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lodine-induced stress corrosion cracking (I-SCC) is a recognized factor for fuel-element failure in the
operation of nuclear reactors requiring the implementation of mitigation measures. I-SCC is believed
to depend on certain factors such as iodine concentration, oxide layer type and thickness on the fuel
sheath, irradiation history, metallurgical parameters related to sheath like texture and microstructure,

and the mechanical properties of zirconium alloys. This work details the development of a thermodynam-
ics and mechanistic treatment accounting for the iodine chemistry and kinetics in the fuel-to-sheath gap
and its influence on I-SCC phenomena. The governing transport equations for the model are solved with a
finite-element technique using the COMSOL Multiphysics® commercial software platform. Based on this
analysis, this study also proposes potential remedies for I-SCC.

Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.

1. Introduction

During the operation of a nuclear reactor, iodine-induced stress
corrosion cracking (I-SCC) may occur in the zirconium alloy
sheathing especially during power-ramping manoeuvres. This
process can be attributed to the joint action of fission products,
primarily iodine, and mechanical stresses resulting from radiation-
induced swelling and thermal expansion of the fuel. The
pellet-cladding interaction (PCI) may eventually lead to nucleation
and propagation of cracks through wall, which frequently appear
close to the pellet interface where fission products concentrate
(see Fig. 1) [1,2].

During the early 1970s, occurrence of fuel failures in CANDU
fuel at the Pickering and Douglas Point Nuclear Generating Stations
was observed during sustained power ramps [3,4]. This led to the
development of an improved re-fuelling scheme to minimize the
hoop stress in the sheathing during the power ramp manoeuvre,
and the introduction of a (chemical) barrier coating of graphite
(CANLUB) on the internal surface of the sheath. The search for
PCI mitigation, particularly for Boiling Water Reactors, also re-
sulted in the mid 1970s in the development of barrier fuel with a
thin, pure zirconium layer on the inside surface of the tubing
[3,4]. Consequently, detected current failure rates are typically less
than ten per million rods in operation [4].

The dominant variables that affect the I-SCC mechanism in-
clude: (i) operational conditions (e.g., pre-ramp fuel power and
size of the fuel power ramp, fuel burnup, coolant and sheath
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temperature, strain and creep rate of the fuel sheathing); and (ii)
design details (e.g., pellet shape, fuel cracking and hour-glassing,
type of impurities and thickness of the CANLUB interlayer coating,
pellet and sheath diameter, fuel stack axial clearance, shape of the
re-entrant corner at the sheath/end-cap junction, enrichment
resulting in variations in end-flux peaking, and the radial temper-
ature distribution within the pellet). In particular, the fuel element
contains several stress concentration locations, including circum-
ferential ridges, sheath/end-cap junctions, junctions of appendages
with the sheath, and possibly regions adjacent to radial cracks in
the pellets [5]. These factors therefore lead to mechanical drivers
for failure, which include: the degree of local multi-axiality of
stresses, localization of stress/strain over pellet cracks, and
unrelaxed stresses from previous ramps. For instance, the most
important strain at circumferential ridges is the increment of total
on-power mechanical hoop strain at the circumferential ridge
during the power ramp.

A thick oxide initially inhibits I-SCC through a simple barrier
effect where there is a compressive stress due to the volume
ratio of oxide-to-metal (Pilling-Bedworth ratio) for ZrO, [6].
Thus, to initiate SCC failure in the sheath, the ridge strain needs
to first break the protective ZrO, layer in order to expose the
sheath to chemical attack from corrosive fission products. It is
expected that the failure strain in the sheath to cause superficial
oxide layer cracking is in the range of 0.1-0.5% [7]. The CANLUB
layer can increase the threshold for power-ramp defects through
speculated chemical reactivity with the corrodent fission prod-
ucts [8]. A critical strain/strain rate is required to exceed the
strain-to-failure limit for the given microstructure conditions,
fluency, corrodent concentration and sheath temperature. This
process is sensitive to the state of the material strength of the
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Fig. 1. Ceramograph of an SCC failure with (a) necking of the sheath above a UO, crack with localized stresses and (b) crack propagation with shear in the Zircaloy sheath.

Courtesy of Atomic Energy of Canada Limited.

sheath. Here I-SCC susceptibility is enhanced by irradiation. In
particular, neutrons and fission fragments can induce damage
in the sheathing material, where dislocation hoops can form
in the Zircaloy metal, i.e., stress-induced clearing of irradiation
damage can produce slip steps that intersect the Zircaloy surface
[9]. Thus, irradiation-induced hardening, due to the introduction
of a large number of point defects, can make the irradiated
material more sensitive to SCC with a lower stress threshold
with fewer possibilities to deform plastically so as to
reduce the applied stress for pseudo-cleavage crack propagation
[10,11].

The I-SCC failure mechanism is thought to occur through the
following process: (a) the expanding pellet stretches the sheath,
resulting in stresses and strains in the sheath during the power
ramp; (b) the protective oxide layer at the sheath inner surface
breaks; (c) the protective oxide may not be reformed in an intact
fuel element since the chemical potential of oxygen may be too
low; (d) depending on the prevalent conditions, the sheath can
be stretched further and even pass the yield stress; (e) a crack ini-
tiates; (f) the incipient crack propagates through the thickness of
the sheath with (g) possible final shear failure through the wall.
Hence, sheath failure by I-SCC can be described in four stages: (i)
crack initiation, (ii) localized intergranular (IG) crack growth, (iii)
transgranular (TG) crack propagation, and (iv) final sheath failure
[12]. The initiation step is influenced by the oxygen partial pres-
sure, local plastic strain, strain rate, and grain orientation [12].
The IG crack development is particularly influenced by grain orien-
tation/texture, while the TG crack propagation is affected by the
stress intensity factor [13]. Fast TG pseudo-cleavage cracking can
occur with iodine diffusion to the crack tip due to a weakening
of the Zr-Zr bonds that lead to separation along grain boundaries,
i.e., this latter process can lead to cracking well below the rupture
stress for Zircaloy in an iodine-free environment [14]. In particular,
the power ramp will release short-lived fission products adding to
the available iodine partial pressure. The iodine-containing com-
pound Csl is found in highest concentration in the fuel-to-sheath
gap [15]. lIodine is produced by decomposition of the stable Csl
compound that can occur with fission fragment bombardment
with a threshold energy for decomposition of 4.35 eV that is much
higher than the thermal energy [15]. The iodine released from radi-
olysis can form Zrlyg) vapour in regions where the Zr is exposed,
which can advance the crack with Zr transport away from the
crack tip/pits by a Van Arkel vapour transport mechanism
[7,16,17].

The current paper describes an understanding of the thermody-
namics in the fuel-to-sheath gap (Section 2) for the development of
a mechanistic kinetic model (Section 3) in order to explain the
underlying chemistry effects of the I-SCC phenomena.

2. Thermodynamic analysis

Utilizing computational thermodynamic analyses, the chemical
destiny of fission products (e.g., iodine) was investigated. This
methodology included the use of existing thermodynamic data in
FACT (Facility for the Analysis of Chemical Thermodynamics) to de-
scribe the equilibrium behaviour of multi-component systems
involving customized Gibbs energy functions [18]. The passage of
volatiles across the fuel-to-sheath gap is influenced significantly
by the partial pressure, i.e., gaseous concentration of the particular
volatile fission product. The vapour phase chemistry therefore con-
trols which elements contact the Zircaloy sheath and which are be-
lieved to cause I-SCC. Most of the iodine remains in the fuel matrix
during normal fuel operation. Compounds of cesium and iodine de-
velop in negligible quantities in the gaseous phase at temperatures
associated with the fuel-to-sheath gap (~600 K). The major volatile
corrosive species, Zrl, and I, exist in the fuel-to-sheath gap at spe-
cific CANDU operating conditions. As burnup increases in the CAN-
DU natural uranium fuel, there is approximately 10 times more
cesium. The creation of 1>%Cs, by activation of 133Cs, causes an addi-
tional build-up of cesium fission products. However, these are
long-lived species and, to some extent, a second-order effect. The
condition set has enough Cs to bind all of the iodine as a Csl) salt
at equilibrium, but consequently not enough iodine to bind all of
the cesium. Thermodynamic arguments agree that the escaping io-
dine from the UO, fuel is made inactive by reacting with the excess
cesium fission products to form Csl. However, Cs can form com-
pounds with other elements in the fissioning fuel. Hence, it may
be that the I:Cs ratio in the fuel-to-sheath gap is not representative
of the overall situation at all stages of burnup and changes in
power levels.

The development of Fig. 2a included the chemical species
Zr(o(sy ZE(pysy ZTla(sy Zrl3(s), Zrlags), Lagsy gy Lacey Zrlacgy Zrls(gy, Zrlagg),
Zrlg), and Zr(,). This is a relatively complex system even prior to the
introduction of additional elemental components. The volatile io-
dides Zrly, Zrls, and Zrl, exist at low partial pressures. At high par-
tial pressures, these compounds may crystallize and stifle the
transfer of Zr even from a surface not protected by an oxide layer.
Fig. 2b demonstrates the effect of a lower pressure, specifically at
107 atm (1 Pa), i.e., for Zr(s) to coexist in equilibrium with the va-
pour species at 600 K, the pressure (sum of all Zr-I species) must
not exceed 107> atm (1 Pa). Zrl, and pure iodide cause the process
of SCC in Zr, where the failure time in Zrl, is much shorter than I,.
Elementary iodine reacts with zirconium yielding Zrl, and other
condensed iodides Zrl,. In particular, Zrl4 is the dominant gaseous
species in the Zr-I system.

The partial pressure isobars for Zrl,, in Fig. 3a show an increase
with an eventual crest followed by a decrease. As the mole fraction
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Fig. 2. Calculated phase diagram of the Zr-I system at a hydrostatic (total) pressure of (a) 10° Pa (1 atm) and (b) 1 Pa (107> atm).
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Fig. 3. A calculated phase diagram of the Zr-I system at 10° Pa (1 atm) with partial pressure isobars of (a) Zrlsg) and (b) Iy

of I increases, Zrl4 becomes the more dominant species. However, a
saturation limit is reached when more I dilutes Zrl,, along with the
other zirconium iodides, and diatomic iodine becomes more prom-
inent. The maximum is at an approximate overall molar fraction of
just above 0.8 for iodine. For example, with the overall molar frac-
tion of 0.82 for iodine at ~755 K, the vapour phase mainly con-
tains: 78% Zrly, 22% 1, with minor quantities of I, Zrls and Zrl,.
On the other hand, for an overall molar fraction for iodine of 0.99
at ~622 K, the vapour phase is composed of 0.7% Zrl, and 93.3%
I in the vapour phase.

A greater concentration of I, in the vapour phase at higher
overall molar fractions of I, is depicted by the increasing partial
pressure isobars of I, in Fig. 3b. In addition, the vertical section
of the isobars, between 700-1300 K at a molar fraction just above
0.8 for I, reconfirms Zrl, as the dominant species at these condi-
tions, in agreement with Fig. 3a and established literature [19].

2.1. CANLUB chemical analysis

As mentioned in Section 1, thermal expansion of fuel pellets,
following an increase in power during re-fuelling, can provide
the required strain to initiate a crack in the protective zirconium
oxide, ZrO,, layer on the Zircaloy sheath. Gaseous fission products
like iodine released from cracks in the fuel pellet becoming a cor-
rosive agent. To mitigate against SCC, a thin (microns) layer of
graphite (mainly carbon) (CANLUB) is applied on the inside layer
of the fuel sheath. It is believed that the CANLUB can act as a chem-
ical getter reducing the availability of corrosive fission products
that can attack the fuel sheath.

Components of DAG154N used to create the CANLUB by ther-
mal decomposition include isopropanol, graphite, hexylene glycol,
n-butyl alcohol, and propylene glycol methyl ether. However, the
graphite may also contain impurities. Hence, an inductively
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coupled plasma mass spectrometry analysis was performed which
revealed impurities of silicon, iron, aluminum and sodium that
were found in highest quantities [20]. These elements may act as
a getter for the iodine or have some other significant role. In partic-
ular, iodine will preferentially combine with sodium in the
CANLUB.

3. Kinetic model development for crack propagation

The knowledge of the chemistry/thermodynamics, within the
fuel-to-sheath gap and crack tip from Section 2 provide the under-
pinning for a mechanistic kinetics model to explain I-SCC behav-
iour. An I-SCC kinetics model is developed in this section based
on the processes shown in Fig. 4, which accounts for: (i) iodine/ce-
sium diffusional release to the fuel surface by a Booth diffusion
process, where the iodine is deposited on the fuel surface as CsI;
(ii) a Csl radiolysis model due to fission fragment recoil in order
to produce vapour Iy; (iii) transport of I, vapour by diffusion along
the gap to the crack site; (iii) a reaction of the I, at the crack tip to
form Zrl, vapour which removes the Zr from the crack tip by the
Van Arkel process to produce the crack penetration.

3.1. Numerical implementation of the fission-product release model

Diffusion theory is applied to the UO, fuel, where an empirical
diffusion coefficient accounts for such effects as radiation damage,
atomic diffusion, gas-bubble nucleation, bubble migration and
bubble coalescence. Hence, a Booth diffusion model is applied to
account for the solid-state lattice diffusion of fission products
(e.g., iodine) originating from the uranium dioxide (UO,) fuel ma-
trix, passing through a collection of “equivalent” grain spheres
and finally entering the fuel-to-sheath gap [21-23]. The empirical
diffusion coefficient can be estimated as a volume-average quan-
tity for the fuel element.

A general time-dependent (numerically based) fission-product
diffusion model, coupled with a mass balance in the gap, was
developed. The “Booth diffusion” model was generalized for a
time-dependent diffusion coefficient D(t) and fission product gen-
eration rate at time ¢ (s) [24,25]:
aC(r,t) D(t) o (ZOC(r, t) Fy(t)y

T T) —)vC(r,t)+T (1)

ot r2 or

Here ((r, t) is the fission product concentration profile at a distance
rand time t in an “idealized” fuel grain sphere of radius a. Defining
the dimensionless variable #=r/a and u=CV, and multiplying
through by the volume of the fuel in the element, V, Eq. (1) becomes
[25]:

ou(n, t)

D'(t) 0 ( ,0u(n,t)
a2 on an

where D'(=D/a?) is the empirical diffusion coefficient (s—!) (see Sec-
tion 3.3), 2 is the decay constant (s~ ), Fy is the fission yield for ele-

) ~u(n.6) + Fy(t)y 2)

ment = 1.489 x 10'3 P (fission s~!), y is the fission product yield
(atom fission™!), and P is the linear element power (kW m~!). The
initial and boundary conditions are given as:

un,00=0, 0<n<l, t=0 (3a)
ou

%:0, n=0, t>0 (3b)
u(l,t)=0, n=1, t>0 (30)

The diffusional release-to-birth rate ratio (R/B)gs or release frac-
tion, is defined as the ratio of the total number of atoms released
from the sphere compared to the total number of atoms produced

within it:
(B) __ Ane® (,Dﬂ ) __3D%u
B)ay Fy@ra@/3)\ " or|.) Fyon
Equivalently, the diffusive release rate Ry (atom s™') from the fuel
element to the fuel-to-sheath surface (Fick’s law) is:
ou

Ray = =305,

(4)

n=1

)

n=1

Note that in the steady-state, Eq. (4) can be analytically solved to
give the well-known result for the short-lived species [21]:

R D’ L D D’
(E) w [\E“’”‘ D z} ~ 3\/; ®)

3.2. Sweep gas analysis

The empirical diffusion coefficient D’ in Eq. (2) was derived from
fission gas release data for sweep gas experiments conducted at
the Chalk River Laboratories (CRL). In particular, a sweep-gas tech-
nique investigated the gap inventory within intact operating CAN-
DU-type fuel elements, where the short-lived fission-product
release behaviour was measured [24]. During these tests, the
fuel-to-sheath gap of an intact element was continually purged
with an inert carrier gas flow transporting the active species re-
leased from the UO, fuel to an out-reactor gamma-ray spectrome-
ter. The instantaneous release rate was measured to determine the
physical mechanisms of gas release from the fuel. These experi-
ments covered various irradiation conditions for fuel linear power
ratings in the range of 39-65 kW m~! to a maximum fuel burnup
of 220 MW h kg~! U~! (see Table 1). Hence, the fission-product re-
lease data from these experiments can be used to provide an esti-
mate of the empirical diffusion coefficient for the Booth diffusion
model.

The log of the release-to-birth rate ratio (R/B), for the noble
gases, was plotted against the log of the decay constant / for each
experiment (see, for example, Fig. 5). This ratio exhibited a behav-
iour close to 412 which, in accordance with Eq. (6), indicating a
diffusion-controlled release of fission gas through the UO, fuel ma-
trix. However, the fission product iodine was never directly mea-

Crack tip /\ :’—Zr Sheath

_— . ———— 1, diffusion to crack site
Fission fragment reC(il‘lf

Zrl, (Van Arkel process)

—— Fuel-to-sheath gap

— =— Csl deposit
(thickness Ax)

Fuel

Fig. 4. Schematic of the I-SCC process for crack penetration.
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Table 1
Steady-state measured fractional release of various sweep gas experiments®.

Isotope Fission yield, y (atoms/fission x 1072) Decay constant, 4 R/B for experiment
FIO-122 FIO-124 FIO-133 FIO-134
133%e 6.70 1.52 x 1078 7.06 x 107* 2.05 x 1072 142 x 1073 551 x 1072
8Smyr 1.30 431x107° 537 x 107° 4.08 x —107* 1.35x10°* 9.73 x 107*
88Ky 3.55 6.86 x 107° 8.82x 107° 1.54 x 1074 113 x 1074 130 x 1073
87Kr 2.52 1.52 x 1074 2.90 x 107° 2.90 x 10~* 121 x 1074 7.31 x 107*
135mye 1.10 7.55 x 10°* 1.80 x 107° 3.96 x 10°° 425x107° 1.60 x 10°*
138%e 6.42 8.14 x 107* 1.36 x 1073 6.36 x 107° 5.44 x 107° 1.41 x 1074
Average linear power (kW/m) 38.2 53.4 50.7 53.6
Average burnup (MW h/kg U) 64.1 40.8 349 724
@ Taken from Ref. [43].
1078 3.2.1. Diffusion coefficient
The dependence of the solid-state empirical diffusion coeffi-
g EI0-122 cient, I, as a function of the fuel element linear rating was initially
o© R/B vs A (R/B CORRECTED ; _1i 138 : _
= FOR REGOWL, PRECURSORS) detgrmmed frorp the short-lived .Xe release data obFamed fol
o W o IODINE lowing a stepwise reactor start-up in sweep gas experiment FIO-
= o XENON 141 (see Fig. 6) [26]. As depicted in Fig. 6, the fitted empirical dif-
2 o KRYPTON . . o . .
= fusion coefficient D’ (in s~') can be given as a function of the fuel
w {IODINE DATA FROM . . 1
g XENON DECAY) element linear power P (in kW m™") of the form:
N .
! - D/(P) = expldo + 1P+ ;] @)
v}
[+ 85my, BT 135m, % i i T i i _
ol \ o \'?ssx.m):\; 13&.89«,‘”{‘ Wi .Thls curve can be SU{tably scalfed to thg empirical diffusion coef:
10 10_'5 i b 1 - L - 1 L - ficients (depicted as solid data points in Fig. 6) for sweep gas exper-
" 10 L " 10 iments FI0-122, 124, 133 and 134. As mentioned, these solid points
DECAY CONSTANT (1) were derived by fitting of the Booth model in Eq. (6) to the noble

Fig. 5. R/B versus / for noble gas and iodine isotopes observed or inferred in sweep
gas experiment FIO-122.

1011
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| = o[ . “ _3*p?) (34
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e /L’/ —'D' = exp(-32.4393-0.039332"P+2.05696e-3"P?)

D' = exp(-32.0149-0.039332*P+2.05696¢-3*P?)

Empirical Diffusion Coefficient D' (1/s)
=

1018 T T T T
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Linear Power (kW/m)

Fig. 6. A fitted empirical diffusion coefficient D’ (s!) of fission gas in the solid fuel
matrix calculated as a function of linear fuel element power P (kWm™!) in
experiments FIO-122, 124, 133, 134 and 141.

sured by the spectrometer during any phase of normal (intact)
operation since this species was absorbed on the internal fuel or
sheath surfaces. The iodine release can be deduced from the behav-
iour of the daughter isotopes, '*3Xe and *°Xe, observed with con-
tinued sweeping during reactor shutdowns [24]. This analysis
indicated a diffusional release behaviour, where the isotopes '3[
and 3% also fell on the R/B curves of the noble gases (see Fig. 5).
Hence a fitting of Eq. (6) to steady-state (R/B) data from the sweep
gas experiments will yield an empirical diffusion coefficient D’
(Section 3.2.1).

gas data in Table 1. The same diffusion coefficient can also be em-
ployed for the iodine species based on the results in Fig. 5. Since
experiment FIO-134 was conducted with higher burnup fuel, two
curves were developed by including and excluding this data point
in the fitting. For the current model implementation, the lower
curve is chosen for burnup calculations less than 40.8 MW h/
kg U, where a “burnup enhancement factor” {p is introduced con-
sidering the FIO-134 data point:

D' = exp[-32.0149 — 0.039332P + 2.056960 x 10 > P*] « {5 (8)

Here {3 is given as a simple linear function of the burnup B (in MW h
kg U™1):

¢ = 0.3065B — 11.5052 (9)

This factor is taken as unity for burnups of 40.8 MW h/kg U and
smaller.

3.3. Iodine chemistry model

Two requirements for an overall model explaining the I-SCC
phenomenon include a required stress to initiate a crack in the
protective oxide layer (Section 3.4) and an iodine chemistry mod-
el (this section). As shown in Fig. 4, the latter component involves
the release of iodine/cesium to the fuel surface (Section 3.3.1), a
Csl radiolysis model to produce I, vapour for transport in the
gap to the crack site (Sections 3.3.2 and 3.3.3), and an instanta-
neous Zrl, reaction at the crack causing crack penetration (Section
3.3.4).

3.3.1. lodine release to fuel surface

As detailed in Section 3.1, the iodine release to the fuel-to-
sheath surface for isotope i can be derived from a “Booth diffusion”
model:

811,‘_D/ 0 zau,- .
E_E%OI %> — Jilli + Fry; (10)
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where the subscript i indicates the seven most important stable
(271 and '?°1) and radioactive ('3'I-13°]) isotopes of iodine. The dif-
fusive release rate Rgy (atom s™') to the fuel-to-sheath surface
(Fick’s law) follows from Eq. (5) for each isotope. Based on the
sweep gas experimental observations where no iodine was ob-
served in the sweep gas flow (Section 3.2), the deposited concentra-
tion Cg; (atom m2) of Csl on the fuel surface Sy (m?) for isotope i is
obtained from the mass balance:

% = M - Aicfs.i

at ~ S an

Eq. (11) also considers any decay on the deposited fuel surface for
the short-lived isotopes. The total deposited concentration on the
fuel surface (m~2) is therefore obtained by solving Eq. (11) for each
isotope and summing up all contributions:

Cur(P(t),t) = > Crilt)

i=I-127....,135

(12)

Eq. (12) provides a means to calculate the critical iodine concentra-
tion for I-SCC, taking into account iodine produced during the pre-
ramp period as well as the rapid production of the short-lived
iodine species following the power ramp.

3.3.2. GsI radiolysis model

The Csl radiolysis model requires a release rate of free available
iodine R; (atoms of I s7!) into the gap due to CsI decomposition by
fission fragment bombardment (see Section 1). The release rate of a
recoil fission fragment from the fuel surface is given by [27-29]:
R™ = 3 (/Y Fr¥y (13)
where p is the average range of fission fragment in UO, (~7.7 pum)
(Appendix A), (S/V)ris the geometric surface-to-volume ratio for the
fuel body (~329 m™'), Fis the fission rate (fission s™') and yg is the
fission fragment yield (2 recoil particles fission™'). With naturally-
enriched fuel, there is a build-up of plutonium (Pu) on the outer
edge of the fuel pellet, which enhances the fission rate at this outer
layer. An enhancement factor &, can therefore be introduced as
detailed in Appendix B.

The release rate of “free” iodine formation from the radiolysis of
these recoiling particles is given by:

Rl = RTECYI(dE/dx)AxéCanlubéfree (14)

Here the particles bombard a thickness Ax (cm) of the deposited
Csl. Although the Csl can also recombine after dissociation [30], this
effect is ignored as a conservative assumption where no recombina-
tion is taken into account. The deposit thickness can be estimated
from the solution for Cgr in Egs. (11) and (12):

_ Cfs.TMCsl
PcaNa

where Mc is the molecular weight of CsI (259.8 g mol™1), pcy is the

density of Csl (45gcm™3) and N, is Avogadro’s number

(6.022 x 10** molecule mol~'). The energy loss per path length in
the surface deposit (dE/dx) can be evaluated with an SRIM analysis

Ax (15)
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in Appendix A where dE/dx ~ 460 eV/A. As mentioned in Section 1,
one iodine atom per 4.35 eV of deposited energy will be liberated so
that Y;=0.230 atom eV~! particle™! [15]. Some of the iodine pro-
duced by Eq. (14) will be gettered by the CANLUB interlayer coating.
Hence, Eq. (14) contains an additional factor, &canup, to take into ac-
count this effect, where it is considered that the Na impurity will
getter the iodine with the formation of the compound Nal, expected
to be present as an oxide or carbonate after pyrolysis, i.e.,
NaZO +1; — 2Nal + 1/202 and N3.2C03 +1 - 2Nal + 1/202 + COZ

Cfs.T - CNa

16
Cor (16)

fCanlub =
Here the sodium surface concentration (atom m~2) is evaluated
from:

C WNa P cantubAcaniubNa
Na = A
Na

where wy, is the impurity content by weight of sodium in the
CANLUB (=137 x 107° g of Na/g of CANLUB) [20], pcantub is the CAN-
LUB density (~0.9 g cm™3), Atcaniub (M) is the coating thickness (i.e.,
the typical thickness is ~5 pm for thick CANLUB, with thin layers
around 2.5um), N, is Avogadro’s number (6.022 x 10%*
atommol™"), and Acanup iS the atomic weight of sodium
(22.98977 g mol™!). As a simplifying assumption, the radiolysis of
Nal is not considered in this analysis.

Finally, a critical tensile stress in the sheath is needed to relax
the compressive stress and then crack the protective oxide layer
in order to initiate crack formation in the sheath metal, as well
as to maintain a sufficient stress at the crack tip [31] so that SCC
can continue (Section 1). Thus, &g in Eq. (14) equals unity when
the appropriate stress/strain conditions are met as detailed in Sec-
tion 3.4. Otherwise it is set equal to zero so that no iodine can react
at the crack tip. The production rate of “free” molecular iodine (I,)
(molecules of I, s71) is

(17)

(18)

Hence, Eq. (18) provides the source of “free” molecular iodine that
is available to diffuse in the gap as a vapour to the crack site (see
Section 3.3.3), when the protective oxide has been breached at
the time of crack formation (i.e., tgwen)-

3.3.3. I, gap transport model

The volatile I, can diffuse to a site where the protective oxide is
cracked to promote crack propagation. The I, transport model re-
quires a source term for the release rate (per path length ¢ for
the fuel stack) of I for a given isotope i (Rg;) in the fuel-to-sheath
gap (molecules of I, m~! s71):

Ry, (Cg;

R, = —2 (=2~

S (CfS-T
where R, is given by Eq. (18). The concentration profile in the fuel-

to-sheath gap for isotope i, Cz; (molecule m~1), follows from the
transport equation for molecular gas-phase diffusion (see Fig. 8):

(19)

Table 2

Representative cases for threshold-failure probability model.
Case Fuel properties Irradiation conditions Failure
Identification CANLUB Sheath inner diameter Burnup (MW h/ Initial power (kW/  Ramped power (kW/ Dwell time Observed Predicted

(mm) kg U) m) m) (h) (h)

PS/1988/0OE Thick 14.409 188.7 324 52.5 0.7 NO NO
EXP-1/HP/OE  Thin 12.240 80.0 31.0 57.5 >2.5 YES 1.5
EXP-2(356) No 14.409 240.0 229 36.4 >2.5 YES 0.5

CANLUB




Table 3
Comparison of model predictions against validation database of power ramp experience.

Case Fuel properties Irradiation conditions Failure Case Fuel Properties Irradiation Conditions Failure
Identification CANLUB Sheath Burnup Initial Ramped Dwell Observed Predicted Identification CANLUB Sheath Burnup Initial Ramped Dwell Observed Predicted
inner (MW h/ power power time (h) inner (MW h/ power power time (h)
diameter kg U) (kW/m) (kW/m) (h) diameter kg U) (kW/m) (kW/m) (h)
(mm) (mm)
PS/1988/0OE Thick 14.409 45.5 35.6 58.4 0.7 NO NO EXP-4 PA98 Thick 14.340 95.0 41.0 55.0 >2.5 NO NO
PS/1988/0OE Thick 14.409 50.0 37.3 58.5 0.7 NO NO EXP-3/4700/  Thick 14.340 100.0 42.1 71.3 >2.5 NO 04
01
PS/1988/0OE Thick 14.409 53.3 39.2 58.4 0.7 NO NO EXP-3/4900/  Thick 14.340 104.0 44.0 64.0 >2.5 NO NO
11
PS/1988/0OE Thick 14.409 56.6 38.1 58.4 0.7 NO NO EXP-4/3400/  Thick 14.310 131.0 35.0 64.0 >2.5 NO 0.7
01,04
PS/1988/0OE Thick 14.409 67.7 38.1 63.3 0.7 NO NO EXP-4/3400/  Thick 14.300 124.0 35.0 64.0 >2.5 NO 0.4
03,06
PS/1988/0OE Thick 14.409 722 36.4 61.2 0.7 NO NO EXP-5/IE Thick 14.290 313.0 34.0 43.0 >2.5 NO NO
PA62
PS/1988/0E Thick 14.409 77.7 38.0 63.4 0.7 NO NO EXP-3/4800/  Thick 14.220 121.0 41.0 65.0 >2.5 YES NO
03
PS/1988/0OE Thick 14.409 78.8 39.7 61.6 0.7 YES NO EXP-3/4800/  Thick 14.220 259.0 60.5 72.0 >2.5 NO NO
01
PS/1988/0OE Thick 14.409 81.0 36.7 58.8 0.7 NO NO EXP-3/4600/  Thick 14.160 100 39 66 >2.5 YES NO
01
PS/1988/0E Thick 14.409 81.0 38.8 62.9 0.7 NO NO EXP-5/0E Thick 13.736 448.0 49.0 68.7 >2.5 NO 03
PA16
PS/1988/0OE Thick 14.409 88.8 36.1 60.6 0.7 YES NO EXP-5/02 Thick 13.736 448.0 49.0 68.7 >2.5 NO 0.3
(16)
PS/1988/0E Thick 14.409 89.9 36.0 60.1 0.7 NO NO EXP-5/IE PA1  Thick 13.735 360.0 28.0 40.0 >2.5 NO NO
PS/1988/0OE Thick 14.409 92.1 35.6 56.2 0.7 NO NO EXP-5/IE PA1  Thick 13.735 365.0 28.0 54.0 >2.5 NO 0.6
PS/1988/0OE Thick 14.409 92.1 36.0 55.8 0.7 NO NO EXP-5/IE Thick 13.735 392.0 28.0 40.0 >2.5 NO NO
PA15
PS/1988/0OE Thick 14.409 96.6 38.5 62.3 0.7 NO NO EXP-5/0E Thick 13.735 465.0 40.0 52.0 >2.5 NO NO
PA1
PS/1988/0E Thick 14.409 97.7 39.1 60.3 0.7 NO NO EXP-6 (34) Thick 13.716 480.0 35.0 47.0 >2.5 NO NO
PS/1988/0E Thick 14.409 101.0 37.1 57.5 0.7 NO NO EXP-6 (36) Thick 13.716 495.0 313 51.0 >2.5 NO 0.3
PS/1988/0OE Thick 14.409 102.1 38.3 55.9 0.7 NO NO EXP-5/PA32  Thick 12914 142.0 36.0 61.0 >2.5 NO 0.4
PS/1988/0OE Thick 14.409 112.1 354 60.2 0.7 NO NO EXP-3/AH17  Thick 12.444 724 27.7 59.3 >2.5 NO NO
PS/1988/0OE Thick 14.409 119.9 35.2 58.1 0.7 NO NO EXP-3/8500/  Thick 12.251 106.0 439 59.5 >2.5 NO NO
21
PS/1988/0OE Thick 14.409 122.1 35.6 49.8 0.7 NO NO EXP-3/8500/  Thick 12.251 114.0 30.7 64.5 >2.5 NO 0.4
01
PS/1988/0OE Thick 14.409 123.2 35.7 58.6 0.7 NO NO EXP-5(12) Thick 12.251 124.0 5.2 20.1 >2.5 NO NO
PS/1988/0OE Thick 14.409 123.2 37.7 57.4 0.7 NO NO EXP-5 (07) Thick 12.251 155.0 9.8 30.3 >2.5 NO NO
PS/1988/0OE Thick 14.409 1243 35.2 59.2 0.7 NO NO EXP-5 (11) Thick 12.251 157.0 4.6 17.6 >2.5 NO NO
PS/1988/0OE Thick 14.409 126.5 36.9 56.4 0.7 NO NO EXP-3/8500/  Thick 12.251 180.0 27.3 57.8 >2.5 NO 0.8
11
PS/1988/0OE Thick 14.409 126.5 37.1 494 0.7 NO NO EXP-5 (10) Thick 12.251 223.0 8.3 31.6 >2.5 NO NO
PS/1988/0OE Thick 14.409 127.7 36.7 55.4 0.7 NO NO EXP-5 (09) Thick 12.251 270.0 7.7 29.4 >2.5 NO NO
PS/1988/0OE Thick 14.409 127.7 37.1 58.2 0.7 NO NO EXP-5/ PA9 Thick 12.242 170.0 30.0 36.0 >2.5 NO NO
PS/1988/0OE Thick 14.409 127.7 38.1 57.5 0.7 NO NO PS-2/ Thick 12.239 196.7 115 44.6 >2.5 YES NO
164728C|OE
PS/1988/0OE Thick 14.409 128.8 35.0 49.0 0.7 NO NO EXP-5/18 Thick 12.233 80.8 30.7 64.0 >2.5 YES 0.7
PS/1988/0OE Thick 14.409 128.8 36.4 56.7 0.7 NO NO EXP-5/07 Thick 12.230 80.8 30.7 64.0 >2.5 YES 0.7
PS/1988/0E Thick 14.409 128.8 45.1 53.2 0.7 NO NO EXP-5/INTER  Thick 12.225 100.0 26.0 52.0 >2.5 NO NO
PS/1988/0OE Thick 14.409 129.9 35.1 59.3 0.7 YES 0.6 EXP-5/IE PA1  Thick 12.223 79.0 21.0 50.0 >2.5 NO NO

(continued on next page)
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Table 3 (continued)

Case Fuel properties Irradiation conditions Failure Case Fuel Properties Irradiation Conditions Failure
Identification CANLUB Sheath Burnup Initial Ramped Dwell Observed Predicted Identification CANLUB Sheath Burnup Initial Ramped Dwell Observed Predicted
inner (MWh/  power power time (h) inner (MWh/  power power time (h)
diameter kg U) (kW/m) (kW/m) (h) diameter kg U) (kW/m) (kW/m) (h)
(mm) (mm)
PS/1988/0OE Thick 14.409 129.9 36.5 56.9 0.7 NO NO EXP-5/IE PA2  Thick 12.223 87.0 21.0 51.0 >2.5 NO 14
PS/1988/0OE Thick 14.409 129.9 37.0 58.9 0.7 NO NO EXP-5/0E PA  Thick 12.223 96.0 22.6 53.1 >2.5 NO 1.2
PS/1988/0OE Thick 14.409 129.9 375 59.3 0.7 YES NO EXP-5/INTE Thick 12.223 96.0 26.0 60.0 >2.5 YES 0.5
PS/1988/0OE Thick 14.409 131.0 373 60.8 0.7 YES NO EXP-5/0OE PA  Thick 12.223 106.0 235 539 >2.5 NO 0.6
PS/1988/0OE Thick 14.409 133.2 34.9 58.7 0.7 YES 04 EXP-5/INTE Thick 12.223 106.0 27.0 61.0 >2.5 YES 2.0
PS/1988/0OE Thick 14.409 133.2 35.1 58.9 0.7 NO 0.5 EXP-5/22 Thick 12.222 52.1 20.4 42.6 >2.5 NO NO
PA2
PS/1988/0OE Thick 14.409 133.2 39.1 57.9 0.7 NO NO EXP-5/IE PA3  Thick 12.222 88.0 23.0 46.0 >2.5 NO NO
PS/1988/0OE Thick 14.409 133.2 46.4 534 0.7 NO NO EXP-5/PA27  Thick 12.222 101.0 33.0 43.0 >2.5 NO NO
PS/1988/0OE Thick 14.409 1354 373 56.0 0.7 NO NO EXP-5/22 Thick 12.222 104.0 42.5 51.2 >2.5 NO NO
PA2
PS/1988/0OE Thick 14.409 1354 39.1 56.7 0.7 YES NO EXP-5 PA38 Thick 12.221 58.0 20.0 43.0 >2.5 NO NO
PS/1988/0OE Thick 14.409 139.9 35.6 441 0.7 NO NO EXP-5 PA39 Thick 12.221 94.0 35.0 71.0 >2.5 NO 0.4
PS/1988/0E Thick 14.409 143.2 37.8 442 0.7 NO NO EXP-3/9700 Thick 12.221 112.0 37.0 63.0 >2.5 NO 04
PA94
PS/1988/0OE Thick 14.409 1443 37.0 41.9 0.7 NO NO EXP-3/9700/  Thick 12.221 125.0 34.0 64.0 >2.5 NO 0.4
OE2
PS/1988/0E Thick 14.409 147.6 34.5 55.1 0.7 YES NO EXP-3/9700/  Thick 12.221 125.0 34.0 64.0 >2.5 NO 0.4
OE3
PS/1988/0OE Thick 14.409 152.1 333 44.9 0.7 NO NO EXP-3/9700/  Thick 12.221 125.0 34.0 64.0 >2.5 NO 0.4
OE4
PS/1988/0OE Thick 14.409 152.1 35.1 44.9 0.7 NO NO EXP-3/7800/  Thick 12.221 132.0 36.0 58.0 >2.5 YES NO
06
PS/1988/0E Thick 14.409 153.2 36.7 44.4 0.7 NO NO EXP-5/ PA10  Thick 12.221 218.0 39.0 48.0 >2.5 NO NO
PS/1988/0OE Thick 14.409 163.2 33.1 54.3 0.7 NO NO EXP-3/7800/  Thick 12.221 338.0 28.2 61.0 >2.5 YES 0.3
12
PS/1988/0OE Thick 14.409 164.3 43.5 50.0 0.7 NO NO PS-2/0E-1 Thick 12.22 1271 49.0 59.7 >2.5 YES NO
PS/1988/0E Thick 14.409 165.4 33.8 53.4 0.7 YES NO PS-2/0OE-2 Thick 12.22 128.1 49.2 59.9 >2.5 YES NO
PS/1988/0OE Thick 14.409 166.5 342 53.1 0.7 NO NO EXP-5/PA29  Thick 12.215 142.0 36.0 61.0 >2.5 NO 0.4
PS/1988/0OE Thick 14.409 166.5 35.1 51.3 0.7 NO NO EXP-5/06 Thick 12.215 155.0 57.1 70.2 >2.5 NO NO
PA3
PS/1988/0OE Thick 14.409 167.6 334 52.4 0.7 NO NO EXP-5/11 Thick 12.215 155.0 57.1 70.2 >2.5 NO NO
PA3
PS/1988/0OE Thick 14.409 167.6 344 523 0.7 NO NO EXP-3/8700/  Thick 12.213 129.0 30.1 61.1 >2.5 YES 0.4
01
PS/1988/0OE Thick 14.409 172.1 335 52.7 0.7 NO NO EXP-3/8000/  Thick 12.207 114.0 304 63.9 >2.5 NO 0.4
01
PS/1988/0OE Thick 14.409 173.2 333 53.2 0.7 NO NO EXP-3/8000/  Thick 12.206 114.0 30.4 63.9 >2.5 NO 0.4
23
PS/1988/0OE Thick 14.409 1743 349 54.4 0.7 NO NO EXP-5/IE PA3  Thick 12.201 127.0 33.0 66.0 >2.5 NO 0.5
PS/1988/0E Thick 14.409 175.4 341 52.2 0.7 NO NO EXP-3/8000/ Thick 12.199 180.0 27.0 57.2 >2.5 YES 0.4
29
PS/1988/0OE Thick 14.409 175.4 36.1 51.6 0.7 NO NO EXP-3/8000/  Thick 12.194 132.0 31.3 57.3 >2.5 NO 04
35
PS/1988/0OE Thick 14.409 176.5 349 52.0 0.7 YES NO EXP-5/03 Thick 12.191 81.0 32.0 62.0 >2.5 NO NO
PA8
PS/1988/0OE Thick 14.409 176.5 353 51.5 0.7 NO NO EXP-5/02 Thick 12.184 81.0 32.0 45.0 >2.5 NO NO
PA7
PS/1988/0OE Thick 14.409 179.8 35.1 51.6 0.7 NO NO EXP-3/7200/  Thick 12.170 91.0 37.0 61.0 >2.5 YES NO

14
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45.0
56.0
64.0

45.0
58.0
45.8
73.6
543
49.4
43.5
46.3
48.4
42.8
53.2
44.7
42.7
43.9
46.1
45.8
53.5
51.7
433
56.5
57.8
38.1
41.6
42.1
47.5
47.6
49.1
54

48.7
47.2
48.4
46.9
58.3

>2.5

0.3
>2.5
>2.5

>2.5
>2.5
>2.5
>2.5
>2.5
>2.5
>2.5
>2.5
>2.5
>2.5
>2.5
>2.5

NO NO
NO NO
YES 0.3
NO NO
YES 0.6
YES 0.9
YES 1.2
NO 1.2
NO 0.6
NO NO
NO 0.4
NO NO
NO NO
NO NO
YES NO
NO 0.5
NO 0.5
YES 0.5
NO NO
YES NO
YES 0.4
NO NO
NO NO
NO NO
YES NO
YES 2.2
NO NO
NO NO
NO 3.0
NO 2.5
NO NO
YES 1.9
NO NO
NO NO
NO NO
NO NO
NO NO
YES 2.5
YES 1.4
NO 1.1
YES NO
YES 0.8
NO NO
NO NO
NO NO
YES 1.3
YES 0.8
YES 0.8
YES 0.4
YES 0.5
YES 13
YES 0.4
YES 13
YES 0.5

(continued on next page)
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Table 3 (continued)

Case Fuel properties Irradiation conditions Failure Case Fuel Properties Irradiation Conditions Failure
Identification CANLUB Sheath Burnup Initial Ramped Dwell Observed Predicted Identification CANLUB Sheath Burnup Initial Ramped Dwell Observed Predicted
inner (MW h/ power power time (h) inner (MW h/ power power time (h)
diameter kg U) (kW/m) (kW/m) (h) diameter kg U) (kW/m) (kW/m) (h)
(mm) (mm)
PS/1988/0OE Thick 14.409 2209 32.7 55.2 0.7 YES 04 PS/1972/0OE NO 14.409 136 27.9 51.5 03 YES 0.7
PS/1988/0OE Thick 14.409 223.1 33.8 52.3 0.7 YES NO PS/1972/0OE NO 14.409 137 24.6 47.6 0.3 YES 1.3
PS/1988/0E Thick 14.409 224.2 325 45.8 0.7 NO NO PS/1972/0E NO 14.409 137 271 52.8 03 YES 0.6
PS/1988/0OE Thick 14.409 224.2 32.6 45.7 0.7 NO NO PS/1972/0OE NO 14.409 137 29.1 50.5 03 YES 04
PS/1988/0OE Thick 14.409 2253 452 49.3 0.7 NO NO PS/1972/0OE NO 14.409 138 26.3 52.2 0.3 YES 0.6
PS/1988/0E Thick 14.409 226.4 40.7 46.4 0.7 NO NO PS/1972/0OE NO 14.409 144 25.6 49.3 03 YES 0.5
PS/1988/0OE Thick 14.409 227.6 32.7 51.3 0.7 YES NO PS/1972/0E NO 14.409 145 27.7 56.1 03 YES 04
PS/1988/0OE Thick 14.409 227.6 33.7 55.6 0.7 YES 0.4 EXP-2(366) NO 14.409 150.0 28.8 459 >2.5 YES NO
PS/1988/0OE Thick 14.409 228.7 329 41.8 0.7 NO NO EXP-2(369) NO 14.409 150.0 34.8 44.6 >2.5 YES NO
PS/1988/0E Thick 14.409 230.9 34.5 51.7 0.7 YES NO PS-3(08) NO 14.409 150.0 52.6 55.4 >2.5 YES NO
PS/1988/0OE Thick 14.409 242.0 422 48.5 0.7 NO NO EXP-2(368) NO 14.409 151.0 34.1 443 >2.5 YES NO
PS/1988/0OE Thick 14.409 2431 41.8 48.5 0.7 NO NO PS-3(07) NO 14.409 151.0 49.8 52.9 >2.5 YES NO
PS/1988/0E Thick 14.409 252.0 39.8 45.3 0.7 NO NO PS/1972/0E NO 14.409 152 293 55.2 03 YES 04
EXP-4/3000/  Thick 14.417 68.0 25.0 60.0 >2.5 NO 1.6 EXP-4/97 Thick 14.340 93.0 51.0 64.0 >2.5 NO NO
03,07
EXP-4/3000/  Thick 14.404 54.0 19.0 60.0 >2.5 NO 1.9 EXP-2(387) NO 14.409 154.0 41.7 43.6 >2.5 YES NO
23
EXP-4/3000/  Thick 14.404 55.0 19.0 60.0 >2.5 NO 2.0 EXP-2(269) NO 14.409 159.0 25.2 35.8 >2.5 NO NO
19
EXP-3/7700/  Thick 14.404 550.0 344 60.1 >2.5 NO 03 EXP-2(364) NO 14.409 170.0 28.9 41.7 >2.5 YES NO
15
EXP-4/3000/  Thick 14.403 108.0 40.0 56.0 >2.5 NO NO EXP-2(365) NO 14.409 172.0 274 443 >2.5 YES 0.4
22
EXP-8 PA114  Thick 14.395 69.0 40.0 87.0 >2.5 NO 0.3 EXP-2(243) NO 14.409 178.0 271 38.3 >2.5 NO NO
EXP-8/ Thick 14.395 69.0 40.0 87.0 >2.5 NO 0.3 EXP-4(04) NO 14.409 179.0 423 62.6 >2.5 YES 0.4
PA116
EXP-8 PA115 Thick 14.395 177.0 59.0 87.0 >2.5 NO 0.3 EXP-2(386) NO 14.409 180.0 40.7 45.3 >2.5 YES NO
EXP-3 166 Thick 14.389 107.0 35.0 70.0 >2.5 YES 0.4 EXP-2(230) NO 14.409 185.0 20.2 31.1 >2.5 NO NO
PA74
EXP-6 (35) Thick 14.380 472.0 51.8 69.5 >2.5 NO 0.3 PS-3(06) NO 14.409 186.0 46.6 50.9 >2.5 YES NO
EXP-5/0E Thick 14379 99.0 34.8 68.7 >2.5 NO 0.6 EXP-2(363) NO 14.409 189.0 26.2 41.6 >2.5 YES 0.4
PA1
EXP-3/5100/  Thick 14.370 121.0 40.7 64.7 >2.5 YES NO EXP-2(385) NO 14.409 190.0 38.8 42.5 >2.5 YES NO
07
EXP-3/5200/  Thick 14.370 121.0 40.9 65.0 >2.5 YES NO EXP-2(282) NO 14.409 196.0 21.9 31.2 >2.5 NO NO
07
EXP-5 PA1 Thick 14.369 51.0 20.9 40.9 >2.5 NO NO EXP-4(03) NO 14.409 196.0 424 61.7 >2.5 YES 0.5
EXP-3/5000/  Thick 14.360 104.0 42.0 66.0 >2.5 YES NO EXP-2(362) NO 14.409 199.0 25.0 40.6 >2.5 YES 0.4
05
EXP-3/5000/  Thick 14.360 121.0 41.0 65.0 >2.5 YES NO EXP-2(361) NO 14.409 200.0 23.1 35.1 >2.5 YES NO
20
EXP-5 PA54  Thick 14.350 49.0 11.0 42.0 >2.5 NO NO PS-3(05) NO 14.409 200.0 425 453 >2.5 YES NO
EXP-5 PA58 Thick 14.350 54.0 12.0 39.0 >2.5 NO NO PS-3(04) NO 14.409 202.0 42.0 44.8 >2.5 YES NO
EXP-5 PA56  Thick 14.350 56.0 11.0 37.0 >2.5 NO NO EXP-2(360) NO 14.409 205.0 222 35.5 >2.5 YES NO
EXP-5 PA47 Thick 14.350 64.0 19.0 40.0 >2.5 NO NO EXP-4(02) NO 14.409 207.0 229 54.4 >2.5 YES 0.3
EXP-5 PA50  Thick 14.350 65.0 26.0 41.0 >2.5 NO NO EXP-2(296) NO 14.409 210.0 24.8 374 >2.5 NO NO
EXP-5 PA48 Thick 14.350 78.0 31.0 37.0 >2.5 NO NO EXP-2(359) NO 14.409 212.0 28.1 40.7 >2.5 YES NO
EXP-5 PA55 Thick 14.350 82.0 17.0 64.0 >2.5 NO 0.8 EXP-2(358) NO 14.409 213.0 21.6 349 >2.5 YES NO
EXP-5 PA59  Thick 14.350 92.0 18.0 58.0 >2.5 NO 1.2 EXP-2(307) NO 14.409 215.0 26.9 37.3 >2.5 NO NO
EXP-5/1,4,7 Thick 14.350 95.0 13.1 44.4 >2.5 NO NO PS-3(03) NO 14.409 216.0 424 43.6 >2.5 YES NO

81¢
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ACyqi P Cy;

o = Dag a2 4iCqi + Ry (20)
ngggagge 2 ¢ The release rate of I, into the crack (molecules s~!) can be evaluated

from Fick’s law of diffusion with the solution of the concentration

profile in Eq. (20) for isotope i. The diffusion equation in Eq. (20)
o8 o NYvoo o o can be solved assuming a zero concentration for the initial condi-
ZrE>=>=>zz =2 = tion, and a reflexive condition at the ends of the element and a zero

- oo e o concentration at the crack site (i.e., infinite sink) as shown in Fig. 8.
Sagaaaaa o oo Hence, with a crack at the mid-length location of the element:
OCq

Rcrack.i = 2 DAB 8;?1 = Rcrack,T = Z Rcmck.i (21)
it g S: 3 2 '; z g g ’; x=0 all 1 isotopes
nLTongFomnmonm [aal [32]

The second expression in Eq. (21) accounts for the total release of I,

into the crack from all isotopes. The binary diffusion coefficient D4p
IZ222 & 2 (cm? s~') from Chapman-Enskog kinetic theory can be used for this
N TFTANTINANNN o o .

analysis:
©o99999g 9o 9 (L 1
SEZ2RILSE § R &\Mye ' M,
NNANNNNAAN S & A Dsp = 0.0018583 ~——F———~.106 cm? st (22)

PO 8

22322833 3 32 Here T, is the gap temperaturef]w640 K), p is gap preﬁﬁure (~1.0 atm
FIFIIITIITT T T or 1MPa), Mye=4.003 gmol ', M, =253.8gmol ", oup is the
IIIIIIIY X 2 average collision diameter (3.78 A), and Qg is the collision integral

(~1). Since the time constant for diffusion to the crack tip (i.e., for a
sheath thickness t.qq = 0.43 mm) is:

NO
NO
(0]
NO
NO
(0]
NO
NO
(0]
(0]

T = t%,4/Dag = (0.043 cm)z/(0.106 cm?s')=0.02s (23)
5 . ) = 55y £ © only axial diffusion in the gap need be considered as per Eq. (20).
gangoon o o
sy aqy § g
Fokakkik % % 3.3.4. Crack penetration time
As mentioned in Section 1, crack penetration requires the
vaporization of Zrl, from the crack tip. Thus, assuming an instanta-
neous reaction at the crack tip, the release rate of predominantly
o [eNeoNe) o [eNe] .
ZZZZ zz =z Z Zrl, vapour is:
1
RZr = chrack,T (24)
[ejeRoNoNoloNoNe) o [eNe]
zZzzzzzzz 2z ZZ=z
Hence, crack penetration occurs when the volume of the crack
Qagfoaoaoaoan o oan reaches a critical volume V. at time ¢ such that
A A A A A A AA A A A
VN, rt
Put / Rysdt (25)
coNOQOQOQOQ [=) Q9o Zr J0
oo nNmMooonN W — Q n
TN ONnNnInO n n O . .
where pz the density of the Zircaloy sheath (6.5¢g cm ), and My,
the molecular weight of Zr (91.2 g mol~'). The critical crack volume
2gxgec2e 2 29 V. can be simplistically modelled as a right cylindrical cone, with a
mean T Taa @ a0 typical crack base width of d. ~ 5 pm [32], and a crack length equal
to the sheath thickness, i.e., tguq=0.43 mm. Hence,
oo9o9o9o9o99 9o 99 V.= nd?tdud/12 cm? gives a critical volume of ~2.8 x 1072 cm®.
anyegzage o ee Substituting Eq. (24) into Eq. (25) and integrating provides a time
t for crack breakthrough in the sheath when the critical volume is
reached. This calculation may be somewhat conservative since
LRRAIRRRYE 2 <99 instantaneous shear failure may occur through the remaining
MmMNnenmnmmnmnmnono o oMo 0, .
FYYFFFITTY ¥ I F ~20% of the sheath thickness.

3.4. Model for oxide cracking/crack initiation

EEEEEEEE £ EE

Rapid increases in fuel element power can produce high stress/
2o wwnd S @ § strain levels in the sheathing, which can produce conditions suit-
=L iﬁdd =R & == able for a sheath. chemlcal/me_rchamcal f_allure. The gffect of local
=~ B ) stress concentration on a strain defect (i.e., mechanical overload)
SRR EES 5 8% at sheathing circumferential ridges found at pellet interface posi-

tions during power increases has been previously analyzed
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[33,34]. This analysis shows that there is a correspondence
between mechanical stress concentrations causing mechanical
failure and experimental power-ramp failure probabilities, thus
indicating the threshold required for oxide cracking and crack ini-
tiation [33].

Extensive experimental observations for CANDU fuel show that
defect probabilities can be related to critical values of the ramped
power P, (in kW/m), power increase AP, (in kW /m), and dwell time
tawen (in h) at the ramped power level for a given burnup w (in
MW h/kg U) [35]:

P. = 44.6 + (232/w) — 22[0.5 — exp(—2-3tanen)]
AP = 6 + (1460/w) — 24[0.5 — exp(—2.3tdyen)]

(26a)
(26b)

Moreover, for a typical dwell time of tgye;=0.3 h (1080 s) [33,35],
Egs. (26a) and (26b) reduce to:

P. = 44.6 + (232/w)
AP, = 6 + (1460/w)

(27a)
(27b)

Probability curves have in fact been developed for this repre-
sentative dwell time, such that when a power ramp occurs (i.e.,
AP > 0), there is a chance of failure depending on the thickness of
the CANLUB protective coating [35]. In particular, based on several
selected power ramp cases in Table 2, failure is predicted for a
given CANLUB thickness when both of the following conditions
are met: (i) with no CANLUB, (P-P;) > O0kW/m and (AP -
AP.) > 1.4kW/m; (ii) for a “thin” layer of CANLUB thickness of
~25um, (P—P) > 0kW/m and (AP — AP.) > 2.2 kW/m; (iii)
and for a “thick” interlayer coating of ~5 um, (P — P.) > 3.3 kW/
m and (AP — AP.) > 6.8 kW/m [35]. The CANLUB coating helps
to inhibit SCC failure. Hence, &s.. can be taken as unity if both
conditions are high enough to exceed the threshold condition (or
is zero otherwise) with a sufficient dwell time (tgye; = 1080 s) for
crack initiation to occur. At this point, chemical effects now be-
come important for crack penetration and propagation, which
can lead to element failure (i.e., sheath breakthrough) if there is
a sufficient supply of volatile iodine as determined in Section 3.3
based on the given element power history.

This model was extensively tested against an available database
of power ramp experience from commercial power stations (PS)

(172 cases) and experimental irradiations (EXP) (163 cases) as
shown in Table 3 [36,37]. The oxide cracking model was found to
predict failure for 70% of all cases and 77% of the power reactor
cases.

4. Discussion
4.1. Model benchmarking

The resultant model in Section 3 was implemented into the
COMSOL Multiphysics software platform in order to benchmark
the model against power ramp experiments.

An experimental program with defective CANDU-type fuel ele-
ments was carried out at the Chalk River Laboratories (CRL) [38].
Failed elements, with various degrees of sheath damage, were irra-
diated in separate tests in the X-2 experimental loop at the National
Research Experimental (NRX) reactor. Experiment FFO-104 was a
well-controlled in-reactor experiment that represented a power-
ramp failure, which can be explicitly used to benchmark the SCC
model. The fuel element was irradiated to 240 MW h kg U~! in an
earlier irradiation at 30 kW m~'. A pre-conditioning period of
30 kW m~! was then undertaken in order to restore the short-lived
fission product inventory, where the element reached a fuel burnup
of 278 MW h kg U~'. This latter irradiation period was immediately
followed by a power ramp to 58 kW m~"' (see Fig. 7).

For this simulation, a typical crack initiation time of
tawen = 1080 s was assumed (see Section 3.4) after which time &g
was set equal to unity to initiate the chemical attack of the Zircaloy
sheathing for crack propagation. The mechanistic COMSOL simula-
tion indicated that crack penetration in Eq. (25) would occur
quickly after this time by iodine vapour transport within ~2 min
principally due to the availability of the long-lived iodine inventory
that was established during the previous irradiation history
(Fig. 7). Hence, the failure time taken from the start of the power
ramp was predicted to be ~20 min, which is in excellent agree-
ment with that observed (i.e., ~20 min).

Thus, the current model appears to appropriately model the
underlying chemical phenomena after crack initiation. This simula-
tion indicates that the major time to failure is due primarily to the
time required to expose the bare Zr surface normally covered by a
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Fig. 7. Inventory of short and long-lived iodine isotopes in the gap during the FFO-104 irradiation. The element linear power is also shown.
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protective oxide and crack initiation rather than from crack prop-
agation (due to chemical iodine vapour transport). As shown in
Table 3, the overall failure times were predicted within a factor
of 4 for 91% of the observed cases.

4.2. Proposed mitigation strategies for I-SCC

Based on this thermodynamic and kinetic analysis, a possible
mitigation strategy is further proposed in this work. This strategy
includes supplementing alkali metal additives to the CANLUB coat-
ing (Section 4.2.1) and/or altering the conventional sintering pro-
cesses (Section 4.2.2).

4.2.1. Alkali metal additives to CANLUB

As mentioned previously, CANLUB appears to act as a getter for
iodine, despite the fact that carbon and iodine do not react. Impu-
rities in the CANLUB are thought to have an important role in CAN-
LUB effectiveness. Adding cesium-based compounds in the
CANLUB could provide a higher concentration of species that could
bind with iodine, or other corrosive agents like Zrl,, residing in the
fuel-to-sheath gap. The CANLUB layer would retain the corrosive
species (I) through adsorption and absorption processes, prevent-
ing them from reaching the Zircaloy sheath and initiating or prolif-
erating cracks. Hence, the employment of Cs- (or other alkali
metals, Na-, K-, Rb-) containing compounds at low concentrations
like Cs;0, Cs,Zr03, Cs,C03, etc., are expected to have a suppressing
effect on I-SCC.

Laboratory experiments show that Csl does not cause SCC in the
absence of radiation, and metallic Cs and Cs,0 will suppress I-SCC
[7], in accordance with the following reaction

Iz(g) + CS2O(S) = ZCS[(g) + 1/202(g)

28
AG® = —533 k] at 600 K (28)

Cs,0 will preferentially react with free iodine to produce Csl in a va-
pour. As a result, the iodine will not be available to react with the
zirconium metal. However, the effect of fission fragment radiolysis
to liberate Cs as a corrosive product needs testing in a radiation
field. lodine reacting with cesium oxide compounds also has the ef-
fect of concurrently releasing oxygen, which would likely combine
with any exposed zirconium metal. The general belief is that oxygen
suppresses [-SCC by the passivity associated with the ZrO, layer.
Cs-based CANLUB additives, if present in sufficient quantity
during burnup, may therefore have added beneficial effects. This
speculation merits experimental exploration and confirmation,
particularly since it does not introduce a foreign element.

4.2.2. Alteration to the conventional sintering process

Only when the ZrO, layer is cracked, or degraded, is the iodine
capable of initiating attack of the Zircaloy sheath. In one of the final
steps of the sintering process for UO, fuel, the fuel pellets are ex-
posed to H, gas in a furnace at a high temperature (~2073 K).
Hydrogen reacts with any oxidized UO, giving the overall result
of a stoichiometric UO5 ggo fuel pellet:

UO,., + XH; — U0, + xH,0 (29)

An alternative proposed remedy would alter this final step in the
process by exposing the pellets to a small partial pressure of O,, oxi-
dizing slightly the outer surface (only) of dense (nearly pore free)
fuel pellets. To accomplish this, the hydrogen is proposed to be
passed through water prior to entering the furnace, thereby

e . .
<— Axial location of crack site | 9C,
Vapour transport of I, in gap —&2 =0
to crack site GAP 0% |, en
X =-f/2 x=0 X=£/2
Cgi =0 (infinite sink ) (after crack initiation)
Fig. 8. Schematic for the diffusion of iodine in the gap to the crack site.
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Fig. 9. Energy loss of the fission fragment 3%Br in (a) UO, fuel and (b) in the Csl deposit.
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introducing water vapour at a concentration determined by the
water temperature. The oxidation is controlled by the H,O/H, ratio
of gases in the furnace. The partial pressure of oxygen relates to the
H,O/H, ratio by the equilibrium constant of the following
equilibrium:

The equilibrium constant is written in terms of the H,O/H, partial
pressure ratio and the partial pressure of oxygen as follows:

Puo\® 1

KEq (PHz ) Poz
Only the ratio of H,0/H, is significant in determining Po, at a given
sintering (oxidation) temperature because the H, gas being humid-
ified could be diluted in argon so the gas would not have to be
excessively humidified. The exposure of the pellets to a small partial
pressure of oxygen would slightly oxidize the pellets creating a con-
trolled and very thin layer of UO,., [39]. This layer is sufficiently
thin to maintain the overall stoichiometry of the fuel pellet near
UO, 000 However, the diffuse layer is sufficient to release enough
oxygen to continually repair the protective oxide layer on the
sheath, should this be damaged or breached by pellet/sheath con-
tact. To determine if the above scenario is sound, experiments
and numerical model construction must be undertaken to test the
kinetics of the reactions in Egs. (29) and (30), which are currently
being planned at the Atomic Energy of Canada Limited-Chalk River
Laboratories (AECL-CRL).

31)

5. Conclusions

1. In order to model the phenomena of iodine-induced stress cor-
rosion cracking, a thermodynamic analysis was carried out to
better understand the iodine chemistry in the fuel-to-sheath
gap. This analysis was utilized to advance the development of
an [-SCC mechanistic kinetic model for fuel sheathing. The
treatment incorporated fission-product diffusion through the
fuel matrix, fission fragment radiolysis, I, vapour transport in
the fuel-to-sheath gap, and crack propagation by Zrl, produc-
tion. The governing differential equations of the model were
numerically solved within the COMSOL Multiphysics® platform.
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The SCC model was benchmarked against a well-characterized
experiment that investigated power ramp behaviour in the
X-2 defect loop facility at AECL-CRL. The model was in good
agreement with the observations for this experiment. Further
model validation requires power-ramp reactor experience.

2. A possible remedy for SCC phenomena is suggested which
includes: (i) the addition of alkali metal-oxygen containing
additives to the CANLUB coating to getter the chemically-reac-
tive iodine; and (ii) the slight oxidation of the fuel pellets (sur-
face layer) in the manufacturing process to provide a source of
oxygen for maintenance and repair of the protective oxide layer.
Experiments to test these ideas are in the process of being ini-
tiated by AECL-CRL.
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Appendix A. SRIM analyses

The fission fragment range () for the recoil model can be eval-
uated with an SRIM (Stopping and Range of Ions in Matter) code
analysis [40]. This analysis can also be used to determine the en-
ergy loss in the Csl deposits (dE/dx). The energy loss in UO, fuel
of density 10.7 gcm™3 is evaluated in Fig. 9a and Fig. 10a for the
88Br and '3’I fission fragments, respectively, assuming initial ener-
gies E, of 101.5 MeV and 66.6 MeV for these light and heavy prod-
ucts [27]. Hence, the calculated ranges of the fission fragments in
the fuel (up:=8.9um and p;=6.4pum) yield an average value
w="7.7 pm.

The average energy of the given fission fragment (Br or I) leav-
ing the fuel surface follows from the energy loss curves in Fig. 9a
and Fig. 10a, which can be approximated as straight lines:
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Fig. 10. Energy loss of the fission fragment '>°I in (a) UO, fuel and (b) in the Csl deposit.
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Fig. 11. Graph of the ratio of surface flux to average flux in a pellet versus burnup B
(in MW h/kg U) to determine the flux depression factor for various enrichments of
235

U.

dE (sz0) ( x)
= 1-2
dx Iz 7

Eq. (A-1) can be subsequently integrated to yield the particle energy
as a function of distance x from the fuel surface:

(A-T)

X 2

E(x)=E, [l - —} (A-2)
U

Hence, as expected when x = i, E(u) = 0 and when x = 0, E = E,. The

average energy for a fission fragment leaving the fuel surface is the

expectation value:

(E) = /Oy E(x)dx/ /0” dx

Thus, substituting in Eq. (A-2) into Eq. (A-3) and integrating, yields
(E) =Eo/3 (A-4)

The bromine and iodine fission fragments will therefore have an
average energy of ~34 MeV and 22 MeV, respectively, as they tra-
verse through the thin CsI deposit of thickness Ax and density of
4.5 g cm 3. Since this deposit has a thickness on the order of ang-
stroms, the energy loss value dE/dx can be taken as the value near
the top of the curves of Figs. 9b and 10b, e.g., dE/dx ~ 531 eV/A
for 88Br and dE/dx = 396 eV/A for %], yielding an average value of
dE/dx ~ 464 eV/A.

(A-3)

Appendix B. Calculation of flux depression factor &g,

The thermal neutron flux, accounting for the plutonium build-
up on the surface of the fuel pellet as a function of the UO, fuel pel-
let radius ris [41]:

d(r) = $p(0){Io(Kr) + petr-a)}

where g, 4, and x are coefficients for a specific fuel burnup 8,
enrichment, and radius a. The flux depression factor, &g.p, in Eq.
(13) can therefore be derived using the flux depression tables for
B, 4, and k [41]. The volumetrically-averaged thermal neutron flux
in the fuel (¢) can be determined by estimating the volumetri-
cally-averaged flux in the fuel stack of length ¢ for a pellet of radius
a [42]:

21l [y re(rydr
B a2l

(B-1)

235U

(¢) (B-2)

Thus, evaluating Eq. (B-1) at r = a and dividing it by Eq. (B-2), yields
the ratio of the thermal neutron flux at the UO, fuel surface ¢(r = a)
to the volumetrically-averaged thermal neutron flux in the UO, fuel
(¢), yielding the Pu-enhanced factor &gy,

1 Ka?)2{I,(ax) + B}
2 @)l (aK) + fre9 + afri — fx

Cgr=a) 1
Cskin = <¢>

Fig. 11 shows the relationship of &gy, for different UO, fuel enrich-
ments. The sweep gas experiments used 5wt.% enriched fuel,
whereas CANDU fuel is naturally-enriched at 0.71 wt.%.

(B-3)
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