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Abstract

Fourteen Fe—Cr—Al alloys with systematically varied Cr and Al compositions
were irradiated at 350°C to 0.24 dpa by 10.5 MeV self-ions as model alloys for
the Fe-Cr—Al (oxide dispersion strengthened: ODS) alloys being developed
as accident tolerant fuel (ATF) cladding for light water reactors. Three
dose rates (8 x 107%, 8 x 107, and 8 x 10~* dpa/s) were selected to
predict the formation behavior of Cr-rich precipitates (CrRP) under neutron
irradiation conditions. The effects of Cr, Al composition, and dose rate
on the CrRP formation behavior were evaluated using a three-dimensional
atom probe (3DAP) analysis. The results showed that the CrRP number
density, volume fraction, and Cr concentration increase with increasing Cr
composition, decreasing Al composition, and decreasing dose rate. Multiple
regression analysis showed that in addition to these primary effects, there was
an interaction between them on the CrRP volume fraction: (1) the higher
the Al composition, the smaller the increase in the CrRP volume fraction
with increasing Cr composition, and (2) the lower the Cr composition, the
smaller the increase in the CrRP volume fraction with the decreasing Al
composition and dose rate. It was also highlighted that to understand the
dose rate effect on the CrRP formation behavior under neutron irradiation, it
is useful to examine the irradiation time dependence, including the effective
use of thermal aging data as a limit to the zero dose rate, in addition to the
the dose-dependency perspective. In addition to the systematic database of
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CrRP-related quantities established in this study, these considerations should
contribute to further developing and validating numerical prediction models.

Keywords: accident tolerant fuel (ATF) cladding, Fe-Cr—Al alloys, Cr-rich
precipitate, ion irradiation, dose rate, 3D atom probe tomography

1. Introduction

Oxide dispersion-strengthened (ODS) Fe-Cr—Al alloys have been devel-
oped for early practical application in accident-tolerant fuel (ATF) cladding
because the formation of an alumina protective layer by Al addition is
effective in preventing steam oxidation during accidents [1]. Cr addition
improves corrosion and oxidation resistance, but as Cr addition increases, o/
phase/Cr-rich precipitates (CrRPs), which cause embrittlement, arise from
the matrix (« phase). This is a known cause of the so-called 475°C embrit-
tlement in the thermal aging of high Cr (> 11 wt.%) ferritic/martensitic
steels [2-4]. Under irradiation, the accumulation of irradiation defects and
the associated formation of the CrRPs is the primary cause of irradiation
embrittlement in Fe—Cr—Al alloys and is a design challenge.

In the thermal aging experiments of Kobayashi et al. [5], the increase
in Vickers hardness was suppressed when Al was added to the Fe—Cr alloy,
indicating that CrRP formation was suppressed. However, under neutron
irradiation, CrRP formation was observed even in Fe-Cr—Al alloys with
relatively high Al additions [6]. It has also been reported that the CrRP
size increased and the number density decreased under neutron irradiation
compared to ion irradiation in Fe-18Cr alloys [7]. CrRP formation under
irradiation is strongly influenced by irradiation conditions such as tempera-
ture, irradiation rate, and dose. In particular, the dose rate effect on CrRP
formation is influenced by the competition between diffusion enhancement
by irradiation and ballistic dissolution by cascade damage [8, 9]. Modeling
calculations considering the balance between these conflicting effects have
been reported to predict the behavior of CrRP formation under irradiation
in Fe-Cr alloys [10]. However, in Al-doped Fe-Cr—Al alloys, the elementary
processes induced by irradiation should be more complex, and the control
mechanisms for the formation and suppression of CrRPs, including the effect
of Al addition under irradiation, are not yet fully understood. Irradiation
experiments on Fe-Cr—Al alloys with systematically varied Cr and Al matrix
compositions are essential to elucidate this.



However, from the viewpoint of promoting the technological demonstra-
tion of Fe-Cr—Al alloys, irradiation experiments on the ductility reduction
due to CrRP formation under neutron irradiation conditions are necessary.
However, the primary challenge is the limited number of irradiation reactors
worldwide required to ensure safety in the high irradiation regime. As an
alternative, accelerated irradiation tests using ion irradiation have shown
promise. However, predicting the CrRP formation behavior in Fe-Cr—Al
alloys under neutron irradiation (10~"~107% dpa/s) from ion irradiation tests
with dose rates at least two orders of magnitude higher is challenging.
Therefore, it is essential to develop simulation and evaluation techniques
to address complex environments in a unified manner by elucidating the
CrRP formation behavior in Fe-Cr—Al alloys under different dose rates and
systematically different alloy compositions.

This study aims to combine systematic ion irradiation experiments
with three-dimensional atom probe (3DAP) analysis to create a database
of CrRP-related quantities as a function of alloy composition and dose
rate and quantitatively assess the factors influencing CrRP formation in
Fe-Cr—Al alloys under irradiation. CrRP formation in Fe-Cr-Al alloys under
irradiation is influenced by the incident ion species, incident energy, dose rate,
irradiation dose, Cr, Al compositions, and temperature [8, 11-13]. However,
these conditions vary widely from one researcher to another, making it
challenging to compare their results. Furthermore, CrRP formation behavior
results from a complex superposition of these various factors, and it is
challenging to evaluate the influence of each factor quantitatively. Therefore,
in this study, 14 Fe-Cr—Al alloys with systematically varying Cr and Al
compositions were ion irradiated at three dose rates, and 3DAP analysis of
the CrRPs formed were analyzed using multiple regression analysis to extract
and quantify the primary factors and their interactions affecting CrRP
formation. Furthermore, using data from previous studies, the behavioral
changes in CrRP-related quantities over a wide range of dose rates from ion
to neutron irradiation was systematically visualized, and the effects of Cr,
Al composition, and dose rate were discussed. These results provide a better
understanding of the CrRP formation behavior in Fe-Cr-Al alloys under
irradiation and essential information for developing mechanistic models and
model validation.

The paper is organized as follows. Section 2.1 describes the reasons
for selecting the 14 Fe-Cr—Al alloys and describes the sample preparation
methods. In Section 2.2, the ion irradiation conditions are set up, and in



Section 2.3, the 3DAP analysis procedure is described. Section 3.1 presents
the 2D mapping of the 3DAP images of the CrRPs for each alloy composition
and dose rate. In Section 3.2, a clustering analysis was performed on these
CrRPs to quantitatively assess the CrRP-related quantities (number density,
radius, volume fraction, and Cr concentration in the CrRP), organized by
variables (Cr and Al compositions and dose rates). Then, Section 4.1
discusses the correlation matrix between each variable and CrRP-related
quantities and extracts trends in the correlations. Section 4.2 quantifies
the influence of each variable and their interaction terms on CrRP volume
fraction values using multiple regression analysis. Section 4.3 demonstrates
the usefulness of organizing dose and irradiation time dependence as a
methodology for identifying trends in the formation behavior of CrRP-related
quantities over a wide range of dose rates, from ion to neutron irradiation.
Finally, the primary conclusions are summarized.

2. Experimental

2.1. Material

In this study, 14 Fe-Cr—Al alloys with systematically varied Cr and Al
compositions were prepared by arc melting to clarify the formation behavior
of CrRPs under ion irradiation. The 14 alloy compositions were chosen based
on the range of Al compositions covering the hardness increase/suppression
reported in previous thermal aging experiments [5] and the compositions for
which data are available on CrRP formation under neutron irradiation [6, 13—
23]. Figure 1 shows the relationship between the selected alloy compositions
and the neutron irradiation data from previous studies.

To obtain the recrystallized state of pure ferrite, they were solution-
annealed at 1200°C for 2 h and then quenched in water to prevent
precipitation of Cr atoms during cooling. The plates were cut into 6 x 3 x 18
mm square bars, and the surface of the sample on the side to be irradiated
was mechanically polished and then finished with 0.3 pm colloidal silica.
The samples were then cut to 0.5 mm thickness and further electropolished
in a 2:8 mixture of sulfuric acid and methanol at approximately —25°C. The
average grain size of the resulting samples was approximately 500 pm for all
alloy types.



2.2. Ion irradiation

Fourteen Fe-Cr—Al alloy samples were loaded in the same sample holder
(upper inset of Fig. 1) and simultaneously irradiated with 10.5 MeV Fe?"
self-ions at 350°C using a tandem accelerator at Takasaki Ion Accelerators for
Advanced Radiation Application facility of the Takasaki Advanced Radiation
Research Institute in Japan. The samples were irradiated to 0.24 dpa at a
depth of approximately 1 um where 3DAP analysis was performed. Three
dose rates (8 x 1076, 8 x 107, and 8 x 10~* dpa/s) were used to investigate
the dose rate dependence, which is a critical parameter for predicting
CrRP formation under neutron irradiation conditions from ion irradiation
conditions. The extent of the effect of ion irradiation was investigated by
selecting eight alloys with relatively high Cr or low Al compositions from the
masked area of 8 x 107 dpa/s irradiation samples (50 min irradiation) and
analyzing them by 3DAP in the same way as the irradiated materials.

The ion irradiation was performed with a rastered beam at a uniformly
adjusted beam current using the scanner function. The temperature of the
samples was measured using thermocouples and an infrared camera, and the
sample temperature during irradiation was 350°C £ 10°C, considering beam
heating. The irradiation conditions of Fe ions in this study were determined
with reference to Zhao et al. [8]. The damage and ion stopping depth profiles
in Fe-Cr—Al alloys irradiated with 10.5 MeV Fe3* ions were calculated with
the SRIM code [24]. Following the calculation method proposed by Stoller
et al. [25] which is widely accepted as the standard for dpa reporting, the
calculations were performed using the “quick Kinchin—Pease calculation”
option, selecting the recommended displacement threshold energy of 40
eV [26] for iron or iron-based alloys. The damage energy was then calculated
according to Eq. (5b) in [25], and the obtained damage energy was used
to calculate the number of displacements according to Eq. (1) in [25]. To
determine the extent to which the damage profiles differ among the 14 alloys
used in this study, a comparison of pure iron and two alloys with very
different alloy compositions (Fe-40Cr and Fe-15Cr-8Al (at.%)) is shown in
Fig. 2. Although there are some differences in the profiles near the peaks of
damage and Fe ion implantation, there is little difference at approximately
1 pm, so the damage dose is assumed here to be 0.24 dpa for all alloys.
In the post-irradiation 3DAP analysis, the intermediate region (a depth of
approximately 1 pum) was selected as the analysis region to minimize surface
effects and the influence of irradiation-introduced Fe ions, as in Zhao et al. [8].



2.3. 3DAP characterization

Samples for 3DAP analysis were prepared using a standard lift-out
technique and a focused ion beam. The CrRPs produced under ion
irradiation were analyzed using 3DAP (LEAP 5000XS, CAMECA). The
3DAP analyses were performed in laser mode with a laser pulse energy of 30
pJ at a base temperature of 30 K. The acquired data were reconstructed using
CAMECA TVAS 3.8.16 software. To correctly deconvolve the overlapping
peaks at mass-to-charge ratios of 27 Da (*Al*, *Cr**, 51Fe*") and 54 Da
(54Cr™T, 54 Fe™), both peaks were first assigned to Fe, and the measured Cr and
Al compositions were corrected based on the natural isotopic abundance of
each element [6, 27]. This treatment significantly improved the deviation of
the Al content in the matrix from the nominal value, whereas the Cr content
in the matrix composition was largely unaffected. Figure 3 compares the Al
matrix composition before and after correction and the nominal values for
each alloy, and Table 1 gives the corrected alloy compositions of Cr and Al.

To streamline the linkage with various data analyses of CrRP-related
quantities to be performed in Section 4, a unique clustering analysis script
was created using R (version 4.3.1) and MATLAB [29] for the 3DAP analysis.
The clustering analysis of Cr-rich regions was performed using the maximum
separation method [18, 30]. Here, the maximum separation distance dyax,
which defines whether Cr atoms belong to the same cluster, ranged from
0.4 to 0.6 nm, and the minimum number of Cr atoms in a statistically
significant cluster Ny, ranged from 30 to 100. The envelope and erosion
method [30, 31] was used to extract Fe and Al atoms in CrRPs extracted by
the maximum separation method to correctly calculate cluster size, number
density, composition, and volume fraction.

The number of samples used for 3DAP analysis was 49, consisting of
41 irradiated materials (three different damage rates) and 8 thermally aged
materials, one tip per condition. The 3DAP analysis volume was carefully
chosen for each condition to avoid artifacts such as poles due to diffraction.
The volumes and total number of atoms for each sample used in the 3DAP
analysis are listed in Table 1.

Then, the CrRP number density N¢rp was calculated by [8, 18]

N, _ Ncrp nerp Pl 1
CrRP — V - tot ) ( )
natom

where ngrp is the number of measured CrRPs in the reconstructed volume,
V' is the reconstructed volume, p is the density of the CrRPs (assumed
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to be 84.3 atom nm™3, the same as a-Fe), Q (= 0.80) is the detection
efficiency of the atom probe used, and nt is the total number of atoms
in the reconstructed volume. The size (radius) of CrRPs, Rcmp, was
calculated using the spherical equivalent radius [30] given by the following

formula [8, 18]:
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where nS™RP is the number of atoms detected in each CrRP. The CrRP

atom
volume fraction fe,rp is calculated as follows [8, 18]:
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that is the sum of the number of atoms contained in CrRPs within the
analyzed volume divided by the total number of atoms in the reconstructed
volume.

3. Results

3.1. Visualization of CrRPs by SDAP analysis

First, to give an overview of the CrRP distribution differences by 3DAP
analysis of 14 Fe-Cr—Al alloys irradiated with ions at three dose rates, a
planar projection of Cr atoms in an arbitrary volume of each alloy is shown
in Fig. 4. As the Cr composition of the matrix increases, CrRP formation is
enhanced. However, as the Al composition increases, the formation of CrRPs
is suppressed. Furthermore, CrRP formation decreases as the dose rate
increases. Uniform and distinct CrRPs were observed in the high Cr alloys
without Al, whereas the CrRPs were obscured when adding Al. However,
there appeared to be little systematic change in the cluster diameter for each
variable. No CrRP formation was observed in thermally aged materials,
except for Fe-21Cr. This result indicates that irradiation promotes CrRP
formation. Furthermore, it is proposed that the Cr composition significantly
affects CrRP formation, particularly that the formation is rapidly accelerated
at high Cr additions above a specific level.

As a peculiar behavior, in Fe-10Cr, CrRP formation was only observed
at the highest dose rates of 8 x 107* dpa/s. This result contrasts with
other alloys where CrRP formation is suppressed at higher dose rates. The



microstructure was observed after etching the alloy surfaces to investigate
the cause. It was found that, in some cases, martensitic transformation
occurred in Fe-10Cr during rapid cooling after solution annealing. In such a
mixed ferrite/martensite microstructure, the formation behavior of CrRPs
might differ from that in the ferrite phase. On the other hand, studies
have shown that the mechanism of CrRP formation during thermal aging
is spinodal decomposition in Fe-40Cr [32]. This mechanism differs from
the nucleation-type mechanism for alloys other than Fe-40Cr used in this
study. In this study, a modulated structure with many interconnected Cr-rich
regions, characteristic of spinodal decomposition, was observed even under
ion irradiation (Fig. 4). Therefore, the number density and size of isolated
Cr-rich clusters could not be determined. Therefore, the mechanism of CrRP
formation under ion irradiation in Fe-10Cr with mixed ferrite/martensite
microstructures and in Fe-40Cr undergoing spinodal decomposition will be
discussed in a future paper and will not be included in the multiple regression
model developed in Section 4.2.

3.2. Quantification of CrRP-related quantities by clustering analysis

The clustering analysis described in Section 2.3 was used to identify
the Cr-rich regions in each Fe-Cr—Al alloy shown in Fig. 4 and extracted
as individual clusters for quantitative analysis. Table 1 summarizes the
obtained quantities: (a) CrRP number density, Nerp, (b) CrRP radius,
Recirp, (¢) CrRP volume fraction, forp, and (d) Cr concentration in CrRPs,
CE™®P and they are shown in Figs. 5 (a)—(d) against each variable (Cr and
Al matrix compositions and dose rates). Each figure also shows data for
Fe-18Cr from Zhao et al. [8] obtained under almost the same irradiation
conditions as in this study. Comparing both data in each figure, the values
of all CrRP measurements are comparable. Figure 5 (a) shows that the CrRP
number density increases with higher matrix Cr composition, lower matrix
Al composition, and lower dose rate. However, for the CrRP radius in Fig. 5
(b), the dependence on each variable is less clear, although there is a tendency
for the radius to decrease slightly with increasing Cr composition. The size
in Fe-12Cr is larger than the others. The dependence on each variable in the
CrRP volume fraction (Fig. 5 (c¢)) and the Cr composition in CrRPs (Fig. 5
(d)) show similar trends to those in the CrRP number density (Fig. 5 (a)).
The gray points in Figs. 5 (a)—(d) correspond to alloy compositions where the
CrRPs did not form or was below the detection limit of the APT analytical
volumes used here and can, therefore, be considered to represent the rough



critical compositional conditions for CrRP formation under the irradiation
conditions in this study.

4. Discussion

4.1. Correlation analysis of CrRP-related quantities

To further clarify the quantitative relationship between these CrRP-
related quantities and each variable, Fig. 6 shows the correlation matrix. The
label in the upper left corner of each panel shows the Spearman’s correlation
coefficient p between the two corresponding variables for all dose rate data
in each panel, along with significance level symbols * based on the p-value
calculated from the correlation test (a higher number of * indicates a higher
significance level).

For the CrRP number density, a positive correlation with the Cr matrix
composition (p = 0.54*) and a weak negative correlation trend with the
Al matrix composition (p = —0.34) were observed. Simultaneously, the
CrRP number density increased with lower dose rates. The CrRP radius
showed a weak but non-significant negative correlation with Cr and Al matrix
compositions (p = —0.24 and p = —0.28, respectively). No clear correlation
with dose rate was observed.

The Cr concentration in CrRPs tends to decrease with increasing CrRP
radius (p = —0.3). This trend may reflect the unusually large CrRP radius
data observed in Fe-12Cr, where fewer CrRPs are formed. The shape of
the CrRPs in Fe-12Cr was somewhat flat rather than spherical as observed
in all the other alloys. The cause of this is unknown at this time and is
being investigated in conjunction with TEM observations. The correlations
between the CrRP volume fraction and Cr composition (and Al composition)
and between the Cr concentration in the CrRP and Cr composition (and Al
composition) showed similar trend to the correlations between the CrRP
number density and these variables. A strong correlation (p > 0.8*) was
found between the three measurements of CrRP number density, volume
fraction, and Cr concentration. The Cr concentration in the CrRPs is
higher at lower dose rates, indicating that the CrRP formation state is more
advanced at lower dose rates. However, to clarify this, comparisons at the
same irradiation dose and according to irradiation time are needed.



4.2. Multiple regression model to assess the effect of each variable and their
interactions on CrRP volume fraction

Among the three CrRP-related quantities (number density, volume
fraction, and Cr concentration) for which strong positive correlations were
identified in the previous section, the CrRP volume fraction, which is strongly
related to embrittlement, is selected as representative, and the effect of
each variable (explanatory variable) on the CrRP volume fraction (objective
variable) is quantitatively assessed by multiple regression analysis.

Although systematic experimental data covering various Cr and Al
compositions were available for this study, the limited number of data (sample
size) for regression modeling led to selecting a linear multiple regression
model with a low risk of overfitting and robustness to extrapolation rather
than a complex nonlinear model with a high risk of overfitting. Linear here
means that the model is linear regarding the coefficients of each explanatory
variable. To account for the possibility that the response of the objective
variable might not be independent for each explanatory variable, the three
explanatory variables (Cr, Al matrix compositions, and dose rate) were
considered as primary effects and the combination of all multiplications
of these explanatory variables as interaction terms. Then, the multiple
regression model is given by

Yi = 50‘1‘511’1'1+52$i2+531’13+512$i1$i2+523$12$i3+5311’13$i1+5123$11$i2$13‘é‘€)i7
4

where y; is the i-th record (sample) of the objective variable (CrRP volume
fraction), z;1, s, and ;3 are the i-th records of the Cr matrix composition,
Al matrix composition, and dose rate, respectively, and x;1T;0, T;T;3,
3T, and x;1x01;3 are the possible interaction terms. The coefficient
for each term is the regression coefficient and is determined by training.
¢; in the last term on the right-hand side of Eq. (4) is the error term,
assuming a normal distribution. As a preprocessing step, the dose rate was
log-transformed because it has an extensive range of two orders of magnitude
compared to the other primary effects. All variables were standardized to
correctly account for interaction effects. The cases of Fe-10Cr, which might
contain martensitic phases in some samples, and Fe—40Cr, with a spinodal
decomposition mechanism, were excluded from the model training data.

In general, adding explanatory variables to a regression model improves
the goodness-of-fit to the training data but is likely to lead to overfitting
that reduces predictive performance. Omne of the most popular model
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selection theories that address this goodness-of-fit/reliability trade-off is
Akaike’s Information Criteria (AIC) [33], comprising a goodness-of-fit term
and an increasing parameter penalty term. A multiple regression model
was constructed to minimize the AIC by starting with the full model and
using a backward selection method where explanatory variables that increase
the AIC are removed. The variance inflation factor (VIF), a measure of
the stability of the multiple regression models generated, is less than 1.3
for all explanatory variables, indicating no multicollinearity in the models.
Furthermore, various regression diagnostics on the validity of the linear model
assumptions showed that the normality, global statistics, skewness, kurtosis,
link function, and heteroscedasticity of the predicted data were all within
acceptable limits (p > 0.07), ensuring the validity of the model.

Fig. 7 (a) shows the prediction performance of the model on the
experimental data. The generated model showed a very good fit, with a
degree of freedom adjusted dej = 0.89 (p < 107'%: highly significant).
Figure 7 (b) is a forest plot of the coefficient estimates and significance level
magnitudes for the seven explanatory variables (three primary effects and
four interactions) selected by the AIC minimum condition. The positive
and negative values represent the contribution to an increase or decrease in
the objective variable (CrRP volume fraction), respectively, with absolute
values indicating the magnitude of the contribution. The magnitude of the
contribution to the CrRP volume fraction by each of the primary effects
that showed a significant correlation with the CrRP volume fraction, as
shown in Fig. 6, were the Cr matrix composition (40.48*), Al matrix
composition (—0.34**), and dose rate (—0.35***). In addition to the primary
effects, several significant interaction terms occurred, indicating that complex
elementary processes are involved in the formation behavior of CrRPs.
Particularly important interactions were between the dose rate and the Cr
matrix composition, and between the Cr and Al matrix compositions. The
interaction terms involving all three primary effects were significant, but
as this interpretation is challenging, the more detailed contribution of the
interaction terms between the two variables was analysed.

Here, the effects of the interactions between the explanatory variables
were assessed using the individual conditional expectations (ICE) plot shown
in Fig. 7 (c). The ICE visualizes in a single line how the predicted values for
each piece of data change when the explanatory variables are changed. Thus,
if there are interactions between the explanatory variables, it is possible to
observe the heterogeneous relationship of the predicted values resulting from
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these interactions. The left plot in Fig. 7 (c¢) shows that for all data, the
CrRP volume fraction increases with increasing Cr composition, as indicated
by the gray lines. However, the CrRP volume fraction hardly changes with
increasing Cr composition when the Al composition is greater than 12 at.%,
as indicated by the red lines. The middle and right plots in Fig. 7 (¢) show
the dependence of the CrRP volume fraction on the Al composition and
dose rate, respectively. These figures show that the CrRP volume fraction
decreases with increasing Al composition and dose rate in both cases (gray
lines). However, when the Cr composition is less than 13 at.%, the CrRP
volume fraction remains low even at lower Al compositions and dose rates
(red lines). The results indicate a clear interaction between the explanatory
variables, indicating that reducing the Cr composition and increasing the Al
composition contribute to the suppression of CrRP formation even under low
dose rate neutron irradiation, and further research is required.

Next, in Fig. 7 (d), the predicted contours from the multiple regression
model are plotted on the Al and Cr composition dependence map of the
CrRP volume fraction data obtained in this study. The predicted contours
are drawn based on the estimated values at each grid point of the 100 x 100
partition of the Cr and Al composition ranges in the figure. The predicted
contours show an increasing CrRP volume fraction with the increasing Cr
matrix composition and decreasing Al matrix composition and dose rate.
It is of engineering importance to visualize the critical conditions for CrRP
formation that can be read from these contours.

The machine learning modeling of the CrRP volume fraction based on ion
irradiation experiments performed in this study could construct an accurate
model in the linear multiple regression models because the mathematical
functions of the model were expressive enough to capture the complexity
of the problem. However, caution should be exercised when predicting
neutron irradiation conditions with dose rates 1-2 orders of magnitude
lower than the minimum dose rate of 8 x 107% dpa/s considered in this
study. The reason is that it is unlikely that CrRP-related quantities will
continue to increase with decreasing dose rates. Therefore, compared at
the same dose, below a specific dose rate, the increase rate of CrRP-related
quantities should slow down (or even start to decrease) due to nonlinear
effects. Here, mathematically expressive nonlinear models that can capture
beneficial patterns should be considered. However, more complex regression
models involving nonlinear effects require sufficient training data to avoid
overfitting the model. Therefore, in addition to the CrRP data up to the 0.24
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dpa obtained in this study, ion irradiation data should be extended to higher
damage levels. This would help discuss the damage level dependence, an
essential variable in CrRP formation behavior under irradiation. Therefore,
additional ion irradiation experiments comparable to high damage levels
(e.g., 0.8 and 1.8 dpa), for which neutron irradiation data are relatively
abundant, are currently being performed in this study.

However, to predict the formation behavior of CrRPs under neutron
irradiation using ion irradiation experiments, developing a mechanistic
physical model that can reasonably relate to the dose rate gap is essential.
Therefore, we are developing a mechanistic physical model based on the
phase-field method. The quantitative knowledge of the influence and
interaction of each variable on various physical quantities related to CrRPs,
obtained by the multiple regression model developed in this study, should
provide critical information for developing mechanistic physical models and
play an essential role in verifying computational results.

4.3. Prospects for predicting neutron irradiation conditions with the addition
of data from previous studies

So far, a detailed discussion of the CrRP-related quantities obtained from
the ion irradiation experiments conducted in this study has been presented.
However, the final objective is to predict the CrRP formation behavior
under neutron irradiation conditions based on the results obtained under ion
irradiation conditions. Therefore, it is necessary to accumulate knowledge
of the production behavior of CrRP-related quantities over a wide range of
dose rates. This section provides an overview of the effect of dose rate on
the production behavior of CrRP-related quantities over a wide range of dose
rates based on data obtained in previous studies, and discusses the results to
guide future research.

Comparisons based on irradiation doses are commonly used to investigate
the effect of dose rate. However, as shown in thermal aging experiments, the
formation behavior of CrRPs depends on the thermal aging time. It is critical
to consider the effect of irradiation time during irradiation. Although the
irradiation time required to achieve the same dose is inversely proportional to
the dose rate, the dose and irradiation time-dependent visualization of CrRP
formation behavior should provide valuable information for understanding
the effect of dose rate on CrRP formation behavior. Therefore, Fig. 8
shows the dose dependence (left panel) and irradiation time dependence
(right panel) of (a) CrRP number density, (b) radius, (c¢) volume fraction,
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and (d) Cr concentration. For the irradiation dose dependence, data from
previous ion [8, 11-13] and neutron [6, 7, 17, 19, 21-23] irradiation studies
were used with the present data. For the irradiation time dependence, data
from thermal aging studies [7, 8, 27, 34-38| were also used as a limit for the
zero dose rate.

First, the irradiation dose dependence of the left panel of Fig. 8 is
examined. All thermal aging data are not shown because the irradiation
dose dependence is not seen due to zero damage. These figures show that
all measured quantities (a)—(d) rapidly increase up to low irradiation doses,
such as 0.3-0.5 dpa, after which the increase slows down. For the CrRP
number density in (a), unlike the other measured quantities, a peak is
reached at a specific irradiation dose and then begins to decrease. This
result indicates that above a specific number density, the distance between
the CrRPs decreases and some phases combine. This CrRP number density
decreases uniformly with increasing Al additions. However, in (b)—(d), the
CrRP-related quantities maintain a gradual increasing trend with irradiation
dose. In the dose rate region corresponding to ion irradiation, these
CrRP-related quantities decrease with increasing Al addition, as shown
in this study. However, in the dose rate range corresponding to neutron
irradiation, the tendency for the formation of these CrRPs to be suppressed
by Al addition cannot be easily confirmed. This result might be due to
the lack of neutron irradiation data, making it challenging to determine the
degree of influence of each variable.

For the Al-free Fe—Cr alloys, the ion and neutron irradiation data have
several plot points in the same irradiation dose range. Although the
uncertainty is large due to the small number of data points, considering
the size of the points representing the Cr composition, these data points are
on a constant trend line regardless of the dose rate. However, the results
of the ion irradiation experiments in this study show that at a dose of 0.24
dpa, the CrRP-related quantities are higher at lower dose rates. At the
dose of 10 dpa, phase-field calculations by Ke et al. [10] reported that the
CrRP-related quantities do not depend much on the dose rate and little
CrRP is formed above 1075 dpa/s. Zhao et al. [8] highlighted that in the
CrRP definition by Ke et al. [10], the Cr concentration is higher than 75-80
at.%, so it is possible that CrRPs at low Cr concentrations, such as those
obtained in this experimental study, were not detected. This result might
have contributed to the discrepancy with the present experimental results,
where a clear dose rate dependence was observed. However, in addition to
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the difference in irradiation dose between the calculation and the present
experiment, the dose dependence of CrRP formation behavior might also be
based on a complex process that depends on Cr composition, Al composition,
and their combination. Therefore, further studies are needed to clarify the
dose dependence of CrRP-related quantities when compared at the same
damage level. A critical experimental problem is that neutron irradiation
data with low dose rates tend to have higher doses, and the range of doses that
can be directly compared with ion irradiation data is narrow. Therefore, it is
essential to extend the range of high damage dose data from ion irradiation
with different dose rates to better understand the CrRP formation behavior
under neutron irradiation.

The irradiation time dependence is examined in the right column of Fig. 8.
The respective CrRP-related quantities in (a)—(d) are organized by smoother
and more continuous trend lines than the irradiation dose dependence shown
in the respective figures in the left column. The CrRP number density in (a)
went from increasing to decreasing at 10-100 h. Relatedly, the CrRP radius
in (b) increases at 10-100 h. The other two, (¢) CrRP volume fraction and
(d) Cr concentration in CrRPs, show similar continuous increasing behavior
with irradiation time. Regarding the irradiation (thermal aging) time, no
overlap occurs between the ion irradiation and thermal aging data, but
an overlap occurs between the neutron irradiation and thermal aging data.
Although the dose rate of neutron irradiation is low, it is naturally affected
by irradiation. Therefore, to understand the CrRP formation behavior, the
superposition effect of the CrRP formation mechanism during thermal aging
and the CrRP formation mechanism during irradiation must be considered.
Furthermore, the neutron irradiation and thermal aging data differ in the
temperature range of 300°C-390°C and 475°C-500°C respectively. Despite
these seemingly substantial differences, the irradiation time dependence of
the respective CrRP-related quantities in (a)—(d) shows a similar trend for
the neutron irradiation and thermal aging data. This result does not mean
that the effect of irradiation can be ignored, but indicates that the degree of
influence of irradiation (thermal aging) time on CrRP formation behavior is
relatively large. To clarify this point, futher understanding of the influence
of temperature under irradiation is required. Nevertheless, the results could
have valuable implications for constructing and validating predictive models
of CrRP formation. In this context, an essential feature of a suitable
predictive model is that, in addition to being able to correctly describe the
effect of dose rate, it must have the generality to explain the CrRP formation
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behavior due to thermal aging as an extreme limit with zero dose rate.

In this study, CrRP-related quantities were measured at the same
irradiation dose at three dose rates. As the irradiation time is inversely
proportional to the dose rate at the same irradiation dose, the assessment of
the irradiation time dependence and the dose rate dependence are practically
indistinguishable regarding the data of this study. Therefore, to clarify the
influence of dose rate also in terms of irradiation time dependence, it is
necessary to obtain and compare data at different dose rates and times by
extending the data at higher irradiation doses in addition to the data at a dose
of 0.24 dpa obtained in this study. Additional ion irradiation experiments
for this purpose are in progress.

5. Summary

For Fe-Cr—Al (ODS) alloys to be developed as ATF cladding for light
water reactors, the challenge is to accurately predict the formation of
CrRPs that occur at relatively low irradiation temperatures and cause
embrittlement. However, CrRP formation under neutron irradiation is poorly
understood due to the global limitations of irradiated reactors. Therefore,
this study used ion irradiation as an alternative to neutron irradiation, and
CrRPs formed at three irradiation dose rates were systematically quantified
for 14 Fe-Cr—Al model alloys by 3DAP analysis, yielding the following results.

o (Correlations between each variable

— CrRP number density, volume fraction, and Cr concentration
showed a strong correlation with Cr composition and a negative
correlation with Al composition and dose rate.

— CrRP radius showed a weak negative correlation trend (no signif-
icant difference) with Cr and Al compositions, but no correlation
with dose rate.

— Strong bivariate correlations were observed between the measured

CrRP number density, volume fraction and Cr concentration in
CrRPs.

o Symnergistic effects of variables on CrRP volume fraction by multiple
regression analysis
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— The higher the Al composition, the lower the increase in CrRP
volume fraction with increasing Cr composition.

— The lower the Cr composition, the smaller the increase in CrRP
volume fraction with decreasing Al composition and dose rate.

o Database analysis to estimate CrRP formation behavior over the
damage rate range from ion irradiation to neutron irradiation

— Regarding dose dependence, all CrRP-related quantities increase
rapidly up to low doses of 0.3-0.5 dpa, after which the changes
become slower.

— For irradiation time dependence, the data for each CrRP-related
quantity show a smooth and continuous trend with irradiation
time when the thermal aging data, where the dose rate is assumed
to be zero, are considered, and the trend is similar for the neutron
irradiation and thermal aging data.

In summary, the database of CrRP-related quantities obtained in this
study is valuable for validating and improving various mechanistic prediction
models for CrRP formation behavior under neutron irradiation. However,
due to the paucity of data corresponding to higher irradiation doses at
different dose rates, further irradiation data are needed to clarify the effects
of the dose rates identified in this study, and experiments are underway. Once
this is achieved, complementary methodologies based on data-driven models
and advances in mechanistic numerical prediction models will pave the way
for predicting the production behavior of CrRPs under neutron irradiation
conditions.
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Figure 1: The relationship between the 14 alloy compositions selected, prepared, and used
in this study and the alloy compositions in the neutron irradiation data from previous
studies [6, 13-23]. The plot points of the neutron irradiation data were shifted vertically
and horizontally around each data point using uniform random numbers of 1 at.% to avoid
overlapping and indistinguishable data of the same composition. For the ion irradiation
experiments, all prepared Fe-Cr—Al alloys were loaded into the same sample holder and
irradiated simultaneously, as shown in the inset in the upper part of the figure.
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Figure 2: Depth profiles of displacement damage (left axis) and incident ion concentration
(right axis) in pure Fe, Fe-40Cr, and Fe-15Cr—8Al (at.%) irradiated with 10.5 MeV Fe3*
ions based on SRIM calculations [24]. Following the calculation method proposed by
Stoller et al. [25], which is widely accepted as the standard for dpa reporting, the "Quick
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Figure 3: Identification of the Al matrix composition using 3DAP mass-to-charge ratios:
(a) before correction, (b) after correction using natural isotope abundance ratios.
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Figure 5: Cr and Al matrix composition dependencies of the measured quantities
associated with CrRP in each Fe-Cr—Al alloy quantified by the clustering analysis: (a)
CrRP number density, Ncyrp, (b) CrRP radius, Rorrp, (¢) CrRP volume fraction, fo,rp,
and (d) Cr composition in CrRP, CS™RF. The x marks indicate data points where no
CrRP formation was observed. Each panel is presented in ascending order from left to
right for the three dose rates studied. Data for Fe-10Cr, which martensitises, and Fe-40Cr,
which undergoes spinodal decomposition differently from other alloys, were excluded. The
labelled diamond symbols correspond to Fe-18Cr data (at 350°C to 0.37 dpa at a damage
rate of 1072 dpa/s) from Zhao et al. [8].
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Figure 6: Correlation matrix between different CrRP-related quantities and variables (Cr
and Al matrix compositions) obtained from the cluster analysis using the data as shown
in Fig. 5. For the names of these quantities shown on the diagonal from top left to
bottom right, the vertical and horizontal intersection panels show the correlation between
the two corresponding quantities. Each panel shows a scatterplot and an approximate
straight line for each dose rate. The upper left label of each panel shows Spearman’s
correlation coefficient p between the corresponding quantities, including the data for all
dose rates, filled with a gradient such that the stronger the negative correlation, the darker
the blue and the stronger the positive correlation, the darker the red. The symbol to the
right of each correlation coefficient indicates the level of significance based on the p-value
calculated from the correlation test as follows: no symbol: not significant, . : p < 0.10, *:
p < 0.05, ¥**: p < 0.01, **: p < 0.001.
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(a) Model fit analysis (b) Marginal effects of interaction terms
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(c) Individual conditional expectation (ICE) plot
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(d) Model prediction of CrRP volume fraction, fcrp
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* Contour lines: model prediction, symbols: experimental data
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Figure 7: Assessment of the influence of each variable and their interactions on the
CrRP volume fraction using multiple regression model. (a) Scatter plot comparing the
experimental values of CrRP volume fraction (horizontal axis) and the estimated values
from the multiple regression model (vertical axis). (b) Forest plot of the average marginal
effect of each explanatory variable on the change in CrRP volume fractions, including
interactions in the multiple regression model. Explanatory variables corresponding to
positive or negative effects on the CrRP volume fraction are marked with a significance star
and a bar for the 95% confidence interval. (c) Individual conditional expectation (ICE)
profiles showing how the predicted values (lines) of individual measurements (symbols)
vary as a function of the given explanatory variables. The red lines are drawn to highlight
the presence of interactions where the effect of each explanatory variable on the CrRP
volume fraction depends on the composition of Cr and Al. (d) The relationship between
measured values and contours of the CrRP volume fraction drawn based on the prediction
from the multiple regression model at 100 >00 grid points in the compositional range of
Cr and Al



(a) CrRP number density, N¢rp
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Figure 8: For the various CrRP-related measurements: (a) CrRP number density, (b)
CrRP radius, (¢) CrRP volume fraction, and (d) Cr concentration in CrRP, the three
figures in the left column show the dose dependence and the three figures in the right
column show the irradiation time dependence, all on a logarithmic scale on the horizontal
axis. Each set of three figures is arranged in ascending order from left to right regarding the
range of the Al compositions (at.%). The size of the plot points represents the magnitude

of the Cr composition, and the colour represents the dose rate.

For comparison, the

data obtained in this study (350°C), but also previously reported self-ion irradiation data
(300°C-350°C) [8, 11-13] and neutron irradiation data (300°C-390°C) [6, 7, 17, 19, 21-23]
are plotted. In the irradiation time dependence plots in the right column, data for thermal
aging (gray points), which can be assumed to be the limit of the zero dose rate, are plotted
to compare irradiation effects. However, since there is little thermal aging data below
450°C, the data for 475°C and 500°C [7, 8, 27, 34-38] are plotted for reference, although
the temperature range differs from the irragi@tion data.



