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a b s t r a c t

This paper provides an overview of high-temperature phenomena in nuclear fuel elements and bundles,
with particular relevance to the CANDU fuel design. The paper describes heat generation, fuel thermal
response, and thermophysical properties of the fuel and sheath that can affect the thermal and mechan-
ical response of the fuel element. Sources of chemical heat that can arise during accident conditions in the
fuel element are also detailed. Specific phenomena associated with fuel restructuring, fuel sheath defor-
mation, fuel-to-sheath heat transfer, fuel sheath failure criteria, oxidation, hydriding and embrittlement
of the Zircaloy sheath, gap transport processes in failed elements, fuel/sheath interaction and fuel disso-
lution by molten cladding are detailed as important phenomena that can impact reactor safety analysis.
Fuel behaviour during a power pulse and fuel bundle behaviour that occurs during a severe reactor acci-
dent are further considered. The review also points out areas of further research that are needed for a
more complete understanding.

Crown Copyright � 2009 Published by Elsevier B.V. All rights reserved.
1. Introduction

The prediction of high-temperature fuel behaviour is of partic-
ular importance for nuclear safety analysis. An understanding of
fuel behaviour has been well advanced through many decades of
experimental research and efforts in modelling and code develop-
ment [1]. Various types of component and system computer codes
have been developed by the international fuel community to de-
scribe fuel behaviour and performance during normal, upset and
severe accident conditions [2–11]. In Canada, the ELESTRES code
has been developed for the prediction of fuel performance during
normal operating (steady-state) conditions [12,13], and the ELOCA
code for upset/transient conditions [14,15]. These various codes
describe the complex and linked phenomena associated with the
thermo-mechanical and chemical behaviour of the fuel rod/bundle.

An overview of experimental programs on core melt progres-
sion in light water reactors (LWR) and the associated fission-prod-
uct release behaviour has been previously detailed [16]. The
current work provides an overview of phenomena that can arise
in nuclear fuel during high-temperature conditions. In particular,
this paper addresses the thermophysical properties, fuel restruc-
turing mechanisms and heat transfer considerations that must be
known for the simulation of nuclear fuel performance during nor-
mal operation and for transient conditions that may arise during a
postulated reactor accident. It also focuses on the thermal and
009 Published by Elsevier B.V. All
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mechanical behaviour of the fuel element during high-temperature
conditions that can lead to sheath failure. In addition, this work de-
tails chemical effects of oxidation and hydriding of the sheath, as
well as fuel dissolution effects that can lead to severe fuel deforma-
tion. These various phenomena are discussed in relevance to the
CANada Deuterium Uranium (CANDU) fuel element/fuel bundle
design.

2. Phenomena review

2.1. Fuel element behaviour parameters

2.1.1. Heat generation in a fuel element
The flux depression that occurs across the fuel element radius is

due to the effect of neutron absorption, primarily by the major fuel
constituent of 238U atoms and the distribution of fissile atoms.
With burnup, resonance absorption in the 238U leads to a buildup
of 239Pu near the pellet surface, which affects the fission density
distribution that can be approximated as [17,18]:

HðrÞ ¼ Hð0Þ fIoðjrÞ þ b exp½kðr � aÞ�g ð1Þ

where H(r) is the volumetric heat generation rate at the radial posi-
tion, r, in the pellet, j and k are the inverse neutron diffusion
lengths for neutrons in the pellet and in the pellet surface layer,
respectively, Io is the modified Bessel function of first kind of order
zero, b is the fractional increase in heat production at the pellet sur-
face due to fissile atom buildup and a is the pellet radius. Fuel per-
formance codes do not take into account any redistribution of
rights reserved.
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(volatile) fission products that can absorb neutrons (e.g. 135Xe),
although this effect is expected to be negligible due to the much lar-
ger quantity of fertile and fissile material present in the fuel.

In general, most modern fuel performance codes use more de-
tailed models to determine the radial profile of the heat generation
rate, such as those described by Lassmann et al. [19,20]. These
models are based on detailed neutron diffusion calculations, and
take into account the changing concentrations of the U, and Pu iso-
topes, and are hence capable of accounting for the change in the
profile as a function of burnup.

2.1.1.1. End flux peaking. For a given neutron flux level in the vicin-
ity of a fuel bundle, local flux variations occur due to the absorp-
tion of neutrons by the fuel and the local change in the fissile
material composition. End flux peaking occurs at the ends of the
bundle, where there is an absence of neutron attenuating material
because of the small cross section of the Zircaloy components (i.e.
the flux increases by a factor of �2 at the end of the fuel bundle)
[21]. This higher local neutron flux produces a slightly higher heat
generation rate in the end pellets as compared to the midplane of
the fuel element. The flux changes as a function of the distance
from the fuel element midplane have been measured in the ZED-
2 zero power facility at the Chalk River Laboratories [22]. Model-
ling of the end flux peaking phenomenon has been performed,
and predictions have been shown to be within experimental error
[23].

Fuel element end caps provide an additional surface area for ax-
ial heat transfer from the end pellets as well as the sheath by axial
heat conduction. The advantage of the increased heat transfer at
the end of the elements is offset by the increased local heat gener-
ation caused by end flux peaking. During normal operation, end
flux peaking can provide an extra source of heat in the end cap re-
gion which can influence the local temperature [24]. For reactor
accidents in which the temperatures are high enough to reduce
safety margins, heat transfer to the end cap is an important
consideration.

2.1.2. Fuel thermal properties
For transient analysis, a solution of a time-dependent heat con-

duction equation is required:

qCp
@

@t
T ¼ r � ½krT� þ H ð2Þ

where T is the fuel temperature, k is the fuel thermal conductivity, H
is the volumetric heat generation rate, q is the fuel density, Cp is the
specific heat capacity of the fuel and t is the time. Thus, to model the
high-temperature fuel behaviour, the following fuel material prop-
erties are needed for fresh, irradiated and oxidized uranium dioxide
fuel:

� Thermal conductivity.
� Specific heat capacity.
� Thermal expansion.
� Fuel melting temperature.

There have been a number of extensive reviews of fuel thermal
properties. For instance, correlations proposed in the MATPRO
materials handbook, which can be used in fuel rod performance
codes for normal and reactor accident analysis, are derived from
an extensive literature review of experimental data [25–28]. A re-
port on thermophysical properties was also prepared in 1997 by an
International Working Group of the International Atomic Energy
Agency where available data and correlations were compiled for
materials of light and heavy water-cooled reactors [29]. A compre-
hensive and critical review of the thermophysical properties for
uranium dioxide has been presented more recently by Fink [30],
as well as for both UO2 and mixed-oxide (MOX) fuels by Carbajo
et al. [31]. A brief review of the thermal properties required for
Eq. (2) is given below.

(i) Thermal conductivity
Correlations are normally required for the thermal conductivity

as a function of temperature, composition and deviations from
stoichiometry. Early correlations for UO2 from 273 to 3113 K are
given as a function of temperature and porosity in MATPRO [25].
In a later version of MATPRO [27], the fuel thermal conductivity
is provided as a function of temperature, density, oxygen-to-metal
(O/M) ratio (based on a simple model suggested by Olander [32])
and plutonium content of the fuel. The MATPRO correlation has
been further improved by accounting for the effects of fuel burnup
using the 1992 correlation of Lucuta et al. [28,33].

The thermal conductivity expression proposed by Harding and
Martin accounts for the phonon and small polaron contributions
for uranium dioxide as a function of temperature between 773
and 3120 K [34]. This correlation has been widely used in com-
puter codes or as the basis for other correlations. The work of Lucu-
ta et al. is of particular importance because it separated the
different effects of burnup, radiation and deviation from stoichi-
ometry by using SIMFUEL that allows a simulation of burnup with
the supplement of stable additives to the UO2 fuel matrix [35]. In
the correlation of Lucuta et al., the Harding and Martin formula
for fully dense, unirradiated fuel (k0) is multiplied by five factors
that account for the effects of dissolved fission products (j1d), pre-
cipitated solid fission products (j1p), porosity from pores and fis-
sion gas bubbles (j2p), deviation from stoichiometry (j3x) and
radiation damage (increase in lattice defects) (j4r) (i.e. as a corre-
lation up to a temperature of 1900 K):

k ¼ j1dj1pj2pj3xj4rk0 ð3Þ

The fuel thermal conductivity model used in both the ELESTRES and
ELOCA 2.2 codes is based on a variation of this model. The factor for
the deviation from stoichiometry is assigned a value of unity under
typical conditions of burnup with intact fuel (since the fuel is not
expected to deviate much from stoichiometry). However, for fuel
with defects or under accident conditions, Lucuta et al. suggest that
the Harding and Martin formula can be replaced by a lattice expres-
sion as derived from UO2+x and hyperstoichiometric SIMFUEL data
(i.e. Eq. (13) of Ref. [35]) for stoichiometry deviations up to 0.1. This
nonstoichiometry correlation is consistent with a similar one pro-
posed by Goldsmith and Douglas in the temperature range 670–
1270 K [36].

Based on the Halden Research Project with fuel instrumented
with thermocouples for temperature measurement, Wiesenack
et al. developed a simple formula for irradiated UO2 of 95% theoret-
ical density (TD) up to a burnup of 67 MWd/kgU that only de-
pended on the two variables of fuel temperature and burnup
[37,38]. The Halden measurements for irradiated fuel indicate a
larger reduction in thermal conductivity than that suggested for
SIMFUEL and therefore the Lucuta et al. correlation may underesti-
mate the effect of burnup (especially at higher burnups as experi-
enced by light water reactor fuel).

In 1999, Ronchi obtained new experimental data of the thermal
conductivity from the simultaneous measurement of the heat
capacity and thermal diffusivity and developed a correlation up
to 2900 K with terms for the phonon lattice and ambipolar contri-
bution [39]. The phonon contribution is generally dominant and
results from the scattering of phonons with lattice defects and pho-
non self-scattering for temperatures below 3000 K. In 2000, Fink
proposed a new correlation in better agreement with available
data using the ambipolar term of Ronchi and an improved lattice
term [30]. Finally, the effects of burnup on the thermal conductiv-
ity of uranium dioxide, which include soluble fission products, irra-
diation-induced point defects and extended defects such as
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microbubbles, was investigated by Amaya et al. in 1997 [40], and
most recently studied by Ronchi in 2004 (up to a burnup of
100 GWd t�1) [41]. In the 2004 Ronchi analysis, a complicated
treatment was suggested that takes into consideration the relevant
effects and structural changes induced by reactor burnup, includ-
ing the recovery of thermal conductivity as a function of tempera-
ture (i.e. as derived from laboratory annealing experiments up to
1450 K), and the separate effects of soluble fission products, fission
gas frozen in dynamical solution and radiation damage.

Most treatments do not account for changes in stoichiometry,
which is particularly important for defected fuel analysis since
hyperstoichiometric fuel has a reduced thermal conductivity. In
addition, there is also a reduction in the incipient melting temper-
ature for hyperstoichiometric fuel (see item iv).

The stoichiometry effect has been addressed most recently fol-
lowing the analysis in Refs. [42–46]. For instance, the parameter
k0j3x in Eq. (3) can be replaced by the factor k0(T, x) (=kAP + kL)
which is composed of the original ambipolar term kAP proposed
by Ronchi in 1999 (i.e. Eq. (8) of Ref. [39] corrected to 100% TD)
and a term which accounts for the lattice defects kL (=[A(x) +
B(x)T]�1) based on the correlation proposed by Ellis, Porter and
Shaw (EPS) in 2000 for unirradiated UO2+x [47], as derived from
available literature data in Refs. [48–54]. In fact, the same treat-
ment for hyperstoichiometric and irradiated fuel has been recom-
mended by Carbajo et al., except that the correlation of Luctua et al.
for nonstoichiometric fuel (i.e. Eq. (13) in Ref. [35]) is suggested in
place of the EPS correlation for kL. Alternatively, the thermal con-
ductivity model of Amaya et al. [55] has been used instead in the
defective fuel analysis of Ref. [46]. This latter model is consistent
with experimental data of thermal conductivity in UO2+x over a
wide range of temperature (300–1400 K) and stoichiometry
(x < 0.2).

Shaw et al. carried out experiments to measure the thermal dif-
fusivity on both oxidized and irradiated urania fuel up to 1173 K,
where irradiated fuel samples were subjected to a low temperature
anneal in air at 733 K to oxidize the samples [56]. However, a
recovery was seen on progressively heating the samples to higher
temperatures than that previously attained. This result suggests
that the laboratory procedure to manufacture oxidized samples
of irradiated fuel material may not be representative of actual in-
pile (defect) conditions. As mentioned, the effects of recovery for
(stoichiometric) irradiated material were investigated in the recent
experiments of Ronchi et al. [41]. Typically, the experimental
uncertainty in most of the literature data for the diffusivity and
heat capacity is, respectively, 10–15% and 20–30% [39].

For liquid UO2 fuel, a value of 2.5 ± 1 W m�1 K�1 has been rec-
ommended by both Fink and Carbajo et al. [30,31].

Thermal conductivity data on UO2 doped with lanthanide burn-
able poisons (Dy or Gd) are of interest in CANDU fuel development
for low void reactivity fuel (LVRF), while data for hyperstoichiom-
etry and hypostoichiometric fuel (UO2±x) are useful for analysis un-
der accident conditions after the sheath has defected, or the fuel is
undergoing UO2/Zircaloy interaction or reduction by hydrogen-
rich environments (see Section 2.4). In general, although there is
a large quantity of data for unirradiated uranium dioxide fuel over
a wide temperature range up to fuel melting, experiments with
both hyperstoichiometric and irradiated fuel are needed especially
at high temperatures. There are currently no direct measurements
of the thermal conductivity of hyperstoichiometric fuel at temper-
atures above 1770 K [48,55,57–59]. Measurements of irradiated
(in-pile) uranium dioxide fuel indicate a larger reduction in ther-
mal conductivity than that for SIMFUEL and thus a better under-
standing may be needed for irradiated fuel.

It is important to note that the thermal conductivity derived
from the Ronchi diffusivity measurements on unirradiated fuel
[41] are consistently lower than the majority of measurements re-
ported by previous authors [28] by approximately 10%. The reason
for this discrepancy is currently unexplained, and at present the
Ronchi measurements have not been accepted for inclusion in fuel
performance codes used by the Canadian nuclear industry.

(ii) Heat capacity
MATPRO correlations for the heat capacity for solid UO2 follow

from the original work of Kerrisk and Clifton in 1972 [25,27,60].
The MATPRO correlations have been revised so that these correla-
tions are now a function of temperature, fuel composition (UO2,
PuO2 and gadolinium) and oxygen-to-metal ratio [28]. Fink has
developed improved correlations for the heat capacity for UO2

accounting for the lattice phonon contribution, the thermal expan-
sion contribution and defect formation following a review of all
data in 2000 [30]. For temperatures above 2000 K, the Fink corre-
lation is in better agreement with the 1999 high-temperature data
of Ronchi [39] than the MATPRO correlation. A spike in the heat
capacity, indicating a k-phase transition as a result of an order–dis-
order transition in the anion sublattice has been observed for the
heat capacity of UO2 at 2670 ± 30 K by several investigators
[39,61–63].

The specific heat for simulated-burnup UO2 using SIMFUEL was
measured between room temperature and 1673 K [33,48,64,65].
Here, the specific heat was observed to increase only slightly with
burnup in accordance with the Kopp–Neumann rule, indicating
that the influence of fission products on the heat capacity is very
small.

The model for the fuel specific heat capacity used in ELOCA 2.2
employs the MATPRO 9 correlation [25] (which is the original
model proposed by Kerrisk and Clifton) [60]. As mentioned, this
model is a function of temperature only, where it is implicitly as-
sumed that the fuel specific heat capacity is independent of the
fuel burnup over the range of burnup experienced by CANDU fuel.

Fink has also provided the heat capacity of liquid UO2 [30].
The correlation for heat capacity Cp (J mol�1 K�1) developed by

Kerrisk and Clifton [60] has been further generalized for hypersto-
ichiometric fuel [27]:

Cp ¼
k1h

2eh=T

T2ðeh=T � 1Þ2
þ 2k2T þ yk3Ea

2T2 e�Ea=T ð4Þ

where T is the temperature (K), y = 2 + x is the O/M ratio,
h = 532.285 K, Ea = 18968.5 K, k1 = 80.1 J mol�1 K�1, k2 = 3.283 �
10�3 J mol�1 K�2 and k3 = 2.361 � 107 J mol�1. This model has been
employed, for example, in the ELOCA-IST 2.1 code (with y = 2). The
model in Eq. (4), however, has been refit by Fink to the higher tem-
perature data of Ronchi yielding the slightly revised coefficients:
h = 548.68 K, Ea = 18531.7 K, k1 = 81.613 J mol�1 K�1, k2 = 2.285 �
10�3 J mol�1 K�2 and k3 = 2.360 � 107 J mol�1, which is valid over
the temperature range 298 6 T 6 3120 K [30]. Matzke has further
generalized Eq. (4) using SIMFUEL data to account for the effect of
burnup where k2 is multiplied by the correction factor (1 + 0.11b)
which is a function of burnup b (in atom%) [65].

A correlation for the specific heat capacity (in J mol�1 K�1) for
hyperstoichiometric UO2+x as a function of the temperature T (K)
and stoichiometry deviation x has also been developed from a com-
prehensive thermodynamic treatment of the complete uranium–
oxygen system [44]:

Cpðx;TÞ ¼ 52:1743þ45:8056xþð87:951�10�3�7:3461�10�2xÞT
þð1� xÞf�84:2411�10�6 T2þ31:542�10�9 T3

�2:6334�10�12 T4g� ð713910þ295090xÞ T�2 ð5Þ

The effect of burnup (using the Matkze correction) is small. Unfor-
tunately, there are no experimental heat capacity data available for
highly-hyperstoichiometric fuel at high-temperature, where the
heat capacity models mostly rely on the lower-temperature SIMFU-
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EL data of Lucuta for their validation as a function of both stoichi-
ometry and burnup [44]. Due to a lack of data, even the most recent
MATPRO correlation employs the simple model of Lucuta et al. to
account for the effect of fuel burnup [28].

(iii) Density
As recommended in both the reviews of Fink [30] and Carbajo

et al. [31] the thermal expansion and density for solid UO2 can
be taken from the work of Martin from 273 K up to the melting
point as follows from the linear thermal expansion relations in
Eq. (1a) and (1b) of Ref. [66]. These correlations are for fully dense
fuel and have an uncertainty of ±1% over the entire temperature
range. Thermal expansion measurements on UO2+x are complicated
by the presence of more than one phase at low temperature. The
thermal expansion of UO2.00 lies very close to that for UO2+x up
to 1520 K. However, there is a lack of experimental data for hyper-
stoichiometric fuel above this temperature value.

The model for the fuel thermal expansion employed in ELOCA
2.2 uses the correlation proposed in MATPRO 11 (Rev. 2) [26]. This
model only accounts for thermal expansion of UO2 as a function of
temperature (where burnup effects are ignored for the typical
range of burnup experienced by CANDU fuel).

The recommended correlation for the density of liquid UO2 in
the temperature range 3120–4500 K is given by Breitung and Reil
[67], as recommended in both the Fink and Carbajo et al. reviews.
(iv) Melting of stoichiometric and hyperstoichiometric uranium
dioxide
To develop a phase diagram of the uranium–oxygen system
[43,68–70], one requires a determination of the solidus and liqui-
dus lines for hyperstoichiometric fuel. This U–O phase diagram
can be used to provide the thermodynamic boundary conditions
for models, which account for the fuel oxidation kinetics for fuel
possibly containing a molten core [71]. In addition, a multi-compo-
nent thermodynamic treatment can be further advanced to evalu-
ate how the melting temperature would be affected with the
addition of fission products and dopant material [72–74].

Recent experiments at high pressure (250 MPa) have been per-
formed to minimize the non-congruent evaporation of urania in or-
der to determine the solid–liquid transition in stoichiometric and
hyperstoichiometric UO2 [75–78]. The incipient melting point of
hyperstoichiometric fuel decreases with increasing x, which has
an impact on defected fuel performance (and the possibility of fuel
centreline melting) [79].

2.1.3. Uranium dioxide restructuring and relocation
Restructuring and relocation occurs in UO2 fuel pellets to min-

imize the mechanical and thermal stored energy, where a dense
annular pellet forms with cracks in the colder peripheral region.
The processes leading to this re-formation are detailed below [80].

(i) Porosity
Any porosity within the fuel moves in a temperature gradient

towards the higher temperature region [81]. Columnar grains are
formed within seconds with a movement of lenticular pores to-
wards the hot pellet centre. The rate of pore migration in the colder
outer rim of the pellet is much slower, which is on a time scale of
hundreds of hours in CANDU fuel, which operates at higher linear
powers up to about 60 kW m�1.

The presence of porosity reduces the fuel thermal conductivity,
where this effect in Eq. (3) can be described by the Loeb expression
[82]:

k2p ¼ ð1� bT PÞ ð6Þ

Here P is the porosity and the parameter bT accounts for the temper-
ature effect where bT = 2.6–0.5 � 10�3 T (K) [30]. The porosity leads
to higher fuel temperatures that promotes faster porosity
elimination.
With the exception of microcracking (see item vi), porosity and
its effect on thermal conductivity is simulated in the fuel modelling
codes, ELESTRES and ELOCA [14]. Due to the long irradiation times
involved, ELESTRES also models the dynamics of porosity change.

(ii) Sintering and densification
Oxide fuel is fabricated by pressing powdered UO2 and sintering

it at a high-temperature that is greater than one-half of the melting
point. By controlling the sintering time, temperature and atmo-
sphere, pellet densities of 95–98% of theoretical density are
achieved for CANDU fuel pellets. In this process, the porosity is
eliminated in the following stages [81]. The UO2 powder fuses to-
gether at contact points to form necks, where surface forces pro-
duce more or less cylindrical tubes lying along the juncture of
three or more grains. The tubular network pinches off and pro-
duces nearly spherical voids at the corners of the grains, which is
essentially uniform throughout the pellet. Isolated pores can be
eliminated by vacancy migration to the surrounding grain matrix;
however, some residual porosity is normally maintained to accom-
modate swelling of fission products (see item iii).

Grain growth can occur during sintering due to the high tem-
peratures. Voids on the grain-boundary form intergranular poros-
ity (see item v).

Fuel densification is an important mechanism to model since
fuel porosity, which is an important parameter in the fuel thermal
conductivity expression, (see item i) will directly affect the fuel
temperature prediction. Moreover, fuel densification will affect
the gap dynamics because the thin sheath in the CANDU design
(i.e. �0.43 mm thickness) will creep down onto the fuel pellet sur-
face due to the differential pressure between the coolant and the
internal-element atmosphere during normal operation. In addition,
the sheath can also lift off of the pellet surface during a Loss of
Coolant Accident with coolant depressurization and any enhanced
fission gas release/increased internal-element pressurization at
higher fuel temperatures. Thus, to accurately model heat transfer
through the fuel and the fuel-to-sheath gap, it is important to
understand fuel densification effects, and any fuel expansion with
solid and gaseous fission-product generation with fuel burnup. To
account for fuel densification effects during operation, empirical
correlations are available to account for the porosity change as a
function of temperature and fuel burnup [83]. However, a more de-
tailed model for fuel densification with irradiation has been pro-
posed by Assmann and Stehle, which encompasses all other
treatments that takes into account the behaviour of both fine and
coarse pores in the fuel matrix over a range of temperature [84].

(iii) Intra-granular porosity
Intra-granular porosity remaining from fuel pellet fabrication is

quickly reduced during normal reactor operation as a result of fis-
sion fragment bombardment and re-solution back into the lattice,
although a population of very small pores that contain fission gas
will be maintained during irradiation [85]. At decay power levels,
a population of intra-granular bubbles can re-establish where the
re-solution rates due to fission are low.

Fission-product gases will also diffuse from the lattice to the
grain boundaries. At low fission rates and high-temperature (i.e.
annealing conditions), large scale intra-granular porosity can
re-form with a certain fraction of the fission-product gases in
the lattice being used to re-establish the intra-granular bubble
population. When conditions permit, the porosity within the fuel
coarsens with irradiation as small pores coalesce to form larger
pores.

Intra-granular bubbles near the grain surface can more readily
lose their contents to the grain-boundary than bubbles located in
the interior of the grain. Interior bubbles will migrate by surface
diffusion, bulk diffusion or vapour transport. Fuel swelling has
been measured for normal operating conditions and for transients
up to 2270 K in various experiments with fuel swelling measure-
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ments of the grain face area, number of pores, bubble density per
unit area, fractional coverage, volumetric swelling due to gaseous
and solid fission products, bubble coalescence, and fraction of bub-
bles vented to grain-edge tunnels [86–96]. The main contribution
to fuel swelling under CANDU LOCA conditions arises from grain-
boundary bubbles.

(iv) Columnar grain growth and central void formation
Columnar grains are formed by the movement of lenticular

shaped pores (with major axes normal to the temperature gradi-
ent) up the temperature gradient at temperatures in excess of
�1700 �C with sustained temperature [81]. Cavities and small
pores, pinched off from the tips of the lenticular pore, decorate
the radial surfaces on these columnar grains. The migration rate
is controlled either by surface diffusion or vapour transport from
the hot surface to the cold surface of the pore [97].

Columnar grain growth is the primary mechanism whereby the
pore volume (plus any contained and swept volatile fission prod-
ucts) is transported to the fuel centreline where a central hole or
cavity can be formed. However, plastic flow can eliminate central
voidage formed in high powered, high density fuel [98]. Thus,
where the porosity has not been used to accommodate thermal
expansion, plastic deformation or fission-product swelling, the
porosity will migrate and agglomerate as a central void. The elim-
ination of porosity by columnar grain growth improves the thermal
conductivity of the fuel. Fuel containing a central void will have a
lower central temperature than an equivalent cylindrical fuel ele-
ment. The ELESTRES code simulates the effects leading to the for-
mation of a central void and the resulting decrease in central
temperature.

(v) Grain-boundary bubbles
Fission-product gases that diffuse to the grain-boundary or

accumulate during grain growth as the grain-boundary sweeps
through adjacent grains, collect and forms grain-boundary bub-
bles. As the grain-boundary bubbles grow they can touch and
interlink to form saturated grain boundaries. Excess gas is vented
to grain-edge bubbles or tunnels. Following a significant change
in temperature over a short time interval, the saturated bound-
aries/tunnels can open and release their gas to the free voidage
within the fuel element [97]. Based on post-irradiation annealing
of boiling water reactor fuels, the fraction of the grain face area
occupied by bubbles ranges from �40% to 50% [99,100]. However,
Rest has suggested that the maximum projected area coverage of
the grain face by bubbles on a saturated grain-boundary is �91%
for the prediction of transient gas release with microcracking un-
der severe accident conditions [101].

The previous description refers to grain-boundary dynamics
during normal operation where heating rates are less than
250 �C/s [85]. At higher heating rates, grain-boundary bubbles
can cause grain-boundary separation.

(vi) Fuel cracking and voidage
At temperatures in excess of approximately 1000 �C, UO2 can

deform plastically. If the fuel pellets are constrained by the sheath,
the UO2 can be forced to flow axially into the residual pellet dish-
ing thus reducing the fuel element internal voidage. Thermal
expansion of the hot pellet will also reduce internal fuel element
voidage. Creep down of the sheath by high coolant pressure also
reduces internal voidage. In general, reduction of fuel element
internal voidage reduces fuel temperatures by promoting im-
proved heat transfer paths within the fuel element. Where the fuel
temperatures are too low to reduce tensile stress by plastic flow,
the UO2 will crack to relieve these stresses. Cracking and plastic
deformation reduce the mechanical energy stored in the UO2. Relo-
cation of the fuel fragments produced by cracking also leads to re-
duced fuel temperatures. In the colder regions of the pellet where
the fuel is more brittle, volume swelling of the grain-boundary
bubbles by overpressurization can lead to crack propagation from
the sharp ends of the lenticular bubble [85,102], or early intercon-
nection of bubbles by rapid grain-boundary diffusion [103]. At very
high temperatures greater than 2300 �C, grain-boundary bubbles
can take the form of large spheroid gas pools [85]. Overpressuriza-
tion occurs at heating rates where gas atoms arrive at the grain-
boundary faster than the bubbles can grow. At very high heating
rates (i.e. in excess of 5000 �C/s), energetic microcracking (or
‘‘explosive fragmentation”) has been postulated (see Section 2.5)
[85].

Fuel crack patterns in UO2 pellets tend to be radial although the
fracture surfaces are through weak points in the pellet and there-
fore a circumferential component also occurs. ‘‘Radial” cracks that
are observed in cold fuel are produced during heating and cooling.
Upon startup of a fresh fuel element, radial cracks are induced in
the fuel pellets by circumferential thermal stresses for linear rat-
ings in excess of approximately 7 kW/m [104]. Due to the brittle
nature of UO2 at these temperatures, these radial cracks will begin
at the fuel surface and extend to the fuel pellet centreline. As the
power is increased, additional radial cracks will form. As observed
in CANDU fuel, the number of radial cracks is approximately equal
to one-half of the linear heat rating (expressed in kW/m), while
typically 4–6 cracks occur during normal operation in LWR rods
[105]. Very little relocation of the fuel pellet ‘‘wedges” is noted un-
til the linear rating is in excess of approximately 25 kW/m or the
centreline temperature exceeds approximately 1170 �C [104]. Be-
low these thresholds, asperities on the crack surfaces bind the frag-
ments together [98,104]. Above these thresholds, the centre-to-
surface temperature gradient drives the crack surfaces apart per-
mitting relative motion of the fuel fragments. An irreversible diam-
eter increase will occur as the fragmented fuel seeks a state of
lower free energy [104].

At temperatures where the UO2 is plastic, cracks in the UO2 heal
quickly [98]. In fact, adjacent pellets, which do not have perfectly
matched surfaces, are found to coalesce at temperatures down to
1500 �C [98]. Healed cracks can sometimes be identified as a line
of porosity, either spherical or lenticular in shape. Also, the com-
pressive thermal stresses in the fuel centre are reduced due to
plastic flow of the UO2. If a shutdown occurs, a reverse thermal
stress field will be created in the once plastic zone causing further
radial cracking between the fuel centreline and the edge of the
once plastic zone. On a return to power, vapour phase transport
of the UO2 can promote crack filling in this central zone producing
a ‘‘smooth” central bore at the fuel centreline [98]. Radial cracks do
not modify the heat transport within the fuel pellet. In fact, the
fuel ‘‘wedges” will thermally expand to a greater degree than solid
fuel, thereby reducing the fuel-to-sheath gap or increasing interfa-
cial pressure and thus lowering fuel temperatures (see item i in
Section 2.1.4).

Circumferential cracks in the central region of the pellet appear
on cooling. The crack(s) tends to appear at a pellet radius consis-
tent with the onset of equiaxed grain growth. Fuel grains in this re-
gion have a reasonable inventory of grain-boundary porosity and
tend to fracture easily. Small-scale circumferential cracking has
not been observed to alter the thermal conductivity of UO2 signif-
icantly. Large-scale circumferential cracking represents a ‘‘fuel/fuel
gap” similar in behaviour to a fuel-to-sheath gap [106,107]. Where
a circumferential crack has formed on cooling, hard contact and
healing will occur on the following rise to power. Where the cir-
cumferential crack is artificially maintained, a temperature drop
of less than 60 �C can be associated with such a crack [98]. How-
ever, large-scale circumferential cracks do not exist at power in
CANDU fuel. Grain-boundary bubbles would be expected to grow
by surface diffusion in regions where the ‘‘circumferential” cracks
in the colder outer rim are associated with the more random
fracture pattern caused by thermal stresses. However, since the
thermal resistance of these circumferential cracks is quite small



72 B.J. Lewis et al. / Journal of Nuclear Materials 394 (2009) 67–86
[98], the restructuring patterns seen in the fuel ‘‘wedges” align in
adjacent fuel pellets due to their inherent temperature sensitivity.

For element linear powers in excess of 25 kW/m, irreversible
diameter increases occur as the fragmented fuel seeks a state of
lower free energy. The change in fuel pellet diameter due to frag-
ment relocation for unclad pellets, DD/D, has been determined
and can be described by the expression [104]:

DD ¼ cjDqj ð7Þ

where DD is the change in fuel pellet dimension, c is the relocation
coefficient, and Dq is the change in fuel element linear rating above
30 kW/m. At ramp rates exceeding 185 kW/m/h, the relocation
coefficient is �1–2 lm/(kW/m) (and is zero below a linear rating
of approximately 30 kW/m). In situations where the fuel fragments
are restrained by the sheath, relocation will consume the fuel-to-
sheath gap. Fuel relocation is not included in the normal operating
CANDU fuel performance codes. Instead, the fuel-to-sheath gap is
assumed to be zero for fuel/sheath heat transfer evaluation
purposes.

The In-Reactor Diameter Measuring Rig (IRDMR) has been used
to determine a direct in-reactor measurement of the fuel reloca-
tion. These measurements illustrate pellet expansion due to reloca-
tion as well as compliance of the fuel fragments on contact with
the sheath at full power [108]. Indirect evidence, from gas release
measurements and UO2 restructuring on fuel fabricated with
diametral clearances typical of CANDU fuel, indicate that the fuel
and sheath achieve at least light contact during operation
(i.e. a minimum fuel-to-sheath heat transfer coefficient of
�7 kW m�2 K�1). Good agreement with post-test measurement oc-
curs even when predicted fuel-to-sheath radial gaps of approxi-
mately 20 lm exist indicating relocation of at least this amount.
CANDU fuel expands about 100 lm due to thermal expansion
and cracking in going to high power. The results of in-reactor
experiments with fuel elements having thick sheaths and diame-
tral clearances of 100, 200 and 280 lm indicate that light fuel/
sheath contact is established for the first two clearances but not
for the third [109]. This would indicate an upper limit on fuel
diametral relocation of less than 200 lm. Diametral relocation of
approximately 30 lm has been measured in the IRDMR tests.

(vii) Molten fuel
UO2 expands 10.4 volume percent on melting. The expansion

improves fuel-to-sheath heat transfer by reducing the fuel-to-
sheath gap and/or increasing the fuel-to-sheath interfacial pres-
sure [106,109]. This large differential expansion can be quite
noticeable in post-irradiation examination as swelling of the fuel
element [110]. UO2 is a viscous ‘‘solid” before melting and a vis-
cous liquid after melting. On cooling, the once molten zone con-
tains gas-filled pores formed by precipitation of gaseous fission
products or a gas-filled cavity forms by sublimation of UO2 and
subsequent condensation on cooler surfaces.

When a fuel element defects, the sheath no longer provides a
barrier between the fuel and primary coolant. Coolant can there-
fore contact the fuel, permitting oxidation of both the fuel and in-
ner surface of the sheath. The presence of water vapour in the fuel-
to-sheath gap can lead to a degradation in the thermal perfor-
mance of the fuel element [111]. For instance, the gap heat transfer
coefficient will change as steam and hydrogen replace the helium
fill gas [111,112]. The fuel oxidation process can lead to a degraded
thermal conductivity in the hyperstoichiometric fuel (see item i in
Section 2.1.2). In addition, the hyperstoichiometric fuel will have a
lower incipient melting temperature (see item iv in Section 2.1.2).
Consequently, fuel centreline melting is possible for defective fuel
operating at high linear ratings of �67 kW m�1 [113]. A moving
boundary Stefan treatment and phase-field model has been devel-
oped to describe heat transport and oxygen transport with oxi-
dized fuel which provides a means to track the movement of a
phase-change front in the case of fuel centreline melting [114,115].

2.1.4. Zircaloy properties and sheath deformation
Thermophysical properties of Zircaloy can be found in the MAT-

PRO handbooks, including, for example: thermal conductivity,
thermal expansion, specific heat and Young’s modulus [25].

An accurate model for the deformation behaviour of the Zirca-
loy sheath is needed to determine the differential thermal expan-
sion of the fuel and the sheath and thus the fuel-to-sheath
interfacial pressure. A microstructural sheath creep model is there-
fore important to assess the fuel temperature during normal and
transient conditions. The hoop stress within the sheath that results
from the pressure of the fuel pellets and the internal gas pressure
causes the sheath material to undergo plastic deformation (or
creep), relieving the stress and fuel-to-sheath interfacial pressure.
The correlation for the Zircaloy expansion is independent of irradi-
ation history and expresses the axial and radial components of the
strain due to thermal expansion as functions of the average sheath
temperature. Separate equations are given for alpha-Zircaloy be-
low 1073 K and beta-Zircaloy above 1273 K, with a linear interpo-
lation for the transition region between these temperatures. The
thermal expansion in the alpha to beta region accounts for the
reduction in volume associated with the phase transition. Data
on the thermal expansion of Zircaloy above the beta phase transi-
tion temperature of 1073 K are non-existent.

A sheath creep model was initially developed as the separate
NIRVANA code for ELOCA, which was independently tested against
a large number of sheath strain experiments [116]. This model
tracked the microstructural changes in the fuel sheath and in-
cluded components for: high-temperature annealing (recrystalliza-
tion), changes in the alpha-phase fraction, and changes in grain
size. The high-temperature creep behaviour of the sheath was
modelled as three separate components: dislocation creep, grain-
or phase-boundary sliding, and strain due to phase transformation.
The assumption was made that the ZrO2 formed on the outside of
the sheath did not carry any tensile load, and the thickness of the
load carrying portion of the sheath was adjusted to account for oxi-
dation. The model has been modified to account for the strength-
ening of the sheath caused by the dissolution of oxygen within
the sheath and oxidation of the sheath surface (i.e. oxide-strength-
ening). This model calculates the plastic component of sheath
strain as the result of an imposed stress. An important component
of this calculation is the determination of the elastic component of
the sheath strain. The relationship between the elastic strain and
the imposed stress is governed by the Young’s modulus of the Zir-
caloy sheath material (which is a strong function of the sheath
temperature). The elastic component of the sheath strain also plays
an important role in the determination of the fuel-to-sheath inter-
face pressure.

The NIRVANA model has been validated against 800 out-reactor
biaxial and uniaxial sheath strain tests from three independent
laboratories. The oxide-strengthening model was also validated
against approximately 100 biaxial strain tests conducted in a
steam environment at the Chalk River Nuclear Laboratories (CRL).
The various criteria identified for sheath failure is detailed in item
ii (with a more general overview of power pulse behaviour in Sec-
tion 2.5).

(i) Fuel-to-sheath heat transfer
Where the fuel and sheath are in good contact either through

fuel pellet expansion or creep down of the sheath under coolant
pressure, the fuel/sheath heat transfer coefficient will be large
and the temperature drop across the fuel-to-sheath gap will be less
than �20 �C.

For operation at element linear powers in excess of
30 kW/m, relocation of fuel fragments will produce a ‘‘zero” gap
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configuration (as mentioned in item vi of Section 2.1.3). The fuel/
sheath contact will probably be light with a fuel/sheath tempera-
ture drop of 50–60 �C. For operation below �30 kW/m, fuel frag-
ment relocation cannot be expected. Both the heat flux across
the fuel/sheath gap and the width of the fuel sheath gap are
approximately linear functions of the heat rating. The fuel/sheath
temperature drop will be nearly constant for these power outputs
even in cases where fuel/sheath eccentricity exists [117].

The model used in the ELOCA code to calculate the fuel-to-
sheath heat transfer coefficient is a variation of that proposed by
Campbell et a1. [118] which, in turn, is based on the earlier work
by Ross and Stoute [106]. These models separate the fuel-to-sheath
heat transfer coefficient into two separate components: (i) a solid/
solid component that accounts for the heat transfer between the
solid surfaces of the fuel and sheath when in contact, and (ii) a
gas conductance component that accounts for the heat transfer
by the gas in the fuel-to-sheath gap. The ELOCA model includes
these components, as well as a third term to account for radiative
heat transfer that is more important at high-temperature. The ELO-
CA fuel-to-sheath heat transfer model also accounts for the change
in gas composition in the fuel-to-sheath gap with the ingress of
steam following a sheath failure.

(ii) Fuel sheath failure criteria
The ELOCA code is used to calculate the timing of sheath failure.

A brief description of the sheath failure models and associated fail-
ure criteria, as well as the identified data upon which these mech-
anisms are based, are given below [119,120]. The ELOCA code
specifically considers seven mechanisms for determining the pos-
sibility of sheath failure:

� Sheath failure due to overstrain: Internal gas pressure causes the
sheath to strain, balloon, and ultimately burst. A fuel sheath
failed in this way generally shows a large degree of sheath strain
localized around the failure point. However, the ELOCA code is
essentially one-dimensional in nature and is incapable of mod-
elling the large localized deformations that occur just prior to
failure. Hence, the failure criterion is based on the onset of plas-
tic instability rather than the sheath strain at failure. The phe-
nomenon of work hardening ensures that the hoop strain of
the fuel sheath remains approximately uniform up to some crit-
ical point at which a localized instability may occur leading to
rapid ballooning to failure. An analysis by Hunt [121] of data col-
lected by Hardy [122] showed that the average sheath strain at
the onset of the instability for CANDU sheathing is temperature
dependant, but has a minimum value of 5% corresponding to a
sheath temperature of 650 �C. This 5% average sheath strain is
used as the sheath overstrain failure criterion in ELOCA, how-
ever, when interpreting the code results it must be remembered
that this criterion represents the potential onset of ballooning
rather than sheath failure and is considered to be a very conser-
vative criterion.

� Low ductility sheath failure: At temperatures below �700 K, the
sheathing may demonstrate low ductility due to work and irra-
diation hardening. Under most accident transients, the sheath
anneals early in the transient. However, for sudden power
increases, the fuel may expand and strain the sheath before
annealing can occur and the sheath may fail at low strains of
�0.4%. As mentioned, ELOCA includes a model for the effects
of annealing due to recrystallization of a-phase Zircaloy [116].
A failure criterion in ELOCA assumes sheath failure if the ‘‘ather-
mal” sheath strain exceeds 0.4% before 95% of the sheath mate-
rial has re-crystallized. The 0.4% strain value is based on
experiments conducted in NRU by Hardy and Bain [123].

� Sheath failure by beryllium-assisted crack penetration: Under
conditions of high hoop stress and temperature, the presence
of beryllium in the region of brazed appendages may initiate
cracks and enhance the crack propagation rate by a process
termed ‘‘liquid metal embrittlement”. ELOCA uses a model
developed by Kohn and Clendening from measurements of
time to failure and crack propagation rates, which is stochastic
in nature and provides an estimate of the probability of failure
[14].

� Sheath failure by oxygen embrittlement: This failure criterion was
introduced by Sawatzky where, if the oxygen concentration over
half the sheath wall thickness exceeds 0.7 wt.%, the sheath will
be sufficiently brittle to fail upon rewet [124]. The criterion is
based on measurements conducted by Sawatzky and other
researchers. The criterion appears to be well founded and has
the advantage of being very similar to a failure criterion used
by the US nuclear industry.

� Sheath failure by overstrain under oxide cracks: The oxide layer on
the surface of the fuel sheath is brittle, i.e., Sagat et al. observed
cracks using an SEM at strains as low as 2% (but these cracks are
likely to be present at lower strains) [125]. The crack provides a
path for oxygen to penetrate into the crack tip. Moreover, a high
stress at the oxide tip causes the new oxide to crack further and
the crack may propagate into the substrate. The ELOCA code
includes a model for crack propagation, where the propagation
rate is a function of the hoop stress and the parabolic growth
rate of the oxide. The model also includes terms for the localized
stress and strain under the oxide cracks. The sheath is deemed to
have failed when the localized strain under the oxide crack
exceeds a ‘‘user-specified” overstrain criteria (i.e. a default value
of 15% is used in ELOCA).

� Sheath failure due to high strain rate: The sheath is deemed to
have failed if the sheath creep rate exceeds 10�1 s�1. If the strain
rate were to reach this high value then sheath failure is expected
very rapidly.

� Sheath failure due to high fuel enthalpy: The sheath is deemed to
fail if the radially averaged energy deposited in the fuel exceeds
838 kJ/kg UO2 (however, this failure criterion is no longer used).
This criterion is based on power pulse experiments on LWR type
fuels and is likely not relevant to CANDU fuel types (see Section
2.5). Fuel centreline melting will occur before this criterion is
met.

2.2. Oxidation, hydriding and embrittlement of the Zircaloy sheath

The oxidation of the Zircaloy sheathing is an important consid-
eration in light water/heavy water reactor accidents because this
reaction will release heat and produce hydrogen/deuterium gas:

Zrþ 2H2O! ZrO2 þ 2H2

Zrþ 2D2O! ZrO2 þ 2D2
ð8Þ

With a sufficient amount of heavy water vapour, the sheathing can
be fully oxidized to ZrO2 before the melting point of the metal is
reached. On the other hand, as a significant amount of deuterium
gas can be produced in Eq. (8) with a large mass of zirconium in
the fuel channels, the gas phase can become depleted in heavy
water vapour in the downstream locations of the fuel channels. In
this case, the sheathing does not completely oxidize and the ZrO2

scale can dissolve into the remaining metal.
In the physical process of sheath oxidation [126], with the

absorption of oxygen by the sheathing, the steam mole fraction
in the gas at the surface of the sheath is smaller than that in the
bulk gas, and the oxygen uptake rate by the solid depends on the
water flux through the external gas phase-boundary layer on the
sheathing surface such that:

D2Oðbulk gasÞ ! D2Oðgas at surfaceÞ ð9aÞ



Table 1
Parametric values for parabolic rate constant for Zircaloy oxidation in steama.

Investigators Temperature
range (K)

kwo

(kg2 m�4 s�1)
Q
(�103 J/mol)

Baker and Just 1273 to melting point 3.33 � 103 190
Urbanic and Heidrick 1323–1853 2.96 � 101 140

1853 to melting point 8.79 � 101 138
Pawel et al. 1273–1773 2.94 � 102 167
Prater and Courtright 1783–2773 2.68 � 104 220

a Taken from Ref. [137].
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Heavy water decomposition occurs at the solid surface according to
the reaction

D2Oðgas at surfaceÞ ¼ Oðsolid at surfaceÞ
þ D2ðgas at surfaceÞ ð9bÞ

The O/Zr ratio in the solid at the surface is related to the heavy
water vapour-D2 ratio in the adjacent gas by the thermochemistry
of the O–Zr system. Oxygen in the solid at the surface moves
through the oxide scale by solid-state diffusion:

Oðsolid at surfaceÞ ! Oðoxide at interfaceÞ ð9cÞ

The oxygen that arrives reacts with the substrate metal to produce
the substoichiometric oxide ZrO2�x at the oxide–metal interface

Zrþ ð2� xÞOðoxide at interfaceÞ ! ZrOð2� xÞ ð9dÞ

which equilibrates with the substrate a-Zr:

Oðoxide at interfaceÞ ¼ Oðmetal at interfaceÞ ð9eÞ

The O/Zr ratio in the metal at the interface is the terminal solubility
of oxygen in a-Zr. Oxygen diffuses into the substrate metal from the
oxide–metal interface

Oðmetal at interfaceÞ ! Oðbulk metalÞ ð9fÞ

at a rate determined by the Fick’s second law of diffusion.
Large accident modelling codes [127–129] generally describe

the Zircaloy oxidation process using parabolic corrosion rate the-
ory developed from laboratory experiments [130–136]. For the
parabolic rate law

w2 ¼ kwt ð10Þ

where w is the mass of Zircaloy reacting per unit area with steam
(kg m�2), kw is the reaction rate constant (kg m�4 s�l), and t is time
(s). The parabolic rate constant kw, has the form

kw ¼ kwo exp � Q
RT

� �
ð11Þ

where kwo, and Q are constants (see Table 1), R is the ideal gas con-
stant (=8.31 J mol�1 K�l), and T is the temperature (in K) [137].

Recent experiments at 700–900 �C with steam pressures from
0.1 MPa to 15 MPa suggests that the oxidation rate of Zircaloy-4
increases with the steam pressure; however, this pressure depen-
dence does not appear at 1100 �C [138,139]. Zircaloy oxidation
tests were also conducted in various steam–hydrogen mixtures
at temperatures between 1223 and 1373 K [140]. In these latter
tests the total weight gain varied with the hydrogen volume frac-
tion, and significantly decreased at a critical level of the hydrogen
fraction. Hydrogen absorption occurred above a critical hydrogen
fraction with the presence of a porous oxide. The hydriding
resulted in a reduction in the Zircaloy-4 ductility.

In parabolic corrosion rate theory, the increment in the oxygen
absorbed in a time step Dt is taken to be the minimum of _wDt; nzr

or nw/2, where _w is the molar rate of oxygen absorption per square
centimeter of sheathing, given by parabolic rate theory, and nzr and
nw are the moles of zirconium and D2O (or H2O) per unit sheathing
surface area in the node at the start of the time step. These three
conditions represent parabolic corrosion in unlimited steam, zirco-
nium availability, and steam availability, respectively. The labora-
tory corrosion experiments that underlie the above method are
isothermal, usually conducted in unlimited steam environments,
and are restricted to metal specimens whose thickness is large
compared with the scale thickness. Under these conditions, the
rates of oxygen uptake and of growth of the oxide scale are theo-
retically inversely proportional to the square root of time as shown
in Eq. (10) [133]. However, in the heavy water vapour-D2 gas (or
steam-H2 gas) present in a degraded reactor accident, the condi-
tions required for a parabolic behaviour may not be fulfilled. The
effect of scale dissolution in the substrate metal, which occurs in
steam-starved gases, cannot be modelled by parabolic kinetics.
Moreover, this simple approach fails to account for the details of
the morphological changes that can occur in steam-starved loca-
tions of the fuel channels. The presence or absence of a ZrO2 scale
on the sheathing has a very important effect on the uptake of
hydrogen by the metal, which can affect the course of the fuel dis-
solution process when the metal melts in higher temperature acci-
dent scenarios.

The oxidized sheathing has a complex morphology. For in-
stance, two other contiguous metallic phases of zirconium can ex-
ist for the partially-oxidized Zircaloy sheathing in addition to the
zirconia layer. Since the mechanical properties of these layers are
strongly influenced by oxygen distribution, an accurate prediction
of the layer thicknesses, oxygen profile and reaction rates are
needed. Although simple parabolic rate kinetics can be used to
estimate layer thicknesses for ‘‘thin” layers with a ramp and hold
type transient, a diffusion-based calculation is required if the
temperature decreases, as well as with the presence of thick lay-
ers and non-equilibrium oxygen conditions at the boundary lay-
ers. Thus, in summary, a more complicated model is needed to
predict the Zircaloy oxidation behaviour to more accurately pre-
dict the oxidation kinetics, as well as the sheath deformation
behaviour and time of failure. In addition, as mentioned, parabolic
kinetics cannot handle the scale dissolution behaviour in reducing
environments.

A variety of structures result in oxidized Zircaloy that depends
on the temperature and oxygen concentration [141]. At tempera-
tures below 1144 K, an outer layer of zirconia results adjacent to
a layer of alpha Zr (a) (which contains oxygen in solid solution).
On the other hand, at temperatures above 1255 K, at least three
layers are observed: (i) an external zirconia layer, (ii) an interme-
diate ‘‘oxygen-stabilized” a layer, and (iii) an inner layer of base
metal comprised of transformed beta Zr (b). Between this temper-
ature range, the transformed b forms at the triple point of the a
grains, where three structures form: (i) an outside layer of zirconia,
(ii) an a layer adjacent to the zirconia layer, and (iii) an internal
layer of transformed b combined with undissolved a. With cooling,
the b phase will transform back to the a phase in which the oxygen
concentration is significantly different from that of the oxygen-sta-
bilized a and ‘‘prior b”. Moreover, under certain conditions, the a
layer can also consist of two sublayers (a1 and a2) [141]. The prior
b material can also reveal structural changes where, if enough oxy-
gen is absorbed, ‘‘a incursions” may form with a growth of oxygen-
enriched a into b. Although the boundaries between the different
phases are generally planar, irregular boundary surfaces can be
formed at low temperatures or by the appearance of the secondary
phenomenon previously mentioned.

As mentioned, diffusion theory has been applied to describe
sheathing corrosion for general transient conditions for finite spec-
imens [141–143]. These models are quite accurate but difficult to
numerically incorporate into the nodal form of large accident anal-
ysis codes because they require the numerical solution of partial
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differential equations representing Fickian diffusion in each layer.
These partial differential equations are also subject to specified
oxygen concentration values at each of the layer boundaries and
oxygen conservation relationships as the boundaries move. This
moving boundary problem has been solved as the FROM (Full
Range Oxidation Model) computer code, which predicts the various
corrosion layer thicknesses, transition from two phase to three
phase oxidation, and oxygen concentration profiles in the Zircaloy
sheath [141]. This latter treatment also incorporates non-equilib-
rium boundary concentrations that improve the prediction of the
oxide layer thickness.

An ‘‘integral diffusion technique” has been further developed as
a compromise between the computationally simple yet physically
oversimplified parabolic kinetic technique and the highly descrip-
tive but analytically complex full diffusion theory treatment [126].
In this method, the exact concentration distribution of oxygen
in the metal phase is replaced by an approximate distribution that
fits the boundary and initial conditions. This distribution is coupled
to the linear oxygen concentration profile in the oxide layer (and
ultimately to the steam mole fraction in the bulk gas). However,
this treatment oversimplifies the duplex a-Zr and b-Zr metal phase
as a single metal layer (with the diffusion properties of a-Zr). Thus,
this technique fails to accurately model the structural properties of
the sheath, which is particularly important in order to determine
the timing of sheath failure. As such, the more accurate FROM code
has been numerically implemented into the ELOCA transient anal-
ysis code for accurate simulation of high-temperature oxidation of
the sheathing. The detailed morphological state of the sheathing is
important because it determines: (i) the mechanical properties of
the sheath and thus the timing of sheath failure (Section 2.1.4),
(ii) the heat released by the oxidation process and hydrogen disso-
lution in the cladding (Section 2.3), and (iii) the capacity of the me-
tal to dissolve fuel when the cladding melts at �2000 �C (Section
2.4).

Oxidation of the Zircaloy sheath in air is also important because
of the possibility of CANDU fuel handling and end-fitting failure
accidents. Single-effects experiments with air-oxidation from
�500 to 1000 �C, as well as multi-element testing in the CODEX
facility simulating air ingress for Pressurized Water Reactor
(PWR)-type fuel, have been performed [144–147]. In the reaction
between Zircaloy-4 and air and in air and nitrogen-containing
atmospheres at temperatures above 800 �C, there is a degradation
of the cladding material with formation of zirconium nitride and
its re-oxidation [148]. Breakaway oxidation in air shows similar
characteristics to that of steam, where the only difference is due
to the formation of zirconium nitrides. Although parabolic correla-
tions may be applied for oxidation in air, this is only appropriate
for high temperatures (>1400 �C) and for pre-oxidized cladding
(P1100 �C), i.e., under all other conditions, faster kinetics are ob-
served to occur [148]. Since the FROM code is able to handle break-
away oxidation in steam, it is now being upgraded to simulate air-
oxidation phenomenon as well.

Measurements have also been made on the loss of ductility
and embrittlement of Zircaloy-4 cladding by oxidation and hyd-
riding under LOCA conditions and with a water quench [149–
154]. In particular, the LOFT FP-2 test was a relatively large in-
reactor experiment to determine the effect of reflood for a se-
verely damaged core assembly [155,156]. A large fraction of the
bundle inventory of the LOFT FP-2 bundle was available for sub-
sequent oxidation during reflooding. This experiment showed
that significant H2 generation can be expected during reflooding,
which is largely dependent on the degree of prior oxidation and
reflood thermalhydraulic conditions. An upper debris bed was
also observed in the LOFT FP-2 test when coolant was introduced
into the hot bundle, resulting in a thermal shock and fragmenta-
tion of the oxidized fuel rods.
The impact of the oxidation and hydriding process on the chem-
ical heat is detailed in Section 2.3.2.
2.3. Fuel-to-sheath gap processes and heat release

2.3.1. Gap transport
During reactor accident conditions, steam (or heavy water va-

pour) that enters into a fuel element will interact with the Zircaloy
sheath at high-temperature and produce significant quantities of
(molecular) hydrogen (or deuterium) gas as a result of the me-
tal–water reaction in Eq. (8). The incoming steam must therefore
diffuse against an outgoing current of hydrogen gas produced from
the (internal) Zircaloy corrosion reaction as well as from the fuel
oxidation reaction itself. In addition, at higher fuel temperatures
there is a greater release of fission gas (i.e. xenon and krypton) into
the fuel-to-sheath gap from the fuel matrix and therefore a greater
outflow current of fission gas. These processes give rise to multi-
component transport in the gap, which is particularly important
because it can inhibit the internal oxidation of the fuel when the
sheath is breached in the early stages of the accident. Any hydro-
gen production will significantly reduce the oxygen potential in
the gap. Thus, in addition to a physical barrier, the sheath also acts
as a chemical barrier while oxidation of the sheath is occurring
[157–159].

This effect is predicted by previous analysis considering a Ste-
fan–Maxwell treatment for multi-component diffusion in the gap
[157] and supported by experimental observations [159]. For
example, annealing experiments with mini-length fuel elements
at the Chalk River Laboratories show that significant cesium re-
lease does not occur until the sheath is completely oxidized
[159]. This observation provides indirect evidence that fuel oxida-
tion has not occurred while the sheath is oxidizing as an enhanced
fission-product diffusivity will only occur in hyperstoichiometric
fuel. Thus, during transient conditions, as a result of significant
hydrogen generation by metal–water reaction on the inside surface
of the sheath, fuel oxidation is limited until the sheath is practi-
cally oxidized. This effect is conservatively neglected in transient
fuel analysis with ELOCA.

In summary, steam penetration of the gap is very small, because
of the rapid reaction of H2O with the inner wall of the sheathing.
The gap is effectively exposed to pure H2 at the failure site, even
if steam is present in the primary heat transport system (PHTS).
The release of inert gases into the fuel-to-sheath gap creates a
backflow against which H2 must diffuse into the interior of the ele-
ment. In accident scenarios where the fuel element becomes
steam-starved, the outer ZrO2 scale on the sheathing dissolves in
the metal. Without a protective oxide scale, hydrogen can perme-
ate through the sheath wall and replace the inert gas in the gap
with H2. The permeated H2 is recycled to the external gas by
flowing out of the sheathing breach. As discussed in Section
2.3.2, adsorption of hydrogen by zirconium is exothermic and the
heat released by this process can augment oxidative heating by
the metal–water reaction.
2.3.2. Chemical heat
All transient reactor analysis codes including the ELOCA code

compute the oxidative heat release from the standard enthalpy
change for the reaction in Eq. (8) [127–129]. However, during a
substantial portion of the accident, the corrosion-product is not
the stoichiometric oxide [157]. As detailed in Section 2.3.1, in the
steam-starved regions, the principal final state is oxygen dissolved
in the metal so that the heat release is in accordance with the
reaction:

ZrþH2O ¼ ZrðOÞ þH2 ð12Þ
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The partial molar enthalpy of solution of oxygen in Zr depends on
the O/Zr ratio of the metal, where calorimetric data permit estima-
tion of this quantity [160,161]. For typical oxygen contents in the
metal, the heat of solution of oxygen is 3–5% more negative than
the heat of formation of stoichiometric ZrO2. Hence, after subtract-
ing the heat of formation of H2O(g), the heat release for the reaction
in Eq. (12) is 6–10% larger than that for Eq. (8) [157,162].

It is generally assumed that the hydrogen solubility in Zircaloy
is negligible at high temperatures. Although the phase diagram of
the H–Zr system shows that zirconium hydrides do not form at
temperatures above about 1200 K [163], measurements of the
high-temperature solubility of hydrogen in Zircaloy, however,
show that dissolution as interstitial atoms is significant particu-
larly at a higher system pressure [164]. For high steam flow rates,
the outer sheath surface is covered with a protective ZrO2 scale.
Hence, because of the low solubility of hydrogen in ZrO2 [165], H
absorption is restricted to just the pick-up fraction that results dur-
ing Zircaloy oxidation. This amount is quite small because of the
low hydrogen permeability of the coherent oxide scale produced
by oxidation above �1300 K. When a ZrO2 scale separates the
external gas from the metal, the gas in the gap consists of only
He and Xe, except for short distances from the rupture site, where
some hydrogen and, to a lesser extent, steam are present (see Sec-
tion 2.3.1). On the other hand, with a low steam flow rate, the
external gas quickly becomes steam-starved and, shortly thereaf-
ter, the oxide scale dissolves into the metal (Section 2.2). Regions
of the channel that contain Zircaloy without an oxide scale are
inevitably in contact with a gas that is nearly pure H2, which dis-
solves in the metal according to the reaction:

H2ðgÞ ¼ 2HðabsÞ

The equilibrium of this reaction is given by Sievert’s law:

CHffiffiffiffiffiffiffi
pH2

p ¼ exp
DSH

R

� �
exp �DHH

RT

� �
ð13Þ

where CH is the H/Zr ratio of the metal in equilibrium with the gas
containing H2 at a hydrogen gas partial pressure pH2

(atm). The ther-
mochemical properties of hydrogen dissolution in Zircaloy are given
in Table 2 [164,166,167]. However, some discrepancy is seen in the
measured values shown in Table 2. Hydrogen dissolution is
typically neglected in current accident analysis even though the
above data suggest that the solubility is significant at temperatures
as high as 2000 �C. The principal consequences of hydrogen reten-
tion by the metal are twofold [157,162]: (i) the unoxidized metal
acts as a sink of hydrogen, which can alter the timing of hydrogen
release; hydrogen absorbed in the metal in the steam-starved re-
gions of the channel is released on subsequent oxidation, because
of the low solubility of hydrogen in zirconia. (ii) Hydrogen absorp-
tion by zirconium releases heat.

The normal approach for estimating heat release as considered
in accident codes is by oxidative heating which is valid during the
early stages of a transient because the principal oxidation product
is ZrO2, and the oxide scale has not appreciably dissolved in the
metal so that no hydrogen is absorbed in this time period. This oxi-
Table 2
Thermophysical properties for hydrogen dissolution in Zircaloy.

Investigator DHH (kJ/mol) DSH (J/mol K) Ref.

Moalem and
Olander

�63 �54 164

Yamanaka et al. �246 (alpha), �252 (beta) �38 (alpha), �25 (beta) 166
Steinbruck �65 �101 167
dative heating is based on the total amount of oxygen absorbed,
assuming that the heat released per gram atom of oxygen absorbed
by the metal is one-half of the standard enthalpy of the reaction in
Eq. (8). As previously discussed, in steam-starved regions, one
must further consider the effect of oxygen absorption in metallic
Zr. Moreover, hydrogen absorption can result in a sharp increase
in the heat release with dissolution of only 10% of the corrosion-
product hydrogen in sheathing without an oxide scale, i.e., while
not as exothermic as oxidative heating, hydrogen uptake can
nearly double the contribution from oxidation alone [157]. This
additional heating effect is the sum of the product of the hydrogen
content of the metal and the enthalpy of solution of hydrogen. The
cumulative heat release will decrease with a reduction in the sol-
ubility of hydrogen in Zr as the temperature increases [157].
Desorption of hydrogen from the cladding is endothermic, which
consumes more heat than is typically provided by the continuing
oxidation process.

2.4. Zircaloy/uranium dioxide interaction and fuel dissolution by
molten cladding

Under high-temperature conditions, a combined external and
internal oxidation of the fuel sheathing can occur due to a reaction
of steam on the outside surface of the sheath (Section 2.2) and
from the UO2 on the inside surface. The UO2 and Zr can interact
chemically at temperatures as low as 1273 K, leading to a complex
series of reaction layers [168] where, from both internal and
external oxidation, the following reaction layers can be formed
[143]: [UO2 + U] ? [a-Zr(O)a + (U, Zr)] ? (U, Zr)alloy ? a-Zr(O)b ?
b-Zry ? a-Zr(O)c ? ZrO2. This internal interaction requires a sub-
stantial external overpressure to promote good solid–solid contact
between the fuel and sheath. The experiments of the KfK group uti-
lized an overpressure of 4 MPa [168], and the AECL experiments
were conducted at an overpressure of 1 MPa [169]. In the CANDU
fuel design, the thin sheath will creep down onto the fuel under
the conditions of the high pressure coolant. However, contact be-
tween the sheath and fuel can be lost during the transient with
sheath lift off due to fission gas release into the (small) free void
space of the fuel element and depressurization with coolant blow-
down, as well as with the eventual bursting of the sheath. Thus,
with an open gap during an accident, any direct fuel/sheath inter-
action is suppressed and no uranium is transferred from the fuel to
the sheathing as long as the sheath is solid. However, if the gap
contains hydrogen, fuel reduction can occur as oxygen moves from
the fuel to the sheathing by the H2O–H2 transport mechanism,
driven by the difference in the oxygen potential between the fuel
surface and the sheathing inner wall. However, the extent of fuel
reduction and cladding oxidation by this mechanism is minor
[157].

ELOCA-IST 1.0 has been further coupled to the sheath oxidation
model FROM_SFD (Full Range Sheath Oxidation Model_Severe Fuel
Damage), i.e., FROM_SFD is not only capable of modelling the Zir-
caloy oxidation on the outside of the sheath; it is also capable of
simulating the Zircaloy/UO2 interaction on the inside of the sheath
[15]. A moving boundary finite-element scheme is used to solve
the oxygen diffusion equations in each region and calculate the
oxygen concentration as a function of position within the sheath.
However, in this initial implementation, only the information on
the outside sheath oxidation is used by ELOCA (i.e. information
on the UO2-Zircaloy interaction is calculated by FROM_SFD but it
is not passed to ELOCA) [15].

At temperatures above �1470 K, steam oxidation of Zircaloy
and stainless steel produces a significant temperature escalation.
With the melting of the as received metallic Zircaloy-4 cladding
(2030 K) or metallic oxygen-stabilized a-Zr(O) phase (2245 K),
the solid UO2 may be partially dissolved and liquefied �1000 K be-
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low its melting temperature. The driving force for the reaction is
diffusion of oxygen from the UO2 into the sheathing. This process
has been extensively studied in single-effect laboratory crucible
experiments, and models of the kinetics of the phenomenon have
been proposed [168,170–186].

In hydrogen-rich regions of the core, the outer oxide scale is
not present on the cladding, which is all-metal with oxygen in so-
lid solution. On melting of the cladding, the liquid metal contacts
the solid fuel and dissolution of the fuel begins. The endothermic
reaction of UO2 dissolution in U–Zr–O melts and the melting of a-
Zr(O) sheathing is affected by the supply of heat. In addition to
receiving additional oxygen, uranium from the fuel dissolves in
the liquid metal forming a U–Zr–O melt. Dissolution continues
until the melt is saturated in both oxygen and uranium [162].
The fuel dissolution process has been detailed, for example, in
Ref. [180], where it is shown that diffusion in the growing U–
Zr–O melt is rapid and the liquid phase concentration remains
at saturation. Reduction of the fuel by oxygen diffusion affects
the amount of oxygen in the melt. The effect of an oxide scale will
also reduce the extent of fuel liquefaction because less metal is
available to dissolve uranium when a melt forms. In addition,
the high concentration of oxygen in the oxide layer will increase
the oxygen content of the melt, thus depressing the uranium sol-
ubility. It is suggested that the fraction of the fuel pellet that is
dissolved by the initial liquefaction is small [180].

Experiments specific to the Pickering CANDU fuel design have
been performed at �2000 �C in both an inert and steam atmo-
sphere in a horizontal geometry using annular fuel pellets en-
cased in a Zircaloy-4 cladding with an internal tungsten heater
[170]. The extent of the interaction in these experiments de-
pended on the degree of wetting of the UO2 by the molten Zirca-
loy-4, i.e., the wetting depends on the oxygen content of the
Zircaloy-4 where pure Zircaloy-4 wets UO2 poorly compared to
that of oxygen-saturated a-Zr(O). As expected, the cladding
melted over a range of temperature from 1760 �C up to the melt-
ing point of the oxygen-stabilized a-Zr(O) at 1970 �C. The tests
were held for 1 s to 10 min on reaching 2000 �C. All of the clad-
ding (except ZrO2 which has a melting point of 2665 �C) melted
to form a homogeneous (Zr, U, O)-alloy phase. This alloy phase re-
acted with solid UO2 to pick-up more uranium and oxygen. The
UO2 is consequently reduced to UO2�x. When the UO2�x is further
depleted in oxygen, the UO2�x/U solvus boundary of the U–O
phase diagram is reached. At this point, liquid uranium forms in
the UO2�x. On cooling to room temperature, the UO2�x plus liquid
uranium forms stoichiometric UO2 and a-U along UO2 grain
boundaries and in the UO2 grains. The amount of UO2 dissolved
by the cladding is a function of the cladding volume relative to
the UO2 volume. Only �0.5–6 vol.% were dissolved in the inert
tests in the (Zr, U, O)-alloy phase and even less UO2 was
dissolved in the steam tests due to a reduced driving force for
UO2 dissolution.

The effects of fuel collapse, UO2/Zircaloy interaction and fuel
dissolution have been studied with irradiated fuel samples in sev-
eral high-temperature tests conducted out-reactor with PWR, Boil-
ing Water Reactor (BWR) and MOX fuel samples [186–191]. For
instance, in experiments at the Institute for Transuranium Ele-
ments in Karlsruhe using both fresh and irradiated clad samples
of UO2 and MOX at temperatures between 1700 and 2200 �C, the
irradiated samples dissolved to a greater extent compared to the
fresh samples in the Zircaloy and dissociated into fragments during
dissolution [186].

Possible fuel swelling with UO2/Zircaloy interaction depends on
the fuel burnup, peak temperature, time at temperature, extent of
UO2/Zircaloy interaction and amount of gas in the grain-boundary
bubbles at the start of the transient. For instance, porosity of �30%
has been observed in high-burnup LWR fuel (53 MWd/kgU) for test
temperatures of 2270 K in the presence of molten Zircaloy
[185,186]. In the only in-reactor CANDU fuel test (BTF-107) to
measure fuel swelling under such conditions, only modest swelling
with a 10% increase in diameter occurred for the previously irradi-
ated fuel element (6 MWd/kgU).
2.5. Fuel behaviour during a power pulse and fuel fragmentation

(i) Power pulse tests

A Reactivity Initiated Accident (RIA) in a CANDU reactor during
a large break Loss of Coolant Accident (LOCA) would subject the
fuel to a longer duration, lower amplitude power excursion than
that in a LWR. In particular, RIAs are characterized by power
pulses that occur over �100 ms in LWRs compared to about 1 s
in a CANDU reactor. As such, the peak fuel element powers in
LWR RIAs typically range from 7 to 12 times the full power rating
from starting power levels of 1% full power (or lower) compared
to 6 to 9 times full power for a CANDU LOCA starting from 100%
full power.

The energy generated in the fuel during the power pulse is a key
parameter that governs the fuel response. As summarized in Table
3 [192,193], RIA tests have been performed on different types of
fuel in various research reactors over the past three decades that
include [194–216]: (i) LWR fuel (i.e. programs in the Special Power
Excursion Reactor Test (SPERT) in the Capsule Driver Core (CDC)
facility, Power Burst Facility (PBF), Nuclear Safety Research Reactor
(NSRR), and French CABRI reactor, (ii) VVER fuel (i.e. tests in the
Impulse Graphite Reactor (IGR)), and CANDU-type fuels (i.e. tests
in the PBF facility and TRIGA-ACPR (Annular Core Pulse Reactor)).
The fuel failure modes that have been identified in these tests in-
clude (see also item ii in Section 2.1.4) [193]:

� Oxygen embrittlement (OE) of fuel sheaths due to the Zircaloy–
steam oxidation reaction followed by clad cracking on subse-
quent thermal quench of the test rod. This failure mode occurs
well after the power pulse.

� Pellet clad mechanical interaction (PCMI), which typically
occurs during, or shortly after the power pulse, with the fuel
sheath still relatively cool. The failure is associated with high
strain rate loading of the sheath due to rapid thermal expansion
of the pellet. Failures can occur at relatively low-energy deposi-
tion levels if the clad has lost ductility due to hydriding, devel-
opment of thick oxide layers and spalling of the oxide.

� High-temperature burst (HTB) (creep strain failure) resulting in
a local bulge and split in the sheath. A fuel sheath temperature
in excess of the alpha–beta-Zircaloy transition temperature
and an internal fission gas pressure higher than the external
coolant pressure are pre-requisites for this type of failure.

� Fuel fragmentation (FR) can occur at high fuel enthalpy and
involves extensive fuel melting and internal pressurization of
the rod prior to clad failure. Significant amounts of molten fuel
can be relocated out of the failed rod. Evidence of prior melting
is apparent from the spherical shape of the solidified fuel ‘‘par-
ticles” collected after an experiment.

� Fuel dispersal (DIS), which may correspond to fuel fragmenta-
tion for fuel with burnup less than approximately 42 GWd/tU,
but which is a significantly different process for high-burnup
LWR fuel. It has been suggested that expanding fission gas (i.e.
in the grain boundaries as intergranular bubbles) can provide
the energy to move solid fuel particles [217]. At high burnups
greater than �40 GWd/tU, a ‘‘rim” region will gradually develop
at the outer periphery of the fuel of approximately 100 lm in
depth [218]. This region is characterized by defect clusters of
extremely tangled dislocations, loss of as-fabricated grain-
boundary, fine re-crystallized grains of 50–200 nm size and



Table 3
Summary of RIA experiments.

Test
reactor

Fuel
type

Enrichment
(%)

No. test
rods

Pellet
OD
(mm)

Clad
material

Clad
diam.
(mm)

Clad
thickness
(mm)

Internal
pressure
(MPa)

Pulse height
width (ms)

Failure
modeb

Lower bound
enthalpy
(cal/g)

Ref.

SPERT-CDC BWR 7.0 22 10.6 Zr-4 12.52 0.86 0.1 4 PCMI 154 194
0.1 CMELT 206
0.1 FR 275

SPERT-CDC BWR 10.5 5 10.6 Zr-4 12.52 0.86 0.1 4 PCMI 226 194
0.1 CMELT 274
0.1 FR 292

PBF PWR 5.8 5 9.29 Zr-4 10.72 0.62 0.1 4 PCMI 185 194
0.1 FR 350

NSRR PWR 10.0 >1200 9.29 Zr-4 10.72 Multiple 0.1 3–4 OE 199 195–207
0.57–0.9 0.1 PCMI 164

1.2 HTB 195
2 HTB 162
3 HTB 135
5 FR 220

IGR VVER 4.4 23 Watercooled 7.48 Zr-1% Nb 9.1 0.63 1.7-2 630–840 HTB 141 208–210
23 Aircooled 1.7-2 HTB 102

1.7-2 FR 284
CABRI PWR High-burnup 10 8.2 Zr-4 9.5 0.64 0.4 9–75 DIS 30 211–213

PCMI 82
TRIGA-ACPR CANDU 10.0 12 12.15 Zr-4 13.08 0.4 0.1–2.2 a OE 170 214, 215

HTB 136
PBF LOCA CANDU 10.0 4 12.15 Zr-4 13.08 0.4 0.4–1.09 4–6 OE 216

a 53–100 kW/m in 1 s.
b See text for failure mode abbreviation.
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coarsened pores surrounded by re-crystallized grains. Following
sheath failure, the fuel in the rim region can be ejected and dis-
persed as fine fuel particles that do not present the recognizable
spherical shape of prior melted fuel particles. This failure mode
is not applicable to CANDU fuel since the burnup is too low to
give rise to a rim region.

� Clad melting (CMELT) occurs for a Zircaloy sheath at a tempera-
ture of 1860 �C. The energy deposition values for clad melting
are similar to those associated with oxygen embrittlement fail-
ure and the two mechanisms frequently occur together.

An analytical treatment has been further developed to charac-
terize CANDU-type fuel behaviour under power pulse conditions
based on the experimental data, in which the following conclu-
sions can be drawn [193]:

� Threshold values of fuel enthalpy for clad melting and fuel frag-
mentation failures are not strongly dependent upon the power
pulse width and increase slightly with the pulse width due to
an increased heat removal by the coolant. Clad melt failure
occurs at similar, but slightly higher enthalpy values than that
for oxygen embrittlement.

� Threshold values of fuel enthalpy for oxygen embrittlement fail-
ure tend to increase with increasing pulse width due to the larger
sensitivity of fuel sheath temperature to energy removed by the
coolant. The fuel sheath failure mode changes from oxygen
embrittlement failure (during a thermal quench) to high-
temperature burst as the pressure difference between the inside
of the fuel element and the outside coolant increases.

� PCMI failure has a strong sensitivity to pulse width. The thresh-
old fuel enthalpy for failure increases rapidly with increasing
half height pulse width. Additionally, for this mode of failure,
very small gaps between the fuel pellet and sheath is necessary.
It is for this reason that PCMI failures have been observed in RIA
tests with short pulse widths (4 ms) and irradiated fuel, while
unirradiated fuel tends not to exhibit this failure mode. PCMI
is an unlikely failure mode for CANDU fuel because of the long
power pulse.
� Fuel fragmentation for fresh and irradiated rods with fuel
sheaths that maintained ductility (i.e. sheaths without the
excessive corrosion observed on LWR high-burnup fuel clad-
ding) is associated with gross melting of the fuel (see item ii
below).

(ii) Fuel fragmentation

Evidence from the RIA tests on fresh and irradiated fuel with
burnup less than 40 Gwd/tU show that fragmentation of the fuel
is associated with ejection of molten material from the fuel. The
maximum fuel temperature for power pulses from cold zero power
initial conditions occurs at the surface of the fuel pellet. The en-
thalpy at the surface of the pellet as a function of the radial average
energy deposition is shown in Fig. 1 for various fissile enrichments
[193]. Also shown is the enthalpy for liquid UO2 formation, which
is the sum of the enthalpy for onset of melting in the solidus phase
plus the heat of fusion (259 kJ/kg). The range of energy deposition
for fuel fragmentation from RIA tests is also shown in Fig. 1. This
clearly indicates that fragmentation of fuel with ductile cladding
is associated with melting at the periphery of the fuel pellet and
is strongly influenced by the radial fission power distribution (gov-
erned by the fissile enrichment).
2.6. Severe fuel deformation behaviour

The important melting and chemical interaction temperatures,
which result in the formation of liquid phases with temperature
escalation in PWRs, are shown in Fig. 2. Depending on the accident
sequence, in accordance with Fig. 2, the important physiochemical
material behaviour include [219,220]:

(i) melting of the Ag–In–Cd absorber alloy at �1073 K (and, on
melting of the stainless steel alloy cladding of the control rod
at 1720 K, chemical interactions with the Zircaloy guide tube
and fuel rod cladding),

(ii) plastic deformation and bursting of the cladding at �1020–
1370 K (depending on the system pressure),



Fig. 1. Fuel enthalpy at pellet surface as a function of energy deposition (fresh fuel, zero power cold pulse) [193].

Fig. 2. Chemical interaction temperatures.
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(iii) steam oxidation of structural materials (e.g. stainless steel
and Inconel) and fuel rod materials (e.g. Zircaloy and UO2)
at �1470 K, leading to a rapid temperature escalation and
the possibility for fuel rod fragmentation,

(iv) eutectic interactions of Zircaloy with stainless steel (e.g. con-
trol rod cladding) and/or Inconel (e.g. grid spacers) at
1573 K, interaction of Zircaloy with UO2 (with hard solid
contact) initially below �1770 K, and melting of stainless
steel or Inconel by �1720 K,
(v) melting of the as received metallic Zircaloy-4 cladding
(2030 K) or the metallic oxygen-stabilized a-Zr(O) phase
(2245 K),

(vi) reduction of the UO2 fuel due to interactions with solid and/
or molten metallic Zircaloy (i.e. starting at 2030 K), resulting
in a partial dissolution of UO2 with the formation of a metal-
lic Zr–U–O melt (containing ceramic (U, Zr)O2�x precipita-
tions at higher oxygen concentrations),

(vii) relocation of the liquid and solid materials with formation of
immiscible metallic and ceramic melts in different parts of
the reactor core (>2030 K),

(viii) melting of the ZrO2 (2960 K) and UO2 (3120 K) forming a
ceramic melt.

Numerous in-pile [221–240] and out-of-pile experiments [241–
246] have been conducted to better understand the progression of
severe accidents in LWRs as detailed in Ref. [16]. These experi-
ments have principally focused on high-temperature core melt
progression and fission-product release behaviour. Specifically,
experiments have been designed to investigate: (i) how the core
loses its original geometry as a result of interactions between core
materials and fuel liquefaction, (ii) the relocation behaviour of the
core with melt formation leading to partial core blockage, fuel
debris beds and molten pools, (iii) how much hydrogen is pro-
duced by the steam oxidation of core materials with relocation,
(iv) the influence of core degradation on the release, transport
and deposition of fission products and aerosols, and (v) the frag-
mentation of the degraded core with cool down and/or quenching
[247–252,220].
2.6.1. CANDU fuel element/bundle deformation behaviour
Experimental programs have been specifically performed to

provide an understanding of the deformation behaviour of CANDU
fuel during a LOCA [253]. A model has been developed and verified
against in-reactor data to describe the bending of a fuel element
(i.e. element bowing) under normal operating conditions that can
result from thermally-induced, hydraulic drag and mechanical-
load bending moments [254]. This model has been extended to



80 B.J. Lewis et al. / Journal of Nuclear Materials 394 (2009) 67–86
deal with fuel element bow under post-dryout conditions [255]
and tested against the observed fuel behaviour in the U-111 fuel
dryout experiment [256].

At more severe conditions with the occurrence of molten
material, the relocation of such material in CANDU fuel is ex-
pected to be different than that in LWR fuel because of the hori-
zontal geometry of the CANDU fuel bundles. In particular, solid/
liquid interfacial forces tend to dominate the relocation of molten
materials in thin-walled horizontal CANDU fuel compared to
gravity in LWR fuel. CANDU tests with a single, horizontal fuel-
element-simulator (FES) where initially performed. Only in excess
of 10 �C/s was (minor) circumferential movement of the melt ob-
served. In high-temperature trefoil experiments conducted in an
inert atmosphere, local inter-element relocation was observed
in the interior triangle subchannel, where the molten Zircaloy
relocated into the vicinity of the contact lines between the hori-
zontal elements. Similar inter-element relocation patterns were
also observed in high-temperature bundle sag (HTBS) experi-
ments where full-scale fuel bundles were heated by a super-
heated hydrogen torch. A summary of the phenomena that
occur in these high-temperature out-reactor CANDU fuel tests
are given below.

At higher temperatures, fuel elements can also bend or sink
downward (i.e. sag) from their weight or pressure. Out-reactor
tests at Westinghouse Canada Limited (WECAN) were performed
in an inert environment on indirect electrically-heated fuel ele-
ments (28-element design) to study the sag behaviour at temper-
atures less than 1200 �C. The SAGC computer code has been used
to predict the sag behaviour in these out-reactor tests. Additional
laboratory experiments have been undertaken at the Whiteshell
Nuclear Research Establishment (WNRE) to study the sag of indi-
vidual elements in both an inert and oxidizing environment over
the temperature range of 1000–1800 �C. Laboratory experiments
at WNRE were performed on both Bruce- and Pickering-type end-
plates to study their deformation behaviour at 1400, 1600 and
1800 �C in an inert environment.

Single-element, out-reactor tests have been performed at the
Canadian General Electric (CGE) and WECAN using indirect, elec-
trically-heated, fuel elements to study the deformation behaviour
in an inert environment at temperatures below 1100 �C, and at
Fig. 3. Cross section of the bundle subjected to a high-temperature plasma torch. (a) View
the oxidation of the fuel sheaths, presence of molten material in the subchannels and e
the WECAN for a study in oxidizing environments. As mentioned,
WNRE tests also used electric-heated FESs in inert and oxidizing
environments to study fuel element deterioration when the
sheath temperature exceeded 1850 �C. Other tests have been per-
formed in a pure hydrogen environment in which brittle failure
of the sheath was observed. More complex out-reactor tests with
seven-element clusters with indirect electrically-heated fuel ele-
ments were carried out at the CGE and WECAN to investigate fuel
deformation in inert and oxidizing environments below 1100 �C.
All effects tests on prototype CANDU fuel bundles in a horizontal
orientation were further investigated in several experiments. For
instance, furnace-heating tests have been carried out on unirradi-
ated and unpressurized fuel bundles with full-length Pickering
bundles and three-quarter length Bruce fuel bundles. A full-
length, unirradiated, unpressurized Bruce fuel bundle was also
heated by direct resistance to elevated temperatures until the
bundle collapsed onto a pressure tube segment. In addition, as
mentioned, a hydrogen torch was used to heat a fresh, full-length
Bruce bundle to sheath temperatures in excess of 2000 �C in the
HTBS program [257,258]. Although molten material formed in
these latter tests and relocated to inter-pellet gaps, cracks in
the fuel pellets and regions of inter-element contact (i.e. dissolu-
tion of the sheath oxide further occurred at these contact points),
all tests indicated that the bundle geometry was maintained
(Fig. 3) [258]. Other horizontal-oriented bundle experiments have
been performed using fuel-element-simulators in multi-element
tests with non-prototypic materials [259,260].

Tests on fuel samples from intact and defected fuel ele-
ments previously irradiated at 57 and 28 kW/m to burnups of
193 MWh/kgU and to 88 MWh/kgU, respectively, were power
ramped using a direct-electric-heating (DEH) method in the Power
Pulse 1 experiment at the Chalk River Laboratories (CRL) [261].
These out-reactor tests were designed to investigate fuel behaviour
and fission-product release from irradiated fuel for conditions
above the upper limit of a LOCA power pulse in which fuel melting
occurs. Here samples were typically held for 10 s at a precondition-
ing power of 12 kW/m, slowly ramped to a steady-state power
level of 20 kW/m (and held at this power for 60 s), then quickly
ramped to between 30 and 50 kW/m over 5 s, and held at this
power for 10 s before termination of the test. Although most of
of upstream end of the bundle. (b) View from 30 mm from the front endplate. Note
lement contact points. Taken from Ref. [258].
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the samples experienced centreline melting, no phenomena were
detected that indicated extensive fuel breakup or release of noble
gases greater than the grain-boundary inventory fraction.

Based on these various out-reactor experiments, the following
understanding of high-temperature fuel behaviour has been ob-
tained [262]. The relatively larger masses of Zircaloy in LWR fuel
produce a much larger inventory of melt available for relocation
than is possible with CANDU cladding. Since the thin-walled clad-
ding is distributed horizontally, there is not enough Zircaloy mass
to accumulate so that liquid/solid interfacial forces (i.e. as opposed
to gravity) dominate the relocation patterns. Movement of melt is
determined by the adhesive/cohesive properties of the melt, i.e., if
the adhesion forces are greater than cohesion forces, the melt will
spread (i.e. or ‘‘wet”) the adjacent solid surface, otherwise the melt
will tend to run. The wetting properties of molten Zircaloy depend
on the dissolved oxygen content (requiring an oxygen concentra-
tion of at least �1 weight percent). As mentioned in Section 2.4,
Zircaloy wets ceramic UO2 very poorly (with a wetting angle of
h � 130�), while oxygen-saturated Zr(O) wets significantly better
(h � 20�). The FES tests demonstrated that: (i) inter-element
relocation requires a rapid heatup rate of 10 �C/s to the Zircaloy
melting temperature (or slower transients with steam starvation),
and (ii) that the elements are in contact with each other. The latter
condition requires a ballooned pressure tube, where a bundle will
settle and elements distort at cladding temperatures typically
ranging from 1200 to 1400 �C. Initial contact early in the transient
acts to widen the temperature and oxygen profile non-uniformities
around the element circumference (Fig. 4). In the contact area, the
sheath oxide layer stops growing due to localized steam starvation.
Convective heat removal is impaired in this region. The ZrO2 thick-
ness will become even thinner as the heatup progresses as the
underlying metal depletes the oxygen content (Section 2.2). Fol-
Fig. 4. (a) Local relocation patterns in multi-element horizontal geometry. Schematic of m
from Ref. [262].
lowing melting of the metal substrate, the ZrO2 shell will be perfo-
rated at its thinnest cross section with stress and dissolution of the
shell (Fig. 4). Capillary forces are also capable of moving the molten
material into inter-element spaces. However, the surface area of
the relocated melt will be smaller than that of the original
uniformly-distributed cladding; in fact, the reduction in Zircaloy
surface area will limit the subsequent exothermic oxidation.
Capillary flow of molten material into the UO2 fuel matrix will also
occur, which depends on the oxygen content of the melt to suffi-
ciently wet the ceramic as well as the availability of capillary
volumes.

In-reactor tests of four elements of a CANDU 37-element design
were tested in the Power Burst Facility (PBF) at the Idaho National
Engineering Laboratory [263]. These tests were characteristic of a
(power pulse) LOCA transient in the CANDU reactor (Section 2.5),
i.e., full power initial conditions with a large coolant depressuriza-
tion rate and simultaneous power increase before a decrease to
decay heat values, where sheath temperatures reached 1000 �C.
Failure was observed in one element (small pin hole) at a high
sheath strain of �26% while two of the four elements remained
intact [263]. In addition, in-reactor tests of CANDU fuel under acci-
dent conditions were also performed in the Blowdown Test Facility
(BTF) program [264]. In the BTF-107 experiment a three-element
cluster of CANDU-sized fuel elements was subjected to severely
degraded cooling conditions resulting in a high-temperature
(P2770 K) transient [265,266]. A flow blockage developed during
the test due to relocation of U–Zr–O alloy and the high-tempera-
ture transient was terminated with a cold water quench. The other
three experiments in the BTF program, BTF-104, BTF-105A and
BTF-105B, were conducted with single CANDU-sized fuel elements
at maximum temperatures of 1800–2200 K in a steam-rich envi-
ronment (�5 g/s steam supply flow). The BTF-104 experiment pro-
elt relocation phenomena: (b) with onset of melting and (c) after relocation. Taken



82 B.J. Lewis et al. / Journal of Nuclear Materials 394 (2009) 67–86
vided data on fuel behaviour, and volatile fission-product release
and transport from a previously irradiated fuel element at a fuel
temperature of about 1800 K [267–269]. The primary objectives
of the BTF-105A experiment performed were to obtain data for val-
idation of transient fuel performance codes and to test instrumen-
tation for the BTF-105B experiment [270,271]. The BTF-105B
experiment had thermalhydraulic boundary conditions which
were better quantified and was performed to investigate fission-
product release and transport from a previously irradiated fuel
element at a fuel temperature of 2100 K [272,273]. Data from
BTF-107, BTF-104 and BTF-105A experiments were used to qualify
the transient fuel code ELOCA [14], while data from BTF-105A
experiment were used to validate the fuel and fuel channel safety
analysis code FACTAR [274]. The fission-product release, deposi-
tion and aerosol measurements from the BTF-104 and BTF-105B
tests are also being used to validate the fission-product release
code SOURCE and the fission-product transport code SOPHAEROS
[275,276].

2.6.2. CANDU fuel high-temperature annealing tests
More than 300 annealing tests of fission-product release from

clad and unclad irradiated fuel samples have been conducted by
AECL at temperatures from 800 to 2350 K in Ar/H2, steam and
air atmospheres [277–282]. This work shows that releases of
volatile fission products (Kr, Xe, I, Cs and Te) are relatively low
in inert or reducing atmospheres but increase significantly after
clad oxidation in oxidizing atmospheres. In some of the high-
temperature tests on unclad fuel samples, large fractions of the
UO2 fuel was volatilized, leading to releases of fission products
that are normally soluble in the UO2 by the ‘‘matrix stripping”
process [277,278]. The release rates of volatile fission products
from clad fuel samples after complete clad oxidation are almost
independent of temperature in the range 1670–2140 K [282].
The low-volatile fission products released in hydrogen-rich
atmospheres (Eu, Ba, etc.) are different from those released in
steam (Mo, Ru, Nb, etc.) due to chemical effects on the fission-
product volatility.

2.6.3. Future directions
To account for fuel bowing phenomena, which can arise for

instance with local sheath dryout, the the BOW code has been
developed to predict fuel bundle deformation behaviour by con-
sidering the fuel elements as composite beams consisting of the
sheath and pellets [283]. To model the gripping interaction be-
tween the fuel pellets and sheath, empirical factors (i.e. the
‘‘Curvature Transfer Factor” and the ‘‘Rigidity Enhancement Fac-
tor”) have been employed. However, physically-based, surface-
contact models may be warranted to model the pellet/sheath
contact in order to account more fundamentally for the fuel ele-
ment rigidity. The end plates of the bundle have also been mod-
elled more recently using beam finite elements, which replaces
earlier work with the end plates modelled as equivalent tor-
sional springs [284]. A complete bundle deformation model is
particularly needed to assess aging effects and the impact of
channel sagging on bundle geometry and subchannel thermalhy-
draulics. This latter phenomenon can lead to the possibility of
coolant bypass over the bundle in the horizontal channel design
of the CANDU reactor. The BOW code is only applicable to nor-
mal operation. However, a capability for transient and more se-
vere reactor accident conditions is needed. For instance, at
higher temperatures up to and above �1000 �C, models are
needed to account for bundle sagging and eventual bundle
slumping with the loss of endplate integrity to assess the coola-
bility of the bundle for safety analysis.

As detailed in Section 2.6.1, a number of out- and in-reactor
tests have been performed to study sheath dryout and fuel ele-
ment/bundle deformation phenomena. For instance, in-reactor
tests were performed in the: organic cooled WR-1 reactor and
various loop tests in the NRX and NRU reactor at the CRL. A
number of out-reactor tests were also performed to identify sin-
gle-effects phenomena, including: pickering-design fuel element
sag tests at WNRE; sheath sag tests at WECAN; and CRL fuel
pin rigidity tests. Out-reactor testswere also carried out to study
integrated effects, including: HTBS experiments; CGE inert bun-
dle sag tests; WNRE fuel bundle sag and slumping tests with
electrically-heated bundles; and trefoil dryout tests at high pres-
sure and temperatures ranging from 320 to 600 �C at the Stern
Laboratories. However, these various tests and experiments were
not carried out with prototypic bundles or the experimental con-
ditions were not necessarily prototypic of accident transients.
Thus, additional experiments on fuel bundle deformation are
needed up to and above 600 �C for development and validation
of the various simulation tools.

The ELESTRES code is currently used to determine CANDU fuel
performance during normal operating conditions [12,13]. For tran-
sient calculations, the ELOCA code [14] employs the steady-state
results from the ELESTRES code as initial conditions to determine
fuel behaviour for high-temperature transient analysis. A similar
strategy is also used for LWR analysis with the FRAPCON code [4]
for normal operation prediction and the FRAPTRAN code [5] for
transient analysis. However, it would be advantageous to have a
single code to cover all such conditions. For example, the European
TRANSURANUS code was designed to handle both normal and
transient analysis in a single code [7]. Moreover, an extension of
these various codes for multi-dimensional capability may be espe-
cially needed to simulate the full bundle behaviour with the possi-
bility of local element-to-element and element-to-pressure tube
contact.

Finally, current and emerging trends in fuel modelling are
underway to better quantify the uncertainties in the models, empir-
ical correlations and input data, and to improve the understanding
of high-burnup structures in oxide fuels and the behaviour of ad-
vanced fuels [1]. On-going experiments are expensive to undertake.
As such, international efforts are also focusing on the simulation of
fundamental fuel properties and behaviour involving ab initio,
molecular dynamics, Monte Carlo, phase-field, thermal–chemical
and finite-element analysis, which entail a multi-scale approach
at the: (i) electronic structural level (i.e. stability and elastic con-
stants), (ii) atomic scale (i.e. defect formation, free energies and
irradiation effects), (iii) meso-scale (i.e. fuel microstructural evolu-
tion and species mobility), and (iv) continuum scale (i.e. thermo-
mechanical properties) [285].

3. Conclusions

An overview of phenomena associated with high-temperature
fuel behaviour is presented. The paper addresses the generation
of heat from fission and chemical processes. The important ther-
mophysical properties of the fuel (e.g. thermal conductivity, heat
capacity, fuel expansion, and the incipient melting temperature
of the fuel) that affect heat transport are reviewed. The effect of
physical restructuring in the fuel (e.g. fuel porosity, fuel densifica-
tion, grain growth, gas bubble formation, fuel cracking and reloca-
tion) is addressed. The physical and chemical influences of the
sheath (i.e. sheath deformation, oxidation and hydriding), as well
as the impact of these phenomena on fuel/sheath heat transfer
and fuel/sheath interaction, are discussed. The criteria for sheath
failure in accordance with high-temperature fuel behaviour are
examined. Finally, the response of the fuel/fuel element/bundle
during power pulse (e.g. with the possibility of fuel fragmentation)
and the deformation of the fuel bundle during severe reactor con-
ditions are detailed.
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