
1  IAEA-CN245-171 

Behavior Features of Fuel Elements with Nitride Fuel - Theory and 

Experiment 

 

I.I. Konovalov, M.S. Tarasova, B.A. Tarasov  

 

Russia, Moscow, National Research Nuclear University “MEPhI” 

 

I.I.Konovalov@mephi.ru 

 

The peculiarities of nitride fuel behavior in fast reactors at the stage of fuel-cladding mechanical interaction are 

shown. The atomistic models of irradiation processes (swelling, gas release), taking into account the phase and 

structural state of nitride fuel are presented. The calculated data on the behavior of nitride fuel were compared 

with experimental data, and minimum set of data required for adequate modeling of nitride fuel was proposed. 

Issues related to the deformation of the cladding and the conditions of its breaching were discussed. 

Uranium-Plutonium nitride, fuel element, modeling, irradiation behavior. 

 

1. Features of uranium nitride as nuclear fuel 

The efficiency of fuel element is mainly determined by the stage of fuel cladding mechanical 

interaction (FCMI), when the cladding starts to deform under the swollen fuel at the rate of: 

휀̇ =
1

3
[𝑆𝐹(1 − 𝜂) − 𝑆𝐶𝑙] (1) 

where: 𝑆𝐹 is the fuel swelling, η is the share of the swelling, compensated by internal free 

volume, including fuel porosity,  𝑆𝐶𝑙 is the swelling rate of the fuel cladding. 

The Table 1 shows the qualitative characteristics of various fuels. 

 

TABLE 1: QUALITY FEATURES OF DIFFERENT FUELS IN FAST REACTORS 

 

Parameters UO2 U-alloys UC UN  

Homogeneity region Wide Wide Wide Narrow 

Solubility of solid fission 

products SFP 
High High Average Low 

Thermal conductivity Low High High High 

Homologous operating 

temperatures of fuel and 

steel cladding,  

Fuel  Clad Fuel > Clad Fuel < Clad Fuel < Clad 

Fuel swelling, 𝑆𝐹 Low High Low Low 

Fission gas release, FGR High High Low Low 

Compensation of 

external swelling at 

FCMI, 𝜂  

No FSMI at 

stationary 

conditions 

Low burnup 

𝜂 → 1 

Average burnup 

𝜂 → 0 

Average burnup 

𝜂 → 0 

Stress in cladding 
(root) 

Low  
(pressure 

 of fission gas) 

Average  
(pressure of 

fission gas + fuel)   

High  
(pressure of fuel)  

High  
(pressure of fuel) 
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Restructuring of oxide fuel in fast reactor (FR) leads to almost 100% release of gaseous 

fission products (GFP). That reduces swelling and under stationary operating conditions 

FSMI stage for UO2 is not as critical as for the UN. 

Alloys of U-Zr, Mo, Nb when irradiated in a FR have peripheral layers with the two-phase 

lamellar structure α + γ. Due to the difference in the irradiation behavior the gaps forms at the 

interphase boundaries. At FCMI stage the "soft" plate-like porosity compensates the fuel 

swelling. 

The sintered nitride fuel has spherical porosity with "hard" geometry, a single-phase structure 

changes a little under irradiation. Also unlike U-alloys nitride has homology temperature in 

FR lower than that for steel cladding, and therefore the peripheral nitride core layers are not 

deformable.  

Another feature of the nitride fuel is the absence of significant homogeneity region (see 

FIG.1). Along with low solubility of other elements in uranium nitride (excluding lanthanides 

and carbon), that obstacle leads to a strong dependence of the properties from the initial 

composition and its change during fuel burnup. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
FIG.1. Homogeneity areas of uranium compounds 

2. Swelling and gas release  

Fuel swelling and gas release determines by the behavior of fission gases (FG), among which 

the dominant role has Xe (fission output among other gases > 90%). Figure 2 shows the 

structural parameters that are important for the behavior of Xe atoms.  

The concentration of Xe in the matrix 𝐶Xe is determined by the rate of its generation 𝐾Xe
+ , by 

absorption rate of bubbles in matrix 𝐾XeM
−  and on boundaries 𝐾XeB

− , by thermal 𝐾Xe
𝑇ℎ−and 

athermal 𝐾Xe
𝐴𝑡ℎ−release through the open porosity, as well as "loss" of xenon associated with 

the nucleation of bubbles 𝐾𝑋𝑒𝑁
− : 

𝜕𝐶𝑋𝑒

𝜕𝜏
= 𝐾𝑋𝑒

+ − 𝐾𝑋𝑒𝑀
− − 𝐾𝑋𝑒𝐵

− − 𝐾𝑋𝑒
𝑇ℎ− − 𝐾𝑋𝑒𝑀

𝐴𝑡ℎ− − 𝐾𝑋𝑒𝑁
−  (2) 
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Rate of diffusion processes in (2) are determined by the traditional equations for the chemical 

reactions. The open initial porosity and formed under irradiation at the grain boundaries were 

treated as external sinks, and matrix bubbles as internal sinks for Xe [1]. 

The key point in the simulation of Xe behavior is adequate description of its diffusion. Xe 

diffusion is presented by two components: thermal 𝐷𝑋𝑒
𝑇ℎ and radiation component 𝐷𝑅 [1,2]: 

𝐷𝑋𝑒 = 𝐷𝑋𝑒
𝑇ℎ + 𝐷𝑅 (3) 

In turn, the thermal diffusion in cm2/s is described also by two components: matrix 𝐷𝑚𝑋𝑒
𝑇ℎ  

and boundary 𝐷𝑏𝑋𝑒
𝑇ℎ ,: 

𝐷𝑋𝑒
𝑇ℎ = 𝐷𝑚𝑋𝑒

𝑇ℎ + 𝐷𝑏𝑋𝑒
𝑇ℎ = 5.410−3𝑒𝑥𝑝 (−

2.5𝑓𝑃𝑢

𝑘𝑇
)𝐶𝑉

2 + 

1.410−4𝑒𝑥𝑝 (−

2.65𝑓𝑃𝑢

𝑘𝑇
) (4) 

where: 𝐶𝑉  is the sum of thermal and radiation concentrations of vacancies, 


 is the 

volume share of diffusion boundaries, 𝑓𝑃𝑢  is the reduction factor which depends on 

plutonium content Pu by correlation 𝑓𝑃𝑢 =1 – 0.09Pu/(Pu + U). 

The quadratic term of the vacancies concentration 𝐶𝑉
2 appeared on the assumption that we 

need one vacancy for the destruction of Xe-vacancy complex, the second - for Xe jump. 

The initial value of  for pure nitride (content of impurities C and O < 500 ppm, metal 

impurities from tooling < 100 ppm, the grain size of 25 microns) is about of 210-4, and for 

“dirty” nitride up to 10-3 (content of impurities C and O > 2000 ppm, tooling impurities > 500 

ppm, grain size 5 microns) [3]. The value of initial  increases due to forming of dislocation 

net-work at the beginning of the irradiation, and then due the boundaries forming by the 

fission fragments phases. It can achieve the value of 10-2 at temperatures less than 1000°C and 

burnup more than 10 at.% [4]. At higher temperatures the significance of this factor drops.  

Radiation component of Xe diffusion consists of three parts, cm2/s [1,2]: 

𝐷𝑅 = 10−12𝐾𝑛 + 10−30𝐺 + 5.310−17
𝐺

(𝑇𝑚 − 𝑇)4
 (5) 

where: 𝐾𝑛 is rate of atoms knocking by neutrons (in FR ~ 510-7 s-1), G – fission rate, in fuel 

cm-3s-1, (𝑇𝑚 − 𝑇) is the difference in the melting and irradiation temperatures. The second 

Xe in matrix  

Boundary bubbles 

Initial open 
porosity 

Athermal gas 

release layer 

Irradiation open 

porosity 

FIG. 2. General scheme for calculation of fission gas distribution 

Matrix bubbles 
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term describes the knocking of Xe atoms along fission fragment path (collision cascades), and 

the third term concerns the atomic mixing arising at the end of the path (thermal pike).  

The vacancy concentration under irradiation 𝐶𝑉 is defined by two terms: 

𝐶𝑉 = 𝐶𝑉
𝑇ℎ + 𝐶𝑉

𝑅 = 𝑒𝑥𝑝 (−
2.5𝑓𝑃𝑢

𝑘𝑇
) + √

𝐾𝑛 + 10−19𝐺

𝛼𝑅(𝐷𝑉
𝑇ℎ + 𝐷𝑅)

 (6) 

  

where recombination coefficient 𝛼𝑅 = 5 ∙ 1016 cm-2 [2]. Thermal diffusion of vacancies 

𝐷𝑉
𝑇ℎ described by the Arrhenius equation with D0 = 5.410-3cm2/s and activation energy equal 

to formation energy of 2.5fPu eV [4]. 

Acceleration of Xe thermal diffusion for bubble on a boundary is described by the equation: 
 

𝐷𝑋𝑒В
𝑇ℎ = 𝐷𝑚𝑋𝑒

𝑇ℎ (1 − 𝑘𝑏) + 𝐷𝑏𝑋𝑒
𝑇ℎ 𝑘𝑏 ,    𝑘𝑏 = 


+ (ℎ𝐵/2𝑅𝑏

𝐵)2/3 (7) 
 

where: ℎ𝐵 is the diffusion width of the boundary from 0.5 nm (a grain boundary) to 1 nm (an 

interphase boundary), 𝑅𝑏
𝐵 is the radius of the boundary bubble. 

Change in the number of bubbles, according to the [2], may be described by basic equations: 
 

𝜕𝑁𝑏
𝑀

𝜕𝜏
= 1014𝐶𝑉𝐷𝑋𝑒

𝐶𝑋𝑒

2
𝑁𝐴  ,   𝜕𝑁𝑏

𝐵 = √(𝐷𝑋𝑒
𝑇ℎ + 𝐷𝑅)/(𝐷𝑏𝑋𝑒

𝑇ℎ + 𝐷𝑅)𝜕(𝑁𝑏
𝑀)2/3 (8) 

 

where: 𝑁𝐴 is the specific number of atoms (6.81022 in cm3), 𝑁𝑏
𝑀 is the volume density of 

bubbles in the matrix in cm3, and 𝑁𝑏
𝐵 – the surface density on boundary in cm2. 

The bubble radius 𝑅𝑏 in cm containing 𝑛𝑋𝑒 of Xe atoms was described by the traditional 

equation: 

2𝛾

𝑅𝑏
=

𝑛𝑋𝑒𝑘𝑇

4𝜋𝑅𝑏
3

3 − 8.3 ∙ 10−23𝑛𝑋𝑒

 
(9) 

 

where the surface energy of nitride 𝛾 = 1.51015𝑓𝑃𝑢 eV/cm2 is estimated on the energy of 

vacancy formation. 

Condition for the open boundary porosity formation is the exceeding of the effective 

boundary swelling 𝑆𝑒𝑓𝑓 (the difference between boundary and volume swelling) above a 

critical value 𝑆𝐶𝑟𝑖𝑡. At this stage the formation of open porosity 𝑃𝑂𝑝
𝑅  in %, defined as the 

percolation transition: 

𝑃𝑂𝑝
𝑅 = 𝑆𝑒𝑓𝑓 (1 − 𝑒𝑥𝑝

𝑆𝐶𝑟𝑖𝑡 − 𝑆𝑒𝑓𝑓

𝑆𝐶𝑟𝑖𝑡
) (10) 

 

Value of 𝑆𝐶𝑟𝑖𝑡 due to the formation of channels is much lower than the theoretical value of 

100π/6 % and estimated by the value of 10%. 

The rate of athermal gas release 𝐾𝑋𝑒𝑀
𝐴𝑡ℎ− from a layer with depth h, under the assumption that 

the diffusion equalization of the Xe concentration 𝐶𝑋𝑒(ℎ, ) in the surface layers does not 

occur, may be obtained from the following equation for the share of gas released 𝐹𝐴𝑇ℎ: 
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𝐹𝐴𝑇ℎ(ℎ)𝐶𝑋𝑒(ℎ, ) = 𝐾𝑋𝑒
+ −

𝜕𝐶𝑋𝑒(ℎ, 𝜏)

𝜕𝜏
 (11) 

 

Using this expression, one can obtain an analytical equation to determine the athermal output 

FGRATh (share of released from generated Xe in %): 

𝐹𝐺𝑅𝐴𝑇ℎ = (𝑏1 + 𝑏2)(𝑃𝑂𝑝
0 + 𝑃𝑂𝑝

𝑅 )
2/3

√𝐵 (12) 
 

where: 𝑃𝑂𝑝
0  and 𝑃𝑂𝑝

𝑅  are respectively, the initial and the irradiation induced open porosity in 

%, B is the burnout in %, and 𝑏1 and 𝑏2 are respectively the coefficients of proportionality 

for instantaneous release of fission Xe (for fission rate 31013 cm-3s-1 𝑏1 ≈ 0.3) and by knock-

out by neutrons (for typical neutron spectrum in FR 𝑏2 ≈ 0.2, in thermal reactor 𝑏2 ≈ 0). 

Solid swelling 𝑆𝑠 in % concerning the probable state of fission products in UN under FR 

conditions (T < 1500 K) determined [4]: 

𝑆𝑠 = 0.55𝐵 + 110𝐶𝑋𝑒 (13) 
 

In general, solid swelling rate is from 0.7% per 1 % burnup, when all fission fragments are in 

solid solution, to 0.5% at total release of fission products belonging to the Xe and Cs groups 

from fuel matrix. 

3. Deformation and breaching of cladding 

In simplified form, the deformation rate of the cladding can be presented as the sum of two 

components: diffusion 휀�̇�𝑖𝑓𝑓  and dislocation 휀�̇�𝑖𝑠𝑙: 

휀̇ = 휀�̇�𝑖𝑓𝑓 + 휀�̇�𝑖𝑠𝑙 (14) 
 

The first component leads to "blowing-up" of the cladding without breaching, the second - to 

the appearance of crack without any significant total deformation due to localization of 

dislocation glide bands (see FIG 1.). The extent of localization increases with the irradiation 

exposure time and cladding swelling. 

 

 

                                   

Band of multiply dislocation glide Scheme of irradiation pore 
deformation by dislocation glide 

 

FIG.3. Structure of destroyed ASS-cladding (JSC «SSC RIAR», Russia) 
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Geometric analysis shows that the coefficient of "live" section reduction 𝑘𝐺  due to the 

smearing of radiation porosity in the glide band and consequently an increase in the effective 

stress in в 1/𝑘𝐺 times is: 

𝑘𝐺 = 1 − 2(
𝑎∆𝑉

1 + 𝑎∆𝑉
)
2/3

(1 +
𝛿

4
)  (15) 

 

where ΔV is the relative amount of irradiation porosity, 𝛿 is the relative deformation in the 

glide band, a is the coefficient considering the inhomogeneity of irradiation porosity 

distribution. 

According to the analysis of irradiation porosity in austenitic stainless steels (ASS) coefficient 

a increases from 1 for ∆𝑉< 0.01 to (2-3) when ∆𝑉> 0.15. 

Although in the glide bands the relative deformation reaches 0.5 - 1.0, the overall plastic 

deformation in view of its strong localization, up to several paths in thin-walled cladding, will 

be negligible.  

The contribution of diffusion and dislocation components in (14) depends on temperature and 

deformation rate. Much swollen steel will behave at high strain rates (for example, in 

conventional tensile tests) as a brittle material, while at a low strain rate, typical to the 

cladding of fuel elements, it will behave like a plastic material. 

With regard to the conditions of the steel cladding work in FR, 𝑇𝐶𝑙 = (0.4 − 0.5)𝑇𝑚 , 

maximum deformation rate 휀̇ = 𝑛 ∙ 10−6 ℎ−1, components of steel creep are defined as 

follows: 

휀�̇�𝑖𝑠𝑙 = 𝑎1[𝐷𝑆𝐷
𝑇ℎ + 2𝐶𝑣

𝑅𝐷𝑣
𝑇ℎ + 𝐷𝑅]𝜎𝑛 

(16) 

휀�̇�𝑖𝑓𝑓 = 𝑎2

𝜑

𝑘𝑇
(𝐷𝑆𝐷𝑔𝑏

𝑇ℎ + 𝐷𝑅)𝜎 (17) 
 

where 𝐷𝑆𝐷
𝑇ℎ is the self-diffusion coefficient, 𝐶𝑣

𝑅 is the radiation vacancy concentration, 𝐷𝑣
𝑇ℎ 

is the coefficient of thermal vacancy diffusion, 𝐷𝑅  is athermal coefficient of radiation 

diffusion ~ 10-18 cm2/s in FR, 𝐷𝑆𝐷𝑔𝑏
𝑇ℎ  is the coefficient of thermal boundary self-diffusion, 𝜑 

is the volume fraction of diffusion boundaries, including interphase borders, irradiation 

porosity and grain boundaries, 𝜎 is the stress. 

Thermal components are described by the Arrhenius equation (cm2/s): 

𝐷𝑆𝐷
𝑇ℎ = 0.1exp (−

𝐸𝑚𝑣 + 𝐸𝑓𝑣

𝑘𝑇
) (18) 

𝐷𝑣
𝑇ℎ = 0.01exp (−

𝐸𝑚𝑣

𝑘𝑇
) (19) 

𝐷𝑆𝐷𝑔𝑏
𝑇ℎ = 0.1exp (−

0.71𝐸𝑚𝑣

𝑘𝑇
) (20) 

where 𝐸𝑓𝑣 and 𝐸𝑚𝑣 are the energies of formation and vacancy migration. 

For ferritic-martensitic steel – FMS (bcc lattice) energy of formation and vacancy migration 

defined by the values of 1.52 and 1.25 eV, and for austenitic stainless steels – ASS (fcc 

lattice), respectively, 1.43 and 1.17 eV. The parameter 𝜑 for FMS (submicron lamellar 

structure + carbide precipitates) estimated by the value of 0.02, and for strengthen ASS (fine 

precipitates of intermetallic compounds) – 0.001. 
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Important note: for FMS the decrease of energy parameters of lattice on (5-10) % occurs 

nearby the magnetic point about of 700 oC. The further significant local decrease on n10 % 

starts at temperature ranging from (50-100) degrees below the phase transformation α → γ 

(800 oC). This means a drop in strength characteristics and an increase in ductility. With 

regard to the non-deformable nitride fuel having elevated thermal expansion in the irradiated 

state, an increase in the diffusion strain component of cladding under accidents can be a 

positive factor. 

To determine the radiation components of the vacancy concentration the following equation 

were used: 

𝐶𝑣
𝑅 = √

𝑍𝐾𝑛

(𝐷𝑣
𝑇ℎ + 𝐷𝑅)𝛼𝑅

  
(21) 

𝑍 = 0.02[1 − 0.27(𝑙𝑔𝑅𝑑 − 9)] at 𝑅𝑑 > 109 

𝑍 = 0.02 at 𝑅𝑑 < 109 

(22) 

where 𝑍 is the difference in the absorption efficiency of interstitial atoms and vacancies by 

dislocations, 𝐾𝑛 is the effective displacement rate (~ 310-7 edpa/s), 𝛼𝑅 is the recombination 

coefficient ~ 1017 cm-2. 

For determining the kinetic of main parameters of the irradiation structure (porosity, 

dislocation loops and edge dislocation network) in steels the code RACS was elaborated [6]. 

4. Calculated and measured properties 

The Table 2 shows a comparison of theory and experiment for nitride fuel. The code MNUP 

[1] together with the codes EDPA [5] and RACS [6] were used. 

 

TABLE 2: CALCULATED AND MEASURED PARAMETERS OF NITRIDE FUEL 

 

Parameter 
BORA-BORA 

 6P      4P 

NIMPHE-1 

(ni 3) 

JOYO 

L413  L414 

BR-10 

АB811 № 60 

Max. burn-up, %  9.4     12.1 6.9 3.7     4.3 8,8 

Xe release data, % 19.4     19.0 38.2 3.3     5.2 11.3 – 13.8 

Xe release calc., % 16.0     13.9 36.5 6.4     4.1  7.8 – 8.5 

Max. D data, %  0.8      2.8 0  0      0.5  0.3 – 0.6 

Max. D calc., %  0.7      2.7   0.2  0      0.4  0.4 – 0.7 

Max.   calc., MPa 110      150 82 64      82 116 – 125  

Max. 휀𝐷𝑖𝑠𝑙 calc.,% 1.1       1.0 0.8 0.1     0.2    5.0 

Leakage NO      NO NO NO     NO   YES 

 

The peculiarity of the irradiation experiments is relatively low damage dose of ASS cladding, 

and low cladding swelling in cross-section of the most power density in the fuel. 

Therefore, under FCMI for the most energy intense section 𝑆𝐶𝑙 in (1), as well as the 𝜂, was 

not taken into account. For large reactors, the first assumption may not be fair. 
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The data of Table 2 show relatively good agreement of calculation and experiment for integral 

characteristics resulting from the synergistic interaction of various irradiation processes. From 

these data it follows that most adequately the state of the material before breaching describes 

not stress or total deformation, but only its dislocation component. 

A more detailed comparison of the calculations and the experiments are shown in Fig.4 

(“pure” nitride) and 5 (“dirty” nitride) having different irradiation history. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
FIG.5. Diameters of fuel elements of BR-10 nitride core at 𝐵𝑀𝑎𝑥 = 8 % 

(SSC RF-IPPE, Russia) 

 

 

Fuel column 

7.10 

 

7.06 

 

7.02 

 

6.98 

 

6.94 

 

6.90 

 

D
ia

m
et

er
, m

m
 

             500         600        700         800        900 
Distance from the bottom of fuel element, mm 

 

FIG.4. Profilograms of fuel elements, experiment BORA-BORA  

(JSC «SSC RIAR», Russia) 
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5. Conclusions 

In general, the calculations showed that the kinetics of gas release and partially swelling of 

nitride uranium-plutonium fuel, in contrast to other types of ceramic and metal fuels, could 

not be approximated by monotone dependencies for the whole range of probable initial 

chemical compositions and the operating parameters of the fuel elements in FR. 

For an adequate modeling of nitride fuel it’s necessary to have the following minimum data 

set: closed and open porosity, grain size, the content of oxygen impurity, the content of 

carbon impurity above the stoichiometry (N+C)/(U+Pu) = 1, the content of metal impurities 

from tooling. 

To estimate the irradiation behavior of fuel element its necessary no know the working 

conditions along a fuel element: neutron spectrum, temperature of cladding, power 

distribution. 

Among the critical design features of nitride fuel element is the share of free volume defined 

by gap between cladding and fuel, "emptiness" inside element and open fuel porosity.   
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