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ABSTRACT

Fe-Cr-Al steels are proposed as accident-tolerant-fuel (ATF) cladding materials in light
water reactors due to their excellent oxidation resistance at high temperatures. Currently
the understanding of their performance in reactor environment is still limited. In this
review, firstly we reviewed the experimental studies of Fe-Cr-Al based alloys with
particular focus on the radiation effects in these alloys. Although limited data are
available in literature, several previous and recent experimental studies have shown that
Fe-Cr-Al based alloys have very good void swelling resistance at low and moderate
irradiation doses but the growth of dislocation loops is very active. Overall the behavior
of radiation damage evolution is similar to that in Fe-Cr ferritic/martensitic alloys.
Secondly we reviewed the rate theory based modeling methods for modeling the
coevolution of voids and dislocation loops in materials under irradiation such as Frenkel
pair three-dimensional diffusion model (FP3DM) and cluster dynamics. Finally, we
summarized and discussed our review and proposed our future plans for modeling
radiation damage in Fe-Cr-Al based alloys.
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1. Experimental studies of Fe-Cr-Al systems

Fe-Cr-Al alloys (also called Fecralloys) are promising accident-tolerant-fuel (ATF)
cladding materials in light water reactors [1, 2]. During oxidation, the Al solute in these
alloys can react with oxygen and form an alumina (Al,O3) layer on the alloy surface,
acting as a solid-state barrier layer for the inward diffusion of oxygen ions [1]. In
comparison with the traditional cladding materials such as zirconium alloys and
austenitic stainless steels (304L), Fe-Cr-Al alloys have much better oxidation resistance
in high-temperature steam environment in absence of irradiation [1]. For example,
recently it has been shown that the oxidation kinetics of some Fe-Cr-Al alloys is about
two orders of magnitude slower than that of zirconium alloys at high temperatures [1].
The mechanical properties of a series of Fe-Cr-Al alloys with 10 — 20Cr, 3 — 5Al, and 0 —
0.12Y in weight percent have been tested recently [3]. It has been shown that the tensile
properties are insensitive to the alloy composition, although the high-temperature
oxidation kinetics strongly depends on both Cr and Al contents. Based on these testing
results, the Fe-13Cr-4.5A1 +Y has been down selected as a base alloy composition for
further alloy development [3].

Fe-Cr-Al alloys are ferritic alloys so that they share some common features as Fe-Cr
ferritic alloys. For example, Fe-Cr-Al alloys also have a body-center-cubic crystal
structure. Due to the the miscibility gap in the Fe—Cr alloy system, high-chromium (e.g.,
>14%) Fe-Cr ferritic/ martensitic alloys can decompose to Fe-rich (o) and Cr-rich (a')
phases and result in embrittlement when the temperature is below 475 °C [4]. Under
irradiation, the precipitation of a’ phase can occur at even lower Cr content such as 9%Cr
due to the radiation enhanced precipitation [5]. As expected, precipitation of o’ phase
also occurs in in Fe-Cr-Al systems [6]. The presence of o' phase causes the hardening
and embrittlement of these alloys and affects the integrity of the mechanical properties of
these alloys.

Unlike the Fe-Cr ferritic/ martensitic alloys for which the radiation-induced
microstructural evolution has been studied extensively, very limited studies have been
conducted to investigate the microstructural evolution and the change of physical
properties in Fe-Cr-Al systems. Little and Stow [7] have investigated the neutron-
irradiation-induced void swelling in a pure Fe and a number of ferritic steels (including a
Fe-14Cr-4Al steel) in the temperature range 380 —615 °C to 23 dpa and 30 dpa irradiated
in the Dounreay Fast Reactor. The immersion density measurements were used to
determine the bulk volumetric swelling. The volume swelling as a function of irradiation
temperature for these materials is shown in Fig. 1. Compared with the ferritic steels, the
pure Fe had much larger swelling with a peak swelling of about 0.95% at 420 °C. In
contrast, all the ferritic steels displayed very low swelling, close to or even lower than the
detection limit of 0.1%. In the Fe-14Cr-4Al steel, the swelling was only detected at 595
°C. Further transmission electron microscopy (TEM) analysis also revealed that very few
or no voids formed in the Fe-14Cr-4Al steel. The experimental work demonstrates that
the solute elements in ferritic steels can suppress the void swelling significantly. It also
indicates that in term of swelling behavior the Fe-Cr-Al system behaves similarly as other
Fe-Cr based ferritic steels. For Fe-Cr binary alloys, it has been shown that the void
swelling depends on the Cr content. The swelling is lowest when the Cr concentration is
about 5 ~ 6 wt% [7].
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Fig. 1. Void swelling as a function of irradiation temperature for pure Fe and
ferritic/martensitic steels (including a Fe-14Cr-4Al Fecralloy) under neutron irradiation
to 23 dpa and 30 dpa [7].

Very recently, Field et al. [6] investigated the neutron-irradiation-induced microstructural
evolution in four Fe-Cr-Al alloys with 10 — 18 Cr and 2.9 — 4.8 Al in weight percent
irradiated in the High Flux Isotope Reactor (HFIR) at 382 °C to 1.8 dpa. Consistent with
Little and Stow’s work, they also concluded that very few or no cavities were created by
irradiation in these alloys. Therefore, these alloys have very good void swelling
resistance, at least under the irradiation conditions in their work. However, they observed
many dislocation loops in these alloys and the microstructures are shown in Fig. 2.
Similar to pure Fe and Fe-Cr alloys [8, 9], both 2<111> and <100> loops can form.
Although no determination on the loop nature (interstitial-type or vacancy-type) was
conducted in this work, it is likely that they are interstitial-type loops as observed in pure
Fe and Fe-Cr alloys [9]. In addition to the dislocation loops, black dots and precipitation
of o’ particles were also observed. The number densities and average sizes of dislocation
loops and black dots were also estimated using TEM and scanning TEM techniques.
These quantities depend on the alloy composition. In general the number densities are in
the range of 10" — 10*' m™. In 9-18Cr Fe-Cr alloys under neutron irradiation at 563 K to
1.82 dpa, the number density of o particles is in the range of 10> — 10** m™. If we
assume the Fe-Cr-Al systems have a similar precipitation behavior as in Fe-Cr systems,
the number density of o’ particles can be 2-3 orders of magnitude higher than the density
of dislocation loops. Therefore, the mechanical behavior may be dominated by o
particles in Fe-Cr-Al systems, particularly in high-Cr alloys [6]. The mean sizes of



dislocation loops and black dots are in the range of 10 — 50 nm, which is much larger
than the mean size of 1 — 2 nm for o' particles in Fe-Cr systems [5].

s — . — v - -y

" e | — 1 % °
Fe-10Cr- 4 8A1 "; : t— 6 nm | l (b) Fe- 12Cr 4. 4Al ‘ t=87 nm
4

' f’i‘?f

" _ .. A
¢ A 8 O

W

JE —— S g
| (€) Fe-15Cr-3 9 ® =125 nm | I (d) Fe- l8Cr29AI e”y; =121 nm |
> d B A/ .‘q

Fig. 2. Dislocation structures in four neutron-irradiated Fe-Cr-Al alloys at 382 °C to 1.8
dpa [6].

Although the experimental investigations of void swelling in Fe-Cr-Al alloys is still
limited, it is clear that these materials have very good void swelling resistance at low and
moderate irradiation doses, which is similar to Fe-Cr ferritic/martensitic alloys [10, 11].
However, it is unknown whether Fe-Cr-Al alloys still maintain the low-swelling behavior
at high irradiation doses. Typically Fe-based ferritic/martensitic alloys have long
incubation doses for swelling but the swelling accelerates at high doses [11, 12].
Therefore, developing mechanistic models to predict the swelling behavior in these
materials at a wide range of irradiation doses is important. In addition, the evolution of
dislocation loops affects the mechanical properties of these materials significantly.
Therefore, modeling the evolution of dislocation loops is also very important. In the
following, we review some modeling methods for modeling the coevolution of voids and
dislocation loops in materials under irradiation.

2. Rate theory based modeling of void swelling and dislocation loop growth

Rate theory based approaches have been widely used to model the evolution of voids and
dislocation loops under irradiation [13]. Rate theory is a mean-field approach in which
defects, clusters, microstructural features are assumed to distribute homogenously in the
system. Typically rate theory models ignore the spatially dependent defect interaction
processes so that there is no spatial resolution in the models. However, such a coarse-



grain approach enables the modeling of the evolution of voids and loops at much longer
time and higher doses than many spatially resolved methods can do. There are many
derivatives of rate-theory based models [14-18]. Typically they can be classified into two
classes: Frenkel pair three-dimensional diffusion model (FP3DM) and cluster dynamics
(CD) model.

2.1. Frenkel pair three-dimensional diffusion model (FP3DM)

FP3DM is an early rate-theory-based model to describe the evolution of point defects,
voids and dislocation loops under irradiation and the review of this model is given in Ref.
[13]. In this model, only Frenkel pairs (mono-interstitials and mono-vacancies) are
produced so that it is more suitable for modeling the electron irradiation. Point defects
can migrate in 3D and interact with defect sinks. Dislocations interact with interstitials
more strongly than with vacancies: the so-called dislocation bias which is the driving
force for void swelling. For the growth of voids and dislocation loops, only the evolution
of their mean sizes is modeled because the model assumes that they have no size
distribution. The nucleation process is not considered so that the number densities of
voids and loops are input parameters. In addition, the coarsening of voids and loops is
also ignored.

Under irradiation, both interstitials and vacancies are produced. If temperature is high,
thermal vacancies also can be generated. When defects diffuse to sinks, they can either be
annihilated or accumulate to form voids and loops. When interstitials and vacancies meet,
they recombine. The rate equations to describe the time-evolution of vacancy
concentration (C,) and interstitial concentration (C;) are:

%=GNRT+G‘ih_kv2Dva_1uRDiCiCV’ (1)
% = GNRT - kizDiCi - AuRDiCiCV' (2)

In Eq. (1), ¢ is time; G is defect production rate which is a product of dpa rate and
cascade efficiency; G is thermal vacancy generation rate which is related to vacancy

formation energy; k_ is vacancy sink strength and the expression depends on the sink

type; D, and D; are vacancy and interstitial diffusion coefficients, respectively; u, is
recombination constant between vacancies and interstitials. Similar meanings are for the
symbols in Eq. (2). The void growth rate is related the concentration of interstitials and
vacancies. The time-evolution of void radius (R,.is) can be described as,
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where C” is the thermal vacancy concentration, Q is atomic volume, 7 is surface

energy, kp is Boltzmann constant, and 7 is temperature. For interstitial-type dislocation
loops, the time-evolution of the dislocation loop radius (Ry,) is also related to the defect
concentration,
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where b is Burgers vector; z’ and z” are defect capture efficiencies by dislocation loops for
interstitials and vacancies, respectively. Typically they are set to the same values as those
for line dislocations; y, is stacking fault energy and E , is the interaction energy of point

defects with dislocations.

Equations (1) — (4) are fully coupled. For example, the evolution of interstitial and
vacancy concentrations affect the void and loop growth rates; the changes of void and
loop radii also affect their respective sink strengths and thus the defect concentrations.
The volumetric swelling (S) due to void swelling can be directly calculated from R,s. If
temperature is not very high and the thermal vacancy emission can be ignored, the
volumetric swelling rate can also be be calculated as,

s _d@viv
dt dt void

Figure 3 shows an example of rate theory modeling of the evolution of point defects, void
swelling, and vacancy supersaturation as a function of dose (or time) in the FP3DM
framework [13]. These properties can be calculated from Egs. (1) — (5) if the input
parameters are given. The authors also showed the evolution of di-vacancies and void
density. However, since the authors did not provide details of their calculation, it is
unclear how these properties can be calculated from the basic FP3DM model. Probably a
modified FP3DM model was used.
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Fig. 3. An example of using FP3DM to model the evolution of point defects, void
swelling, vacancy super saturation, and void number density [13].



Since the basic FP3DM model does not include the defect clustering effects, the model is
more suitable for radiation damage evolution under electron irradiation in which only
Frenkel pairs are produced. To investigate cascade effects, the production bias model
(PBM) has been developed [15], which is an extension of the FP3DM model. It has been
shown that this model can model void swelling under different irradiation particles.
However, PBM may only model radiation damage at low doses (< 1 dpa) and in pure
metals [13].

2.2. Cluster dynamics modeling
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Fig. 4. Schematic illustration of cluster dynamics modeling of the evolution of voids and
dislocation loops under irradiation.

As mentioned earlier, in the conventional FP3DM model voids and dislocation loops do
not have a size distribution and only the mean radii are calculated. In addition, the
nucleation and coarsening of these microstructural features are not modeled either.
Moreover, the defect clustering effects are also neglected. These assumptions limit the
applicability of the FP3DM model for modeling the microstructural evolution in realistic
conditions. An alternative to FP3DM is cluster dynamics (CD) method [17]. A schematic
illustration of this method is shown in Fig. 4. Cascades can produce not only Frenkel
pairs, but also some small clusters. These clusters can directly contribute to the
nucleation of defect clusters through a heterogeneous nucleation process (in addition to
the homogenous nucleation through the diffusive encounter of defects). For the simplest
case, only point defects are assumed to be mobile, although this assumption can be
released in the CD framework [18]. Similar to the FP3DM model, point defects can be
annihilated by defect sinks such as line dislocations, grain boundaries, etc. Again
dislocations have a dislocation bias. When a point defect meets a defect or a cluster of the
same type, they accumulate and the cluster grows. On the other hand, when a point defect
meets a defect or a cluster of opposite type, recombination occurs. These processes will



lead to growth or shrinkage of voids and dislocation loops. In addition, vacancy clusters
or voids also can thermally emit vacancies which will result in the coarsening of voids.
For interstitial loops, the thermal emission of interstitials is typically neglected [17] but
the process can be conveniently included in the modeling if necessary. The voids are
typically assumed to have a spherical geometry. The interstitial clusters or dislocation
loops can be treated either as a sphere or a disk.

A good description of the basic cluster dynamics model can be found in Ref. [17]. In
cluster dynamics, every type of point defects and defect clusters has a concentration.
Here f{x) represents the size distribution function of clusters or the cluster concentration
for cluster size of x, where x represents the number of defects in the cluster. For
concentration of point defects (mono-interstitials and mono-vacancies), the conventional
symbol C is still used to differentiate the concentration of clusters. The master equations
for vacancy clusters (vc/) and interstitial clusters (ic/) are:

DD g ()40, 0= =0, () ©
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In Eq. (6), K ,(x) and J ,(x)represent the cluster production rate in cascades and flux

of the vacancy cluster with size of x, respectively. Similar meanings are for interstitial
clusters in Eq. (7). The fluxes of vacancy clusters and interstitial clusters have the
following expressions:

Jvcl(x) = R)cl (x)f;/cl (x) - chl(x + I)JFVCI(X + 1) ’ (8)
Jicl (x) = Bcl(x)j;'cl (x) - Qz’cl (x + 1).ficl ()C + 1) . (9)
The vacancy absorption rate by a 3D void of size x is
48 ) 1/3
P (x)= ( Q’z’ ) x*D,C.. (10)

The vacancy release rate from a void is the sum of the absorption rate of interstitials and
the emission rate of vacancies:
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where E’(x) is vacancy binding energy with a vacancy cluster and is size dependent.

The absorption and release rates for interstitial clusters are similar to Eq. (10) and (11),
but the interstitial emission term may be ignored as mentioned before. If interstitial
clusters are 2D, the geometry factors (the first term at the right-hand side in Egs. (10) and
(11)) also need be changed [17].

For mobile defects such as interstitials and vacancies, the rate equations are similar to
Egs. (1) and (2), but in a more complex form as shown in Ref. [17]. Solving the point
defect rate equations together with Egs. (6) — (11), the time evolution of point defects and



all type of defect clusters can be obtained. The volumetric swelling is related to the
number of vacancies accumulated in vacancy clusters as

AV

=—= Y xf,(x). (12)

v 2 :
Figure 5 shows an example of using cluster dynamics to model the radiation damage
evolution in pure Fe. At a given irradiation dose, cluster dynamics can provide the size
distributions of defect clusters. The number density of vacancies accumulated in vacancy
clusters as a function of irradiation dose also can be obtained. If this quantity is
multiplied by the atomic volume, it can be converted to void swelling.
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Fig. 5. Cluster dynamics modeling of radiation damage evolution in pure Fe [17]. (Left)
Interstitial and vacancy cluster size distribution (i.e., cluster densities as a function of
cluster size). (Right) Number density of vacancies in vacancy clusters as a function of
irradiation dose.

3. Summary, discussion, and proposed modeling plan

In this review, we reviewed some experimental work of the void swelling and
microstructural evolution in Fe-Cr-Al alloys under irradiation, the rate theory based
models such as FP3DM and cluster dynamics for modeling void swelling and dislocation
loop evolution. In our future work, we plan to use these rate-theory based models to
model the void swelling and dislocation loop evolution in Fe-Cr-Al systems under
irradiation. Previously, the rate theory based models have been widely used to model
radiation damage and void swelling behavior in a wide range of materials. In many cases,
however, only pure metals are modeled for simplicity. Sometimes these models were
used to model radiation damage in alloy systems [19] although interstitials and vacancies
were not treated as species-dependent. Nevertheless, these simplifications make it
possible to use the rate theory based models to model radiation damage evolution. In our
future work, at least as an initial step, such a simplification will also be adopted.
However, the alloy-specific materials properties such as defect diffusion coefficients
should be used to distinguish alloys from pure metals.



As Fig. 1 shows the void swelling in Fe-based ferritic steels (including the Fe-Cr-Al
steel) has a much lower swelling than pure Fe. This experimental work indicates that the
effects of alloy elements on damage evolution must be properly captured in our
modeling. Little [20] proposed a few mechanisms to interpret why ferritic steels have a
better void swelling resistance than a pure Fe: (1) The solute atoms in ferritic steels can
trap point defects and thus enhance point defect recombination. The trapping is likely
between vacancies and interstitial carbon atoms and between vacancies and solute lattice
atoms; (2) The solute-dislocation interaction suppresses the dislocation bias, and thus the
preferential absorption of interstitials is weaker than in pure Fe; (3) Solute atoms inhibit
the dislocation climb. In the future some atomistic modeling may be conducted to
investigate these hypotheses and provide justifications or input parameters for rate theory
based modeling.

Since the radiation damage evolution behavior in Fe-Cr-Al alloys behave similarly as in
Fe-Cr ferritic alloys, we also plan to model the damage evolution in Fe-Cr systems as a
starting point. The Cr-composition-dependent defect diffusivities in Fe-Cr alloys were
calculated previously [21] and these results may be used for our modeling to capture the
alloy composition effects. Many experimental data of Fe-Cr systems are also available in
literature so that we can use them to calibrate our models. In the future, the effect of Al
on the defect diffusion in Fe-Cr-Al alloys will be investigated using atomistic modeling
(such as density functional theory). The obtained defect energetics and kinetics from
atomistic modeling may be provided to kinetic Monte Carlo simulations to obtain the
effective defect diffusion coefficients in the presence of Al.

Currently direct modeling of the coevolution of lattice defect features (e.g., voids and
loops) and precipitates (such as o’ particles) are still very limited. However, the density
of o' particles is very high in Fe-Cr based ferritic steels so that they may provide
additional sinks for mobile defects. To include this effect, we may assume o' particles as
fix-density sinks in our modeling. Their density may be obtained from experiments [5].
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