the columnar grain growth sets in, which 

is a non-normal grain growth regime). 

In Figure 20.1 bottom the data published by other authors are represented. Since 

Sari derived his correlation for the kinetic coefficient using the mean linear 
intercept (MLI, see ASTM-E 112) as measure for the grain diameter, the data of 
the other authors were converted where necessary (Duriez et al. [Dur00] also 

reported MLI, Bainbridge et al. [Bai90] and Van Uffelen et al. [Van13] converted 
their direct MLI measurements to true grain size values by multiplying with a 

constant factor of √
3

2
 and 1.5, respectively). One observes that the stoichiometric 

Sol-Gel fuels with 9% and 25% Pu/U + Pu (both reported in [Van13]) are 

consistent with the correlation by Sari. The Micronized Master blend fuel with 
25% Pu/(U + Pu) in [Van13] and the co-milled fuels with 3% - 15% Pu/(U + Pu) 

in [Dur00] present slightly lower grain growth kinetics and approach the lower 
bound of the Sari correlation for sub-stoichiometric MOX. The low-enriched Short 
Binderless Route (SBR) fuel reported by [Van13] shows also low grain growth 

kinetics, which is attributed to the use of pore forming agents (not reported) to be 
used in any of the other productions.   

The in-pile results by Bainbridge et al. [Bai90], although derived from sub-
stoichiometric fuel, show a slightly higher grain growth rate at lower temperatures 
and a slightly lower grain growth rate at elevated temperatures than the 

correlation by Sari [Sar86]. Considering the in-pile oxygen redistribution of sub-
stoichiometric MOX with nominal O/M = 1.97, one expects that in the peripheral 

area, the O/M ratio approaches 2.00, while in the central zone, the oxygen-to-
metal ratio is much lower (see e.g. Olander [Ola76]). 
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Figure 20.1: Kinetic coefficient k(T) derived from grain growth 

observations in MOX.  

Top: the data set and associated model for the kinetic coefficient k(T) for stoichiometric 

and sub-stoichiometric MOX published by Sari [Sar86].  

Bottom: the data published by Bainbridge et al. [Bai90], Van Uffelen et al. [Van13] and 

Duriez et al. [Dur00] are represented together with the model derived by Sari [Sar86]. 

The shaded area corresponds to temperatures lower than 1300 K, where no observable 

grain growth occurs. Data points which correspond to grain shrinkage are set at kinetic 

coefficient 1.0 E-06 rather than deleting them from the representation. 
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20.2 Conclusions and recommendations 

The recommendation develops a mechanistic model for grain growth based on the 

evaporation-condensation mechanism for pore mobility. The uncertainties of the 
experimental data, however, may not entirely justify a modeling approach and the 

correlation originally proposed by Sari for two data sets, one with low grain growth 
kinetics (O/M = 1.97) and the other with high growth kinetics (O/M = 2.00) 
appears to present the upper and lower grain growth kinetics for the data sets 

published since then.  

Within the experimental uncertainties, it is advised to calculate grain growth in 

MOX assuming a cubic rate law (Eq. 20.3, n = 3) and using the upper and lower 
boundaries for the kinetic parameters derived by Sari [Sar86], and limiting the 

maximum grain size to D < 60 µm (using the mean linear intercept concept). By 
doing so, one will obtain a scatter band with the expected upper and lower grain 
growth limits. 

• Upper: k0 = 2.55 109 µm3.min-1 and activation energy Q = 319 - 30 kJ.mol-1 = 
289 kJ.mol-1 

• Lower: k0 = 1.11 1012 µm3.min-1 and activation energy Q = 446 + 30 kJ.mol-1 
= 476 kJ.mol-1 

In full writing, the proposed correlations thus read as: 

• Upper limit: 𝐷3 = 𝐷0
3 +  2.55 . 109 µ𝑚. 𝑚𝑖𝑛−1 exp(

−289 𝑘𝐽/𝑚𝑜𝑙

𝑅.𝑇
)  .  𝑡 

• Lower limit: 𝐷3 = 𝐷0
3 +  1.11 . 1012 µ𝑚. 𝑚𝑖𝑛−1 exp(

−476 𝑘𝐽/𝑚𝑜𝑙

𝑅.𝑇
)  .  𝑡 

With maximum diameter (MLI): Dmax = 60 µm. 
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