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ABSTRACT

In order to improve the accident tolerance of light water reactor (LWR) fuel, alternative cladding materials
have been proposed to replace zirconium (Zr)-based alloys. Of these materials, there is a particular focus
on iron-chromium-aluminum (FeCrAl) alloys due to much slower oxidation kinetics in high-temperature
steam than Zr-alloys. This should decrease the energy release due to oxidation and allow the cladding to
remain integral longer in the presence of high temperature steam, making accident mitigation more likely.
As a continuation of the development for these alloys, the material response must be demonstrated to
provide suitable radiation stability, in order to ensure that there will not be significant dimensional changes
(e.g., swelling), as well as quantifying the radiation hardening and radiation creep behavior. In this report,
we describe the use of cluster dynamics modeling to evaluate the defect physics and damage accumulation
behavior of FeCrAl alloys subjected to neutron irradiation, with a particular focus on irradiation-induced
swelling and defect fluxes to dislocations that are required to model irradiation creep behavior.

1. INTRODUCTION

In the wake of events at the Fukushima Daiichi Nuclear Power Plant, interest has been revived in pursuing iron-
chrome-aluminum alloys as alternative nuclear fuel claddings to traditionally used zirconium-based alloys. This
focus is largely driven by the search for better cladding performance during transient reactor operation where the
fuel cladding is exposed to a high temperature steam environment.

During a severe accident scenario, such as a loss-of-coolant-accident, a nuclear reactor may lose its capacity to cool
its fuel. The fuel rod temperatures begin to increases, quickly reaching temperatures where the coolant begins to
evaporate. This lowers the coolant level in the core and eventually uncovers the fuel. Without sufficient heat transfer
from the fuel rods to the coolant, the temperature of the fuel and cladding will increase dramatically. In the case of
traditional zirconium-based alloys, as the temperature of the cladding reaches ~1200°C the zirconium rapidly begins
to oxidize with H,O in the coolant and steam. This oxidation reaction causes both thinning of the Zr-alloy cladding
as the metal reacts and releases large amounts of H; gas into the reactor pressure vessel [1]. With prolonged exposure
the cladding can weaken and subsequently rupture, releasing fission products into the coolant.

In order to increase the safety margin of LWR fuel in severe accident scenarios, several alternative cladding
materials have been proposed to replace the currently used zirconium-based alloys. Of these materials, there is a
particular focus on select iron-chrome-aluminum (FeCrAl) alloys because they present slower oxidation Kinetics in
high-temperature steam than zirconium-based alloys [2]. This increased oxidation resistance may give more time
to mitigate any further damage resulting from an accident.

Information is needed to determine the suitability of iron-chrome-aluminum alloys as fuel cladding and assess safety
margins for their operation. In particular, these Fe-Cr-Al alloys will experience neutron irradiation and potential
radiation effects on the dimensional stability and mechanical properties. In particular, the cladding material response
must be demonstrated to provide suitable radiation stability, in order to ensure that there will not be significant
dimensional changes (e.g., swelling), as well as quantifying the radiation hardening and radiation creep behavior.
In this report, we describe the use of cluster dynamics to evaluate the defect physics and damage accumulation
behavior of FeCrAl alloys, with a particular focus on irradiation-induced swelling and defect fluxes to dislocations
that are required to model irradiation creep behavior.

This report fulfills fiscal year 2016 (FY16) milestone number M3FT-160R020205033 within Work Package FT-
160R02020503 at ORNL for the DOE-NE Advanced Fuels Campaign.
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2. MODELING APPROACH

Isolated vacancies and self-interstitial atoms (SI1As), as well as three-dimensional vacancy clusters and clusters of
SIA in the form of planar, prismatic dislocation loops are continuously formed and will evolve in pure body-centered
cubic iron under neutron irradiation [3-9]. A cluster dynamics (CD) model based on the reaction-diffusion rate
theory is used here to predict the evolution of the vacancy and SIA defect clusters, which is a modified version of
the model developed by Xu and Wirth [7, 10-12] and only considers the intrinsic defects and their clusters.
Furthermore, since the probability that SIA and vacancy co-exist in a single cluster is very low due to their strong
tendency for recombination, no mixed I-V clusters are considered, and it is thus sufficient to define any cluster
using just an integer, with its absolute value being the number of point defects contained in the complexes and its
sign (‘= for SIA clusters, or ‘+’ for V-clusters) indicating the character of the cluster. Two numbers, NI and NV,
are chosen as the number of interstitials in the largest SIA-cluster, and the number of vacancies in the largest V-
cluster, respectively. Physically, these numbers prescribe the ‘phase space’” within which the clusters can interact
with each other, and ensure the conservation of point defects. NI and NV should be chosen sufficiently large so that
the computational results are not impacted by a prescribed phase space that is too small (e.g., insufficient cluster
size to allow growth to large defect cluster size).

For neutron irradiation, it is common to model the system without a discrete spatial dependence, making use of the
mean field approximation, as described here. However, for many cases of ion irradiation, and in particular for thin-
film ion irradiation studies, the spatial dependence of the damage profile, and the strong influence of the free
surfaces, requires an explicit spatial dependence in the model, as fully described in References [7, 10-15]. As well,
the nature of defect generation in metals induced by ions and neutrons is significantly different. The energy transfer
cross section for ion — atom collisions is an atomic cross section (~ 101" cm?) while that for neutrons is a nuclear
cross section (~1024 cm?), and consequently, neutrons have a much larger range between collisions when travelling
in a material. The damage production varies weakly along the depth direction for neutron irradiation and therefore,
it is reasonable to treat the distribution of radiation damage production as homogeneous [16]. Thus, as noted
previously, no explicit spatial dimension is necessary in this model, at least for low neutron dose levels before a
clear spatial correlation of the defect microstructure develops.

Without an explicit spatial dependence, the concentration of each cluster is only a function of time, and ordinary
differential equations describe the defect evolution. The binary reactions discussed in Refs. [7-12, 16] are still
appropriate and become simpler, because there are only two types of defects (V- and SIA-clusters) considered
during neutron irradiation. The generic form to describe the evolution of a cluster, without spatial dependence, is:

dC.
dtl =f P+G_T+G_E-A_T-A_E, (1)

where C refers to the volumetric concentration (in 1/m°) of the i-th cluster, fis the neutron flux (in neutron/m?/sec),

P is the production ‘probability” of the i-th cluster by neutron irradiation, G refers to the collective generation

rates, in which G_T refers to generation by trapping reactions and G_E refers to generation by emission, A T
indicates the annihilation of cluster C; by trapping reaction events, and A_E refers to annihilation by emission events.

The detailed construction of the coupled system of ODEs is thus (for which L = [—Nl, NV] is the prescribed phase

space, and for which we sum over clusters m+p =i for forward reactions and m reacts with i in trapping reactions
to reduce the concentration of species i):
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. NI
for —-NI<i<- P where k" is the forward reaction rate constant and %~ is the backward reaction rate constant,

having the same expressions as the classic rate theory derviations based on isotropic interactions and spherical
reaction volumes as derived by Waite based on the original work of Smoluchowski, i.e.,

k., = 4p@r, +r XD, +D,), €)
k" =k'C, exp[— f—;] , (10)

where rn and r,, are the trapping radii of clusters m and p, D is the diffusion coefficient of the reacting species, Co
is the atomic number density of the iron matrix, Es is the binding energy of a single point defect to the cluster, kg is
Boltzmann’s constant, and T is the temperature. Note that for emission (C — 4+ B), only those events in which
at least one of the two products is a monomer (i.e., | or V) are considered since it is in general more energetically
favorable for a cluster to emit a monomer than emit a dimer, trimer or a larger cluster, which is consistent with
previous models [10-12].

The variations among equations (2)-(8) represent the computational details in the cluster dynamics modeling, which
must be considered to ensure no computational artifacts (such as non-conservation of point defects) are introduced
in the results. For example, the difference between Eq. (7) and (8) is that in Eq. (7) the interstitial clusters, I,, where
n is less than half of the pre-set maximum interstitial clusters size, are allowed to interact with similar sized clusters
to generate a big cluster. However, in Eq. (7), this behavior is forbidden due to the fact that the resulting larger
interstitial cluster would exceed the prescribed phase space. If we were able to solve an infinite number of
equations/clusters in computation, this would not be necessary, but in reality, we can only solve finite, although
fairly large, number of coupled equations and hence these detailed rules of computation have to be enforced.

3. RESULTS AND DISCUSSION

Here we present initial results of modeling the neutron irradiation behavior of an Fe-10Cr-5Al alloy, subject to
neutron irradiation in the High Flux Isotope Reactor (HFIR) at an irradiation temperature of ~380°C to a radiation
dose of 1.8 dpa, with a dose rate of 8.1x107 dpa/s. We have assumed that the primary knock-on spectrum of the
HFIR reactor in FeCrAl will produce displacement cascades with a similar population of vacancy and self-
interstitial clustering, consistent with displacement cascades produced in Fe, e.g., no effect of Cr or Al additions on
the initial cascade damage.

We have assumed an initial line dislocation density of 6.3x10'* m?, and that that population is either 100% edge
dislocation component, or a mixture of 60% screw dislocation and 40% edge dislocation. The diffusion behavior of
vacancy and self-interstitial atom clusters is consistent with our previous work on Fe and Fe-Cr alloys [16,19, 20].
We have also assumed that dislocation loops can form as a result of reactions that result in populations of either
a/2<111> or a<100> Burgers vectors, although the precise description of the mechanism and numerical treatment
will be provided in a future milestone report.
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Table 1. Summary of experimental and modeling predictions of radiation damage microstructure in a FeCrAl
alloy neutron irradiated to 1.8 dpa at 382°C (experimental results obtained from Ref. [21]) and predicted by a
cluster dynamics model at a dose of 1.62 dpa.

Experiment Simulation (1.62 dpa)
(1.8 dpa) 0 = 0.63x1014 m2 O = 2.5x10%m?2

Property Screw 0% | Screw 60% | Screw 0% | Screw 60%
d, 1o (NM) | 52.5£23 8 411 899 512 774
Poog (M) | 3.420.5<101 | 3.0x10% 539=10%0 | 6.02x10%0 | 1.50=10%
d gy (NM) | 31.9+187 3.14 29 2.72 2.62
P (M) | 2.620.6x10% | 3151070 | 338x10 |8.46x10% | 6.94x1016
dyq (NM) 9.1+£3.2 28 2.7 26 2.3
Prg (M) 1.0+0.1x10% | 1.02x10%2 | 9.06x<10*! | 8.03x10*! | 5.52x10%

Table 1 shows the results obtained for the radiation damaged microstructure of the FeCrAl alloy following
irradiation to a dose of 1.8 dpa at a temperature of 382°C, as determined by the transmission electron microscopy
characterization of Fields and co-workers [21]. It is important to point out that experimentally, they were able to
distinguish between large dislocation loops with Burgers vectors of both a<100> and a/2<111>, in addition to a
fairly high number density of smaller, black dot features. Table 1 also includes the preliminary simulation results
of our cluster dynamics model, for which we used two different initial line dislocation densities, namely 0.63x10
m (experimental value), and a somewhat higher 2.5x10** m. As previously mentioned, we have also evaluated
the effect of dislocation character of this pre-existing network, or line, dislocation sink for point defect absorption,
considering the population either to be pure edge, or 60% screw and 40% edge dislocations. Notably, our model
does predict the formation of quite large dislocation loops with Burgers vector of a<100>, although the number
densities are generally more than an order of magnitude larger than experimentally observed. However, our model
is currently incapable of predicting the growth of very large dislocation loops with a Burgers vector of a/2<111>.
This results from the trap mediated diffusion behavior that we have assumed for larger, prismatic type self-
interstitial clusters, and indicates the possibility that some microstructural feature may be responsible for trapping
such loops. Interestingly, the number density of the a/2<111> loops that our cluster dynamics model predicts is
within the expected experimental range. We also predict a very high density of black dot features, which is not
consistent with the experimental observations.

Notably, as we increase the pre-existing dislocation density in the model, the predicted observable dislocation loop
densities do decrease, and our current hypothesis is that we do not include a defect sink in the model that is
responsible for increasing the amount of point defect recombination events, and thereby limiting the direct
accumulation of self-interstitial type defects in prismatic dislocation loops. We continue to evaluate the possibilities
for this, including that other precipitates formed in the microstructure, such as Cr-rich alpha prime may serve as
these defect sink recombination centers.
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Figure 1. Cluster dynamics model predictions of the net flux of interstitials to edge (left) or screw (right)
dislocations for HFIR irradiation at a dose rate of 8.1x10~" dpa/s and a dose of 1.6 (blue) or 2.4 (red) dpa,
as a function of irradiation temperature.

Just as notable, in the cluster dynamics simulations that we have performed thus far, there is no indication
of cavity nucleation that could drive void swelling or other dimensional instability. However, much more
modeling work and analysis is required to confirm this preliminary conclusion that void swelling will not
be a problem for the FeCrAl based fuel cladding for LWR applications.

One other attribute of this modeling effort that we have focused on relates to calculating the net point defect
fluxes to the edge versus screw dislocations, so that we can quantify the amount of dislocation climb driven
by the radiation damage process. Figure 1 shows the initial model predictions for the net flux of point
defects to edge (left) versus screw (right) dislocations during HFIR irradiation at 8.1x10~ dpa/s to a dose
of about 1.6 or 2.4 dpa, as a function of temperature. The model predictions indicate a strong partitioning
of self-interstitial atom defects to the edge dislocation, whereas a very strong flux of vacancy defects is
absorbed at the screw dislocation (+ units refer to net self-interstitial absorption, whereas negative values
refer to vacancy absorption). Clearly, a strong temperature dependence is also predicted by the model, with
a significant increase in the self-interstitial flux with increasing temperature.

4. SUMMARY

The work presented herein focused on describing a cluster dynamics modeling approach to assess the
radiation stability of FeCrAl based fuel clad, under consideration as an accident tolerant fuel. The
preliminary model results indicate the ability of the model to predict the evolution of dislocation loops with
both a/2<111> and a<100> Burgers vectors, although the preliminary results are not entirely in agreement
with available experimental characterization. Notably, however, the models indicate that there should not
be any concern for void swelling or dimensional instability of the FeCrAl. Our cluster dynamics models
can also calculate the net flux of point defects to fixed dislocation sinks in the material, which offer the
possibility of connecting to models of irradiation creep of FeCrAl alloys, assuming a climb mediated
dislocation glide interaction mechanism dominates the irradiation creep mechanism in this temperature and
stress regime. Future efforts will continue to refine the model, as well as the assumed defect production in
displacement cascades, and the thermodynamics and kinetics of defect properties in FeCrAl alloys, with
the promise of predicting the radiation response of these alloys in prototypic LWR environments.
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