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a b s t r a c t

Model FeCrAl alloys of Fe-10%Cr-5%Al, Fe-12%Cr-4.5%Al, Fe-15%Cr-4%Al, and Fe-18%Cr-3%Al (in wt %) were
irradiated with 1 MeV Krþþ ions in-situ with transmission electron microscopy to a dose of 2.5 dis-
placements per atom (dpa) at 320 �C. In all cases, the microstructural damage consisted of dislocation
loops with ½〈111〉 and 〈100〉 Burgers vectors. The proportion of ½〈111〉 dislocation loops varied from
~50% in the Fe-10%Cr-5%Al model alloy and the Fe-18Cr%-3%Al model alloy to a peak of ~80% in the model
Fe-15%Cr-4.5%Al alloy. The dislocation loop volume density increased with dose for all alloys and showed
signs of approaching an upper limit. The total loop populations at 2.5 dpa had a slight (and possibly
insignificant) decline as the chromium content was increased from 10 to 15 wt %, but the Fe-18%Cr-3%Al
alloy had a dislocation loop population ~50% smaller than the other model alloys. The largest dislocation
loops in each alloy had image sizes of close to 20 nm in the micrographs, and the median diameters for
all alloys ranged from 6 to 8 nm. Nature analysis by the inside-outside method indicated most dislocation
loops were interstitial type.

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Iron-chromium-aluminium (FeCrAl) alloys are an emerging
class of Fe-based, high-Cr ferritic alloys for use in nuclear power
generation. In particular, FeCrAl alloys are promising candidates as
a fuel cladding in commercial light water reactors (LWRs) that can
exhibit enhanced accident tolerance comparedwith the zirconium-

based alloys in use today [1,2]. The perceived accident tolerance of
FeCrAl alloys is predicated on FeCrAl alloys exhibiting oxidation
kinetics more than 100 � slower than those of zirconium-based
alloys in high-temperature steam environments (>1000 �C) [2,3].
The slower oxidation kinetics lead to lower rates of heat and
hydrogen production in the reactor core under accident scenarios,
resulting in additional coping time for active mitigation strategies
[2]. Although FeCrAl alloys' oxidation resistance lends itself to high
performance during specific accident scenarios, such as loss-of-
coolant accidents, FeCrAl alloys could be susceptible to in-core
degradation during normal operation. Degradation could be the
result of the harsh environment of commercial LWRs, including
elevated pressures/stresses, high-temperature water (288e320 �C,
nominally), and neutron radiation. The combination of elevated
temperature and neutron radiation is a concern, as it may lead to
significant radiation-induced hardening and embrittlement effects.
Significant embrittlement could ultimately limit the lifetime of
FeCrAl alloys in LWR cladding applications.

Initial work on neutron-irradiated model FeCrAl alloys in a
materials test reactor investigated the magnitude of radiation-
induced hardening and embrittlement [4]. These studies, through
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combined ex-situ structure-property evaluations, have determined
the hardening and loss of ductility in this alloy class to be in part
due to precipitation and dislocation loop formation. The precipi-
tation and dislocation loop formation can be directly linked to the
radiation damage processes, including radiation-enhanced diffu-
sion and defect agglomeration in these alloys.

The development and eventual optimization of FeCrAl alloys for
nuclear applications would require detailed insight into these
fundamental radiation damage processes and any subsequent
defect production and evolution. Unfortunately, materials test
reactor irradiations do not lend themselves to detailed studies of
these fundamental processes owing to their limited capability for
active control of experimental parameters. For example, the same
region of interest cannot be studied under increasing dose or
irradiation temperature; and it is well known that microstructural
variables such as grain size, prior existence of dislocations, or other
local defect sinks can locally alter the precipitation and dislocation
loop formation in metals. Furthermore, in-reactor temperature
control is inherently difficult; this was especially the case in pre-
vious studies of FeCrAl alloys [4] in which temperature control was
passively determined by the sample holderecapsule diametrical
gap. Finally, radiation dose and dose rate can vary greatly
depending on the axial and/or radial location within the material
test reactor core.

Ion irradiations have proven to show significantly better control
of experimental variables, compared with materials test reactor
irradiations, including irradiation dose, dose rate, and temperature.
Additionally, in-situ ion irradiation performed within a trans-
mission electron microscope (TEM) on thin foils enables the
determination of dynamical processes within a single region of
interest, eliminating (or characterising) grain-to-grain variations,
among many other variables typical of ex-situ studies. This results
in the capability to design experiments in which parameters can be
selected and closely controlled, with only one varying during an
experiment (e.g., total dose); an ideal situation for examining the
fundamental aspects of radiation damage in a specific material
system, including defect nucleation and growth. Additionally, the
correlation of single-parameter (or at least reduced-parameter) in-
situ ion irradiations with modern modelling and simulation tech-
niques provides an opportunity to extend the value of such ex-
periments and modelling.

Preliminary work has already been performed on correlative
studies of fundamental radiation damage aspects in Fe and FeCr
alloys; for example, the impact of microstructure [5], chemistry
[6e12], irradiation temperature [13,14] and dose [8,9] on defect
formation. In particular, the dislocation loop production and evo-
lution kinetics have been evaluated. It has been shown that dislo-
cation loops formed in Fe and FeCr during irradiation have Burgers
vectors of 〈100〉 or ½〈111〉, in contrast to other body-centred-cubic
(BCC) metals such as molybdenum, tungsten, and vanadium, which
contain almost exclusively½〈111〉 dislocation loops. Understanding
the mechanisms behind the formation of 〈100〉 dislocation loops is
important, as they are a more resistant barrier to dislocation slip
than ½〈111〉 dislocation loops [4,15] and therefore have a greater
potential for hardening. It has been shown experimentally [13] that
the fraction of 〈100〉 dislocation loops is higher at higher temper-
atures; Dudarev et al. [14] showed theoretically how the stability of
〈100〉 and ½〈111〉 dislocation loops depends greatly on tempera-
ture, which helps to explain experimental observations of a
decreasing fractional population of ½〈111〉 loops with increasing
temperature in Fe [13]. Monte Carloebased simulations by Xu et al.
[16] of coalescing ½〈111〉 dislocation loops have shown that new
〈100〉 dislocation loops can emerge from such an interaction. Such a
formation process would be heavily dependent on the frequency of
loop coalescence, which in turn is highly dependent on dose, dose

rate, temperature, composition, and impurity content. From a
combination of thin foil [7,8] and bulk-material irradiations [17e19]
of FeCr, it has been shown that the proportion of 〈100〉 dislocation
loops after irradiation declines with increasing Cr content (corre-
sponding to decreasing ½〈111〉 loop mobility [16]).

This paper discusses an investigation of the details of radiation-
induced dislocation loop formation and evolution in model FeCrAl
alloys by using ion irradiation coupledwith in-situ and ex-situ TEM.
This work provides a fundamental insight into how composition
affects nucleation and growth of dislocation loops in these alloys,
which are contributors to radiation-induced hardening [20]. Ulti-
mately, design of a cladding alloy requires tailoring the composition
and microstructure to balance performance with respect to radia-
tion hardening/embrittlement (both from loops and precipitates),
oxidation/corrosion, high temperature mechanical properties,
component fabricability, and neutronics. As such, this study directly
informs design with regards to one of the many performance
metrics for a candidate alloy. However, it should be noted, neutron
irradiation studies [20] have shown a0 phases to be a dominant
hardening mechanism in these alloys, and hence although this
study provides insight on the loop formation, it does not provide a
full picture of the features contributing to hardening in the alloys or
other performance metrics for these alloys as cladding material.

Experimental conditions were specifically tailored to provide
insight into the role of composition in dislocation loop formation
and evaluation within the low-dose regime, thereby serving as a
guide toward compositional control for radiation tolerance in
FeCrAl alloys. A set of well-annealed model FeCrAl alloys with a
yttrium addition, that reside near the kinetic boundary for passiv-
ation in 1200 �C steam environments [1], was used. The absence of
significant dislocation densities, internal defect sinks, and minor
alloying elements, such as molybdenum and silicon, reduced the
complexities in this study. A site-specific focused ion beam (FIB)
lift-out technique was used to produce large thin areas of relatively
uniform thickness (on the order of 25e100 mm2) orientated with a
〈100〉 pole aligned normal to the foil surface. These samples were
irradiated at the Intermediate Voltage Electron Microscopy
(IVEM)eTandem Facility (Argonne National Laboratory) with
1 MeV Krþþ ions at 320 �C up to damage doses of 2.5 displacements
per atom (dpa). The temperature was selected to represent com-
mercial reactor conditions for fuel cladding in LWRs. Although a
temperature shift such as the one proposed by Mansur [21] could
have been used to correlate between irradiations of different dose
rates, it was not used here because of the absence of a strictly
established dose-temperature shift for dislocation loop formation
in FeCrAl alloys. The end dose of 2.5 dpa represents early-life doses
expected for a typical commercial fuel cladding and was found to
reside well within the coarsening regime of the dislocation loop
evolution.

2. Experiment

Four model FeCrAl alloys with nominal compositions of Fe-10%
Cr-5%Al, Fe-12%Cr-4.5%Al, Fe-15%Cr-4%Al, and Fe-18%Cr-3%Al (inwt
%) with designations of F1C5AY, B125Y, B154Y-2, and B183Y-2 in
Refs. [4,22e25] were studied. The full compositions, including
impurity contents, are provided in Table 1. The alloys span a wide
composition range of model FeCrAl alloys shown to be protective in
high-temperature steam at up to 1200 �C [1] and for which awealth
of base materials properties and radiation performance data exist
[4,22e25]. The base feedstock for each alloy was fabricated by arc-
melting and drop casting to prepare bar-shape ingots with a size of
13 � 25 � 125 mm. The as-cast ingots were homogenized at
1200 �C for 2 h in an argon gas atmosphere and then water-
quenched. The ingots were hot-rolled at 700 �C with a 10%
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