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Application of advanced oxidation-resistant iron alloys as light water reactor fuel cladding is proposed.
The motivations are based on specific limitations associated with zirconium alloys, currently used as fuel
cladding, under design-basis and beyond-design-basis accident scenarios. Using a simplified methodol-
ogy, gains in safety margins under severe accidents upon transition to advanced oxidation-resistant iron
alloys as fuel cladding are showcased. Oxidation behavior, mechanical properties, and irradiation effects
of advanced iron alloys are briefly reviewed and compared to zirconium alloys as well as historic austen-
itic stainless steel cladding materials. Neutronic characteristics of iron-alloy-clad fuel bundles are deter-
mined and fed into a simple economic model to estimate the impact on nuclear electricity production
cost. Prior experience with steel cladding is combined with the current understanding of the mechanical
properties and irradiation behavior of advanced iron alloys to identify a combination of cladding thick-
ness reduction and fuel enrichment increase (~0.5%) as an efficient route to offset any penalties in cycle
length, due to higher neutron absorption in the iron alloy cladding, with modest impact on the

economics.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

In 1975 Hyman Rickover summarized the key considerations
that led to his decision almost three decades earlier to use zirco-
nium alloys for the fuel cladding in U.S. Navy’s pressurized water
nuclear reactor [1].

Almost four decades later, zirconium alloys enjoy a monopoly
for uranium oxide fuel cladding material in light water reactors
(LWRs) and are used in other fuel bundle structures such as por-
tions of the grid spacers, as the channel box material for boiling
water reactor (BWR) fuel assemblies, and elsewhere. Zirconium tri-
umphed over other fielded clad options such as stainless steel,
beryllium, and aluminum due to a combination of its small neutron
capture cross section, reasonable corrosion resistance, and struc-
tural integrity under envisioned operating conditions. Today, zirco-
nium alloy technology benefits from decades of active research and
development, enabling tailored alloy chemistries and production
techniques for optimized performance under pressurized or boiling
water reactor conditions. The ongoing development activities have
led to the introduction of new generations of zirconium-based
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alloys that exhibit enhanced corrosion resistance while limiting
the detrimental irradiation effects (i.e., growth and creep) to those
that are frequently inconsequential to reactor operation [2]. As
summarized by Edsinger [3], these metallurgical enhancements,
combined with incremental improvements in management for
optimized reliability over the decades, have led to an impressive
record of fuel reliability for the current zirconium-alloy cladding.
To achieve this milestone, zirconium-alloy-cladded fuel produc-
tion, fuel bundle handling, core operation, and water chemistry
control have all been simultaneously optimized and improved over
this time period.

This manuscript reexamines iron-based alloys for their poten-
tial application as nuclear fuel cladding to replace zirconium alloys.
The motivation behind this effort is twofold. First, specific limita-
tions with zirconium alloys under both design-basis and beyond-
design-basis nuclear reactor accident scenarios provide incentive
to explore alternative cladding options that may enable improved
accident tolerance while maintaining good performance under
normal operating conditions. These limitations are perceived to
be serious, and therefore a renewed discussion is needed in the
technical and policy communities.

Secondly, several new generations of increasingly higher perfor-
mance steels are now commercially available that may offer signif-
icant performance improvements over the relatively simple
austenitic steels that were utilized as cladding in some early com-
mercial fission reactors [4]. Both alloy systems were successful in
their early application, although zirconium alloys ultimately


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jnucmat.2013.06.041&domain=pdf
http://dx.doi.org/10.1016/j.jnucmat.2013.06.041
mailto:terranika@ornl.gov
http://dx.doi.org/10.1016/j.jnucmat.2013.06.041
http://www.sciencedirect.com/science/journal/00223115
http://www.elsevier.com/locate/jnucmat

KA. Terrani et al./Journal of Nuclear Materials 448 (2014) 420-435 421

prevailed largely owing to their reduced thermal neutron cross
section—a clear advantage over iron alloys for compact submarine
reactor application. Driven by the nuclear navy, the zirconium al-
loy system became the focus of significant R&D, resulting in alloys
with superior combined nuclear and corrosion performance and a
ready-made commercial infrastructure. Finally, superior stress cor-
rosion cracking resistance in BWRs drove the complete phase out
of stainless steel claddings. However, given the significant progress
over the past five decades in advanced steel making, including cor-
rosion-resistant steels (combined with our present understanding
of chemistry control and environmental effects), high-strength
steels, and the ability to form thin-walled tubing, it appears clear
that the commercial steels utilized in the early commercial reac-
tors can be significantly improved upon, much as the zirconium al-
loys were improved upon since the days of Rickover’s program.

A review of the limitations with the current zirconium alloy
system under design-basis and beyond-design-basis accident sce-
narios is offered. This review also provides simple metrics to guide
selection of new clad materials. Based on the findings of a recent
experimental survey of the high-temperature steam oxidation
kinetics of historic, present-day commercial, and advanced steels
[5], the potential to achieve higher margins of safety through
replacement of zirconium alloys with advanced iron-based alloys
inside LWR cores is showcased with a simplified set of analyses.
A review of earlier generation stainless steels as nuclear fuel clad-
ding in LWRs is provided and the anticipated performance of ad-
vanced iron-based alloys is briefly evaluated from a materials
and environmental performance perspective, focusing on irradia-
tion behavior, corrosion, and mechanical integrity under LWR nor-
mal operating conditions. Finally, the reactor physics
characteristics and the impact on economics of nuclear electricity
production upon adoption of advanced steel nuclear fuel cladding
is examined with a specific set of case studies. In this manner,
impactful areas for future targeted R&D in this area are identified
and a broad basis for consideration of these advanced cladding
concepts is provided.

2. Limitations with zirconium alloy cladding

Given decades of active research and development, today’s zir-
conium alloy cladding technology exhibits optimized behavior un-
der normal operating conditions where the fuel rod failure rate
(typically involving a localized breach of the cladding) is on the or-
der of a few ppm per year. Industry-led fuel reliability programs
with a long-term focus have resulted in dramatic reductions in
the number of fuel failures across the LWR fleet [6]. These
improvements in fuel performance are concomitant with the over-
all trend in the industry to push the fuel burnup and duty index to
higher levels [7]. The overall state of the remaining limitations of the
zirconium alloy cladding under normal operating conditions (given
the current power and burnup trends) is a secondary concern com-
pared to that of accident scenarios. The focus of this section is on the
latter.

2.1. Limitations under postulated design-basis accidents

If one examines the regulatory requirements defining the reac-
tor design criteria, it quickly becomes obvious that a significant
portion are associated with specific performance limitations in
the zirconium alloy cladding system under accident scenarios.
Starting with design-basis accidents (DBA: postulated accidents

! Fuel duty index is defined as the integral of the product of local average cladding
oxide layer outer surface temperature and time: FDI = ]O’Sj'(Tm,e — 580)tdt, where the
temperature is in °F and time is in h.

that set the design criteria), two standard scenarios can be exam-
ined: loss-of-coolant accidents (LOCAs) and reactivity insertion
accidents (RIAs). In case of LOCAs, the current US regulatory lan-
guage limits peak clad temperature (PCT) to 1204 °C and equiva-
lent cladding reacted (ECR) to 17% of initial cladding thickness
[8]. Both of these limits are based on experiments performed on
unirradiated zirconium cladding and are specific to that alloy,
being driven by the susceptibility to excessive oxygen dissolution
in the remaining metal that will in turn result in a brittle material
in the post-quench condition [9]. Fig. 1 shows three distinct layers
across a Zircaloy-2 specimen oxidized isothermally at 1200 °C in a
high-pressure steam environment for 2 h. Details of the experi-
mental apparatus are provided elsewhere [10]. It is worth noting
at high temperatures (>1100 °C) the effect of steam pressure on
Zircaloy oxidation kinetics is negligible [11]. The cross section con-
sists of an oxide layer on the surface, followed by the oxygen-sta-
bilized o-Zr(O) layer, and the B-Zr phase in the center. The
remaining B-Zr layer is the only source of ductility in this partially
reacted cladding. At temperatures above 1200 °C, the increased
oxygen solubility in the B-Zr phase causes reduced ductility of this
layer in the post-quenched condition. Rapid oxide layer growth
and increased solubility of oxygen in the B-Zr phase at tempera-
tures above 1200 °C result in loss of ductility in the cladding and
constitute the regulatory basis pertinent to a design basis LOCA.

At higher burnups, however, cladding experiences further
embrittlement due to hydrogen absorption as a result of waterside
corrosion of the rod and hydride-phase precipitation. Recent stud-
ies show that the hydrogen present in the cladding lowers the
creep resistance and increases the extent of oxygen dissolved in
the metal during the oxidation phase [12-14]. These burnup ef-
fects collectively exacerbate ductility loss in the cladding in the
post-quench condition [15]. Accordingly new regulatory criteria,
DG-1263, have been proposed [16], based on previous observations
from in-cell tests [9], to take into account the effect of hydrogen
buildup in the cladding throughout the fuel operation lifetime
(Fig. 2).

In the case of RIAs, the basis for regulatory criteria dates back to
the 1970s and aims to set a maximum limit on energy deposition
in the fuel during the transient. The fuel failure mechanism under
an RIA is a function of burnup: at low burnups (<40 MWd/kgU),
post-departure from nucleate boiling (DNB) phenomena is limit-
ing, whereas at higher burnups, pellet-cladding mechanical inter-
action (PCMI) is the dominant failure mechanism [17]. The
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Fig. 1. Optical micrograph of the cross section of a BWR 9 x 9 bundle geometry
Zircaloy-2 cladding specimen oxidized at 1200 °C for 2 h in 1 MPa steam.
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Fig. 2. Current regulatory limit on cladding oxidation [8] as well as proposed limits
to take into account the effect of hydrogen [9,16].

energy deposition limits for fresh fuel rods (628 J/g of UO,) are set
based on early studies and are indeed very conservative for the
low-burnup regime. As burnup increases (>40 MWd/kgU), the
fuel-cladding gap disappears due to swelling of the urania pellet
and cladding creepdown. As was also mentioned, hydrogen
absorption in the zirconium during the fuel operation results in
embrittlement of the cladding. The combination of these two ef-
fects shifts the mechanism of fuel rod failure to PCMI under RIAs.
These effects have been studied extensively, and a new set of reg-
ulatory criteria have now been proposed to account for these
observations for higher burnup fuel (Fig. 3) [17,18].

Note that in both cases, for design basis LOCA and RIA, hydrogen
content can significantly limit cladding performance. Hydrogen is
absorbed in the zirconium alloy cladding predominantly as a result
of cladding oxidation by water. The atomic hydrogen that is the by-
product of that reaction may diffuse into the metal to dissolve in
the metal matrix (~15-20% of the amount produced). Therefore
any reduction in the extent of cladding oxidation (waterside corro-
sion) throughout the fuel operational lifetime (~5 years) directly
reduces the extent of hydrogen buildup in the fuel. Understanding
this relationship has largely shaped the basis of the approach taken
by fuel vendors to comply with newly proposed regulatory criteria:
introduction of zirconium alloys that exhibit slower oxidation
kinetics under normal operating conditions and therefore a lower
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Fig. 3. Regulatory limit [18] and industry-proposed limits [17] on energy deposi-
tion into the fuel during an RIA.

hydrogen absorption rate. This trend is shown in Fig. 4, where a
reduction in cladding oxide thickness as a function of burnup is
apparent in the zirconium alloys developed over the past two dec-
ades (ZIRLO, M5, AXIOM alloys) compared to historic alloys such as
Zircaloy-4.

2.2. Limitations under beyond-design-basis accidents

A beyond-design-basis accident (BDBA) by definition cannot be
precisely defined, though it encompasses any accident scenario not
considered during the definition of the design characteristics for
the nuclear plant since the probability of its occurrence is deemed
too low (occurrence probability of <10~# per reactor-year [22]).
However, in the interest of continuous improvement in the safety
of nuclear power plants, it is prudent to evaluate the consequences
of low-probability events such as what occurred at the Three Mile
Island and more recently at the Fukushima Daiichi power plants.
Considering BDBA accident scenarios where the clad temperature
exceeds the PCT limit of 1204 °C, the zirconium alloy cladding sys-
tem proves readily susceptible to severe degradation. This is spe-
cifically the case when cooling capability inside the core becomes
compromised and the cladding is exposed to high-temperature
steam for prolonged periods. The thermal hydraulic heat transfer
coefficient from the cladding outer diameter to the flowing water
coolant under normal operating conditions is on the order of
1 W/cm? K [23]. The magnitude of this parameter could drop sig-
nificantly, as much as four orders of magnitude, under accident
conditions when the fuel is exposed to slowly flowing or stagnant
steam [23-25]. Due to the poor cladding-to-steam heat conduc-
tance, decay heat drives up the fuel temperature. Once the fuel
temperature reaches a sufficiently high value, zirconium under-
goes rapid oxidation in the high-temperature steam environment.
The exothermic zirconium-steam reaction is accompanied by an
exceptionally large enthalpy of oxidation (—586 kj/mole Zr [26])
while also resulting in rapid hydrogen production. The enthalpy
production as a result of the oxidation reaction adds to the decay
heat generation inside the fuel to exacerbate the rate of tempera-
ture increase in the fuel. The Arrhenius dependence of the para-
bolic zirconium oxidation Kkinetics [27] implies the heat
generation due to steam oxidation of the zirconium cladding will
eventually surpass the decay heat generation in magnitude. Conse-
quently a rapid temperature excursion in the cladding is experi-
enced that results in oxidation of the entire cladding, given that
the conditions inside the core are not that of steam starvation.
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Fig. 4. Cladding oxide layer thickness as a function of burnup using literature data
for conventional Zircaloy-4 and ZIRLO [19], M5 [20], and AXIOM [21] alloys.
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To estimate the evolution of temperature in the fuel during an
accident and to pinpoint the effect due to cladding oxidation, a
simplified analysis, adopted after Olander [28], can be performed.
More sophisticated analyses have been performed by Olander
[29] as well as others [30,31] and detailed computer codes to sim-
ulate the entire core and auxiliary systems under accident scenar-
ios exist [32,33]. The simplified analysis presented here is
sufficient to underline inherent limitations of zirconium alloy clad-
ding under BDBA scenarios. The high-level findings presented here
are in agreement with a more detailed full core analysis [34]. The
details of this methodology as well as the underlying assumptions
are outlined in Appendix A. At the start of the calculation, it is as-
sumed that the uniform temperature in the fuel and cladding is
910 and 900 °C, respectively. Cladding-to-steam heat conductance
and the steam temperature are assumed to be at constant values of
1.2 x 1072 W/cm? K and 900 °C, respectively, both of which are in-
deed simplified assumptions in this analysis. The results of the
analysis are particularly sensitive to the cladding-to-steam heat
conductance that spans a wide range of values and can be as high
as 1072 W/cm? K during a large break LOCA [24]. Steam tempera-
ture during accidents can vary over a broad range (few hundred
degrees to well over a thousand) and increases along with the clad-
ding temperature. A constant value of 900 °C steam temperature
was assumed as an appropriate average value for the purpose of
this simple analysis. The fuel geometry is assumed to be that of a
rod ina 17 x 17 pressurized water reactor (PWR) bundle operating
at 250 W/cm linear heat generation rate (LHR) under normal oper-
ating conditions.

Fig. 5 shows the calculated cladding temperature as a function of
time after it is exposed to steam in the core. The different curves
correspond to various periods of cooling after reactor scram with
an active emergency core-cooling system (ECCS) before it ceases
to function. In this simple analysis it is assumed that once the cool-
ing period has ended, all cooling capability is lost inside the core
and the fuel is exposed to 900 °C steam. At low temperatures
(<1200 °C), the slope of the curves is governed by the value of the
decay heat production term; for longer active core cooling periods,
the decay heat is reduced and the rate of rise in fuel temperature
upon exposure to steam (near adiabatic conditions) is smaller.
However, once the cladding temperature reaches above ~1200 °C,
coinciding with the NRC-specified PCT under design basis LOCA,
the rate of temperature rise in the fuel rapidly increases. This rapid
increase is due to the very high zirconium alloy oxidation rate
above 1200°C in steam combined with the large magnitude of
the zirconium heat of oxidation. This rapid temperature rise in

the cladding quickly results in complete consumption of the zirco-
nium and release of a large amount of heat, and associated hydro-
gen, inside the core. In Fig. 5 the maximum cladding temperature
is lower for curves with longer active cooling periods since a higher
fraction of the metal undergoes oxidation at temperatures below
1200 °C. However, even after long active core cooling periods, rapid
enthalpy deposition and hydrogen production in the core as a result
of cladding oxidation are shown to take place within the framework
of this analysis. Note that during an actual accident, extensive core
degradation and relocation will be experienced before the peak
cladding temperatures shown in Fig. 5 are reached. Extensive re-
views of the set of physical and chemical degradation phenomenon
in the complex LWR cores are given elsewhere [35,36]. Also rod-
wall radiative heat transfer becomes an important means of energy
dissipation at such high cladding temperatures that increases the
magnitude of the overall heat transfer coefficient for the rod. In spe-
cial cases, steam starvation could occur that lowers the heat gener-
ation rate due to oxidation and results in dissolution of the oxide
layer on the surface of the cladding [27,29] and fuel bundle degra-
dation and relocation [37]. These factors are not considered in the
simplified analysis presented here.

It is useful to examine the two components of the LHR in the
fuel rod, one due to decay heat generation and the other as a result
of the oxidation reaction, as a function of time after the rod is ex-
posed. Fig. 6 shows the evolution in these two components as a
function of time along with the cladding temperature for the curve
in Fig. 5 with 8 h of active cooling. While LHR due to the decay heat
production (LHRgecqy) in the fuel is undergoing a very slow decay
and is largely unchanged during the time period shown in Fig. 6,
the LHR as a result of cladding oxidation (LHR,) varies by many or-
ders of magnitude after fuel is exposed. At low cladding tempera-
tures, LHR,x is orders of magnitude smaller than that of LHRgecay-
However, at ~1200 °C, again coinciding with the NRC PCT limit,
the LHRox surpasses LHRgecqy in magnitude and continues to in-
crease rapidly along with cladding temperature. In other words,
zirconium cladding oxidation in high-temperature steam environ-
ments with poor heat transfer to the gaseous phase is characteris-
tic of a self-catalytic process.

2.3. Limitations during used nuclear fuel disposition
One final area of importance is the susceptibility of zirconium

alloy cladding materials to deteriorate during used nuclear fuel
storage. Hydrogen that is present inside the cladding as a result
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of fuel operation in the LWR core precipitates to form zirconium
hydride platelets in the circumferential orientation. Once the fuel
rods are extracted from the storage pool and prior to transfer into
the dry cask storage units, they undergo a drying process to re-
move any water from the assemblies. Given the specifics of the
drying process, the temperatures can range between 250 and
400 °C. At higher temperatures, hydride dissolution takes place
due to the increased solubility of hydrogen in the metal matrix.
Upon cooling the hydrides will re-precipitate. However, the pres-
ence of large azimuthal stresses in the fuel due to the rod internal
pressure favors a radial orientation for these newly formed hy-
drides if the hoop stress is >75 MPa during cooling from 400 °C
[38]. The radial hydrides greatly increase the susceptibility of the
cladding to failure under stress that can result in the release of fis-
sion products into the cask. Localized corrosion of the failed fuel
rods due to the presence of any leftover moisture also poses a
threat to the integrity of the spent fuel bundles.

3. Gains in safety margins using advanced oxidation-resistant
iron-based alloys

In order to reduce the slope of the rapid temperature excursions
in the cladding and thereby gain valuable additional coping time
during severe accidents, the magnitude of LHR,, needs to be sup-
pressed. One way to achieve this is to consider materials that exhi-
bit slower steam oxidation kinetics than zirconium alloys.

A recent set of experiments was undertaken to examine high-
temperature 1-20 bar steam oxidation behavior of a wide variety
of iron-based alloys and SiC-based materials with the results
benchmarked against standard zirconium alloys [5,10,39,40]. A
number of alloys exhibited promise and will undergo further
BDBA-relevant testing, and associated analysis. For this paper,
two alloy classes will be highlighted for discussion. The first alloy,
Kanthal APMT, is a ferritic alloy with the nominal composition of
Fe-22 wt.%Cr-5A1-3Mo. This alloy is one example of a class of alu-
mina-forming ferritic alloys that includes a wide range of Cr and Al
and oxide dispersion strengthened (ODS) variants with increased
creep resistance at high temperature. The other alloy selected for
discussion is a standard commercial austenitic 310 stainless steel:
Fe-25Cr-20Ni-2Mn. These alloys generically represent the two
major types of high-temperature oxidation resistant alloys distin-
guished by the type of protective surface oxide or scale formed
via selective oxidation: Al,03 on APMT and Cr,03 on 310SS.

High temperature oxidation protection, especially in steam, is
more readily and robustly accomplished by selective oxidation of
one bulk component of the alloy (Al or Cr) than via coatings. More-
over, a strategy where oxidation resistance is inherent to the alloy
offers complete surface (internal and external) protection against
steam attack and would avoid any spalling or corrosion issues dur-
ing service as well as cladding burst during accident conditions,
which may be problematic with coatings or composite structures.
A recent investigation of composite Zr-steel concepts showed high
temperature interdiffusion of Fe, Cr and especially Ni to be a signif-
icant issue [41].

Fig. 7 provides a comparison between the parabolic rate con-
stant in steam oxidation (k,) for zirconium alloys [26,27,42-45],
the historical 304 austenitic stainless steel [46,47], and recent data
for APMT and 310SS [5]. The details of the oxidation mechanism for
zirconium alloys at elevated temperatures have been studied at
great length and are available in the cited references. In short,
the reaction kinetics are limited by oxygen diffusion through the
growing oxide layers (ZrO, and o-Zr(O)) thus resulting in the ob-
served parabolic behavior. For alumina-forming Fe-base alloys,
once a protective a-Al,03 scale has formed, generally at tempera-
tures above 800 °C, the reaction is also limited by diffusion across
this layer, likely by the transport of OH™ ions in steam [48].
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Fig. 7. Arrhenius plot of the parabolic weight-gain rate constants for zirconium
alloys and 304SS oxidized in pure steam. Results from 310SS and APMT oxidation in
Ar-50%H,0 environment (Ar used as carrier gas) are also shown for comparison. All
tests were performed at atmospheric pressure.

In addition to the slower oxide growth kinetics shown in Fig. 7,
alumina-forming Fe-base alloys have an advantage in the presence
of H,0 due to the higher stability of Al,03; compared to Cr,03 [49].
Austenitic steels such as 304SS and 310SS can experience acceler-
ated Cr loss and oxidation rates due to the formation of a volatile
oxy-hydroxide, CrO,(OH), which has linear kinetics. However, in
steam oxidation, little free O, is present to form any oxy-hydroxide
and the accident time frame is too short for the associated para-lin-
ear reaction kinetics [50,51] to be of concern. Screening of various
chromia-forming ferritic and austenitic steels found that Cr con-
tents higher than 20% were needed for protective behavior in
steam at 1200 °C [5]. As will be discussed in a latter section this
would limit irradiation performance of these alloys.

Examination of Fig. 7 offers multiple insights that are essential
for the discussion presented here. First, the oxidation rates of var-
ious zirconium alloys (historic as well as recent alloys) in high-
temperature steam are very similar at temperatures >1050 °C,
above the region of susceptibility (~800-1000 °C) to breakaway
oxidation [9,45]. The various alloying elements in zirconium alloys
that play an important role during high-temperature water corro-
sion (300-500 °C) show little or no effect on oxidation at high tem-
perature. Although the historic 304SS steel cladding contains ~18%
Cr, this alloy is unable to form a protective Cr-rich oxide in steam
at these temperatures, like 310SS with 25%Cr and 20%Ni. Thus, the
kinetics reflect the rapid formation of FeO, with oxidation rates on
the same order as that of zirconium alloys. On the other hand, the
magnitude of the parabolic oxidation rate constants for APMT and
310SS, are roughly two to three orders of magnitude lower than
what is observed for zirconium alloys.

A simplified calculation, given the framework discussed in
Appendix A, can now be performed to illustrate gains in safety
margins if a transition away from zirconium alloy cladding and to-
ward more oxidation-resistant materials is made. Fig. 8 shows the
evolution in fuel temperature once it becomes exposed to steam
for various magnitudes of oxidation rate. For this calculation the
Arrhenius dependence of the oxidation rate is conserved at what
is reported for zirconium alloys (84 kJ/mole Zr [42]) and only the
rate constant has been fractionally reduced in this parametric
study. Also the enthalpy of oxidation that governs the magnitude
of heat generation rate due to oxidation is fixed for steam
oxidation of zirconium; the magnitude of steam oxidation
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Fig. 8. Evolution in cladding temperature as a function of time with fuel rod
exposed to 900°C steam after 24 h of active cooling. The different curves
correspond to various magnitudes of parabolic oxidation rate constant.

enthalpy for other materials such as iron alloys can be significantly
lower. Fig. 8 shows that with an arbitrary 50% decrease in oxida-
tion kinetics, the rapid temperature excursion in the cladding,
though delayed and shifted up to higher cladding temperatures,
still takes place in the absence of any cooling. However, if the oxi-
dation kinetics are reduced by one or two orders of magnitude, the
cladding temperature in this specific scenario will stabilize at
1300-1400 °C. This observation is specifically explained here by
the fact that the power generation in the fuel (sum due to decay
heat and oxidation) equilibrates with the magnitude of heat trans-
fer from the fuel to the steam phase. The predictions in this simpli-
fied calculation are overly optimistic since the steam temperature
is kept constant, and therefore an increase in cladding temperature
increases the magnitude of the temperature gradient across the
hydraulic boundary layer, consequently increasing the heat flux
away from the cladding. However, the salient observation is that
by lowering the heat generation rate associated with cladding oxi-
dation, the minimum necessary heat removal rate from the fuel
pins at high temperatures, required to avoid rapid temperature
excursions, is reduced. In this manner, the slow oxidation reaction
does not rapidly exacerbate the conditions in the core and the con-
comitant generation of hydrogen gas that increases the core pres-
sure is also delayed and reduced.

Once high-temperature excursions in the fuel rod are avoided
through utilization of materials that exhibit slower kinetics of
oxidation, rapid heat and hydrogen production in the core could
be potentially mitigated. Effectively, the critical heat removal lim-
it for the entire core will be reduced to that of decay heat produc-
tion inside the core, and any heat generation due to the oxidation
reaction that can exacerbate this limit becomes negligible. Note
that in case of short-term accidents (i.e., none or only a very short
active cooling period is available), decay heat generation inside
the core, even in the absence of the oxidation reaction, is suffi-
cient to result in severe core degradation. An example of such a
short-term scenario is the short-term station blackout (ST-SBO)
in Fukushima Daiichi Unitl (0.92 h after reactor scram) [52].
However, in other scenarios with longer term cooling periods,
elimination of heat generation inside the core due to the oxida-
tion reaction can alter the outcome of the accident in its entirety.
An example of the latter is the long-term station blackout (LT-
SBO) at Fukushima Daiichi Unit 2 that managed intermittent
use of reactor core isolation cooling (RCIC) system until 66.8 h
after reactor scram [52].

4. Historical application of steels as LWR cladding

In the initial days of LWR deployment, austenitic stainless steels
were a popular choice for cladding material of UO, fuel pins for
both experimental and commercial PWRs and BWRs [4,53-55].
The alloys utilized during the 1960-1975 time frame included
Types 316, 304, 304L, and 347 stainless steels (both cold-worked
and annealed), and nickel alloys such as Inconel 800 and Inconel
600 [4].

The earliest reported cladding failures occurred in the fuel pins
of numerous BWRs. For example, intergranular cracking occurred
in both annealed and cold-worked Type 304 cladding after only
500-1000 h of operation in the Vallecitos BWR [56]; further in-
stances of intergranular cracking were encountered in fuel pin
cladding in the Dresden-1, Big Rock Point, and Humbolt Bay BWRs
[57,58]. The highly oxidizing water conditions in BWRs with [05]
on the order of ~8 ppm, an astonishingly high value by today’s
standards, were identified as a primary factor involved in the initi-
ation of stress corrosion cracking (SCC). Other potential contribut-
ing factors included poor chemistry control (particularly
phosphorus and silicon, which enhance grain boundary embrittle-
ment), radiation hardening and early fuel pin designs, which pro-
duced high cladding stresses. The poor performance of stainless
steel cladding in BWRs led to a relatively rapid switch to zirconium
alloy cladding, which exhibited much lower fuel failure rates in
early Generation I BWRs. Fig. 9 summarizes the observed fuel fail-
ure (clad breech) behavior for zirconium alloy and stainless steel
cladding in BWRs and PWRs [4,59-63].

For the PWRs, a few early cases of intergranular cracking were
observed in components of experimental PWRs and test loops.
For example, intergranular cracking occurred in the annealed Type
304 cladding of burnable poison elements in the West Milton test
loop at the Knolls Atomic Power Laboratory (KAPL), the failures re-
sulted from internal stresses exceeding the yield strength in the
presence of high concentrations of hydrogen [54]. Longitudinal
cracks developed in the type 347 cladding in the PM-3A test reac-
tor in the region of maximum neutron dose and internal stress, and
in this instance cladding temperatures were high enough for
hydrogen to be generated via localized boiling [58].

Apart from these observations of hydrogen-assisted cracking
under extreme operating conditions of stress and temperature,
the performance of thin-walled (0.25 mm) stainless steel cladding
in the early PWRs was very satisfactory, with the lowest pin fail-
ure rate of any water-cooled reactor fuel [64,65], as shown in
Fig. 9. For example, during six cycles of operation at Yankee-Rowe
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Fig. 9. Worldwide fuel performance history for Zircaloy and SS clad fuels in light
water reactors [4,59-63].
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(peak burnup of 45 GWd/MTU), only a single pin-hole cladding
leak was detected. Similarly at Trino (Italy) [65] only one to
two leaking fuel pins were detected during four operating cycles.
At the Indian Point reactor, during four cycles between 1966 and
1973, not a single assembly of stainless steel-clad fuel pins was
removed due to cladding leaks. Overall, the Westinghouse experi-
ence with stainless steel cladding in the period up to 1968 was
that for a total of ~200,000 stainless steel fuel pins, the overall
defect level was approximately 1 in 10* [66]. For comparison,
the typical pin failure rate in zirconium alloy fuel in the early
1970s was about 0.1-0.3% for LWRs and CANDU reactors
[64,67] (cf. Fig. 9).

Although the early observations of corrosion-related cracking
in the stainless steel cladding exposed to BWR conditions were
the source of considerable concern, this was eventually overshad-
owed by the issue of neutron economy. The thermal neutron
cross section for stainless steel is a factor of ~12-16 times higher
than that for Zircaloy, and the enrichment penalty incurred by the
use of stainless steel cladding became the primary driver for the
replacement of stainless steel cladding with Zircaloy cladding in
commercial reactors after ~1970 (due to the acceptable fuel per-
formance for Zircaloy cladding in both BWRs and PWRs, and
gradual reductions in the fabrication cost for nuclear-grade Zirca-
loy tubing).

The early experiences with stainless steel in the BWR envi-
ronment were instrumental in alerting the nuclear community
to the existence of unexpected corrosion-related cracking mech-
anisms that could be encountered in light-water-cooled reactors.
Subsequently, irradiation-assisted stress-corrosion cracking (IAS-
CC) of core internals was encountered in a wide range of situa-
tions, and the international materials community embarked on
an ongoing effort to understand the mechanisms involved and
to develop strategies to circumvent the most damaging combina-
tions of operating conditions, materials compositions, micro-
structural evolution, and stress conditions. A large number of
mitigating variables have been identified including compositional
variations, starting microstructure, yield strength, radiation-in-
duced segregation, water chemistry, irradiation temperature,
dose rate, and dose [68]. Moreover, significant advances were
made in the control of reactor water chemistry. However, a full
understanding of IASCC is confounded by heat-to-heat and spec-
imen-to-specimen variability and the varying and complex nat-
ure of the radiation and chemical environment. Some
important general findings were recently presented by Chopra
and Rao [69,70].

Largely due to the impressive improvements in operating per-
formance of zirconium alloy clad fuel systems in LWRs under nor-
mal operating conditions [3] during the past 35 years (Fig. 9), there
have not been any significant research programs to investigate
alternatives to the traditional 300-series stainless steels (18Cr, 8-
12Ni) as potential high-performance materials for LWR cladding
or reactor internals. However, within the fossil and other advanced
energy programs significant advances have been made in high-
strength, oxidation-resistant steels. Moreover, the discovery of
the void swelling phenomenon in fast-reactor-irradiated Type
316 during the late 1960s led to the development of austenitic
steels and ferritic-martensitic steels with properties tailored spe-
cifically for the neutron environment. In many respects, these ad-
vanced iron-based alloys could provide attractive alternatives to
the conventional 300-series steels for application as fuel pin clad-
ding materials in LWRs. From a strength, corrosion, and embrittle-
ment standpoint, it appears that these advanced steels would
enable fabrication of cladding with thinner walls than that of zirco-
nium alloys, thus mitigating some of the neutronic penalty associ-
ated with their use.

5. Prospects for the utilization of advanced iron alloys in LWRs

Significant advances in both austenitic [71-73] and ferritic/
martensitic [71,72,74-77] steels have been achieved over the past
four decades since relatively simplistic austenitic steels were last
used as a fuel cladding material in LWRs. The typical cycle time
for the development of a new generation of steels is about 15 years
[72,74], which translates into approximately three to four genera-
tions of improved austenitic steels compared to the Type 304, 316,
and 347 stainless steels that were initially developed during the
first half of the 20th century and subsequently utilized in Genera-
tion I LWRs in the 1960s. Along with the development of new steel
compositions, dramatic improvements in commercial steel refining
and casting methods have been introduced since the 1970s that
enable better composition control and improved decarburization
techniques. In parallel with this steady improvement in commer-
cial steels, a remarkable improvement in the fundamental under-
standing of degradation mechanisms in steels such as SCC
(including irradiation assisted, IASCC, mechanisms) [68,78-83]
has occurred over the past 40 years; as noted in Section 4, stress
corrosion cracking was the major fuel pin failure issue in the early
Generation I reactors that utilized stainless steel cladding. There-
fore it is appropriate to reexamine the suitability of advanced
stainless steels (austenitic, ferritic, and martensitic grades) as po-
tential high-performance and accident-tolerant candidates for
LWR fuel cladding.

To facilitate the discussion of prospects for utilization of ad-
vanced iron alloys in LWRs, a review of fuel design criteria and
guidelines imposed on the zirconium alloy cladding is appropriate.
Design requirements for the fuel system are described in the NRC
Standard Review Plan (SRP) Section 4.2 (NUREG-0800) [17] and
are further manifested in other sets of federal regulatory codes
[8,84-86]. The ultimate objectives of the fuel system design with
respect to safety analysis are meant to ensure (a) the fuel system
is not damaged as a result of normal operation and anticipated
operational occurrences (AOOs), (b) fuel system damage is never
so severe as to prevent control rod insertion when it is required,
(c) the number of fuel rod failures is not underestimated for postu-
lated accidents, and (d) coolability is always maintained inside the
core. The fuel design evaluation process is a rigorous and iterative
task and is to be performed by the fuel vendors with their choice of
methodology. To perform such a comprehensive analysis for iron
alloy cladding is well beyond the current scope. The goal of this pa-
per is to simply point to the vast set of possible compositions and
material options in the family of iron-based alloys that may be
suitable for consideration as cladding. In the following, a brief re-
view of properties of general alloy categories of interest along with
a comparison with zirconium alloys is performed. Three major
material properties are discussed: unirradiated mechanical proper-
ties, irradiation effects, and corrosion behavior.

5.1. Comparison of unirradiated mechanical properties

Given that unirradiated mechanical properties are largely the
inputs to the fuel design evaluation analysis, these properties are
briefly reviewed for iron alloys and compared to zirconium alloys.
Specifically, unirradiated yield strength, relatively short-term
creep rupture data, and Young's moduli are examined. Other
important properties such as fatigue behavior, fretting resistance,
or comparison of the wide range of thermophysical properties that
are design inputs are not considered here.

Fig. 10 provides a side-by-side comparison of the temperature-
dependent yield strengths of several alumina-forming ferritic al-
loys [87-89] as well as type 304 and 310 stainless steels [4,90]
with zirconium alloys [91-96]. As shown in the figure, the yield
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Fig. 10. Comparison of the elevated temperature unirradiated yield strength of (a)
zirconium alloys and (b) several iron alloys [4,87-96]. Unless specified, the metals
are in the fully annealed state.

strength of unirradiated zirconium alloys spans a wide range of
values. This is largely dominated by the thermomechanical treat-
ment (TMT) of the cladding during fabrication (via pilgering),
which results in various grain sizes and degrees of cold-working
and recrystallization in the alloy [97]. Alloy composition (e.g., the
oxygen content) also affects this property. For instance Zircaloy-2
used for BWR applications, given corrosion considerations, is used
in the recrystallized (RXA) state with yield strength at the lower
end of the spectrum, as observed in Fig. 10. In contrast, the Zirca-
loy-4 in PWRs in the stress-relieved annealed (SRA) condition
exhibits much higher yield strength. This contrast coupled with
the larger diameter of the BWR fuel pins results in thicker cladding
requirements in BWR bundles based on the fuel design evaluation
process. It is worth noting that regardless of the initial metallurgi-
cal state, the yield strength of different irradiated zirconium alloys
increases to reach similar values after a modest fast neutron flu-
ence of ~1 x 10**n/m? and in effect saturates at that value
[98,99]. This is shown in Fig. 10 for RXA Zirclaoy-2 and SRA Zirca-
loy-4 with 50% cold-work using PNNL yield strength correlation
[96] at a fluence of 8 x 10%°> n/m?. The yield strength of irradiated
cladding drops rapidly at T> 600 °C, due to damage recovery via
thermal processes, to reach that of unirradiated zirconium alloys.

Just as TMT, alloy composition, and microstructure affect the
mechanical properties of zirconium alloys, the same is true for
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Fig. 11. Comparison of the 100 h high-temperature creep rupture strengths of iron
alloys compared to Zircaloy-4 [87,89,106-110].

iron-based alloys. All the alumina-forming FeCrAl alloys in
Fig. 10 are ODS variants (MA956 and PM2000) except the APM var-
iant, which shows a lower yield point at room temperature. Signif-
icantly higher yield strength values for PM2000 bar with a
different microstructure from the alloy in Fig. 10 are reported else-
where [100]. Similarly, the yield strength for 310SS in Fig. 10 is for
a fully annealed material. Considering the significant degree of
work hardening inherent to austenitic steels prior to necking,
introduction of cold-working is expected to increase the yield
strength (but limit ductility). This is shown in the figure by com-
parison between the annealed and cold-worked (CW) 304SS.

The feasibility of using significantly thinner iron alloy cladding
than what is currently utilized in zirconium alloy cladding LWR
fuel systems, in order to partially compensate for the higher neu-
tron absorption cross sections in the former, needs to be examined.
The viability of thinner steel cladding was demonstrated in the
1960s and 1970s era stainless steel cladding [4,101]. A full evalua-
tion of the potential optimized steel cladding thickness would need
to consider corrosion, grid-to-rod fretting, and other cladding reli-
ability issues. However, from a simple cladding yield strength
standpoint (Fig. 10), given potential improvements by alloy opti-
mization, steel cladding with significantly reduced thickness com-
pared to the current zirconium alloy cladding may be anticipated.
Also note that the thickness loss due to oxidation in zirconium al-
loys (Figs. 4 and 7) is expected to be significantly less for iron-
based alloys; this in turn also reduces the requirements on the ini-
tial cladding thickness.

For LOCA conditions, an important strength property is short-
term creep rupture strength. During a LOCA, zirconium alloy clad-
ding experiences burst in the temperature range of ~700-1100 °C
(spanning over the oo — B transition point) due to the pressure dif-
ferential present from the cladding internal volume to the depres-
surized core environment [102]. Zirconium alloy cladding burst
has been modeled extensively [103,104] and is dominated by clad-
ding creep at those temperatures. After rod burst, maintaining coo-
lable core geometry is another important regulatory requirement
and has also been examined extensively. The results from the RE-
BEKA tests ultimately showed that flow blockage up to 90% does
not compromise coolability [105]. Fig. 11 summarizes 100 h ther-
mal creep rupture strength data for a similar set of materials as
Fig. 10. Despite its higher melting temperature than steels, the
high-temperature short-term creep rupture strength of Zircaloy-4
is lower than many of the iron alloys and it is further reduced once
hydrogen is absorbed into the alloy [12]. Conservative values, asso-
ciated with tube and sheet materials, have been used for iron alloys
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since for instance in ODS FeCrAl alloys the larger grain size in bar
specimens enhances the rupture strength by about an order of
magnitude. Note that the 3%Mo addition in APMT significantly en-
hances creep resistance compared to the APM variant. Both alloys
have quasi-ODS strength due to the coarse oxide dispersion formed
via the advanced powder metallurgy (i.e. APM) processing. Higher
creep resistance can facilitate thinner iron alloy cladding and en-
hance the burst margins under LOCA scenarios as was previously
demonstrated by 304SS type cladding [106].

Zirconium alloys have a relatively low elastic modulus (more
flexing for a given applied stress), which may exacerbate grid-to-
rod fretting issues associated with coolant-flow-induced vibrations
of the fuel assembly against the grid support plates. Young’s mod-
ulus for various zirconium alloys and along different crystallo-
graphic orientations has been studied and reported [111,112]. As
shown in Fig. 12, the Young’s modulus for zirconium alloys [96]
is roughly half the corresponding values for the iron alloys dis-
cussed here over a broad temperature range.

5.2. Irradiation effects on iron alloys for cladding application

A second important consideration is radiation effects on the
proposed iron alloy cladding systems. There is a broad database
on the effects of LWR irradiation on the mechanical and physical
properties of austenitic [68-70,113-118] and ferritic/martensitic
steels [74,119-126]. Overall, irradiation effects are not anticipated
to produce unacceptable property degradation for cladding appli-
cations. At normal LWR cladding operating conditions (Tj; -
~ 300 °C and doses up to ~15 dpa), the major radiation-induced
changes are associated with radiation hardening and embrittle-
ment. Neutron irradiation under these conditions can cause the
yield strength to quadruple for austenitic steels [113] and double
for ferritic/martensitic steels [125] compared to their unirradiated
value at 300 °C. The corresponding uniform elongation can de-
crease to values below 1% due to radiation hardening and plastic
flow localization phenomena during fission neutron irradiation
near 300 °C [127]. This reduction in uniform elongation in both
austenitic and ferritic/martensitic steels occurs after irradiation
to damage levels of several dpa; the reduction is somewhat more
pronounced in ferritic/martensitic steels. The hardening and
embrittlement for LWR cladding conditions is mainly due to for-
mation of dislocation loops and helium-containing cavities for
austenitic stainless steel [113] and dislocation loops and precipi-
tates for ferritic/martensitic steels [119,128].
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Fig. 12. Temperature-dependent elastic moduli for ODS FeCrAl alloys, 310SS, and Zr
alloys [87-89,96].

Phase instabilities associated with a-of phase decomposition
and the potential for accompanying embrittlement (historically
known as the 475 °C embrittlement issue) is a significant concern
for ferritic steels with Cr contents over ~9% [129-131]. At
<475 °C, there is insufficient solute mobility for pronounced o’
embrittlement, and at higher temperatures even higher chromium
levels can be used without alpha’ embrittlement concerns due to
increased chromium solubility. The radiation-enhanced diffusion
during neutron irradiation near 300-400 °C can produce significant
alpha’ precipitation and embrittlement for matrix chromium lev-
els > 7% Cr, which corresponds to overall chromium concentra-
tions > 9%Cr (since 1-2% of the chromium is typically associated
with carbide precipitates purposefully formed during tempering)
[128]. Considering that chromium contents above ~9%Cr are
needed to provide good oxidation resistance during prolonged
exposure to water or steam, ferritic/martensitic steels with ~9%
Cr are a good compromise between oxidation resistance and radi-
ation embrittlement (o decomposition) resistance. According to
calculated phase diagrams [132], the addition of Al does not sup-
press the driving force for decomposition. Experimental results
from PM2000 (ODS FeCrAl) alloys annealed at 450-480 °C showed
clear o/ formation [133]. Potential embrittlement in steels associ-
ated with hydrogen pickup is a minor issue compared to the situ-
ation for zirconium alloy cladding, owing to relatively low
hydrogen solubility in steels [134,135].

In general, fracture toughness is not as important for cladding
(compared to reactor pressure vessel applications) due to the plane
stress loading conditions associated with thin wall tubing. Fracture
toughness is reduced in both austenitic [69,113,114] and ferritic/
martensitic [74,119-125] steels after neutron irradiation near
300 °C. However, experimental results indicate fracture toughness
values of at least ~50 MPa m'/? should be maintained at the clad-
ding operating temperature for irradiation doses up to at least
~20 dpa. Zircaloy-2 and -4 suffer pronounced reduction in ductil-
ity and fracture toughness as a result of both irradiation hardening
and hydride precipitation. Uniform elongation on the order of 1-5%
and total elongation up to 20% have been observed for Zircaloy fuel
rod cladding upon discharge [136,137]. For irradiated zirconium al-
loy cladding with modest hydrogen content fracture toughness,
values on the order of 20-50 MPa m'/? are expected [138]. The
fracture toughness in irradiated Zircaloy falls to 12-15 MPa m'/?
if hydrogen concentrations approach 1000 wt ppm.

Dimensional changes due to void swelling or irradiation creep
in austenitic [117,118] and ferritic/martensitic [119,126] steels
are not expected to be of concern for LWR cladding conditions
(~300 °C, 15 dpa). The anticipated amount of dimensional change
based on experimental studies would be <1% and isotropic in nat-
ure. This was specifically showed for a Fe-22Cr-5AI-0.7Y alloy
irradiated up to 100 dpa [139]. Iron alloys will not be susceptible
to pronounced irradiation growth that is observed in zirconium al-
loys. This phenomenon occurs in zirconium alloy cladding tubes
due to the combination of anisotropic crystal structure and grain
orientation (texture) [140].

5.3. Corrosion considerations under normal operating conditions

The third major area to be evaluated is the corrosion behavior of
iron-based alloy cladding structures under normal operating con-
ditions in LWRs. There is significant LWR operating experience
on the behavior of austenitic stainless steel structural components
that have been in service for multiple decades [68,70,78-82].
Although the operating temperatures (280-290 °C) for these com-
ponents are slightly lower than the cladding, the generally favor-
able performance of austenitic core internal components during
decades of reactor operation suggests that corrosion and dissolu-
tion issues would not be significant. It should be recognized that
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the water chemistry trends and degradation management strate-
gies have evolved tremendously, resulting in current environments
drastically different from those up to the 1970s. Groundbreaking
strategies such as strict control of pH and chemistry, hydrogen
water chemistry (HWC), zinc additions, and cyclical, and subse-
quently online, Noble metal chemical addition (NMCA) procedures
in BWR and PWRs have resulted in a drop in oxygen potential by at
least an order of magnitude. Accordingly, significant drops in cor-
rosion potentials are achieved that fundamentally mitigate suscep-
tibility to SCC among other degradation mechanisms involving
corrosion.

[ASCC that is observed in austenitic steels exhibits a well-
known dose threshold. The relatively limited dose requirements
(~15dpa) for cladding applications along with the significant
drops in oxygen potentials alleviate many of the IASCC concerns.
Also, a transition away from 18-8 alloys to alloy compositions that
are potentially less susceptible has been made [68,70,78-
80,82].For ferritic alloys with sufficient Cr, corrosion in water or
steam at normal LWR operating conditions would not be expected
to be of concern. For example, the uniform corrosion rate of 9% Cr
ferritic/martensitic (a relatively low chromium content in the con-
text of the current discussion) steels in an aggressive environment
of supercritical pressurized water at 550 °C is less than 0.04 mm/
year [141]. Stress corrosion cracking of ferritic steels is generally
much less of a concern than in austenitic steels. Note that for the
FeCrAl class of alloys, the formation of an alumina film at the sur-
face under normal operating temperatures is not expected and pas-
sive protection is attributed to the presence of a chromia film. Pre-
oxidizing the cladding, as sometimes is performed on the lower
sections of zirconium alloy cladding, is not deemed appropriate
for FeCrAl alloys. Typically, temperatures >600 °C will be necessary
to produce an alumina scale. The scale is then susceptible to wear
or dissolution under normal operating conditions under which the
alumina scale will not reform. Radiation-induced segregation of
chromium under irradiation in ferritic alloys is not considered to
be an issue from the corrosion standpoint. However, it could be a
concern for grain boundary embrittlement or to initiate phase
instabilities.

5.4. Tritium transport

Tritium is produced via a multitude of pathways in LWRs, but
largely the production volume is dominated by ternary fission in
nuclear fuel (with a yield of ~10~* per fission) and neutron absorp-
tion by boron in the PWR primary coolant [4,142,143]. The amount
of tritium released from the fuel pellet into the cladding internal
volume is independent of the cladding type. However, the release
fraction from the historic 304SS and Zircaloy cladding differs
widely where the value resides at ~50% and ~1%, respectively. This
is largely due to the strong chemical affinity of zirconium for iso-
topes of hydrogen [144]: essentially the zirconium, which in the
process embrittles, serves as tritium storage medium.

Tritium released into the primary coolant rapidly reacts with
radiolysis products to form HTO and largely resides in the coolant
water. In current PWRs, tritium released from the fuel is on the or-
der of 10% of the total tritium content into the primary coolant; the
rest is due to the '°B(n,20t)*H reaction. An increase in tritium re-
lease from the fuel with iron-based cladding can rival the extent
of production as a result of neutron absorption by boron in PWRs.
In BWRs, where the sole significant source of 3H is the fuel, a small
fraction of tritium can be transported to the turbine via the gaseous
phase. Therefore, any increase in the extent of release from the fuel
will be directly proportional to the increase in the overall plant
dose. Note that hydrogen permeability of bcc iron alloys is known
to be higher than fcc variants [145]. The environmental and plant
management aspects of such an increase are beyond the scope of

this manuscript but deemed largely inconsequential given the
prior experience with steel cladding and modern radionuclide re-
lease management strategies from the core to the turbine in BWRs.

6. Reactor physics and economic aspects of iron-based alloy
cladding

Following high temperature steam oxidation behavior and ex-
pected materials performance under normal operating conditions,
two essential areas remain that need to be addressed for iron based
alloy cladding systems for LWR fuel elements: reactor physics and
economics. Though a neutronic penalty upon the transition to iron
based alloy cladding materials is expected, it is important to quan-
tify its magnitude and discuss alternate fuel design configurations
that reduce it. The magnitude of this penalty directly impacts fuel
economics that in turn needs to be examined and quantified to
serve informed and complete discussions on the viability this fuel
concept.

6.1. Reactor physics

A simplified single-pin (a single fuel rod) reactivity analysis has
been performed providing a comparison between current zirco-
nium-alloy-clad oxide fuel bundles and those with iron alloy clad-
ding using the TRITON module from the SCALE 6.1 package [146].
The details of the calculations are discussed and extensive results
are provided elsewhere [147]. Briefly, calculations were performed
with the ENDF/B-VII cross-section library using 238 energy groups.
Two-dimensional transport calculations were performed with the
NEWT transport code, which is coupled with ORIGEN-S to perform
depletion in the fuel as well as the cladding. The reference case in
the following calculations is that of a PWR 17 x 17 fuel bundle
with 4.9% enriched urania pellets, as shown in Table 1. Currently
high-power-density plants in the United States use 4.6-4.9% en-
riched fuel [148]. The UO, fuel pellet density was fixed at 96% of
theoretical density (10.47 g/cm?). The same alloys identified for
the analysis in Section 3, the base FeCrAl alloy and 310 stainless
steel, were selected. The alloy compositions are listed in Table 2.

Fig. 13 shows the evolution in infinite multiplication factor (ki)
as a function of effective full power days in fuel rods at the stan-
dard PWR 17 x 17 geometry with various cladding materials. A
clear neutronic penalty is shown associated with utilization of
the steel cladding materials owing to the larger neutron absorption
cross section in these materials. The reactivity penalty in case of
the ferritic FeCrAl alloy is less than that of 310SS owing to the ab-
sence of nickel in this material. Nickel exhibits a thermal neutron
absorption cross section roughly twice that of iron. Meanwhile,
the presence of nickel results in production of radioactive cobalt
via the >®Ni(n,p)°®Co reaction. At a constant core power density,
this drop in reactivity corresponds to a significant reduction in
operational cycle length. Therefore, modified bundle geometries
with iron-based alloy cladding materials are necessary to enhance
their reactivity and enable them to achieve similar cycle lengths as
that of the reference bundle design with Zircaloy cladding.

To conserve cycle lengths at constant operational power, the
end-of-cycle (EOC) reactivity needs to be maintained constant at
what is achievable for reference fuel bundles. To enhance the

Table 1

Reference PWR 17 x 17 fuel bundle geometry [149].
Pellet OD (mm) 8.192 Clad thickness (um) 572
Pellet-Clad Gap (um) 83 Pitch-to-diameter 1.326
Clad ID (mm) 8.357 UO, mass per assembly (kg) 611
Clad OD (mm) 9.500 Zircaloy clad mass per assembly (kg) 125
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Table 2
Composition in mass fraction (wt%) of evaluated cladding materials.
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Alloy Fe Cr Al Zr Ni Sn Mn Mo Si 0, (barns)
FeCrAl 75 20 5 0 0 0 0 0 0 243
310SS 52.5 25.2 0 0 19.5 0 1.9 0.13 0.7 3.21
Zircaloy-4 0.15 0.10 0 98.75 0 1.50 0 0 0 0.20

2 Average thermal neutron absorption cross section for the alloy.
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Fig. 13. k¢ versus effective full power days in fuel rods at the standard PWR
17 x 17 geometry with various cladding materials.

EOC reactivity in bundles with iron-based alloy cladding, three
separate approaches can be considered: increase the fuel enrich-
ment, minimize the clad thickness, or increase the fuel mass inside
the core. The first implies that the current geometry for the fuel
bundle is conserved while the fissile material density per unit vol-
ume of the core is increased by increasing the 2*°U enrichment. The
second and third are coupled in that as the clad thickness is re-
duced, for a given gap, that surrendered space can accommodate
additional fuel while fixing 23°U enrichment at a constant value.
Note that the outer diameter, fuel clad gap, and the pitch-to-diam-
eter ratio of the fuel rods are fixed at the standard PWR 17 x 17
geometry to avoid the need to consider thermal hydraulic com-
plexities. It is worthwhile to note that yet another approach,
although ignored here, is to increase the fuel pellet stack height
in the rod. This was in fact a method used for the Connecticut Yan-
kee Nuclear Power Plant (CYNPP) when it utilized 304L stainless
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steel as fuel cladding [101]. The fuel stack height for the 304L clad
rods were roughly 1.6% taller when compared to the rods with Zir-
caloy-4 clad and the clad thickness was substantially less (nomi-
nally 419 um steel compared to 686 um Zircaloy). Use of
stainless steel cladding as thin as 300 um has been reported [4].
The ability to use thinner clad would be enabled both by the higher
strength of the steel and by its enhanced corrosion performance
(retained strength with operation) as discussed in Section 5.1.
The reduced steel thickness (and stack height) not only mitigated
the neutronic scavenging impact of the clad but enhanced the
overall core fuel loading substantially (411.5 kg U/assembly for
the steel clad compared to 363.8 kg U/assembly for the Zircaloy).

Fig. 14 shows the contour map of the variation in EOC Akj,¢
against the benchmark Zircaloy-clad UO, fuel (the benchmark case
is fuel geometry specified in Table 1 with 4.9% enrichment). A three
batch scheme was used during this analysis and details are re-
ported elsewhere [147]. The EOC Ak;ys is mapped as a function of
both cladding thickness and fuel enrichment to combine the two
approaches detailed earlier. When the difference in EOC infinite
multiplication factors is zero, the implication is for identical cycle
lengths to the benchmark case. Given the inherent assumption in
all these calculations that core output power is constant, positive
and negative deviations in EOC Ak;,s correspond to longer and
shorter cycles, respectively. Reduction in cladding thickness to
~300 pm with its associated increase in fuel pellet diameter at
constant fuel enrichment of 4.9% is necessary to maintain the cur-
rent cycle lengths, assuming no stack-height or other geometric
change. At the alternate extreme, by maintaining the existing (Zir-
caloy-based) geometry and solely increasing fuel enrichment, an
increase of ~1% in 23°U content is necessary. In reality, given that
the previous (circa 1970) state of the art utilized a rather low-per-
formance, 419 pum steel, it would be assumed that a present-day
clad could be significantly thinner than the 419 pm steel cladding
used in CYNPP, combined with some stack height adjustment
potentially eliminating the need for increased enrichment. In any
event, only modest enrichment above today’s standard is
anticipated.
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Fig. 14. EOC infinite multiplication factor difference against benchmark Zircaloy clad fuel as a function of cladding thickness and fuel enrichment for FeCrAl and 310SS clad

fuel.
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Fig. 15. Increase in fuel bundle cost as a function of iron alloy cladding thickness
and fuel enrichment.

6.2. Economics

The magnitude of increase in the fuel bundle cost due to the in-
crease in the required low enriched uranium (LEU) mass (i.e., larger
pellets) and higher enrichment in the fuel is necessary to estimate
the impact on the economics of nuclear electricity production upon
adoption of iron-based alloys as nuclear fuel cladding. The consid-
eration here is limited to oxide fuel pellets, and it is assumed that
the fabrication cost of pellets is independent of the enrichment and
geometry (variation in the diameter) of the cylindrical pellet. Note
that the cost of retrofitting current oxide fuel fabrication facilities
to accommodate slightly higher enrichment uranium is not consid-
ered here. Also any reduction or increase in cost by switching from
zirconium alloy to iron-based alloy cladding is similarly ignored.
The analysis used to estimate the increase in fuel bundle cost as
a function of increase in low enriched uranium (LEU) mass and
enrichment is detailed in Appendix B. Fig. 15 shows the magnitude
of increase in normalized assembly cost (against the reference de-
sign at 4.9% enrichment) as a function of cladding thickness and
enrichment. Superimposed on this figure are the lines from
Fig. 14 that correspond to the zero EOC Ak;, between the iron
and zirconium alloy clad bundles. The increase in fuel bundle cost
for the iron alloy cladding is estimated to be on the order of 15—
35% when compared to the current zirconium alloy/urania fuel
bundles.

From an economic standpoint and ignoring mechanical integ-
rity requirements, given the findings in Fig. 15, the preferred
route to enhance reactivity in the iron-based alloy clad assem-
blies is to minimize the cladding thickness. As was discussed,
iron-based alloys offer higher strength and therefore a significant
reduction in cladding thickness compared to existing zirconium
alloy cladding appears feasible. The cladding outer diameter in
both cases was 10.72 mm. Meanwhile, note that fuel costs in
the US commercial nuclear power fleet comprise 28% of the elec-
tricity production cost [150]; the rest are attributed to operations
and maintenance (O&M). As shown in Fig. 15, upon adoption of
iron-based alloy clad fuel, an increase in fuel costs between 15%
and 35% is expected. Accordingly, an increase on the order of
4-10% in the total electricity production cost is to be expected
(ignoring retooling costs for cladding fabrication, and assuming
comparable fuel failure rates).

7. Conclusions

The following conclusions are drawn given the discussion pro-
vided in this manuscript:

1. Zirconium alloys are fundamentally susceptible to severe deg-
radation under beyond-design-basis-accident conditions. The
chemical and physical degradation processes in the core during
an accident sequence are considerably exacerbated by rapid
oxidation of zirconium alloys at T> 1200 °C.

2. Advanced iron alloys offer potential for improved oxidation
resistance (reduced hydrogen generation) and improved
strength compared to existing zirconium alloy cladding up to
at least 1300 °C; both of these attributes are desirable in terms
of improved accident tolerance and would favorably contribute
to increased coping time in a beyond-design-basis-accident
scenario.

3. Though iron-based alloys have enjoyed decades of active R&D
across various disciplines, targeted research is necessary to
evaluate the application of advanced variants of alloys from this
family for LWR cladding and develop scalable alloy designs
optimized for this application. Particularly, stress corrosion
cracking behavior (including irradiated-assisted effects) and
other embrittlement and degradation processes for candidate
alloys in LWR environments need to be examined. In similar
manner, integral LOCA and RIA behavior of these fuel structures
needs to be evaluated.

4, Assuming fixed cladding and fabrication costs, The increased
U0, mass or increased 23°U enrichment needed to offset high
neutron absorption by the iron alloy cladding would result in
a modest (~4-10%) increase in electricity production costs,
ignoring retooling costs and assuming comparable fuel failure
rates.

Acknowledgments

The authors would like to extend their gratitude to Larry Ott,
Kevin Robb, and Graydon Yoder in the Reactor and Nuclear Sys-
tems Division as well as Bruce Pint and Sebastian Dryepondt in
the Materials Science and Technology Division at ORNL for their
technical insight. Thoughtful discussions and guidance received
from Robert Montgomery at PNNL and Dion Sunderland at Anatech
Corp are also gratefully acknowledged. The work presented in this
paper was supported partially by the Advanced Fuels Campaign of
the Fuel Cycle R&D program in the Office of Nuclear Energy, U.S.
Department of Energy as well as by Laboratory Directed R&D funds
at ORNL.

Appendix A. Fuel/cladding temperature evolution calculation

A simplified analysis is used, adopted after Olander [28], where
the radial distribution of temperature in the fuel and cladding, oxy-
gen diffusion profile into the cladding, and oxidation of the clad-
ding in contact with the fuel have all been ignored. The first
assumption is effectively inconsequential to this analysis since
the magnitude of the temperature gradients in the fuel and clad-
ding due to decay heat generation is very small (~5 K/mm) in
the absence of the fission reaction. The latter two assumptions
introduce only negligible errors in the calculation as well. The sim-
plified transient heat equation in the fuel is given by

dTr

(RRE)(PCy)p g = LHRuccay — (7R (T — Tc). (A1-1)
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RE, p, Cp, and hgc are the fuel radius, density, heat capacity, and the
thermal conductance between the fuel and cladding, respectively.
The product of p and C, is the volumetric heat capacity, and its va-
lue for the urania fuel pellet in this calculation is assumed constant
at 3.2 JJem? K. While the temperature dependence of this parameter
can be captured via detailed correlations provided elsewhere [151],
it is ignored here since it only experiences a variation of +10% in the
wide temperature range examined here. hgc is governed by the nat-
ure of fuel-cladding contact and is a function of burnup; its magni-
tude can span a wide range. In this analysis a value of 0.03 W/cm? K,
representing a very poor state of conductance, is assumed, although
much larger values (up to 2 W/cm? K) can be the case if the fuel is
tightly bonded to the cladding [23,152]. The exact magnitude of this
value happens to be irrelevant to the results of this analysis since
heat transfer phenomena in the fuel and cladding have a much lar-
ger dependence on the cladding-to-steam heat conductance. The
latter is at least two orders of magnitude smaller than hgc; evident
of the near-adiabatic conditions in the fuel during LOCAs. LHRgecqy iS
the linear decay heat production in the fuel that is a function of time
after reactor scram. A good approximation for LHRgecay, ignoring the
negligible effect of burnup on short-term decay heat generation rate
[153], is provided as [154]

LHRgecay = 9.5 x 10 2LHR, (t + t.) **°. (A1-2)

The above equation implies that instantaneously after reactor
scram, the LHRgecqy is 9.5% of the LHR during normal operating con-
ditions (LHR,). Also, its value decays as a function of time with the
power dependence specified. t, is the time elapsed from the onset of
reactor scram up to the point that marks the start of the oxidation
analysis. More sophisticated methods to estimate decay heat pro-
duction in the fuel [155], although available, have not been used
in the current simplified model that is intended to convey general
trends in fuel assembly response, but could be utilized in the future
in a more sophisticated computational model.

In a similar manner to what was described for the fuel pellet,
the transient heat equation in the cladding is written as

dTc

(2nRC(SC)(pCp)CW = LHRox + (anF)hpc(TF — Tc)

— (27Rc)h(Tc — Tr). (A1-3)

Re, 8c h, and Ty are the cladding outer radius, cladding thickness,
heat conductance term between the cladding outer radius and
steam, and steam temperature, respectively. T, is assumed to be a
constant value of 900 °C; indeed, this is the most simplistic assump-
tion in this analysis. Note that the radiation heat transfer mecha-
nism has been ignored altogether in this simplified analysis. The
volumetric heat capacity (pC,) in the cladding is assumed to be
fixed at 2.3 J/cm® K. This assumption ignores the variation in this
parameter upon o—f phase transformation in the zirconium alloy
cladding at ~900 °C and once the oxide phase has formed. LHR,y
is the linear heat generation rate due to enthalpy production as
the cladding oxidation proceeds and is given by

LHRy, = ZchpZ,H<dl>, (A1-4)

dt
where p,, H, and [ are the zirconium density in the oxide phase
(4.2 g/cm?), energy of formation of zirconium oxide per unit mass
of zirconium as a result of steam oxidation (6.45 x 10%]/g), and
oxide layer thickness, respectively. Given that the kinetics of the zir-
conium oxide layer growth is controlled by oxygen diffusion
through the oxide layer (parabolic kinetics), the oxide layer thick-
ness as a function of time at constant temperature is given by

F= (kﬂ)ztﬂf.
pOX

(A1-5)

Pox is the density of oxygen in the zirconia layer (1.48 g/cm?), and I,
is the initial oxide layer thickness. k., as was discussed in Section 3,
is the parabolic rate constant of the zirconium oxidation reaction in
steam. Using the Cathcart-Pawel correlation [42], the k., in g/

cm? s'/? is given as
kox = 6.02 x 107% exp —836 [ (A1-6)
RT
One can define the parabolic oxidation parameter K as
2
K- (’L> . (A1-7)
pOX

The rate of oxide layer growth at any temperature is then given by
dl K

N

Therefore the LHR of oxidation at any constant temperature and as a
function of time at that temperature, given an initial oxide layer
with thickness of I, is determined by

K

\/Kt+lf.

Using Eq. (A1-9), LHR,, is calculated at each time step given the cal-
culated oxide thickness and temperature. Given these simplified
equations and set of parameters, a numerical approach is used to
calculate the evolution in the fuel and cladding temperature after
the core becomes exposed. The numerical method utilized here is
that of the explicit Euler’s route with sufficiently short time-steps
(0.01 s) to minimize the error in the solution.

(A1-8)

LHR,, = Rp, H (A1-9)

Appendix B. Increase in fuel cost as a function of an increase in
LEU mass and enrichment

Fuel cost (FC) is composed of two components of uranium and
fabrication costs as follows:

FC=U +F;. (A2-1)
The uranium related costs, U, consist of four components:
U=Uy,+U;+Ug+ U, (A2-2)

where subscripts m, ¢, d, and e denote uranium milling/mining, ura-
nium conversion, depleted uranium (DU) disposal, and uranium
enrichment, respectively. Fy represents the fuel fabrication cost that
is on the order of $250 and $300 per kg of LEU for PWR and BWR
fuel, respectively [156]. Assuming fabrication costs remain unal-
tered, the uranium costs can be somewhat accurately calculated gi-
ven the final mass of LEU in the fuel bundle and its enrichment
level. Uranium milling/mining, conversion, enrichment, and DU dis-
posal are commercially available services with a known market
price (albeit variable with time). The required mass of natural ura-
nium feedstock per fuel bundle, mass of depleted uranium to be dis-
posed, and the separative work unit (SWU) can all be calculated
using the well-developed theory of uranium enrichment [157].
The SWU required for an enrichment process that feeds in mass F
of uranium at enrichment xr and produces an LEU mass of P with
xp enrichment leaving behind mass T of DU waste with x7 fraction
of remaining 2*°U is given by

SWU=P-v(xp) + T v(xr) — F- v(xF), (A2-3)
where the value function ¢(x) is given by
v(x) = (1-2x)In <1 ;X> (A2-4)
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Fig. 16. Necessary SWU, natural uranium feed and depleted uranium stream mass
per unit mass of LEU as a function of 2*°U enrichment in LEU stream.

Using this methodology, Fig. 16 shows the variation across the re-
quired initial natural uranium feed, the depleted tailings stream
mass, and the SWU required per unit mass of LEU at different
enrichment levels. The U-235 content in the natural uranium feed
and inside the depleted uranium waste stream are assumed to be
0.711% and 0.3%, respectively. All the values are normalized against
that of the case for 5% U-235 enrichment.

The variation in the normalized values shown in Fig. 16 could be
used in conjunction with the set of cost parameters from a refer-
ence fuel bundle to calculate the costs of new UO, fuel bundles
with larger pellet diameters and enrichments. The reference fuel
bundle considered here is the AP-1000 17 x 17 PWR fuel assembly.
Given the LEU mass per bundle (Table 1) and assuming 4.9% fuel
enrichment, Eq. (5) can be used (along with the law of conservation
of mass) to calculate the required mass of natural uranium (Nat-U),
the magnitude of the DU stream, and the extent of SWU for the ref-
erence bundle. Accordingly, 538 kg of LEU at 4.9% enrichment in
the reference bundle requires 6031 kg of Nat-U feed, results in
5492 kg of DU tailing stream, and inputs 3774 SWU. The total
assembly cost is estimated using the uranium mining/milling
priced at $75/kg of Nat-U, uranium conversion at $10/kg of Nat-
U, enrichment at $110/SWU, DU disposal at $11/kg of DU, and
PWR fuel fabrication at $250/kg of LEU [156] to result in
$1.123 M. Using this reference value, the unit price of various fuel
fabrication activities, and variation in the required Nat-U, SWU,
and DU tailings stream from Fig. 16, the cost of new fuel bundles,
containing different mass and enrichment of LEU, is calculated.
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