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Abstract – Fourth Generation Gas cooled Fast Reactor concept implies a fast neutron spectrum and aims 
to lead to an isogeneration of minor actinides. Criteria have been defined for these fuels such as: high core 
filling factor, efficient fuel cooling, low operation temperature, i.e. 400-850°C, good fission product 
retention, burn-ups in the range of 5-8 atom%, Pu content in the range of 15-25%. Materials matching this 
demand are considered: mixed uranium - plutonium nitrides and carbides as fuels, whereas TiN, TiC, ZrN, 
ZrC, SiC are investigated as inert matrices. Thermo-chemical compatibility studies have been carried out, 
mostly for (U,Pu)N/SiC and (U,Pu)N/TiN couples. They have been associated to matching diffusionnal 
studies. For the first studies, accidental reactor conditions have been chosen (1600°C) so as to select a 
couple. Results are presented in terms of nature and quantity of resulting phases identified by XRD and 
SEM for thermodynamical equilibrium experiments. 

 
 

INTRODUCTION 
Several material couples, potentially acting as 
inert matrix/fuel couples for GFRs have been 
considered. The first studies were carried out at 
high temperature in order to take into account the 
worst conditions the material may come across 
during either the fabrication process or 
accidental conditions. Mixed uranium and 
plutonium nitrides have first been studied since 
they are easier to handle than their carbide 
counterparts thanks to their lower pyrophoricity. 
The associated prioritary matrices are SiC and 
TiN. ZrN, which is known to form a continuous 
solid solution with both UN and PuN has not yet 
been studied. For SiC/(U,Pu)N couple, 
thermochemical studies have been 
complemented by matching diffusionnal studies. 
The first results are given here. 
 
SIC/U0.8PU0.2N COUPLE 
 
Isolated Material Bulk Properties 
SiC, as well as B4C, are widespread carbides 
with a high melting point [1]. SiC is an 
interesting inert matrix for reactors thanks to its 
good thermal conductivity and its low thermal 
expansion coefficient. This compound benefits 
from good mechanical properties and neutron 
transparency. It is found under several 
crystallographic structures. The ones of interest 
are α (P63mc) and β (F43m). β structure is well 
known for its low fission products infinite 
dilution diffusion coefficients. In the first series 
of experiments α-SiC has been used. This 
compound is associated with small amounts of 
boron carbide as an additive to speed up 
diffusion phenomena and thus enhance the 

sintering of SiC[2]. Fig.1 shows the phase 
diagram of the Si-C system [3]. 
 

 
Fig. 1. Si-C phase diagramme. 

The nuclear material used in this study is a 
mixed uranium and plutonium nitride from a 
batch designed for an experimental irradiation 
called ‘NIMPHE’[4]. This irradiation resulted 
from a European collaboration between the TUI 
and the CEA and later on with PSI. Nuclear 
nitride fuels turn out to show a lower reactivity 
with oxygen and water than carbides. For these 
reasons, they have been studied first. Nitride 
actinide compounds exhibit high densities (14.3 
gcm-3 for U0.8Pu0.2N), a small thermal expansion 
coefficient (10-5K-1 at 1273K [5]), close to the 
one of SiC(4-5 10-6K-1). Adequacy of both 
coefficients leads to small stresses at the 
interface of the composite material undergoing 
temperature changes.  
Isolated Material Micro-structural Properties 
The batch of sintered  α-SiC used in the first 
experiments exhibits, as revealed by a Murakami 
etching, a microstructure observed by FEG-SEM 
with a 4000x magnification (see Fig. 2). Dark 
areas turned out to be boron and carbon-rich, 
most likely corresponding to B4C grains [6]. 



P2-30 

ATALANTE 2004 Nîmes (France) June 21-25, 2004 2 

 
Fig. 2. SiC at a 4000x magnification. 

Relative dark area surface is 1.4% corresponding 
to the boron and free carbon percentage given by 
chemical analysis [7]. 
SiC mean grain size is 4 micrometers [8]. The 
smaller the grain size is, the more actinide 
cations can diffuse easily through the material 
via grain boundaries. 
The distribution of dihedral angles, corrected 
from 2D to 3D  is given in Fig. 3. 

 
Fig. 3. 3D-dihedral angle distribution. 

The curve is close to those given by Gubernat [9] 
for SiC with small amounts of boron or carbon 
additives. It shows that grains have reached their 
equilibrium configuration during the sintering 
stage. 
The sintered (U,Pu)N material seemed to be a 
single phase (U,Pu)N nitride according to XRD 
[10] although the close values of uranium nitride, 
plutonium nitride and their carbide analogs cell 
parameters wouldn’t allow to differentiate them. 
This material is made up of grains being 4 
micrometers in size with a density of 85% of the 
theoretical one. Fig.4 shows the microstructure 
as observed with a x1000 magnification optical 
microscope. 

 

 
Fig. 4. NIMPHE microstructure at a 1000x magnification. 

Reactivity Study 
In order to accelerate the observation of 
interactions between α-SiC and (U,Pu)N, the 
following mixture has been compacted: α-SiC 
with boron carbide (composition matching the 
one leading to the microstructure mentioned 
above) + a sintered (U,Pu)N powder (resulting 
from grinding and sieving of a ‘NIMPHE’ pellet. 
The ratio of both phases was 50 wt.%. This 
pellet has undergone a thermal treatment under a 
dynamic Ar atmosphere at 1600°C for 4 hours. 
Then it has been characterized by XRD. Spectra 
analysis shows the following main phases [11]: 
(U, Pu)N, SiC α II, as well as secondary phases: 
USi1.88, which can’t be distinguished from PuSi2-

x by means of this technique, UB0.7C0.3 and (U, 
Pu)O2-x. 
Mass loss occurring during this thermal 
treatment is 9 wt.%. From thermochemical 
computations, it can be explained by the 
vaporization of the folowing species: SiN, Si2N, 
N2. 
Temperature conditions for this thermal 
treatment match the ones of an accident. 
However, during fabrication of a ceramics-
ceramics composite made of a honeycomb pre-
sintered SiC matrix filled with a (U,Pu)N powder 
at 1200°C under N2 gas for 2 hours, the same 
reaction products were observed [12]. 
Although not any complete U-Pu-Si-C-N phase 
diagram is available, it can be foreseen by 
observation of U-Si (Fig. 5) and Pu-Si (Fig. 6), 
that MSi2 phase may appear (M standing for U or 
Pu). 
 

 
Fig. 5. U-Si phase diagramme. 
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Fig. 6. Pu-Si phase diagramme. 

Such a reactivity may not be a hindrance if 
reaction products play the role of a diffusion 
barrier preventing further chemical diffusion. A 
kinetic study of the diffusion couple is thus 
necessary. 
 
Interdiffusion study 
An experiment was carried out so as to get an 
idea of the interdiffusion kinetics. 
Two pieces of sintered materials α-SiC and 
(U,Pu)N have been kept into contact polished 
face against polished face in a tungsten furnace 
for 100 hours at 1600°C under a dynamic 
atmosphere of Ar 96.5%/N2 3.5%. The contact 
was assured by a tungsten load placed on the 
diffusion couple. A crack seems to have 
propagated through both materials. It could 
indicate  that a good contact existed during the 
thermal treatment and that the difference 
between thermal expansion coefficients might 
have initiated this crack while cooling down the 
furnace (Fig. 7). 
 

 

(U, Pu)N 

SiC
 

Fig. 7. α-SiC/(U,Pu)N macrography (x 64 ). 
SEM observations of the sample in EDS mode 
didn’t show any reaction at the interface under 
these conditions [13]. 
 
TIN/U0.8PU0.2N COUPLE 
 
Isolated Material Bulk Properties 
TiN differs from SiC by its broad non-
stoechiometry domain (Fig. 8) [14]. Its highest 
melting point is 2960°C. It shows an excellent 

thermal conductivity due to its metallic, covalent 
and ionic bonding character [1]. TiN can also 
host fission products (substitution) on its 
crystalline lattice.  
Pure TiN powder was used as shown by XRD. 
The same (U,Pu)N powder than the one used in 
the SiC-(U,Pu)N reactivity experiment was 
employed. 
 
Isolated Material Micro-structural Properties 
The batch of sintered  TiN used from the first 
experiments exhibits, as revealed by a SC-1 
etching [15], a microstructure, observed by an 
optical microscope  with a 1000x magnification, 
given in Fig. 9. Mean grain size is 4 micrometers 
as in the case of  SiC [8]. 
 

 
Fig. 8. Ti-N phase diagram. 

 

 
Fig. 9. TiN at a 1000x magnification. 

 
Reactivity Study 
A mixture of TiN and sintered (U,Pu)N powders  
(resulting from the grinding and sieving of a 
‘NIMPHE’ pellet, has been compacted. The ratio 
of both phases was 50 wt.%. This pellet has 
undergone a thermal treatment under a dynamic 
Ar atmosphere at 1600°C for 4 hours, as well as 
under a dynamic Ar 96.5% / N2 3.5% 
atmosphere for 100 hours. The ratio of both 
phases was 50 wt.% too. 
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It has then been characterized by XRD. The 
resulting spectra show the following main phases 
[16]: (U, Pu)N and TiN. No secondary phases 
were found. 
Weight loss occuring during this thermal 
treatment was 2 wt.%. 
Reactivity of TiN with (U,Pu)N seems lower 
than the one between SiC and (U, Pu)N. In this 
case too,  no complete U-Pu-Ti-N phase diagram 
is available. Literature is indicating that a very 
low reciprocal substitution between TiN and 
(U,Pu)N is foreseen due to the relative 
discrepancy of cation size (13.5%) [5]. 
TiN exhibits a very low reactivity with (U,Pu)N. 
The foreseen very low reciprocal solubilities 
mean that interdiffusion studies should be 
difficult to be used in order to extract diffusion 
coefficient values. 
 
Interdiffusion study 
An  experiment has been carried out for 100 
hours at 1600°C in a 96.5% Ar/3.5% N2 
atmosphere. No interdiffusion has been observed 
with  SEM in EDS mode. 
The very small interdiffusion coefficients may 
not be reached in an experimental way. An easier 
way to obtain them, would be to use the 
thermodynamical model and to measure infinite 
dilution diffusion coefficient of tracers to 
compute them. 
  
CONCLUSION AND PERSPECTIVES 
 
TiN seems to react less than SiC does with 
(U,Pu)N material. 
Another CEA unit observed the same behaviour 
with UN instead of (U,Pu)N [17, 18]. 
Next experiments will be carried out in 
conditions as close as possible to those of this 
unit in order to see the influence of  20% of Pu. 
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