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1. INTRODUCTION AND BACKGROUND 

 
The Generation IV International Forum (GIF) is currently comprised of 11 organizations, and has 
agreed upon a framework for international cooperation on research and development of future 
nuclear energy systems.  The selection of the systems was accomplished in several steps: 1) 
definition and evaluation of candidate systems; 2) review of evaluations and discussion of desired 
missions (national priorities) for the systems; 3) final review of evaluations and performance to 
missions; and 4) final decision on selections to Generation IV and identification of near-term 
deployable designs.  This process culminated in the selection of six concepts: the Very-High 
Temperature Reactor (VHTR), the Supercritical Water Cooled Reactor (SCWR), the Gas-Cooled 
Fast Reactor (GFR), the Lead-Cooled Fast Reactor (LFR), the Sodium-Cooled Fast Reactor 
(SFR), and the Molten Salt Reactor (MSR).  The GFR was top-ranked in sustainability, and was 
rated good in safety, economics, and in proliferation resistance and physical protection [GIF 
2002].  Based on the estimates given in the Generation IV Roadmap [GIF 2002], deployment of 
the GFR is estimated to occur around the year 2025.  As such, the first phase of research occurs in 
the viability phase; the resolution of key feasibility and proof-of-principle issues. 
 
In order to satisfy Generation IV goals, iteration between safety system design options, core 
geometry/type, fuel and matrix type, reflector and structural material choices, and eventual fuel 
cycle options are paramount in the initial development of the GFR as a system.  Nevertheless, 
work performed thus far has allowed the down selection of a specific list of apparently viable 
reference, alternate, and optional system designs.  It is important to note that while these systems 
have their own set of fuel, material, fuel cycle, etc., properties and choices, similarities exist 
between each option.  This allows for cross pollination between the options, greatly reducing the 
total research needed to verify (or down select) the optimum GFR design that will satisfy 
Generation IV goals. 
 
 

2. DESIGN OPTIONS 
 
At the current stage of research, and according to Generation IV goals, design options for the 
GFR are still open.  The objectives of the current R&D are to not disregard viable candidates, but 
provide technical and economic arguments for sound choices, and to maintain flexibility until a 
final decision for the prototype options are made (around 2019). 
 
The major open options are listed here: 
 

1. Helium cooled, direct power conversion cycle at 5-7 MPa and 850ºC outlet temperature. 
 
2. Helium cooled (5-7 MPa), indirect power conversion cycle using supercritical CO2 (S-

CO2) on the secondary side at 20 MPa and 550ºC.  (Allows for cooler primary outlet 
temperatures at ~600ºC, thus reducing the materials requirements with respect to 
temperature.) 

 
3. S-CO2 cooled, direct power conversion cycle at 20 MPa and 550ºC outlet temperature. 
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Plant unit power is in the range of 300 MWe (modular) to 1500 MWe (economy of scale). The 
unit power affects not only economics and safety, which are the primary criteria, but also 
technical considerations such as the impact of core size on fuel feasibility and breeding gain. 
High heavy metal content (volumetric fraction of approximately 25% for 600 MWth cores and 
about 20% for 2400 MWth cores) appears to be necessary for achieving self-generating cores 
(i.e., with breeding ratios ~ 1), which has a strong impact on fuel design.  The best option for fuel 
development appears to be composite ceramic-ceramic (cercer) fuel with closely packed, coated 
(U,TRU)C or (U,TRU)N kernels or fibers (of about 500 to 1000 µ m in diameter) in which the 
volume fraction occupied by the fuel is between 50% and 70%, and the inert matrix fills the 
remainder.  These fuels are interesting candidates for block or plate type fuel assemblies. 
 
Pin concepts with a solid solution fuel in the form of pellets are also being studied, as they allow 
for the required heavy atom content. Thus, the pin type solid solution fuel will be considered as a 
preferred back up (for concept robustness).  For the cladding, SiC/SiC composite is the current 
choice, while oxide-dispersion-strengthened (ODS) steel is envisioned as an alternative (although 
it may require a lower coolant temperature). Refractory alloy claddings are excluded based on 
neutronic and safety considerations. 
 
The range of fuel options for the GFR underscores the need for early examination of their impact 
on the whole system, especially on the fuel cycle. The capability of both advanced aqueous and 
pyrochemical processes for recycling the fuels under consideration will be assessed, while taking 
into account the facility requirements associated with on-site fuel treatment and refabrication. 
 
 

3. FUEL 
 
The neutronic requirements of a fast spectrum converter with low parasitic absorption, the need 
for high fissile atom density to maintain a reasonable conversion ratio, and the requirement for 
fission product containment at high temperature limit the number of fuel types that can be 
realistically considered for GFR application. Relative to thermal spectrum gas-cooled reactors, 
GFR concepts have high fuel density and high specific power (10 times or greater).  The resultant 
low core heat capacity combined with high decay heat result in a more rapid rise in core 
temperature up to 1600°C (during a postulated unprotected loss of coolant accident).  This 
behavior and the desire for ‘passively safe’ fuels, those that can withstand unprotected loss of 
coolant accidents without core restructuring, has led to the consideration of refractory matrix 
dispersions as the primary fuel concept.  
 
Table I lists GFR fuel matrix material requirements based on reactor design goals.  Based on 
these requirements, the list of possible material candidates is narrowed.  For example, use of the 
refractory metals Nb, Mo, Ta, W, and Re is not practical due to neutronic penalties associated 
with the high absorption cross sections of these materials that make it difficult, or impossible, to 
meet GFR design goals in terms of core heavy metal inventory and core safety parameters.  The 
transition metals Ti, V, Cr, Fe, Ni and Zr are excluded on the basis of inadequate melting 
temperature and lack of high-temperature creep resistance.  Ceramics, on the other hand, 
especially carbides and nitrides, tend to have excellent high-temperature capabilities.  However, 
oxide ceramics typically have poor thermal conductivity, inadequate melting temperature, and/or 
poor irradiation behavior.  (Note that these requirements and attributes also apply to cladding.) 
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Table I. GFR fuel matrix material reference requirements. 
Requirement Reference Value 

Melting/decomposition 
temperature 

>2000°C 
(Note, however, that recent calculations show 
peak fuel temperatures at <1600°C during LOCA 
conditions) 

Radiation induced swelling < 2% over service life 
Fracture toughness > 12 MPa m1/2  
Thermal conductivity > 10 W/mK 
Neutronic properties Materials allow low core heavy metal inventory 

and maintain good safety parameters 
 
Fuel Concepts 
For the pin-type fuel, there is no current cladding material available that meets GFR goals.  The 
only possible exception at this point would be the advanced SiC/SiC composite materials, but 
they are at an early stage of development.  The refractory metal Nb-1Zr is acceptable from the 
thermal-physical properties standpoint, but is only marginally acceptable from the neutronics 
standpoint due to the relatively strong absorption. 
 
Unfortunately, TRISO fuel technology cannot be used due to the low fuel density (5-10 times 
lower than required), and the poor irradiation behavior of pyrocarbons at high dose. 
 
Thus refractory matrix dispersion fuels appear to be the best candidates for satisfying Gen IV 
objectives based on the robust performance for cercers and cermets.  However, challenges include 
matrix fracture due to the brittle nature of ceramics, where the maximum matrix stress due to 
differences in thermal expansion between the fuel and matrix can exceed 300 MPa, and there is 
no data pertaining to GFR conditions.  Note that the thermal expansion differential will require a 
low modulus buffer layer between the particles and matrix.  The coated particle can accommodate 
all fission product release, and during infiltration, the coating bonds to the matrix in the same 
phase.  If the coating and matrix were matched, this would solve the potential matrix cracking 
problem due to fuel swelling and the thermal expansion differential (∆αT). 
 
One possible variant of the inert matrix concept is shown in Figure 1.  As in more conventional 
dispersions, fuel particles are embedded in an inert matrix.  In this case, a buffered particle fuel is 
used to isolate the matrix from mechanical stress caused by swelling fuel particles.  Because the 
matrix is not exposed to fission fragments or mechanical stress, it retains its integrity throughout 
irradiation, and acts as a barrier to fission products. Finally, an outer coating acts as a second 
barrier to fission gas release.  Hexagonal plate-type elements containing cooling channels are 
stacked to form fuel elements, as shown in Figure 2. 

 
Fuel Modeling 
Due to the inherently low fracture toughness of ceramics, the levels of thermal stress that occur in 
a ceramic block-type core are of key concern for the GFR.  Fuel must be carefully designed to 
avoid steep temperature gradients.  Finite element analysis (FEA) of bi-layer coated particles in 
SiC matrix has been initiated, and is being used to evaluate fuel temperature profiles and thermal 
stress on a macroscopic and microscopic scale.  As stated earlier, the maximum matrix stress due 
to differences in thermal expansion is >300 MPa (see Figure 3.)  
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Figure 2.  GFR plate-type fuel element concept.  (Plates are stacked to form an element.) 
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Figure 1.  GFR dispersion fuel concept. 
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In addition, an FEA analysis of ‘thermal stress’ in SiC/SiC cladding has been performed, and 
shows that the maximum stress is ~ 20 MPa.  The difference in thermal expansion between SiC 
(5x10-6 K-1) and UC (12x10-6 K-1), and the postulated swelling of UC at high burnup will 
necessitate a large gap between the fuel and matrix, and thus high fuel temperatures will result. 
 
Fuel Fabrication 
Currently there are two main fuel form candidates for the GFR inert matrix fuels: particle 
dispersion and fiber fuel.  The particle fuel is similar to the TRISO fuel (as discussed previously), 
while the fiber fuel would be extruded into an inert matrix ceramic that appears as a 
‘honeycomb’.  The particle fuel can be fabricated in several ways, e.g., Solgel, but a unique 
method was used in this work.  The Rotating Electrode Process (REP) atomization uses a low 
voltage, high current arc to melt the fuel material.  ‘Droplets’ are flung from a rotating electrode, 
where the droplet size depends on rotational speed, and solidify into spheres (see Figure 4).  An 
advantage of this method of fabrication is the low capital cost as compared to hot pressing.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Containment 
Drive 

Tungsten 
Electrode Feedstock Electrode 

Rotating Shaft

Figure 4.  Schematic of the Rotating Electrode Process (REP) atomization. 

Figure 3.  Thermal stress profile for matrix. 
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Once the particles are fabricated, a coating process will occur.  Current work is focusing on 
developing the low density buffer layer and seal coat, where non-halide (organometallic) 
precursors are being investigated due to the halide attack on the fuel kernel, which will spread 
fissile material throughout the coated particle.  Examples of coated particles using TiN as the 
coating can be seen in Figure 5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.  TiN coated particles. 
 
With regard to the inert matrix, sintering is difficult as the fuel particles act to inhibit 
densification, and hot pressing will incur both high production costs and will likely crack the 
coated particles.  However, silicon carbide shapes are routinely fabricated by infiltration of 
carbonaceous bodies with silicon. This infiltration/reaction bonding has been used for many years 
to fabricate SiC, where recent refinements reduce the free Si to <5%.  This method may also be 
applicable to the fabrication of large, net-shape zirconium carbide blocks.  Experiments 
concerning the infiltration of beds of graphite powder, carbon spheres, and graphite felt with 
molten zirconium metal has been attempted.  In all cases, molten zirconium completely 
penetrated the sample beds.  Further experimentation will determine the suitability of this process 
for use as a method for fabricating fuel blocks. 
 
 

4. PHYSICS STUDIES OF HIGH TEMPERATURE FUELS AND INERT FUEL 
MATRICES FOR IN-CORE FUEL MANAGEMENT 

 
Preliminary neutronics calculations were performed to evaluate uranium nitride (UN) fuel 
matched with five different matrix materials for a helium-cooled core. Specifically, the five 
binary carbide and nitride matrix materials considered were:  
 
 (1)  Silicon carbide (SiC) 
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 (2)  Zirconium carbide (ZrC)  
 (3)  Titanium carbide (TiC)  
 (4)  Zirconium nitride (ZrN)  
 (5)  Titanium nitride (TiN)   
 
Silicon carbide was designated as the reference matrix material.  The goal of these particular 
neutronic calculations was two-fold, namely, 1) to estimate the ∆ k in core reactivity relative to 
SiC, and 2) to plot the neutron spectra and note differences. In addition, as a point of interest, the 
void worth was also calculated relative to loss-of-coolant accident scenarios. 
 
In addition, equilibrium calculations for in-core fuel management of uranium carbide (UC) fuel in 
a SiC matrix and initially charged with transuranics (TRU), namely Np, Pu, Am, and Cm, were 
also performed.  These calculations were performed to verify the performance of a low 
conversion ratio core that would be used to efficiently manage surplus TRU. 
 
A schematic of the block/plate core can be seen in Figure 6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Assumptions 
Several assumptions were made in order to simplify the neutronics calculations and still be able 
to uniformly discern the neutronic differences between the matrix materials. The first assumption 
was an infinite core containing fuel blocks composed of a structural matrix material with fuel 
rods and coolant channels.  The coolant channels were then assumed to occupy 25-30% of the 
block volume, and the remaining 70-75%, a 50/50 fuel-to-matrix mixture. For the UN fueled 

 

Figure 6.  Proposed GFR block/plate type core with hexagonal 
assemblies.
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cases, the fuel/matrix/coolant constituents were homogenized and assumed to completely fill the 
infinite block lattice.  The UC fueled core cases assumed the geometry shown in Figure 6.  The 
helium coolant was fixed at a pressure of 7.0 MPa and a temperature of 850 ºC. 
  
Additional assumptions for the UN studies include: (1) a uranium enrichment of 10.0 wt% U-235, 
(2) no plutonium or minor actinides (MA) in the fuel composition, (3) a UN density of 14.31 
g/cc, and (4) a normalization factor based on a core specific power density of 50 kW/kgHM.  In 
comparison, the UC cases were TRU enriched, the fuel density was 14 g/cc, and the average 
power density was 100 kW/l. 
 
Codes and Models 
UN Model.  The MCNP (Monte Carlo N-Particle) code Version 4C is a general purpose, 
continuous energy, generalized geometry, coupled neutron-photon-electron Monte Carlo 
transport code.  The geometry capability allows for very explicit, three-dimensional 
representations of the reactor core, fuel blocks, or infinite lattices.   MCNP also has a powerful 
capability to calculate neutron fluxes and energy spectra. 
 
An infinite media model was constructed in MCNP geometry format. The homogenized 
fuel/matrix/coolant material filled the rectangular cuboid volume.  The volume had reflective 
boundaries applied on all six faces in order to create an infinite block media, such that the 
calculated eigenvalue for each case was a k-infinity value.  
 
UC Model.  The REBUS-3 code system is a deterministic fuel cycle analysis code, capable of 
performing equilibrium fuel cycle analysis, recycle and startup cycles, and an enrichment search.  
The neutronics solutions are carried out through DIF3D, a finite difference diffusion theory code, 
where the multigroup cross section generation is performed by MCC-2.  The modeling is done in 
hex-z geometry, with multiple fuel depletion regions.  VARI3D is used to find the reactivity 
coefficients and kinetics parameters. 
 
Results 
K-infinity Difference (∆k) for UN.  Parametric k-infinity values were calculated as a function of 
the matrix material.  The UN fuel and coolant density were held constant in each calculation. 
Table II below lists the calculated k-infinity value for the five matrix materials considered.  The 
∆k values are relative to the silicon carbide (SiC) or reference case.  
 
 

 
Table II.  K-infinity as a function of matrix material. 

Matrix Material k-inf ∆k ∆k (Dollars) 
SiC (ref) 1.104277 0.000000 0.00 

ZrC 1.063023 -0.041254 -6.35 
TiC 1.094072 -0.010205 -1.57 
ZrN 1.024439 -0.079838 -12.28 
TiN 1.043491 -0.060786 -9.35 
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From Table II, it is readily apparent that the SiC matrix material is more reactive than all the 
other four matrix materials, although TiC is only –$1.57 less reactive.  
 
Burnup Potential for UC.  For the 50/50 fuel to matrix cases, several different scenarios were 
considered using base burnup values of 5% and 20%.  Each of these scenarios differed in both the 
number of batches, and in effective full power days (EFPD).  Table III summarizes the result of 
the four different scenarios. 
 
 

Table III.  UC parameters and results. 
Assembly Design Information 

Fuel/Matrix 
(%) 

50/50 50/50 50/50 50/50 

 216 EFPD 
6 Batch 

5% Burnup 

862 EFPD 
6 Batch 

20% Burnup 

431 EFPD 
3 Batch 

5% Burnup 

431 EFPD 
12 Batch 

20% Burnup 
Calculated REBUS-3 Reactor Parameters 

TRU 
Conversion 
Ratio 0.58 0.34 0.57 0.37 
TRU Charge 
Enrichment 
(%) 33 49 34 47 
Net TRU 
consumption 
rate (kg/yr) 86 146 89 133 
Average 
Discharge 
Burnup 
(MWd/kg) 66 266 66 266 
Burnup 
reactivity loss 
(%∆k) 1.2 7.2 2.4 3.5 

 
 
Higher TRU loadings will result in: higher burnups, higher net TRU consumption, and lower 
conversion ratios due to the lower amount of uranium in the fuel.  However, this will also result 
in higher reactivity loss during burnup, and may be difficult to fabricate due to the high minor 
actinide content in the fuel.  Nevertheless, these calculations show that a ‘burner’ GFR design can 
be achieved, and optimization based on realistic TRU loadings will occur in the future. 
 
Void Worth 
For a loss-of-coolant scenario, the five k-infinity values for the UN case were re-calculated 
without the helium coolant in the homogenized mixture.  This would represent a hypothetical 
loss-of-coolant accident with an instantaneous exodus of the coolant from the primary circuit. 
The calculated k-infinity values for this hypothetical event are given below in Table IV along 
with the change in core reactivity (∆k) or the void worth.  The void worth is obtained by 
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subtracting the Table IV k-infinity value from the corresponding value in Table II.  For 
convenience, the void worth is also presented in terms of dollars. 

 
Table IV.  Helium coolant void worth (∆k) as a function of matrix material. 

Matrix Material k-inf (no coolant) ∆k ∆k (Dollars) 
SiC (ref) 1.104706 0.000429 0.07 

ZrC 1.063747 0.000724 0.11 
TiC 1.094758 0.000686 0.11 
ZrN 1.023527 -0.000912 -0.14 
TiN 1.044185 0.000694 0.11 

 
It is interesting to note that all the matrix materials exhibit a very small positive (≤ 11¢) void 
worth with the exception of the ZrN, which has a small negative void worth. Small positive, or 
even negative void worths are typically expected for GFRs fueled solely with uranium. A 
uranium-plutonium fueled core does present a more difficult void worth problem; mainly a larger 
in magnitude positive void worth, which is obviously less desirable from a passive safety 
standpoint.  Note, however, that these were infinite lattice calculations, and do not account for 
neutron leakage or streaming effects that are typically seen in finite core models. 
 
The UC calculations did show that the TRU loaded cores had a more strongly positive void 
coefficient than the enriched uranium UN core; where all values were below $2.  It is interesting 
to note that based on the UN calculations, use of a ZrN matrix offers an advantage with respect to 
the void coefficient, and may also help in the TRU loaded cases. 
 
Neutron spectra 
Neutron spectra were also calculated for the five infinite media UN fueled reactor cores with the 
five different matrix materials. These spectra are shown in Figure 6 on a semi-log plot. The five 
spectra show modest differences; all exhibit very hard neutron spectrum characteristics.  The 
zirconium nitride (ZrN) exhibits the hardest spectrum as might be anticipated since Zr and N 
together have the highest atomic numbers relative to the other binary matrix material elements, 
and therefore would necessarily have the least capability for neutron moderation. 
 
It is interesting to note the depressions in the spectra in certain energy ranges for SiC (vicinity of 
0.2 MeV), and TiC and TiN (vicinity of 0.02 MeV).  These depressions correspond to strong 
elastic scattering resonances that tend to downscatter and deplete the spectra of neutrons in these 
energy ranges. 
 
Although not mentioned in this paper, it is important to note that with the exception of SiC, none 
of the other candidate matrix materials have irradiation data, and very little thermal-mechanical 
data.  Thus the reference matrix material is SiC, due to the known data.  As irradiations testing of 
the other matrix materials are performed, this will be updated. 
 
Physics studies have confirmed the feasibility of the nitride and carbide fuel forms, where 
burnups up to 266 MWd/kg are possible.  In addition, the neutron spectra allow for TRU 
‘burning’ if desired.  Further studies will optimize the conversion ratio for both burning and 
resource utilization. 
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Figure 6.  Neutron energy spectra for a helium-cooled uranium nitride (UN) fueled GFR 

using five selected carbide and nitride matrix materials. 
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