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Abstract

The evolution of radiation damage in steels is a major issue for the safe operation of Nuclear Power
Plants. Mn and Ni contribution to the formation and evolution of microstructural features remains a
controversial issue. The present study aims at investigating their effects on microstructure by
irradiating undersaturated BCC Fe-3.3at.%Ni and Fe-2.8at.%Mn model alloys. Two different ion
irradiation conditions have been applied to study the effect of irradiation dose rate in both of these Fe-
based alloys at a temperature of 673 K. In all cases, irradiation promotes the formation of dislocation
loops. In the FeNi alloy, radiation-induced segregation is observed on loops, leading to precipitation of
a FCC phase in the low dose rate irradiation condition only. In the case of FeMn, even if no
precipitation occurred, highly enriched decorated dislocation loops are observed, leading to a higher
Mn segregation at radiation defects than Ni.

1. Introduction

Reactor Pressure Vessel (RPV) steel embrittlement in Nuclear Power Plants (NPPs) is well-known to
be due to the formation and evolution, under irradiation, of complexes made of point defects (PDs:
vacancies and self-interstitial atoms) and solute atoms such as Cu, Si, Mn, Ni and P, that impede
dislocation motion *°. Such evolution at nm-scale plays a key role upon the microstructure and the
resulting mechanical properties.

Under irradiation, PDs in excess can drag solutes towards PD sinks due to flux coupling. This is the
so-called Radiation-Induced Segregation (RIS) mechanism ° that can occur even in undersaturated
alloys. This atomic diffusion process can be very efficient due to the permanent excess of PDs,
regardless of whether thermodynamic driving forces act on the system or not. Mechanisms leading to
the formation of these clusters have yielded a huge amount of theoretical and experimental studies
over the past 40 years ' *°, showing the singularity of each solute constituting RPV steels 2*?!, The first
element that gained attention among the scientific community is copper **. In steels with low Cu
contents, such as French RPVs, Cu migration towards PD sinks (vacancy clusters and interstitial
clusters) is covered by vacancies "*>?. At the opposite, for phosphorous, the predominant contribution
to this solute diffusivity is provided by mixed dumbbells ?°. Therefore, the understanding of
segregation mechanisms occurring under irradiation is not straightforward but still a challenging
problem. In 1995, the possibility of forming MnNi-rich clusters was put forward by G. R. Odette et al.
% The authors then demonstrated by Lattice Monte Carlo (LMC) simulations the MnNi precipitates
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complex chemical structures that can form depending on Cu, Ni and Mn contents and temperature .
Studies made on Cu-core-MnNiSi-shell, Cu-core-MnNiSi-appendage precipitates and MnNi clusters
in low Cu and Cu-free alloys, showed that these clusters play the dominant role in the hardening and
embrittlement of the materials of interest %2, As a result, the question of the mechanisms leading to
the formation of these MnNi-rich clusters/precipitates was raised. L. Messina et al. **** demonstrated
that the positive coupling between Ni atoms and vacancies leads to an enrichment in Ni in the vicinity
of PD sinks, up to a temperature of 1087 K. In the case of Mn, coupling with both the interstitials
(formation of Fe-Mn mixed dumbbells), and vacancies lead to Mn enrichment in the vicinity of PD
sinks up to a temperature of 1011 K. However, even though solute dragging by PDs, namely RIS, is
known to be a strong mechanism for solute enrichment or depletion on microstructural defects, to date,
the driving force for their clustering is still a matter of debate *.

On the one hand, these MnNi clusters (MNSs and MNSPs when containing Si and Si-P atoms
respectively) are called “Late Blooming Phases” (LBP) [21]-[23]. They are claimed to be
thermodynamically stable, to form at high neutron fluence then grow rapidly, leading to an accelerated
embrittlement of the steel *. Under this assumption, RIS is believed to play a role in MNSP formation,
especially in the nucleation stage (segregation on small dislocation loops created in displacement
cascades), after which precipitation of phases such as G (MngNiSi;) and ', (Mn,NisSi) phases *°
takes place. In that respect, S. Shu et al. ** recently developed a kinetic lattice Monte Carlo method,
parameterized using CALPHAD and recent APT data to simulate post-irradiation annealing (PIA) of
MNSPs. The results showed a good agreement with experimental observations, in terms of volume
fractions, number densities and sizes. It also predicts the initial structure of the MNS precipitates as B2
bcc stable phases. Further 425°C PIA experiments were conducted in intermediate and high Ni RPV
steels irradiated to a high fluence with neutrons at ~320°C **. The authors showed MNSP precipitate
coarsening by Atom Probe Tomography (APT) and Scanning Transmission Electron Microscopy
(STEM), suggesting their stability even at a temperature 105°C higher than their formation
temperature. These phases are thus believed to be stable at the operating temperature of ~290°C.

On the other hand, similar experimental works were performed by E. Meslin et al. *® on a neutron-

irradiated Fe1.1Mn0.7Ni (at.%) alloy subjected to a 400°C PIA. They revealed a partial dissolution of
MnNi clusters. Even though a possible synergistic effect between Mn and Ni is plausible, Mn and Ni
segregation is suggested to result from a radiation-induced mechanism only and are, thereby,
considered as unstable. These observations were supported by atomistic simulations reporting a very
early nucleation of Mn-Ni-rich clusters growing much slower than Cu-rich clusters **. Density
functional theory (DFT) calculations and Monte Carlo simulations performed by G. Bonny et al. *°
revealed the unstability of Mn—Ni pairs and triplets but an attractive binding energy after their
clustering, reinforcing the assertion of the induced mechanism as being the only one acting on solutes.

Along with solute clustering mechanisms, we address the issue of laboratory experience
transferability. In the literature, most of experimental works are based on irradiation campaigns
involving experimental reactors (with a dose rate 10 to 100 times higher than in NPPs) or charged
particle accelerators (ions or electrons, with a dose rate 1 to 10 million times higher than in NPPs).
The use of charged particle accelerators is justified by their accessibility, their lower cost and the
absence of radioactivity in samples, making the post-irradiation analysis much easier to handle.
Moreover, using higher dose rates enables a significant reduction of materials exposition time. In that
respect, the dose at which is subjected a RPV steel after 40 years can be achieved within few minutes
only. Irradiation conditions (temperature, dose and dose rate) can be properly controlled.

In this context, solute clustering mechanisms and dose rate effects were investigated concomitantly by
characterizing the microstructure of Fe-3.3at.%Ni and Fe-2.8at.%Mn model alloys, irradiated up to a
dose of 1.2-1.9 and 1.9-2.3 dpa respectively, using two different dose rates for each alloy. These
materials allow investigating the behavior of two solutes of importance in RPV steels ageing, avoiding
synergistic effects with other solutes (Cu, Si, P, Mo, etc.) and simplifying the microstructure (fully
ferritic materials).



The solute content (nearly 3 at.%) was deliberately chosen higher than that in RPV steels (between 0.4
and 0.8 at.% Ni and between 1.2 and 1.5 at.% Mn “), in order to emphasize the mechanisms
associated to solute diffusion under irradiation. However, materials remain undersaturated, so that RIS
is assumed to be the only mechanism at the origin of solute clustering. They will be referred to as
Fe3%Ni and Fe3%Mn along this publication.

The paper is structured as follows. Section 2 describes the methodology applied to address the
guestions developed above. Results obtained in the Fe3at.%Ni and Fe3at.%Mn alloys irradiated at two
different dose rates are presented in section 3. A discussion is conducted in section 4 to assess the
segregation mechanism, the effects of dose rate on irradiation damage, as well as the alloying effect.

2. Method

2.1. Materials

Materials used in this work are high-purity BCC FeNi and FeMn model alloys. At the temperature of
interest in this study (673 K), they constitute a solid solution where solute atoms are homogeneously
distributed in the Fe matrix. They were elaborated at Ecole des Mines de Saint-Etienne (EMSE,
France). The furnisher also performed chemical analyses using Atomic Absorption Spectroscopy
(AAS) for Ni and Mn and combustion analysis for C, O, N and S. The obtained chemical compositions
are given in Table 1.

Table 1: Chemical composition of the Fe3at.%Ni and Fe3at.%Mn alloys, as received from EMSE (nominal composition).
Balance is Fe.

Ni (at.%) Mn(at.%) C(appm) S (appm) O (appm) N (appm)
Fe3at.%Ni 3.3 -- <23 <4 <35 <4
Fe3at.%Mn - 2.85 <21 <14 <3 <5

The materials were hot forged and thermally treated at 1173 K during 16 hours under a pure Argon
flow. The latter step is of high importance in order to recrystallize the material and obtain a large grain
size (> 100 pum) and a low dislocation density (~ 10% cm™). We evaluated the first parameter by taking
SEM micrographs, and the second one using the line intercept method *’ from a TEM sample.

Both alloys were received as cylindrical rods of 10 mm in diameter and 250 mm in length. Cylinders
were cut into 1 mm thick slices and mechanically polished until reaching a thickness of 0.1 mm. Then,
3 mm disc specimens were punched from the thinned slices. Before proceeding to the irradiation, a 10
seconds electropolishing step was necessary in order to remove the top layer hardened during the cold
work. The electrolytic solution was made of 95% methanol and 5% perchloric acid, used at a
temperature of 233 K by means of a TenuPol-5 electropolishing equipment model from Struers. The
voltage was chosen equal to 23 V.

After irradiation, we used a dual-beam (Focused lon Beam: FIB) FEI Helios NanoLab 650, located at
the CEA of Saclay, to take thin foils and nanometric tips out from the bulk specimens by lift-out, for
TEM and APT analyses respectively.

2.2. Irradiation conditions
48,49

The samples were irradiated at the JANNuS-Saclay facility , at 673 K, using two different
irradiation conditions, referred to as high and low dose rate. In both cases, ion energy was chosen to
obtain the targeted dose of 1.2 dpa sufficiently far from both the surface and the damage peak.



Dose and ion implantation depth profiles were obtained by SRIM calculations ***!, in quick damage

mode using a displacement threshold energy of 40 eV. Profiles are given in Fig. 1. The depths of
observation for both irradiation conditions are indicated with hatched areas.
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Figure 1: Dose (dpa) and ion implantation depth profile ([Fe] (at.%)) obtained in the Fe3%Ni and Fe3%Mn samples,
irradiated at high dose rate (left) and low dose rate (right), estimated from SRIM calculation in "quick calculation" mode

%051 The sampling depth is indicated with hatched areas.

One can notice in Fig. 1 that in the Fe3%Ni alloy, the analysis was performed at 1.2-1.9 dpa. For the
high dose rate condition, the corresponding depth and dose rate are 200-500 nm and 5.1 - 6.1 x 10™
dpa.s™. For the low dose rate condition, the corresponding depth and dose rate are 800-1200 nm and
6.1 —8.2 x 10° dpa.s™. The difference in dose rate is around 70.

In the Fe3%Mn alloy, the analysis was performed at 1.9 — 2.3 dpa. For the high dose condition, the
corresponding depth and dose rate are 400-600 nm and 6.9 - 8.8 x 10™ dpa.s™. For the low dose rate
condition, the corresponding depth and dose rate are 1600-1900 nm and 1.2 — 1.5 x 10” dpa.s™. The
difference in dose rate is around 60.

The analyses performed on the irradiated Fe3%Mn refer to a higher dose ranging between 1.9 and 2.3
dpa. Several trials have been attempted on tips extracted at a depth of ~200 nm (as in Fe3%Ni) so both
alloys would be exactly comparable in terms of dose, in vain. For this reason, the Fe3%Mn alloy
characterization was made at higher depth, dose and dose rate, compared to the Fe3%Ni alloy. The
difference in dose being anyway almost similar, solute effects can still be inferred in this work.

To achieve such a high difference in dose rate (60-70), it was necessary to adjust the ion energy,
yielding a possible difference in the size of cascades and sub-cascades created by individual energetic
ions. It is even more true in the case of the Fe3%Mn alloy irradiated at high dose rate, where the
analysis was carried out near the damage peak. A bias related to the difference in the number and size
of aggregates remaining in cascades after the system relaxation can be induced. A direct consequence
is the various density of nuclei (interstitial and vacancy clusters), thus PD sinks, from one condition to
another. In order to estimate the effect of ion energy on nuclei density, we used the IRADINA code
%293 Fig. 2 gives, for each dose alloy, the proportion of each cascade according to its size, i.e. its
number of defects, presented by classes of 100 defects [10-100], [101-200], [201-300], [301-400], etc.
Defects containing less than 10 point defects are considered as isolated defects. Calculations were
made considering a depth of 300 - 400 nm and 0.9 — 1.2 um in the high and low dose rate irradiated
Fe3%Ni specimens respectively; and a depth of 500 - 600 nm and 1.5 — 1.8 pum in the high and low
dose rate irradiated Fe3%Mn specimens respectively.
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Figure 2: Proportion of each cascade size according to its number of point defects, in (a) the Fe3%Ni alloy, where the results
for the high and low dose rates conditions are shown is blue and red respectively; and (b) the Fe3%Mn alloy, where the
results for the high and low dose rates conditions are shown is orange and green respectively. Results were obtained using

the IRADINA code >%,

Fig. 2 shows that the cascade distribution is quite similar for both irradiation conditions and both
alloys. The major difference regards the Fe3%Ni alloy, where the low dose rate irradiation induced
small cascades (between 10 and 100 PDs) which are twice as humerous as ones formed under high
dose rate irradiation. The difference between the others does not exceed 8 %. In the Fe3%Mn, small
cascades (between 10 and 100 PDs) are 23% more numerous in the low dose rate irradiated specimen
whereas larger cascades (between 100 and 900 PDs) are slightly more frequent, with a difference of
12% at most. We therefore consider that both conditions are comparable in terms of ballistic damage.
The obtained results can be attributed to dose rate effects only.

2.3. Characterization techniques

As mentioned in section 2.1, a FEI Helios NanoLab 650 FIB was used to elaborate TEM thin foils and
APT needles. When a specific crystallographic orientation was seeked for further analysis, Electron
Backscattered Diffraction (EBSD) maps, obtained with the same equipment, were recorded prior to the
sample lift-out.

Before and after irradiation, microstructures were characterized by TEM. Chemical features were
analyzed by STEM/EDS, STEM/EELS and APT.

Regarding the microstructural investigations, we used a conventional FEI 20 G, Tecnai TEM (CEA
Saclay, France), equipped with a LaBg source delivering 200 keV electrons. Voids were studied by
taking through-focal series images **. Conventional Bright Field (BF) imaging mode was used to
estimate dislocation loop size. We determined their Burgers vector from micrographs recorded with
various reciprocal lattice vectors g, by applying the g.b=0 dislocation invisibility criterion **.
Especially after high dose rate irradiation condition, radiation-induced nanometric dislocation loops
were small and in high density, making their individual tracing impossible when tilting to a desired
diffraction condition. Therefore, the statistical method developed by A. Prokhodtseva et al. *® was
applied to estimate the loop humber density. A minimum of four g vectors must be considered, with at
least one non-coplanar. This method allows the determination of number densities of defects with
Y280<111> and a,<100> Burgers vector and, therefore, their ratio.

Specimen thickness was estimated by STEM/EELS using the log-ratio model ', by means of a Cs
probe-corrected FEI Titan TEM (Ecole Centrale de Paris, France). Chemical investigations were
carried out by STEM/EDS mostly to highlight the spatial correlation between microstructural defects
and chemical heterogeneities. First, images were recorded using the High Angle Annular Dark Field
(HAADF) detector. Then, the composition on several points and lines was measured by applying the
Cliff-Lorimer procedure *®, with Cliff-Lorimer factors being computed from standard X-ray
spectroscopic data.



To obtain more precise values of chemical concentration, APT *** was used as a complementary
technique. A CAMECA LEAP 4000X HR (CEA Saclay) was used in laser mode so as to increase
statistics. Pulse repetition rate and base temperature were 200 kHz and 50 K respectively. For each tip,
the laser pulse energy was set to an equivalent evaporation fraction of 20%. The collected data have
been processed using the “GPM 3D soft” software developed in the Group of Physics of Materials
(GPM, University of Rouen). First, as-received materials were analyzed and the random distribution of
solute atoms was verified using X? statistical tests. Then, in irradiated specimens where chemical
heterogeneities were highlighted, each cluster has been analyzed individually using the isoposition
method (IPM) on the basis of the local solute concentration ®°".

The concentration threshold was defined by the user by calculating the binomial distribution in a
random solid solution containing a similar solute content. The solute content value corresponding to
5% of the maximum frequency was used as threshold. In the present study, the value of 9at.% was
used for both alloys. Consequently, all atoms located in positions exhibiting a local solute
concentration higher than 9at.% were filtered and considered as belonging to the same solute-rich
cluster if the distance between them in less than 0.5 nm. In order to exclude matrix fluctuations, only
clusters containing more than a minimum number of solute atoms were kept.

Thereafter, cluster elemental analysis was done taking into account atom probe artifacts. According to
data obtained experimentally or calculated from field evaporation theoretical models ®, Ni evaporation
field is similar to that of Fe, contrary to Mn ®. The latter being a low field element with respect to Fe,
an overdensity is expected on the detector, on positions corresponding to Mn rich atmospheres. Some
Fe atoms surrounding the cluster may strike the detector at (x,y) positions corresponding to cluster
atom positions and not to the interface with the matrix, inducing a biased estimation of the local
concentration, as it is the case in the FeCu system . These trajectory overlaps and local magnification
effects have also been observed by I. Mouton et al. on Mn-rich nanocolumns distributed in a Ge
matrix . Raw values of Mn content are, thus, underestimated and should be corrected by removing
the contribution of Fe atoms artificially introduced in Mn clusters. Therefore, an approach has been
developed based on measurement of the atomic density in the cluster compared to its respective
theoretical value, to better assess the local chemical composition. We corrected Mn content in this
study by applying the following relation:

P _ (R (p - po)>
Cyn = (C vin * —) - <

M m Po Po
where Cjy,, is the measured Mn content in the cluster of interest, CJ*%"™* is the Mn content in the
matrix, p is the cluster volume density and p, the theoretical value of Fe-a volumic density, equal to
0.085 A%,

Nevertheless, this equation counts only for trajectory overlap and does not consider the local
magnification effects which increase the local density without modifying chemical composition. Thus,
the corrected Mn content deduced from this relation is overestimated and the actual Mn content lies
between the measured and the corrected Mn content.

When possible, the solute segregated/precipitated atomic fraction was defined as the ratio between the
number of solute atoms inside the clusters and the total number of solute atoms collected during the
APT analysis. This value was determined in order to quantify the precipitation advancement.

3. Results and discussion

3.1. Irradiated Fe-Ni alloy

This paragraph describes the results obtained by TEM and APT in Fe3%Ni irradiated under high and
low dose rate conditions, at a dose of 1.2 — 1.9 dpa.



High dose rate

As mentioned in section 2.2, the high dose rate irradiated Fe3%Ni sample was analyzed at a depth
ranging between 200 and 500 nm, where the dose rate corresponds to 5.1 - 6.1 x 10 dpa.s™.

The specimen exhibits a high density of small dislocation loops but no voids. Fig. 3 presents BF TEM
images taken in (101) and (001) zone axes on a FIB-elaborated lamella.
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Figure 3: Central Kikuchi map extracted from ® used to image dislocation loops formed in the Fe3%Ni sample irradiated at
high dose rate. BF TEM images of dislocation loops are shown in: (a) (001) zone axis using g=[110]; (b) (001) zone axis
using g=[200]; (c) (101) zone axis using g=[020]; (d) (101) zone axis using g=[10-1]. (e) Table of visibility for small
dislocation loops visible on (a, b, ¢, d) based on g.b value. A magnified image of (a) is also given to provide a better view of
loops, where a scaled APT reconstructed volume is also reported for comparison.

In this sample, it was not possible to trace each dislocation loop (section 2.3). Therefore, the
proportion of a; <100> and %2 a; <111> loop type was estimated by resolving the equation system



arising from the invisibility criterion (table presented in Fig. 3.e). Indeed, assuming that each family
form in the same proportion for each Burgers vector type *, one can write:

If g = [020]
1
§d1oo +dy; =A=80%10*1m™3
If g = [10-1]
2 1 ~
§d100 + Edlll = B = 1.38 * 1022 m 3
If g = [200]
1
§d100 + dlll == C == 133 * 1022 m_3
If g = [110]

2

1
3 dygo + Ed111 =D =197x10*2m™3

where d; is the total density of <100> type dislocation loops, d;4; the total density of %2<111> type
loops ; A, B, C and D represent the number density of visible loops under each diffraction condition.

The total number density obtained is equal to 2 + 0.6 x 10 m®, with a majority of <100> type loops
(88%). The mean diameter is equal to 3 + 1 nm, where the uncertainty is the dispersion of dislocation
loop size.

APT was used to bring more information about the spatial distribution of Ni atoms. Three tips were
analyzed. The example of a volume containing Ni-rich clusters is given in Fig. 3.a. Mean diameter and
number density of Ni-rich clusters are respectively equal to 10 = 3 nm and 1.4 + 0.2 x 102 m™®. These
clusters contain 17.0 + 0.3 at.% on average and the segregated atomic fraction is equal to 5.2%.

Low dose rate

As mentioned in section 2.2, in the low dose rate irradiated specimen, the corresponding depth and
dose rate are 800-1200 nm and 6.1 — 8.2 x 10°® dpa.s™. Results obtained in this sample are reported in
87 We recall them briefly below.

A BCC-FCC phase transformation occurred under irradiation, leading to the formation of FCC
elongated precipitates, oriented along the four <111> directions of the BCC matrix (Fig. 4, redrawn
from 67). Elemental analysis, performed by APT, STEM/EDS and STEM/EELS, revealed a Ni content
close to 25at.%. FCC precipitates may, therefore, correspond either to a disordered Fe25%Ni alloy or
a FesNi intermetallic compound.

Considering the fact that Fe25%Ni precipitates are oriented along the <111> directions of the BCC
matrix, an elemental study was conducted by APT in the same orientation, in order to intercept a
precipitate all along the evaporation direction of the tip. To achieve this experiment, an EBSD map
was recorded where blue, red and green grains correspond to <111>, <001> and <101> directions
along z axis, perpendicular to the sample surface. Therefore, grains of interest are the ones which are
oriented along the <111> directions, exhibiting one family of precipitates oriented normally to the
surface. Results are presented in Fig. 4. The tip was extracted at a depth of 1.2 um, corresponding to a
dose rate of 8.5 + 2.1 x 10° dpa.s™ and a dose of 1.3 + 0.3 dpa. The corresponding mean diameter and
number density, using TEM and APT, are given in Table 2.



Under the low dose rate condition, the precipitated atomic fraction is equal to 66.2%.
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Figure 4: TEM image of the low dose rate irradiated Fe3%Ni alloy, taken in a (011) zone axis along g=[200], presenting
elongated precipitates and scaled APT reconstructed volumes showing Ni-rich clusters (on the top and the bottom of the
magnified image). The EBSD map recorded before the extraction of the tip presented is also given at the bottom-left.

Summary for the Fe3%Ni alloy

Table 2 summarizes all the data obtained in the study of Fe3%Ni irradiated at high and low dose rate.

Table 2: Results obtained in the Fe3%Ni alloy, regarding PD clusters by TEM and solute clusters by APT, after irradiation at
high and low dose rates, for a same dose of 1.2 — 1.9 dpa.

Solute clusters (APT) High dose rate Low dose rate
Mean diameter (nm) 10+3 Elongated precipitates
Mean number density (x 10% m™®) 142 20£0.7
Solute content (at.%) 17.0+0.3 ~25
Segregated/precipitated atomic fraction 5.2 66.2
PD clusters (TEM) High dose rate Low dose rate
Mean diameter (nm) 3+1 48+10°
Mean number density (x 102 m™) 20+6 1.6+0.3

®Due to their large size and shape, they cross the edge of the tip.

® This value corresponds to the mean length of elongated precipitates.

3.2. Irradiated Fe-Mn alloy

This section is devoted to the effect of irradiation dose rate in the Fe3%Mn alloy at a dose of 1.9 — 2.3
dpa, studied by TEM and APT.



High dose rate

As mentioned in section 2.2, the high dose rate irradiated Fe3%Mn sample was analyzed at a depth
and dose rate of 400-600 nm and 6.9 - 8.8 x 10™* dpa.s™ respectively.

In this specimen, a high density of small dislocation loops is observed, as shown in Fig. 5. No void is
present. The irradiated zone is recognizable by the presence of a highly damaged strip located at a
depth ranging from 400 to 700 nm. At this depth, one can notice that, at a fine scale (tens of
nanometers, on the magnified TEM image), the dislocation loop density is not completely
homogeneous; loop-free zones exist. The APT tip, taken out at a depth of 500 nm and presented on the
top of Fig. 5 exhibits, near the apex, a small zone where no Mn-cluster is visible. Mn-rich clusters are
present starting from 50 nm far from the tip surface. Therefore, at the scale of the APT tip, some
defect free zones exist, as for loops and Mn clusters.
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Figure 5: TEM image of dislocation loops formed in the high dose rate irradiated Fe3%Mn. The SRIM profile showing the
evolution of the dose and the concentration of injected interstitials according to the depth are superimposed. A magnified
image is also displayed on the top to indicate the presence of defect-free small zones (TEM and APT); of individual and

overlapping loops.

Fig. 5 also shows that the projected images of dislocation loops overlap at 400 — 600 nm (depth of
interest), making the determination of their Burgers vector and number density not possible. The
number density, estimated over three TEM images, is however higher than 10 m™. Concerning their
size, the diameter does not vary according to the depth (between 400 and 600 nm). The mean value is
equal to 11 = 3 nm, where the uncertainty corresponds to the dispersion of all the measured values of

diameter.
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Fig. 6 shows the 3D reconstruction of one analyzed volume, where small Mn-rich clusters are present.
The figure also reveals that these clusters are planar and have preferential orientations: their habitat
plane forms an angle of nearly 45° with the evaporation direction of the tip, which is a <110> direction
as indicated in the figure (see the black and red arrows on the left). This strongly suggests that these
planar Mn-rich clusters are contained in {100} type planes, consistently with <100> dislocation loop

type.

Their mean diameter is equal to 5.0 £ 0.7 nm. This value corresponds to the maximum dimension of
the feature, namely in the plane. Their number density is equal to 2.9 + 0.4 x 102 m™. These values are
quite different from those measured by TEM. As presented in section 2.3 referring to the difference in
evaporation field between Fe and Mn, local magnification effects and ion trajectory aberrations are
expected to affect the distribution of Mn atoms. Consequently, the reconstructed volume may not
reflect the actual shape and concentration of Mn clusters. In terms of number density, small
dislocation loop overlap observed by TEM is consistent with a large density, as demonstrated through
the APT analysis (superior to 10° m™). This point is explored further in section 4.1.

A
|

45° ’l 45°

<110>

Figure 6 : 3D reconstructed volume of 50 x 50 x 120 nm?® of high dose rate irradiated Fe3%Mn sample. Two orientations of
the tip are shown and, for each, two images are presented: one with Mn matrix atoms (in blue) and the other without, so as to
better distinguish colored Mn clusters. The three families of <100> dislocation loops are indicated with arrows. The z-
direction goes along the evaporation direction of the tip.

For each cluster orientation, Mn content was measured. In Fig. 6, Mn clusters exhibiting different
orientations are highlighted with red arrows (families 1, 2 and 3). They were chosen as they are clearly
visible and large. To investigate a possible effect of orientation on evaporated ion trajectory at the
interface cluster/matrix, the Mn atom density was calculated in 10 clusters belonging to different
families. No correlation was found. Since an overdensity is expected, two values of mean Mn content
are given: one considering only 35 Mn-clusters exhibiting an actual overdensity, a second one
considering all the 48 Mn-rich clusters. For each one, the formula presented in section 2.3 was applied.
As indicated in the same section, this equation does not take into account local magnification effects,
which induce an overdensity without modifying the chemical composition. The corrected value is
therefore overestimated: the mean Mn content in clusters lies between the measured value and the
corrected value.

If only Mn clusters exhibiting a density ratio higher than 1 with the matrix are considered, the mean
Mn content ranges between 26.7 £ 5.9 at.% and 38.5 + 2.4 at.%.

If all Mn-rich clusters are considered, the mean Mn content ranges between 27.7 + 5.4 at.% and
33.8 + 2.4 at.%. These values are chosen as actual ones.

11



The segregated Mn atomic fraction, which is not expected to suffer from any local magnification
effect, is equal to 9.5%.

Low dose rate

The low dose rate irradiated Fe3%Mn sample was analyzed at a depth and dose rate of 1600-1900 nm
and 1.2 — 1.5 x 10° dpa.s™.

TEM investigations of the Fe3%Mn sample irradiated at low dose rate revealed the presence of a
dislocation network, small dislocation loops and voids.

Fig. 7 presents TEM images, taken in bright field (center and top-left) and weak beam (bottom-left)
modes with a <110> g vector. Two families of <100> type dislocation loops (white arrows) appear
edge-on and perpendicular to the <100> directions. Their mean diameter is equal to 81 + 26 nm, where
the uncertainty corresponds to the size dispersion. Their number density is equal to 6.9 + 0.7 x 10°° m’
® This value takes into account the third family (on the image plane) which should not be visible under
this diffraction condition, according to the invisibility criterion *'.

Smaller dislocation loops are also observed (red arrows). Their mean diameter is equal to 41 + 6 nm
and their number density to 1.3 + 0.8 x 10” m™. Here again, the number density value takes into
account the invisibility criterion. These loops are very likely % <111> ones, since their habit plan is
perpendicular to <110> direction. A magnified image presented on the upper left corner shows some
of these <111> loops.

7 e ,L: . ;
Figure 7: TEM images of the Fe3%Mn sample irradiated at low dose rate, taken in a {001} zone axis, along g = <110>, in

BF mode. A magnified image is presented on the upper-left corner to highlight the presence of small %2 <111> dislocation
loops, in addition to large <100> ones appearing edge-on (on the WBDF image, presented on the lower-left corner).

APT analyses were carried out on this material. Even though the dose does not correspond to the one
related to TEM analysis, it revealed the presence of Mn-enriched features. Fig. 8 presents two Mn-rich
clusters, highlighted by isosurfaces delimiting area with Mn concentrations higher than 7.4 at.%.
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The toroidal shape of the first feature (upper part) strongly suggests that this cluster is associated with
a small dislocation loop (~ 9 nm). Only a part of this feature is visible due to its position on the edge of
the analyzed volume. The Mn content in the core is equal to 9.8 + 2.8 at.%. The second feature may,
due to its elongated shape, be associated to a dislocation line or a large dislocation loop. It is enriched
up to 56.8 + 5.2 at.% in the core. Since no over atom density is associated to these features, the
reported composition is the measured one, without any correction. The number density of Mn-
enriched feature is equal to 1.7 + 1.2 x 102 m*,

(a) 80 T T

Toroidal cluster
Elongated cluster
Nominal Mn content

I O >

20 nm Toroidal cluster

5 nm
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/M 7.4at%Mn
isoconcentration
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/
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® Mn Elongated cluster

Fe Mn

Figure 8 : (a) 3D reconstruction of an APT tip taken out from the low dose rate irradiated Fe3%Mn sample (40 x 40 x 180
nm®). The analysis has been performed at a depth of ~1 pm, where the dose rate is 7.6 + 1.9 x 10 dpa.s™ and the dose 1.2 +
0.3 dpa. The two Mn-rich clusters are shown next to the Mn profile measured along the brown region of interest (black
arrow). (b) STEM/BF image of a dislocation loop observed in the low dose rate irradiated Fe3%Mn alloy; and (c) the
corresponding STEM/HAADF image presented with the STEM/EDS maps, carried out on the part highlighted in red in (b).
Fe atoms signal appears in red while Mn atoms signal in green.

Mn-rich clusters analyzed by APT in this sample did not provide reliable results due to low statistics,
besides the mismatch in terms of dose (1.2 + 0.3 dpa instead of 1.9 — 2.3 dpa). It should however be
pointed out that the enrichment level is extremely high (up to 56.8 + 5.2 at.%Mn) compared to the
high dose rate condition (27.7 £ 5.4 < x (at.%Mn) < 33.8 + 2.4). Extra microstructural and elemental
analyses were performed on the FIB-elaborated lamella to investigate spatial correlation between PD
clusters and solute clusters. For this purpose, EDS technique in STEM mode was chosen. The FIB
lamella was tilted to reach a {100} zone axis. Under these conditions, the electron beam is contained
in the habitat plane of two families of <100> dislocation loops. This approach was taken to limit the
contribution of the matrix and, thus, to maximize the signal of Mn possibly decorating the loop. Fig.
8.b and 8.c presents qualitatively the results obtained on an edge-on dislocation loop associated to Mn
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enrichment. The spatial correlation between dislocation loops and Mn clusters is thereby confirmed.
No quantification is given here. Indeed, despite the caution taken during the measurement and even
though the sample thickness was less than 100 nm, the dislocation loop signal is still believed to be
affected by the matrix signal and thus, misrepresented.

Summary for the Fe3%Mn alloy

Table 3 summarizes all the data obtained during the study of Fe3%Mn irradiated alloy.

Table 3: Results obtained in the Fe3%Mn alloy, regarding PD clusters by TEM and solute clusters by APT, after irradiation
at high and low dose rates.

APT data after ion irradiation ? High dose rate Low dose rate
Mean diameter (nm) 50+0.7 Truncated features °
Mean number density (x 102 m™) 29+04 0.17+0.12
Solute content (at.%) 27.7+54<x<33.8+24 Upto56.8+5.2
Segregated/precipitated atomic fraction 9.5 --
TEM data after ion irradiation High dose rate Low dose rate
Mean diameter (nm) 11+£3 <iii> o4l xo

<100>:81+ 26

Mean number density (x 102 m™) >10° 82+15°¢

® This analysis was performed at a lower depth (~ 1 pm); where the dose does not correspond to the reference dose for this
alloy (1.6 — 1.9 dpa). These values are shown on an indicative basis.

b Mn-rich clusters cross the edge of the APT volume. Their size is, therefore, not representative of any microstructural
feature.

¢ This value include both dislocation loop type (<100> and % <111>).

4. Discussion

In this study, TEM and APT techniques have been used complementarily to characterize PD clusters
and solute clusters in high and low dose rate irradiated Fe3%Ni and Fe3%Mn undersaturated alloys.
Results presented in section 3 demonstrate solute-rich atmospheres and dislocation loops under both
irradiation conditions (high and low dose rate) in both alloys. The major objective of this work is to
investigate and discuss, as follows, the effects of irradiation dose rate on microstructure and
segregation/precipitation in undersaturated FeNi (at a dose of 1.2 — 1.9 dpa) and FeMn (at a dose of
1.9 — 2.3 dpa) model alloys.

1. Segregation/precipitation mechanism

As detailed in the introduction, FeNi and FeMn alloys used in this work contain 3.3at.% of Ni and
2.8at.% of Mn respectively. The alloying element in each material was deliberately chosen higher than
their actual content in RPV steels in order to exacerbate solute segregation, thereby emphasizing their
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effect on microstructure. Even though solute content is significantly higher in each binary alloy than
their actual content in RPV steels, it remains lower than their solubility limit at the temperature of
interest (673 K), which is about 6 *®*7° and 3.2 at.% ™ in Fe-Ni and Fe-Mn binary systems
respectively. Therefore, no thermodynamic driving forces are involved in Ni and Mn clustering
process. The clustering of Ni and Mn is not enhanced but induced by irradiation. Consequently, Ni and

Mn segregation is expected to occur on microstructural defects. This point is detailed herein for each
alloy.

Fe3%Ni alloy

In Fe3%Ni irradiated at high dose rate (5.1 - 6.1 x 10 dpa.s™; 1.2 — 1.9 dpa), one can note that the
measures of size and number density obtained by TEM and APT are not identical. In terms of size,
solute clusters (10 + 3 nm) are three times larger than dislocation loops (3 = 1 nm). Considering Ni
segregation on a dislocation loop, the diameter of solute cluster measured by APT will naturally be
higher than the diameter of the associated loop observed by TEM. A profile was plotted along a Ni-
rich cluster in order to evaluate how smooth is the Ni profile. Results are given in Fig. 9. It turns out
that the profile is spread over a large distance (~25nm), accounting for such variations in size.
Regarding the mismatch in number density, an underestimation by conventional TEM was expected
given that imaging resolution is about 1.5 nm. Consequently, small dislocation loops are not visible,

leading to a lower dislocation loop density (20 + 6 x 10** m®) when compared to that of Ni clusters
(14 £2 x 102 m).
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Figure 9: Ni concentration profile plotted along a Ni-rich cluster in the Fe3%Ni alloy irradiated at high dose rate. The solid
green area gives the statistical error on the measurement.

Regarding RIS and RIP mechanism in the low dose rate irradiated Fe3%Ni sample (6.1 — 8.2 x 10°®

dpa.s™; 1.2 — 1.9 dpa), readers are encouraged to refer to ®’, where comprehensive information is given
in detail.

Fe3%Mn alloy

In the Fe3%Mn alloy irradiated at high dose rate (6.9 - 8.8 x 10 dpa.s™; 1.9 — 2.3 dpa), contrary to
Fe3%Ni irradiated under the same conditions, the diameter of Mn-rich clusters is lower than the one of
dislocation loops. This observation is believed to find an explanation in the strong spatial resolution
degradation generated by local magnification effects in two-phase alloys when the difference of

15



evaporation field between precipitates and surrounding matrix is remarkable ®"*™ as it is the case in

Mn-rich clusters in the Fe matrix. lon trajectories deflection leads to the flattening of the cluster
region, where atoms are preferentially field evaporated. Therefore, a direct comparison of Mn-rich
clusters and dislocation loops’ size is not feasible. However, taking into account that only dislocation
loops are present at the depth of interest, the good agreement between their number density and the
one of Mn-rich clusters (both > 10 m™®) suggests that these two features are spatially correlated.

In the low dose rate irradiated Fe3%Mn sample (1.2 — 1.5 x 10 dpa.s™; 1.9 — 2.3 dpa), a direct
evidence for Mn clustering on large dislocation loops was provided by STEM/HAADF and
STEM/EDS (Fig. 8.b and 8.c). Large <100> and small ¥ <111> dislocation loops, in addition to
dislocation network, were observed by TEM, while APT reconstructed volumes revealed the presence
of toroidal and linear Mn-rich clusters, substantiating further Mn clustering on dislocation loops and
lines.

2. Dose rate effects

In both Fe3%Ni alloy, where the difference in dose rate is around 70 for a same dose of 1.2 - 1.9 dpa,
and Fe3%Mn alloy, where the difference in dose rate is around 60 for a same dose of 1.9 — 2.3 dpa, a
clear effect of dose rate was observed.

The microstructure was drastically different. At high dose rate in both alloys, small dislocation loops
formed in high density. At low dose rate, y-Fe25%Ni precipitates formed in Fe3%Ni while a
dislocation network developed in Fe3%Mn.

APT analyses conducted in Fe3%Ni samples revealed a higher solute segregation/precipitation atomic
fraction after low dose rate irradiation, for a same dose. It increased from 5.2% to 66.2%. As reported
in the introduction, solute segregation is considered to be caused by PD fluxes driving solute fluxes
towards PD sinks. Such a mechanism has been demonstrated to be non-monotonous ?° : Segregation
intensity depends on the concentration and mobility of PDs. At high temperatures, PD supersaturation
is too low to contribute significantly to solute enrichment on PD sinks. In contrast, at low
temperatures, PD supersaturation is high. However, they are not mobile enough so they tend to
annihilate and do not play a role in flux coupling. An intermediate range of temperatures where PDs
are numerous and mobile enough to drag solutes towards PD sinks optimally exists. Besides, the
segregation/precipitation advancement at a given temperature depends on the dose rate . At a lower
dose rate (lower supersaturation), the bell curve shifts towards lower temperatures where the
supersaturation is also lower. Therefore, operating with a lower dose rate, as it is the case for RPV
steels (10™° dpa.s™), can enhance or reduce the intensity of solute segregation/precipitation. Here, no
further calculation was made to compare the precipitation advancement factor since precipitation
occurred under one condition only.

In both alloys, solute content measured by APT is higher at low dose rate. Ni and Mn drag by PDs
seems to be more efficient under this condition. Since the amplitude of a given irradiation effect, here
RIS, is conditioned by the partitioning of defect recombination and elimination on sinks, the
elimination rate, which is proportional to the defect concentration times the defect diffusion coefficient
times the sink strength, is likely higher at low dose rate. Fig. 2 shows that the low dose rate irradiation
produces more small cascades (10 to 100 PDs). One can suppose that cascades with a smaller
recombination volume being more numerous under low dose rate irradiation, recombinations may be
therefore less frequent under this condition. Besides, time contributes also to solute enrichment given
that more time is needed at lower dose rate to reach the same dose. It leads to more significant local
enrichment and, to some extent, to precipitation o7,
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A last element to be discussed refers to the effect of injected interstitials which can impact diffusion
process and the formation of PD clusters. Injected ions, quantified as 0.02 [Fe(at.%)].dpa™ in ", have
been demonstrated to reduce o’ precipitation in Fe-Cr alloys. In this paper, while no effect is expected
at low dose rate (the analyses were carried out at a depth were no Fe ion is injected), the results
obtained in high dose rate irradiated samples must be looked at with more caution. As indicated in
section 2.2, the dose is 1.2 — 1.9 dpa and 1.9 — 2.1 dpa in Fe3%Ni and Fe3%Mn alloys respectively,
where the injected interstitials over dose ratio is estimated at 6.5 x 10” and 1.4 x 10 [Fe(at.%)].dpa™
respectively. An enhancement of mutual recombination together with the creation of a high density of
PD sinks (small PD clusters) is therefore expected to be non-negligible. This observation must be kept
in mind since the subsequent decrease concentration of PDs, which are required for Ni and Mn atom
diffusion, is responsible for a plausible solute redistribution different from the one that would be
obtained without injected ions. Therefore, the present results highlighting a lower solute elimination
on sinks at high dose rate (less significant solute segregation) may, to a certain extent, be influenced
by the add-on PD sinks and the reduction in PD concentration at high dose rate, both leading to a
slightly lower solute content in the vicinity of PD sinks.

3. Chemical effects

The comparison of enrichment and segregated/precipitated atomic fractions of Ni and Mn in the
Fe3%Ni and Fe3%Mn alloys respectively, under both irradiation conditions, shows that
microstructural defects contain more solute elements in the case of the FeMn alloy. These results point
out a trend for segregation that is stronger for Mn than Ni in Fe. This observation can be explained by
the fact that, as mentioned in the introduction, Mn disposes of two efficient diffusion mechanisms
(vacancies and interstitials) while Ni is dragged by vacancies only %,

Despite the fact that Mn enrichment on dislocation loops was substantial, no second phase precipitate
was observed. The Fe-Mn phase diagram cannot be taken as a reference for the prediction of phase
transformations under irradiation, especially concerning solubility limits. However, this result can be
explained by the fact that, contrary to the FeNi system, no intermetallic compound exists in the Fe-Mn
binary system "*. Rather, a miscibility gap can prevail between the o. domain and a more concentrated
phase. No similar driving force, as in FeNi, for the formation of such a phase acts on the FeMn
system. Moreover, the Mn-rich phase, where Mn content exceeds 70 at.%, constitutes a complex phase
containing 56 atoms with a lattice parameter equal to 8.877 A (c=8.873 A) "’. The energy required to
create such an interface would probably be too high. The fact that we did not find out any second
phase in this specimen stands for either the absence of such a phase or the impossibility to detect it
using conventional diffraction tools as TEM because of its low volume fraction (low dislocation loop
density, 8.2 + 1.5 x 10° m™®). In the second case, the intensity of diffraction spots related to this phase
would be insufficient to be visible by TEM. The investigation of phase transformation should be done
by means of a more powerful technique such as high-resolution X-ray diffraction using synchrotron X-
rays.

5. Conclusion

The present paper presents the results obtained after self-ion irradiations carried out on two
undersaturated ferritic Fe-3.3at.%Ni and Fe-2.8at.%Mn alloys. Two dose rates were used to reach 1.2
— 1.9 dpa in the first material and 1.9 — 2.3 dpa in the second, with a ratio of 70 and 60 respectively.

In the Fe3%Ni alloy, the high dose rate irradiation resulted in the formation of Ni clusters likely
associated with small dislocation loops. When decreasing the dose rate by 70, y-Fe25at.%Ni
precipitates formed. Dislocation loops are present only near the surface. The mechanism for radiation
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induced precipitation was proposed in another publication ®, suggesting that Ni atoms are dragged
towards preexisting dislocation loops by vacancies, until the moment the solubility limit of Ni in Fe is
reached locally. The segregated/precipitated atomic fraction is much higher under this condition
(66.2%) than after high dose rate irradiation (5.2%). Dose rate effects on Ni precipitation kinetics are
thus very strong.

TEM, STEM/EDS and APT characterizations performed on the Fe3%Mn alloy also revealed the
presence of Mn-rich clusters associated with dislocation loops, under both irradiation conditions. In
the high dose rate irradiated specimen, Mn clusters detected by APT, containing between 27.7 £ 5.4
and 33.8+2.4 at.% of Mn, were flat and oriented along the <100> directions. Their flatness is
believed to be due to local magnification effects, as Mn-rich clusters are preferentially field
evaporated. In the low dose rate irradiated sample, Mn enrichment was much higher (56.8 + 5.2 at.%)
but no phase transformation was brought out by TEM.

For the first time, a direct comparison of dose rate effects is made on these undersaturated model
alloys, where only radiation induced segregation (RIS) can occur. This work reveals that:

1- RIS, taking place in such undersaturated systems, leads to a very high solute enrichment on
point defect sinks;

2- At equivalent dose, lower the dose rate modifies the “defect recombination over elimination”
ratio and allows solute atoms, coupled with point defects, to benefit from more time to diffuse
towards point defect sinks;

3- Solute enrichment is thereby more significant after low dose rate irradiation, to such an extent
that unpredicted phase transformations can occur;

4- Extrapolating the results on model alloy to RPV steels strongly suggest an important
contribution of the RIS mechanism to the formation of solute clusters. They consequently do
not need any thermodynamic driving force to appear and are likely to be maintained by point
defect supersaturation;

5- Comparison between both alloys of interest reveals a stronger trend of Mn for segregation.
This observation is explained by DFT based calculations demonstrating the possibility for Mn
to form Mn-V complexes and mixed Fe-Mn dumbbells, contrary to Ni which is coupled with
vacancies only %,
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