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An engineering code to predict the irradiation behavior of U–Zr and U–Pu–Zr metallic alloy fuel pins and
UO2–PuO2 mixed oxide fuel pins in sodium-cooled fast reactors was developed. The code was named Fuel
Engineering and Structural analysis Tool (FEAST). FEAST has several modules working in coupled form
with an explicit numerical algorithm. These modules describe fission gas release and fuel swelling, fuel
chemistry and restructuring, temperature distribution, fuel–clad chemical interaction, and fuel and clad
mechanical analysis including transient creep-fracture for the clad. Given the fuel pin geometry, compo-
sition and irradiation history, FEAST can analyze fuel and clad thermo-mechanical behavior at both
steady-state and design-basis (non-disruptive) transient scenarios.

FEAST was written in FORTRAN-90 and has a simple input file similar to that of the LWR fuel code
FRAPCON. The metal–fuel version is called FEAST-METAL, and is described in this paper. The oxide–fuel
version, FEAST-OXIDE is described in a companion paper. With respect to the old Argonne National Lab-
oratory code LIFE-METAL and other same-generation codes, FEAST-METAL emphasizes more mechanistic,
less empirical models, whenever available. Specifically, fission gas release and swelling are modeled with
the GRSIS algorithm, which is based on detailed tracking of fission gas bubbles within the metal fuel.
Migration of the fuel constituents is modeled by means of thermo-transport theory. Fuel–clad chemical
interaction models based on precipitation kinetics were developed for steady-state operation and tran-
sients. Finally, a transient intergranular creep-fracture model for the clad, which tracks the nucleation
and growth of the cavities at the grain boundaries, was developed for and implemented in the code.
Reducing the empiricism in the constitutive models should make it more acceptable to extrapolate
FEAST-METAL to new fuel compositions and higher burnup, as envisioned in advanced sodium reactors.

FEAST-METAL was benchmarked against the open-literature EBR-II database for steady state and fur-
nace tests (transients). The results show that the code is able to predict important phenomena such as
clad strain, fission gas release, clad wastage, clad failure time, axial fuel slug deformation and fuel con-
stituent redistribution, satisfactorily.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Sodium-cooled fast reactors (SFR) have regained worldwide
interest in recent years thanks to international programs such as
generation-IV [1] and the Global Nuclear Energy Partnership
(GNEP) [2]. The success of these reactors in accomplishing their
mission of energy production and improved actinide management,
while attaining competitive economics, will largely depend upon
the ability of their fuel to operate reliably at high burnup, power
density and plant thermal efficiency. The primary fuel candidates
for sodium reactors are oxide and metal fuels. In these systems,
the clad operates at high peak clad temperature (>600 �C), fast neu-
tron flux (>1015 n/cm2), and stresses (>100 MPa); in this aggressive
environment, various thermo-chemico-mechanical phenomena
ll rights reserved.
such as clad thermal and irradiation creep and void swelling, clad
wastage, and fuel–clad mechanical interaction may limit the
achievable burnup, the core power density and the reactor operat-
ing temperatures. Therefore, predicting the behavior of the fuel is a
critical objective in fast reactors design and analysis. At MIT we
have been developing a new fuel performance code to achieve this
objective. The code was named Fuel Engineering and Structural
analysis Tool, or FEAST, and comes in two versions: FEAST-METAL
for the analysis of metal fuels, and FEAST-OXIDE for the analysis of
oxide fuels. This paper describes FEAST-METAL, while FEAST-
OXIDE is described in a companion paper.
2. Background and motivation

A metal fuel pin is conceptually a simple object, its basic parts
being a cylindrical slug of the metal alloy of interest, e.g., U–Pu–
Zr, encased in a clad tube, made of a low-swelling stainless steel,
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e.g., HT 9. Addition of some zirconium (�10% by weight) to the U–
Pu alloy raises the solidus temperature of the fuel and prevents
fuel–clad interdiffusion at temperatures typical of steady operating
conditions [3]. The gap between the fuel slug and the clad is filled
with liquid sodium, which functions as a thermal bond. A certain
free volume, called the gas plenum, is provided above the fuel slug
to relieve the pressure due to fission gas release from the fuel dur-
ing irradiation. The gas plenum is usually pre-filled with helium at
near-atmospheric pressure. The attractive characteristics of metal
fuel include (i) a high thermal conductivity, which combined with
a highly conducting gap, maintains fuel temperatures low and re-
duces stored energy, an important feature during transients, such
as the unprotected loss of primary flow and loss of heat sink, (ii)
high heavy metal density and low moderating power, which pro-
vide for a harder spectrum and excellent neutron economy, (iii)
good compatibility with the sodium coolant, and (iv) ease of man-
ufacturing and reprocessing by pyrochemical methods.

Although metal fuel has many attractive properties, its poor
chemical stability with the cladding material above 650 �C (U–
19Pu–10Zr/HT 9) limits the operating reactor temperature and
thus the plant thermal efficiency. Furthermore, the possibility of
surviving in long transient scenarios (on the order of days) and
above the fuel clad liquefaction temperature is very low. Finally,
note that operating with an excessively hard neutron spectrum
may require a much more irradiation resistant cladding material
than the ferritic–martensitic alloys currently considered, if a rea-
sonably high discharge burnup is to be achieved.

The in-core performance of metal fuels is limited by various
thermo-chemico-mechanical phenomena. For a typical U–19Pu–
10Zr fuel pin, the metal fuel slug undergoes significant swelling
upon irradiation, due to the generation of the fission gases.
Fuel–clad contact occurs within 1–2 at.% peak burnup at operat-
ing conditions typical of EBR-II [4]. At this time the fuel and clad
are ‘locked’ both axially and radially, in the upper section of the
fuel. The fuel in this region is hot and rather compliant (the dom-
inant phase being single c phase). It could be possible to control
the thermal creep level by only adjusting the gas plenum height.
On the other hand, the middle and lower regions of the fuel are
colder and stiffer ((a + d) phase fraction is significant here). How-
ever, Fuel/Clad Mechanical Interaction (FCMI) remains moderately
low throughout the fuel thanks to fission gas-bubble interconnec-
tion and the associated release of the fission gases into the ple-
num. For typical 72% smear-density EBR-II fuel and operating
conditions, this benign situation persists up to 13–15 at.%, beyond
which the accumulation of solid-fission products stiffens the fuel
slug; thus FCMI begins to rise significantly until clad failure oc-
curs due to embrittlement by irradiation creep. If the magnitude
of the fast neutron flux is high or the neutron spectrum is exces-
sively hard, the dose to the clad may induce void swelling at high
burnup, resulting in further embrittlement of the clad. Clad
embrittlement may lead to trans-granular creep fracture [5]. Dur-
ing transients, the situation is different. Due to the strong tem-
perature dependency of thermal creep, the critical region in the
fuel shifts from the peak power point (typically at mid-plane)
to the top region, where the clad is hottest. In this situation,
intergranular creep fracture of the clad becomes the most proba-
ble failure mechanism. Furthermore, during transients, one has to
guard against Fuel/Clad Chemical Interaction (FCCI), which may
result in the formation of low-melting eutectics that waste the
clad [6]. It is clear from this brief discussion that any credible at-
tempt at assessing the performance of metal fuel must include
models that are able to predict the time-dependent temperature,
stress and strain distribution and micro-structural evolution
within the clad and fuel for given operating and abnormal condi-
tions. These models should include the effects of fission gas re-
lease, fuel swelling and creep, FCMI, thermal expansion, clad
thermal and irradiation creep and swelling, fuel restructuring,
FCCI and clad failure.

Several metal fuel performance codes have been developed to
date. A summary of their capabilities is given in Table 1. Note that
in all cases the overall code structure consists of several modules
describing the important individual phenomena, numerically cou-
pled to predict the integral behavior of the fuel.

It was decided to develop a new metal fuel code, FEAST-METAL,
for the following reasons:

- The older codes (LIFE-METAL [7] and SESAME [8]) are highly
empirical and cannot be extrapolated beyond the narrow data-
base for which they were developed. This is a severe limitation
as there is a growing interest in new metal fuel alloys and
higher burnup levels, particularly for transmutation of the
transuranic elements [11].

- There is a need for a robust code for analysis of fuel behavior
during transients.

- Regulators will need an independent tool to verify the perfor-
mance of metal fuel for next-generation of fast reactors.

- The newer codes being developed in Asia (ALFUS [9] and MAC-
SIS [10]) may not become available to researchers/vendors/reg-
ulators in US.

FEAST-METAL was developed to be flexible, so that constitutive
models for non-traditional metal alloys (e.g., TRU–Zr) can be easily
added to the code. Other attractive features of FEAST-METAL in-
clude the ability to account for the variation of material properties
(fuel creep, thermal expansion, Young’s modulus) with phases
present, a mechanistic fission gas release and swelling model orig-
inally developed for metal fuel, a FCCI model based on precipita-
tion kinetics, a fuel constituent redistribution model based on
thermo-transport theory, a thermal conductivity model that ac-
counts for the effect of porosity as well as sodium-bond infiltration
[12] and fuel constituent redistribution, and a transient clad creep-
fracture model based on the constrained diffusional cavity growth
mechanism. The ‘philosophy’ behind the development of FEAST-
METAL was to create an engineering continuum-level code by
using and improving on the most advanced mechanistic models,
whenever possible. There is currently interest in the US and Europe
to develop a multi-scale fuel behavior code system including atom-
istic, meso-scale and macroscopic approaches in coupled form. A
preliminary attempt at the meso-scale level modeling is reported
in Ref. [13]. Such a high fidelity and coupled approach is expected
not to be ready soon. In the meantime there is a need for a robust
and reliable code to (i) guide the development of advanced metal
fuels, and be used in (ii) pre-irradiation calculations and (iii) scop-
ing studies of novel fast reactors.

In FEAST-METAL the fuel and clad regions can be divided into
up to eight radial nodes each. The number of axial nodes is also
user specified, and can be at most twenty. The code was written
in FORTRAN-90 program language. It has a simple input file that
is structured like the input file of the LWR oxide fuel code FRAP-
CON [14]. The user must specify the fuel pin geometry, composi-
tion and operating conditions (coolant inlet temperature and
mass flow rate, axial power distribution, fast neutron flux and
flux-to-dose conversion factor); for transients, the transient start-
ing time and the operating conditions throughout the event must
also be specified by the user. The code implements an explicit
numerical algorithm and couples the models describing the rele-
vant physical phenomena. The flow sheet of the calculations is gi-
ven in Fig. 1. The Gauss–Jordan matrix solver algorithm [15] was
adopted in the solution of the mechanical-equilibrium equation
and heat equation. Note that the very high rate of creep strain of
the fuel slug requires short time steps, of the order of 10–20 s;
therefore a typical irradiation simulation requires use of about



Table 1
Metallic fuel performance codes.

LIFE-METAL [7] SESAME [8] ALFUS [9] MACSIS [10] FEAST-METAL

Developer ANL (US) CRIEPI (JAPAN) CRIEPI (JAPAN) KAERI (Korea) MIT (US)
General Capabilities Steady-state and

transient behavior
Steady-state
behavior

Steady-state behavior Steady-state behavior Steady-state and transient
behavior

Fission gas release and
fuel swelling

Empirical correlation Empirical
correlation

Mechanistic model,
based on UO2 Fuel

Mechanistic model,
based on UO2 fuel

Mechanistic model, based on
metallic fuel

Constituent
redistribution

Empirical correlation Chemical
equilibrium model

Thermo-transport theory Thermo-transport theory Thermo-transport theory

Temperature
distribution

1D model 1D model 1D model 1D model 1D model

Mechanical analysis 1D model 1D model 2D model 1D model 1D model
FCCI Empirical correlation Not included Empirical correlation Not included Diffusion model based on

precipitation kinetics
Creep fracture Cumulative damage

fraction model
N/A N/A N/A (1) Cumulative Damage Frac-

tion Model
(2) Constrained Diffusional

Cavity Growth Model
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106 time steps, resulting in an execution time of the order of min-
utes, when run on a single CPU personal computer.

The main modules of FEAST-METAL are briefly described in Sec-
tions 3–7; the validation effort is discussed in Section 8. The con-
clusions are provided in Section 9. A detailed description of
FEAST-METAL can be found in [16].
Operating Conditions 
and Initial Geometry

Fuel Radial Power Distribution 

Contact pressure between Fuel Slug and Clad 

Fuel Constituent Redistribution

Fuel, Clad and Coolant Temperature Distribution 

Fuel Stress/Strain Analysis 

Fission Gas Release and Swelling 

Clad Stress/strain Analysis 

Plenum Pressure Calculation 

Cladding Wastage 

Print Output at 
time “t” 

Next Time Step 
tt+Δ

Clad Margin for the Creep Fracture 

Fig. 1. Flow sheet of FEAST-METAL.
3. Fission gas release and swelling

The GRSIS model [17] was adopted to predict the fission gas
behavior of metal fuels. A schematic diagram of the GRSIS ap-
proach is shown in Fig. 2. Fission gas atoms are generated by fis-
sion and then form (nucleate) new bubbles or diffuse into
existing bubbles. The bubbles are assumed to nucleate uniformly
in the metallic fuel matrix, since nucleation can occur at both the
grain boundaries and the phase boundaries, which are randomly
distributed inside the grain. The closed bubbles can grow by dif-
fusion of newly created fission gas atoms, and are classified into
two groups depending on their sizes. Small bubbles and large
bubbles are defined as having �0.5 and �10 lm radius, respec-
tively, based on post irradiation examination results given in
Ref. [4]. The third group of bubbles is the open bubbles (or open
pores), which are connected to each other and open to the gas
plenum. When a closed bubble-i becomes an open bubble, it is as-
sumed to be transformed into bubble-3i. Open pore formation
and fission gas release into the plenum is assumed to start when
the fuel matrix swelling due to the closed bubbles reaches a
threshold value (10%) [9].

The same form of the bubble rate equations given in Ref. [17]
was adopted in FEAST-METAL; however, two improvements have
been made in the bubble growth and coalescence models, as de-
scribed next. If the number density of bubble-j is Nbj, the average
distance between bubble-j’s, calculated assuming the bubbles are
arranged according to a faced-centered cubic (fcc) lattice, is:

lj ¼ 1:122N�1=3
bj ðmÞ ð1Þ

Then, when there is a bubble-i in the space where bubble-j’s are
evenly distributed at the number density, the average distance be-
tween the centers of bubble-i and bubble-j becomes 0.5lj which we
calculated by means of a simple Monte Carlo simulation of ran-
domly distributed bubbles in 3D space. Note that Ref. [17] recom-
mended using 0.25lj for the average distance between the centers
of bubble-i’s, which was based on an incorrect 2D calculation.

The second change with respect to the original GRSIS model
pertains to the bubble coalescence. The probability per unit time
of a bubble-i colliding with a bubble-j due to radial growth of bub-
ble-i, Pij, is

Pij ¼
radial growth of bubble-i

distance between the surfaces of bubble-i and j

¼ drbi=dt
0:5lj � ðrbi þ rbjÞ

ð1=sÞ ð2Þ
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Fig. 2. Fission gas and bubble evolution model.
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where Drbi is the growth rate of bubble-i (m/s), rbi the radius of bub-
ble-i (m), and rbj the radius of bubble-j (m). Eq. (2) was modified in
FEAST-METAL, only for the collision between a closed bubble-i and
an open bubble-j, as follows:

Pij ¼
drbi=dt

d1lj
ð3Þ

thus, it was assumed that the collision probability is proportional to
the radial growth of bubble-i and inversely proportional to the aver-
age distance between two open bubble-j’s; d1 is the open porosity
formation factor, newly introduced in this study and its value is
0.235.

In addition to porosity, gas diffusion also plays an important
role in the simulation. The diffusion coefficient is assumed to de-
pend on temperature according to an Arrhenius-type relation:

D ¼ Do exp � Q
RT

� �
ð4Þ

where the value of the activation energy, Q, was taken to be
52000 cal/g mol, as per Ref. [18], while the value recommended in
Ref. [17] was discarded as it led to an overestimation of the fission
gas release and swelling at the lower temperatures [16]. The diffu-
sion constant, Do, was left as a fitting parameter, its value is
2.3 � 10�3 m2/s.

Open porosity formation factor and gas diffusion constant have
been fitted to EBR-II X430 fuel assembly post irradiation examina-
tion results. The predictions are given in the steady state bench-
marking section (Section 8).
T (Celsius) 
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Fig. 3. Pseudo binary phase diagram for U–Pu–Zr fuel for fixed Pu content.
4. Fuel constituent redistribution

Fuel constituent redistribution is driven by the migration of Zr
atoms, which is due to the chemical activity gradients associated
with the multiple crystalline phases of the fuel alloy, created by
the radial temperature distribution. Fuel constituent redistribution
affects the fuel slug material physical properties (e.g., solidus and
liquidus temperatures, thermal conductivity, specific heat), its
mechanical properties (e.g., modulus of elasticity), the FCCI, and
the radial power density profile. Upon constituent redistribution,
the microstructure of metal fuel exhibits three distinct concentric
zones, a Zr-enriched central zone (single c phase), a Zr-depleted
U-enriched intermediate zone (b + c phase), and a Zr-enriched
zone on the outer periphery (a + d phase) [19]. In analyzing fuel
redistribution, the following assumptions were made [19,20]:
� Pu is immobile. Therefore, the equilibrium phases of the ternary
U–Zr–Pu alloy are described by using a quasi-binary U–Zr dia-
gram with constant Pu content.

� The minimum allowed Zr concentration in the Zr-depleted cen-
tral region is 5 at.% due to the solubility limit.

� Only radial Zr migration is considered.
� Cross-terms, relating the flux of one species to the chemical

potential gradient of another species in the constitutive equa-
tions are negligible.

The phase diagrams, diffusion coefficients, enthalpy of solution
and effective heats of transport of Zr and U in the ternary alloy are
the fundamental data required by the fuel redistribution model,
and were taken from Refs. [19–22]. See the appendix for the
numerical values of the fundamental data. Fig. 3 shows a generic
pseudo-binary phase diagram for U–Pu–Zr alloys. The solubility
lines 1 through 6 are linearly interpolated between U–Zr and U–
19Pu–Zr fuels using the databases provided in [22,19], respec-
tively.The model is based on thermo-transport theory. Within a
single c-phase region the Zr interdiffusion flux, JZr (mol/m2s), is gi-
ven as

JZr ¼ �Deff
Zr

@CZr

@r
þ Q ZrCZr

RT2

@T
@r

� �
ð5Þ

where CZr is the Zr concentration (mol/m3), Deff
Zr the effective Zr

interdiffusion coefficient in the c-phase (m2/s), QZr the Zr heat of
transport in the c-phase (J/mol), R the universal gas constant
(8.314 J/mol K), and the T the local fuel temperature (K). Within a
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dual-phase region, such as a + d and b + c, the Zr interdiffusion flux
is expressed as

JZr ¼ �V1Deff
Zr;1CZr;1

DHs;1 þ Q Zr;1

RT2

@T
@r
� V2Deff

Zr;2CZr;2
DHs;2 þ QZr;2

RT2

� @T
@r

ð6Þ

where V is the volume fraction of one phase, and DHs is the enthalpy
of solution (J/mol), while the subscripts ‘1’ and ‘2’ indicate the first
and second phase respectively. Note that in Eq. (5) (single phase),
the concentration gradient appears explicitly, whereas in Eq. (6)
(dual phases), the concentration of zirconium in each phase remains
within its solubility limit and is expressed by the enthalpy of solu-
tion term [22]. Discretization of the radial continuity equation re-
sults in

Ci
Zr ¼ Ci

Zr þ 2Dt
Ji�1
þ rci�1 � Ji

þrci þ Ji
�rci � Jiþ1

i rciþ1

ðriÞ2 � ðri�1Þ2
þ sDt ð7Þ

where rci is the center of mass of the radial node-i (m), ri is the outer
boundary of node-i (m), Ji

þ and Ji
� are the positive and negative Zr

currents (mol/m2s) at node-i, respectively; s is the Zr production
rate (mol/m3s) due to fission and Dt is the time step (s). Fig. 4 de-
scribes the discretization scheme. The boundary conditions are that
the negative current at the origin of the fuel slug is zero, and the po-
sitive current at the surface of the fuel slug is also zero, i.e., Zr can-
not migrate out of the fuel.

Fig. 5a shows a comparison of the FEAST-METAL prediction with
Kim et al.’s model prediction and their experimental data for U–
19Pu–10Zr [19], while Fig. 5b shows a comparison of the FEAST-
METAL predictions with experimental data for U–10Zr fuel
[22,23]. The agreement between FEAST-METAL and the data is
satisfactory.

5. Fuel–clad chemical interaction

Chemical reactions between the fuel slug and the clad material
are among the most important phenomena limiting the in-pile per-
formance of metal fuels. As a result of fuel–clad contact during
steady state irradiation, the clad constituents may diffuse into
the fuel and form a low-melting point alloy (eutectic). As the bur-
nup increases, some fission products (particularly lanthanides) dif-
fuse into the clad to form brittle phases with iron. Both
mechanisms can cause clad deterioration, including breach.
Fig. 6a [24] and b [6] shows that the growth rate of the interaction
layer at the fuel–clad interface is proportional to the square root of
time; thus, FCCI in metal fuels appears to be a diffusion-controlled
process. Also, at high burnup during transients, the fuel–clad gap
tends to widen due to plenum pressure and clad creep, which
may cause clad wastage to stop (see high-burnup curve in
Fig. 6b). However, the FCCI correlations used in the past [6,25]
Fig. 4. Discretization scheme to solve the radial continuity equation (Eq. (7)).
comprise simple growth-rate vs temperature correlations, which
do not account for the kinetics behavior and composition depen-
dency correctly. Therefore, it was decided to develop a precipita-
tion-kinetics model, inspired by physical metallurgy [26], which
is described next.

5.1. Steady state FCCI

The steady-state clad wastage rate is given as:

dXw

dt
¼ 1

2
CoL � CaL

CbL � CaL

ffiffiffiffiffiffi
DL

t

r
ð10Þ

where Xw is the clad wastage layer thickness (m), CoL the concentra-
tion of the lanthanide atoms in the fuel, CaL the solubility limit of
the lanthanides in the fuel (assumed to be zero), CbL the solubility
limit of the lanthanides in the clad (its value is 0.1 [27]), t the time
(s), and DL the diffusion coefficient of lanthanides at fuel–clad inter-
face (m2/s) given as:

DL ¼ D0L exp �QL

RT

� �
ð11Þ

where D0L = 1350 m2/s and QL = 300,000 J/mol, and T is clad inner
temperature (K). The values of D0L and QL were chosen to fit the data
from the DP04 and DP11 pins (unbreached fuel pins) in the X447
irradiation in EBR-II [28]. The data from the breached fuel pins in
X447 were discarded from the analysis, because their high wastage
levels resulted from operation after breach. The concentration of the
lanthanides in the fuel is calculated as follows:

Ctþ1
0L ¼ Ct

0L þ
YL

_FDt
ntot

ð12Þ

where Ct
0L is the lanthanide fractional concentration at time t, ntot is

the total fuel atom density (atoms/m3), YL is the fission yield of the
lanthanides (atom/fission), and _F is the volumetric fission rate (fis-
sions/m3s) in the fuel.

5.2. Transient FCCI

A similar precipitation-kinetics model was employed for the
transient scenarios, during which the dominant FCCI mechanism
is eutectic formation [(U, Pu)6 Fe] and liquefaction at the fuel–clad
interface. The liquefaction temperature as a function of the pluto-
nium content given in Ref. [29] was adopted in this study. The gov-
erning rate equation becomes:

dXw

dt
¼ 1

2
C0Fe � CaFe

CbFe � CaFe

ffiffiffiffiffiffiffi
DFe

t

r
ð13Þ

where Xw is the thickness of the clad wastage layer above the lique-
faction temperature (m), C0FE is the Fe concentration within the clad



Fig. 6. Growth of the reaction zones (a) steady state growth [24], (b) transient clad penetration (lm) [6].
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(=78 at.% for HT 9), CbFe is the Fe solubility limit within the (U, Pu)6

Fe layer (=14 at.%), CaFe is the Fe solubility limit within the clad
(�zero) [24] and DFe is the Fe diffusion coefficient (m2/s), given as

DFe ¼ D0Fe exp �Q Fe

RT

� �
ð14Þ

D0Fe = 4.2 � 106 m2/s and QFe = 400,000 J/mol, T is the clad inner
temperature. The values of D0Fe and Q Fe were chosen to best fit
the experimental database from furnace tests for EBR-II fuel pins
[6]. The experimental data given in Ref. [6] shows that the eutectic
penetration rate is weakly dependent on temperature for tempera-
tures below 750 �C; hence, in FEAST-METAL, if the clad inner tem-
perature is above the eutectic temperature but below 750 �C, the
diffusion coefficient calculated at 750 �C is used to predict the reac-
tion rate. Finally, it is assumed that FCCI ceases if the fuel–clad gap
widens to 50 lm, consistent with the experimental observations in
Ref. [6]. Table 2 shows the comparison between the precipitation-
kinetics model predictions and data, where the predictions from
the empirical clad-wastage correlation in Ref. [6] are also reported.
Note that for the long transient data point (12 h), the empirical cor-
relation overestimates the clad wastage very significantly, as it can-
not reproduce the diffusion-like behavior.

6. Mechanical analysis

The stress–strain analysis module in FEAST-METAL adopts the
LIFE algorithm [30] with a 1D finite difference solution. This ap-
proach accounts for thermal expansion, elastic, thermal and irra-
diation creep, plasticity and swelling strains. The code solves the
mechanical-equilibrium equation with the generalized plain
strain approach, by imposing that the radial displacement and
radial stress are continuous at the spatial node interfaces. Fur-
thermore, the axial force balance is also applied to calculate
Table 2
Transient clad wastage data for EBR-II furnace tests [6] and model predictions.

Test Temperature (�C) Burnup (at.%) Time (h) Experimental dat

1 675 10.8 12 140
2 700 9.8 1.0 58, 76a

3 740 11.3 1.0 58, 87a

4 770 9.6 1.0 80
5 800 10.8 0.1 42
6 800 11.3 0.5 79
7 800 10.0 1.0 100
8 800 10.5 2.0 104

a The test was performed for two different samples at the same transient temperatur
the axial strain (if the gap is open) or the axial friction force
(if the gap is closed, and thus the clad and fuel are ‘locked’ to-
gether). If eutectic liquefaction occurs at the fuel–clad interface,
the friction force is set equal to zero at the corresponding axial
location; hence, the fuel is allowed to move upwards freely in
this case, if there is no other locked node above. The metal fuel
creep equations given in Ref. [31] were adopted in FEAST-ME-
TAL. The fuel plastic behavior is modeled according to the so-
called ‘perfectly plastic’ approach [32]. The fuel swelling strain
ð�sÞ is given as

es ¼ 1
3

DV
V

� �
Solid

FP

þ DV
V

� �
Closed
Bubble

þ DV
V

� �
Open

Porosity

� DV
V

� �
Hot

Pres sin g

2
4

3
5
ð15Þ

Fuel swelling is assumed to be isotropic within the fuel. Hence, one-
third of the total volumetric swelling is assigned to each direction.
Solid-fission product swelling is assumed to be 1.5%/at.% burnup as
given in Ref. [9]. The swelling due to the closed bubbles and open
porosity is calculated with the GRSIS algorithm, described in Section
3 above. The hot-pressing contribution to fuel swelling is due to
FCMI, and is negative. That is, when the initial gap space between
the fuel and the clad is filled with the swollen fuel slug, further
gas swelling is restrained by the clad. The volume of the existing
open pores decreases, so that further buildup of the solid and liquid
fission products is accommodated. FCMI remains at a low level as
long as enough open porosity is available (>10%). The mechanism
is assumed to be creep-dependent [9].

In the clad, the swelling strain is due solely to void formation
given for each direction as:

eclad
s ¼ 1

3
DV
V

� �
Void

Swelling

ð16Þ
a (lm) Precipitation-kinetics model (lm) Empirical correlation (lm)

168 277
63 54
63 85
76 122
50 36

100 98
127 130
127 130

e.
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For HT 9, void swelling level remains low at doses as high as
200 dpa [33].

6.1. Anisotropic fuel slug deformation

The empirical approach reported in Ref. [9] is adopted in FEAST-
METAL, to model anisotropic deformation of the metal fuel slug
prior to fuel–clad contact. The anisotropy is due to the formation
of large radial cracks in the brittle ternary U–Pu–Zr fuel. In U–Zr
fuels, tearing at the grain or phase boundaries in the outer region
of the fuel slug also occurs due to anisotropic irradiation growth
of a-U crystals. To incorporate these effects, an effective fuel slug
radius is introduced:

reff ¼ ro þ drslug þ drcrack ¼ rslug þ drcrack ð17Þ

where ro is the as-fabricated slug radius and drslug is the radial dis-
placement due to thermal expansion, elasticity, creep/plasticity,
closed-bubble, open-pore and solid-fission product swelling. The
increment drcrack is due to the cracks and tearing. After the slug
comes in contact with the clad, further fuel swelling is accommo-
dated by the closure of the tears and cracks. This process prevents
Fuel–Clad Mechanical Interaction (FCMI) from growing at first. Dur-
ing this stage of fuel–clad contact, the contact area continues to in-
crease without significant FCMI stress, while the fuel slug and the
clad are axially locked. According to this description, the fuel–clad
contact process can be divided into three time intervals:

(I) reff < ri: no restraint by the clad (no contact)
(II) rslug < ri = reff: axial restraint by the clad, no radial restraint

(III) ri = rslug: both axial and radial restraint by clad
Table 3
Fuel-slug axial elongation.

Fuel
composition

Fuel smear
density (%)

q
D (W/
cm2)

Axial elongation (%)

Experimental
data

FEAST
predictions

U–10Zr 76 [35] 790 6.2 6.0
U–19Pu–

10Zr
76 [35] 1.5 1.8

U–10Zr 72 [34] 830 8.5 7.2
U–8Pu–10Zr 72 [34] 6.5 5.7
U–19Pu–

10Zr
72 [34] 2.5 2.3

U–10Zr 75 [4] 650 8 9.0
U-8Pu-10Zr 75 [4] 5.8 6.1
U–19Pu–

10Zr
75 [4] 6.5 6.6
ri is the inner radius of the clad.

drcrack ¼ f crackrgap
o ð18Þ

where rgap
o is the as-manufactured gap width. The anisotropy factor,

fcrack was calculated based on references [4,34,35] as a function of
Pu content and q

D (average linear power divided by the diameter
of the slug), and is given in Fig. 7. Note that the value of fcrack ‘sat-
urates’ above 19 wt.% Pu and 790 W/cm2 q

D value. Table 3 reports ax-
ial elongation prediction from this model, which are in reasonable
agreement with the experimental data.

7. Transient creep-fracture model for the clad

During transients in which the clad temperatures rise signifi-
cantly, intergranular creep fracture may become the dominant clad
failure mechanism. A popular approach to predict clad rupture in
fast reactor analysis is the simple Cumulative Damage Fraction
(CDF) model [36], which combines creep fracture data collected
at fixed temperature and stress, to predict failure for situations
where the temperature and stresses change continuously with
time. In FEAST-METAL the user has the option to choose the CDF
model; however, during transients the stress and temperature
may change very rapidly, which makes the use of the CDF approach
open to questions. Therefore, it was decided to introduce a more
mechanistic creep-fracture model that is based on the constrained
diffusional cavity growth mechanism [37]. Intergranular creep
fracture can occur by nucleation and growth of grain boundary
cavities [38]. The idea of the original model was to track the radius
of the cavities up to the point of cavity coalescence. However, this
approach tended to overestimate the failure times significantly
[38]. The idea adopted here is again to track the radius of the cav-
ities within the clad; however, when the radius reaches a critical
value, which depends on temperature and stress, it is assumed to
propagate instantaneously, thus breaching the clad. An expression
for the cavity radius growth rate for multi-axial loading is [38].

da
dt
¼ r1I � ð1�wÞr

hðwÞa2 qðwÞkT
2X@Db

þ q0req

_eeqk2d

h i ð19Þ

with q(w) = �2 ln w � (3 � w) � (1 � w), hðwÞ ¼ 1
sin w

1
1þcos w�

cos w
2

h i
,

w ¼ ð2aÞ2

k2 ; cos w ¼ cb
2cs
; r0 ¼ 2cs sin w

a , q0 ¼ p 1þ 3
n

� �0:5, where d is the

grain boundary diameter, r1I is the applied hoop stress, req the
Von-Mises equivalent stress, r0 the sintering stress (the stress state
at which the internal force due to surface tension is balanced by the
external forces), a the cavity radius, and _eeq the equivalent creep
strain rate, T is the temperature in Kelvin. All other parameters in
these equations are reported in Table 4.

The model was applied to HT 9 for fixed temperature and stress,
for which time-to-failure data are available [39]. Therefore, it was
possible to generate a lookup table for the critical cavity radius (Ta-
ble 5). Then the table can be used for any transient as follows:
when Eq. (19) predicts a cavity size equal to the critical cavity ra-
dius corresponding to the instantaneous value of the stress and
Table 4
Parameters used in the FEAST-METAL transient creep-fracture model [38].

n 5
X (m3) 1.18E�29
@Db (m3/s) 1.1E�12
Qb (J/mol) 1.74E+5
cs (J/m2) 2.1
cb (J/m2) 0.85
d (m) 20E�06
k (m) 7E�06
k (J/K) 1.38E�23



Table 5
Critical crack radius (in lm) for HT 9.

Hoop stress (MPa) Temperature (�C)

675 700 725 750 800 870

10 33.5 10.89 6.854 4.599 1.299 3.418
25 3.863 2.589 1.923 1.577 0.788 1.753
50 2.756 1.533 1.052 0.677 0.668 0.903
75 1.599 1.083 0.687 0.397 0.397 0.384

100 1.272 0.795 0.456 0.247 0.219 0.155
125 1.001 0.572 0.312 0.166 0.114 0.0
150 0.767 0.417 0.226 0.120 0.051 0.0
175 0.587 0.315 0.170 0.090 0.0 0.0
200 0.458 0.246 0.134 0.070 0.0 0.0
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temperature, the clad is assumed to fracture. The lookup table ap-
proach can be replaced by actual critical cavity radius data, if they
become available.
8. Validation of FEAST-METAL

8.1. Steady state

The FEAST-METAL predictions were compared to the EBR-II
reactor irradiation database, and to the predictions of the ALFUS
and LIFE-METAL codes, when available. The EBR-II test assemblies
designated as X425 [9,34,40,41], X430 [35] and X447 [23,28] were
used for the validation exercise, as sufficient information is avail-
able for these assemblies.
8.1.1. X425 assembly
X425 is one of the most successful irradiation performed in

EBR-II. Table 6 shows the fuel geometry, composition and operat-
ing conditions at the beginning of life.
Table 6
Fuel data for EBR-II assemblies.

Parameter Value

Fuel assembly X425 X430 X447
Fuel composition U–19Pu–10Zr U–19Pu–10Zr U–10Zr
Clad material HT 9 HT 9 HT 9
Fuel slug radius (mm) 2.16 2.86 2.20
Clad inner radius (mm) 2.54 3.28 2.54
Clad outer radius (mm) 2.92 3.68 2.92
Fuel smear density (%) 72.3 76 75.0
Fuel active length (cm) 34.3 34.3 34.3
Plenum to fuel ratio 1.0 1.4 1.4
Peak linear heat rate (kW/m) 40 50 33
Peak clad temperature (�C) 590 590 660
Peak fast flux (n/cm2/s) 2.3 � 1015 1.6 � 1015 1.9 � 1015
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Fig. 8. Fission gas release behavior of the X425 and X430 fuel rods.
The fission gas release for the X425 peak fuel rod at the end of
life [34] along with generic data for U–19Pu–10Zr fuel from [17] is
shown in Fig. 8. The agreement between data and predictions is
excellent.

The clad strain profile at 15.8 at.% peak burnup predicted by
FEAST is compared to the ALFUS predictions and the experimental
data in Fig. 9. Both codes give reasonable results, with FEAST-ME-
TAL predicting the correct bottom-peaked profile and a closer peak
clad strain. The metal fuel slug is rather stiff in the bottom region
due to the combined effect of lower temperature and lower
amount of open porosity; thus, FCMI is significant. On the other
hand, the upper part of the fuel is softer and compliant and the
resulting clad strain is relatively low.

A comparison of the FEAST, ALFUS and also LIFE-METAL predic-
tions with respect to the experimental data is reported in Table 7.
Note that the perfect agreement of LIFE-METAL with the experi-
mental data is due to the fact that X425 (and X441) were used
for calibration of the various empirical coefficients in that code.

8.1.2. X430 assembly
The fuel composition and geometry for the X430 assembly are

reported in Table 6. The peak assembly burnup is 11.9 at.%. The fis-
sion gas release for the X430 peak fuel rod at the end of life [35]
along with generic data for U–19Pu–10Zr fuel from [17] is shown
in Fig. 8. The agreement between data and predictions is again very
good. Also, the FEAST predictions reproduce the clad strain data
reasonably well, as shown in Table 8.

8.1.3. X447 assembly
The fuel specifications for the X447 assembly are reported in

Table 6. Note that the X447 clad temperature is quite high. For
HT 9, thermal creep becomes very significant in this temperature
range, and it has a strong dependency on temperature. FEAST has
an option to divide the axial node at the top of the fuel into four
sub-nodes, to get a more detailed distribution of the clad strain,
the clad failure time and clad wastage for high temperature oper-
ations and transient scenarios. The fission gas release at the end of
life for the X447 fuel assembly is shown in Fig. 10 and is about 72–
76% [28]. The FEAST prediction for the peak fuel rod (DP-04) is 75%.
Fig. 10 also shows generic data for U–10Zr at lower burnup from
Ref. [17]; predictions and data are again in good agreement. The
clad strain for the DP-04 fuel rod [28] is also reproduced well by
FEAST, as shown in Fig. 11.

8.2. Transients

The transient capabilities of FEAST-METAL were evaluated
using the database from the pin furnace tests performed at the Ar-
gonne National Laboratory [36,42]. The experiments were per-
formed at the ANL alpha-gamma hot cell facility, which features
a radiant furnace with computer-controlled temperature, able to
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Table 7
X425 peak clad strain (%).

Peak burnup (at.%) Experimental data FEAST ALFUS [9] LIFE-METAL [41]

Clad strain (%) Relative error (%) Clad strain (%) Relative error (%) Clad strain (%) Relative error (%)

10.4 0.25 0.22 �12.0 �0.37 48 �0.25 0.0
15.8 0.98 1.0 2.0 �0.86 �14 �0.98 0.0
18.9 2.0 2.23 11.5 �1.55 �22.5 �2.4 20

Table 8
X430 assembly peak clad strain at end of life (11.9 at.%).

Fuel rod ID Burnup (at.%) Experimental data FEAST prediction Relative error (%)

T-654 11.6 0.97 0.87 �10.3
T-655 11.8 0.86 0.93 8.1
T-659 11.7 1.17 1.04 �11.1
T-660 11.9 1.03 1.19 15.5
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heat intact irradiated fuel pins to the point of clad breach. Key pin
parameters and test conditions are summarized in Table 9. FM-1, 2,
3, 4 and 6 are ramp-and-hold tests while FM-5 is a ramp-and-cool
test. FM-5 was performed to simulate the worst possible Loss of
Flow Accident in EBR-II. Unfortunately, the irradiation history of
Table 9
Key furnace-test pin parameters.

Test no. Fuel type Plenum to fuel ratio

FM1 U–10Zr/HT 9 1.0
FM2 U–19Pu–10Zr/HT 9 1.0
FM3 U–26Pu–10Zr/HT 9 1.4
FM4 U–19Pu–10Zr/HT 9 1.5
FM5 U–19Pu–10Zr/HT 9 1.5
FM6 U–19Pu–10Zr/HT 9 1.0
these fuel pins prior to furnace testing has not been published.
Therefore, in the FEAST-METAL analyses it was assumed that the
irradiation history is the same as the peak X425 fuel rod. Although
the database has some variety in burnup and plenum-to-fuel ratio,
plutonium content and test temperature, the number of tests is
very limited. Therefore, it was decided to do also a code-to-code
comparison of FEAST-METAL with LIFE-METAL and the FPIN2 code.

Table 10 shows the predictions and the experimental data for
the failure time, clad wastage and peak clad strain. Failure time
predictions are performed according to the Cumulative Damage
Fraction (CDF) method (top value) and constrained diffusional cav-
ity growth model (bottom value) (see Section 7 for the description
of these models), the latter giving somewhat more conservative
predictions. LIFE-METAL and FPIN code predictions were per-
formed with the CDF method. Given the uncertainty in the irradi-
ation history, the FEAST predictions for FM1, FM3, FM5 and FM6
are in reasonable agreement with the data. Note that FM1 and
FM2 are very similar fuel pins, with a difference in Pu concentra-
tion, which is not likely to cause a very significant difference in
irradiation and transient performance. FEAST errs on the conserva-
tive side for the FM1 and FM2 tests, as far as failure time is con-
cerned. The FM4 test is an odd case: during the test, ballooning
of the plenum region was observed [36]. None of the codes could
predict this behavior. It is hypothesized that plenum ballooning re-
sulted in decreased plenum pressure, so clad breach was delayed
significantly compared to the code predictions [36]. The clad wast-
age predictions of FEAST are also reasonably good. As for clad
strain, it would not be appropriate to judge the accuracy of the
codes from their performance for the failed pins (FM1 through
FM4), because in these cases significant straining occurs during
rupture, which is captured by the PIE measurements, but not by
the codes. On the other hand, for the pins with no failure (FM5
and FM6), the FEAST-METAL predictions are reasonably close to
the data, and actually a bit conservative.
Burnup (at.%) Test temperature (�C) Test duration (min)

3 820 67
3 820 112
2.2 820 146
11.4 770 68
11.4 Ramp to 780; cool 3
11.3 650–670 2160



Table 10
Furnace test data and code predictions.

Test Failure time (min) Clad wastage (%) Peak strain (%)

FPIN LIFE FEAST TEST FPIN LIFE FEAST TEST FPIN LIFE FEAST TEST

FM1 36 79 69 67 30 53 51 64 6.0 1.1 0.7 3.3
58 47 0.5

FM2 42 75 5648 112 37 50 45 67 6.0 1.0 0.7 2.3–4.3
42 0.5

FM3 108 217 129 146 86 50 70 65 6.0 1.0 0.7 1.2
110 64 0.4

FM4 16 9 12 68 8.2 3 10 24 15.0 0.7 0.4 10–15
10 10 0.3

FM5 No failure No failure No failure No failure 0.15 Z0 5.0 0 0.6 0.0 0.2 0.1
No failure 5.0

FM6 222 1320 No failure No failure 0.0 0.0 5.0 0 4.5 1.0 1.0 0.89
No Failure 5.0

Table A.1
Effective heat of transport (kJ/mol).

Phase U–>8Pu–Zr U–Zr

a 200 0.0
d 160 0.0
b 450 0.0
c �200 �150

Table A.2
Diffusion coefficients for U–Zr alloy phases.

Phases Do (m2/s) Q (kJ/mol)

a 2� 10�7 170

d 2� 10�7 150

b 5:7� 10�5 180

c 10ð�5:1�8:05xZrþ9:13x2
Zr Þ 128� 107xZr þ 174x2

Zr
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9. Conclusions

A new computer code, FEAST-METAL, was developed to predict
the steady and transient behavior of metallic fuel alloys in sodium
fast reactors. Attractive/novel features of FEAST-METAL with re-
spect to other metal–fuel codes include a flexible structure that al-
lows for easy integration of constitutive models for new metal fuel
alloys and clad materials, the ability to account for the variation of
material properties (fuel creep, thermal expansion, Young’s modu-
lus) with the phases locally present in the fuel, a mechanistic fis-
sion gas release and swelling model originally developed for
metal fuel, a FCCI model based on precipitation kinetics, a fuel con-
stituent redistribution model based on thermo-transport theory,
and a transient clad creep-fracture model based on the constrained
diffusional cavity growth mechanism. FEAST-METAL is meant to be
a robust engineering code with the most advanced mechanistic
(but macroscopic) models, to be used in guiding the development
of advanced metal fuels, in pre-irradiation calculations and scoping
studies of novel fast reactors.

The code performance was validated against the available EBR-
II database for steady state and furnace (transient) tests. The stea-
dy-state and transient tests encompassed a burnup range of 7–
19 at.% and 2–11 at.%, respectively, corresponding to peak clad
doses up to 100 dpa. The peak clad temperature for the steady state
and transient tests were in the 550–660 �C and 650–820 �C, respec-
tively. A comparison of data and code predictions for these tests
suggests that FEAST-METAL is able to predict important phenom-
ena such as clad strain, fission gas release, clad wastage, clad fail-
ure time and axial fuel slug deformation, satisfactorily. However,
more data are needed for a statistically-significant, quantitative
assessment of the code capabilities.
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Appendix A

The Appendix reports the fundamental data used to calculate
the zirconium radial distribution within the metal fuel slug.

A.1. Enthalpy of solution

The enthalpy of solution of Zirconium in a and b phases is neg-
ligible. On the other hand, the enthalpy of solution of the c and d
matrix phases is given as follows:
DHs ¼ GE
Zr � T

@GE
Zr

@T
ðA:1Þ

GE
Zr ¼ x2

Uð43764:5� 22T � 44174:7xZr þ 38635:1x2
ZrÞ

þ x2
Puð6574:7Þ þ xUxPuð15884Þ ðA:2Þ

where DHs is the enthalpy of solution (J/mol), GE
Zr the free energy of

Zirconium (J/mol), xU the Uranium mole fraction, xZr the Zirconium
mole fraction, xPu the Plutonium mole fraction and T is the temper-
ature (K).

A.2. Effective heat of transport

Note that the effective heat of transport values (see Table A.1)
are linearly interpolated between their values for the U–Zr and
U–8Pu–Zr alloys. For plutonium concentrations above 8 wt.%, it is
assumed that the effective heat of transport values stay constant.

A.3. Effective diffusion coefficients

The diffusion coefficient is defined as follows:

D ¼ Do exp � Q
RT

� �
ðA:3Þ

Q is the activation energy and Do is the diffusion constant. They are
given in Tables A.2 and A.3.

The Zr diffusion coefficient for the dual phase b + c is calculated
by the diffusion constant of the b and c phases from Table A.2



Table A.3
Diffusion coefficients for U–Pu–Zr alloy phases (Pu is >8 wt.%).

Phases Do (m2/s) Q (kJ/mol)

a 2� 10�6 170

d 2� 10�6 150

b 4:0� 10�4 180

c 10ð�5:1�8:05xZrþ9:13x2
Zr Þ 128� 107xZr þ 174x2

Zr
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multiplied by a factor of 10 depending on whether the b or c phase
fraction exceeds 50%, respectively.
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