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Abstract

The evolution of radiation damaga steelsis a major issue for the safe operation of Nuckeawer
Plants Mn and Ni contribution to the formation and evolution of microstructural feateraains a
controversial issueThe present study aims at investigating their effects on microstructure by
irradiating undersaturateBCC Fe-3.3at.%Ni and Fe&.8a.%Mn model alloys. Wo differention
irradiation conditions have been appliedstady the effect oifradiationdose ratén both of thesé-e-
basedalloys at a temperature @73 K In all casesjrradiationpromotes the formation afislocation
loops. Inthe FeNi alloy, radiatioinduced segregatids observed on loops, leading to precipitation of

a FCC phase in théow dose rateirradiation condition only. In the case of FeMaven if no
precipitdion occurredhighly enriched decorated dislocation lo@re obsened, leading to a higher

Mn segregation at radiation defects than Ni.

1. Introduction

Reador Pressure Vessel (RPV) stesibrittlement inNuclear Power PlantNPP9 is well-known to
be dueto the formationand evolutionunder irradiationof complexes made of point defects (PDs
vacancies angelfinterstitial atomy and solute atomsuch as Cu, Si, Mn, Ni and, Fhatimpede
dislocation motion''®. Suchevolutionat nmscaleplays a key rolaiponthe microstructureral the
resultingmechanicaproperties.

Under irradiationPDsin excess cadragsolutes towards PD sinkkie toflux coupling This is the
so-called Radiationinduced Segregation (RIShechanisn? that can occur even in undersaturated
alloys. This atomic diffusionprocesscan be very efficient due tothe permanent excess of PDs
regardless of whether thermodynamic driving forces act on the system Meuttanisms leading to
the formation of these clustemmaveyielded a huge amount of theoretiGald expemental studies
over thepast 4 years' '°, showing the singularity of each solutenstituting RPV steef€?!, The first
element that gained attentiamong the scientific communiig copper”®?. In steels with low Cu
contens, such as fiénch RPVs, Cumigration towards PD sinks (vacancy clusters and interstitial
clusters)is covered by vacanciég®?®. At the opposite, for phosphorqube predominat contribution

to this solute diffusivity is provided by mied dumbbells®. Therefore, the understanding of
segregation mechanisms occurring under irradiationois straightforward bustill a challenging
problem.In 1995, the possibility of forming MnNich clusters was put forward by G. R. Odette et al.
%, The authorshendemonstratedy Lattice Monte Carlo(MC) simulationsthe MnNi precipitates
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complex chemical structurékat can forndepending on Cu, Ni and Mn contents and temperature
Studies made of€u-coreMnNiSi-shell, CucoreMnNiSi-appendage precigites and MnNi clusters
in low Cuand Cufree alloys, showedthat theseclustersplay the dominant role in tHeardening and
embrittlementof the materials of interedt® As a result, the question of tieechanisms leading to
the formation of these MnNich clusters/precipitatesas raisedL. Messina et al*** demonstrated
thatthe positive coupling between Ni atoms and vacaresds to an enrichment in Ni in the vicinity
of PD sinks, up to a temperature of 10871 the cae of Mn, coupling with both the interstitials
(formation of FeMn mixed dumbbells), and vacancilesd to Mn enrichment in the vicinity of PD
sinks up to a temperature of 10d1However, even though solute dragging by PDs, namely RIS, is
knownto be a strong mechanism for solutei@mment or depletion on micrwactural defectsat date,
the driving force for their clustering is still a matter of debate

On the one hand, these MnMNiusters (MNSs and MNSPs when containing Sil &P atoms
respectively)are cal | ed A Late Bl oolRi]if28]. TRey aae eckitmed (oLd&P )
thermodynamically stable, to form at high neutron fluence then grow rapidly, leading to an accelerated
embrittlement of the steéf. Under this assumption, RIS is believed to play a role in MNSP formation,
especiallyin the nucleation stage (segregation on small dislocation loops created in displacement
cascades), after which precipitation of phases such as @N{\M®i;)  a »n(Mn,Ni;Si) phases®*

takes placeln that respectS. Shu et al'* recently developed a kinetic lattice Monte Carlo method,
parameterized using CALPHAD and recent APT data to simplagérradiation annealing (PIA) of
MNSPs. The results showed a good agreement with experimental observations, in terms of volume
fractions, number densities and sizéslsopredicts the initial structure of the MNS precipitates as B2

bcc stable phasegurther 425°C PIA experiments were conducted in intermediate and high Ni RPV
steelsirradiated toa high fluencewith neutrosa t & 32 Thdalithors showed MNSP precipitate
coarsening by Atom Probe Tomography (APT) and Scanning Transmission Electron Microscopy
(STEM), suggesting their stability em at a temperature 105°C higher than their formation
temperature. These phases are thus believed to

On the other handjmilar experimental worksvere performedby E. Meslin et al®® on aneutron

irradiatedFel.IMn0.7Ni (at.%)alloy subjected to a@D°C PIA. Theyrevealed a partial dissolution of
MnNi clusters Even though a possible synergistic effect atawMn and Ni is plausibl®éin and Ni
segregation is suggested to result from a radiatidnced mechanisnonly and are, thereby,
considered as unstablEhese observations wesupported byatomistic simulations reporting very
early nucleation of MiNi-rich clusters growing much slower than -Gch clusters*’. Density
functional theory (DFT) calculations and Monte Carlo simulations performed by G. Bonny*®t al.
revealed the unstability of MiNi pairs andtriplets but an attractive binding energy after their
clustering reinforcing the assertion of the induced mechanism as being thenencting on solutes.

Along with solute clustering mechanisms, we address the issue of laboratory experience
transferability. In the literature, rost of experimental works areased on irradiation campaigns
involving experimental reactors (withdoserate 10 to 100 times higher than in NPPs)abrarged
particle accelerator§ons or electrons, with a dose rdtg¢o 10 million times higher than in NPPs).

The use of charged particle accelerators is justified by their accessibility, their lower cobeand t
absence of radioactivity isamples, making the pestadiation analysis much easier to handle.
Moreover, using highedose rategnables a significant reduction of materials exposition time. In that
respect, the dose at which is subjected a RPV aft#|40 years can be achieved within few minutes
only. Irradiation conditions (temperature, dose and dose rate) can be properly controlled.

In this contextsolute clustering mechanisms athake rateffectswere investigatedoncomitantly by
characterizig the microstructure dfFe-3.3at.%Ni and Fe.8at.%Mn model alloysirradiated up to a
dose of 1.21.9 and 1.9-2.3 dpa respectively,using two different dose ratder each alloy These
materialsallow investigatingthe behavior of two solutes of importance in RPV steels agauiging
synergistic effects wh other solutes (Cu, Si, P, Mo, étand simplifyng the microstructuréfully
ferritic material3.



The lute contentneaty 3 at.%)wasdeliberately chosehigher than that in RPV stedlsetween 0.4
and 0.8 at.% Ni and between 1.2 and 1.5 at.% “ffnin order to emphasize the mechanisms
associated to solute diffusion undeadiation.However,materals reman undersaturatedo that RIS

is assumed to be the only mechanism at the origin of solute clust€hagwill be referred to as
Fe3%Ni and Fe3%Mn along this publication.

The paper is structured as followSection 2 describes the methodologgplied to address the
guestions developed abowesults obtained in the Fat3oNi and Feat%Mn alloys irradiated at two
different dose ratesre presented in sectid A discussion is conductdd section 4to assess the
segregation mechanism, teects ofdose raten irradiation damage, as well as the alloying effect.

2. Method

2.1. Materials

Materialsused in this worlare highpurity BCC FeNi and FeMn model alloys. &te temperature of
interest inthis study (673 K), thegonstitute a solid solutiowhere solute atoms are homogeneously
distributed in the Fe matrix. Theyere elaborated at Ecole des Mines de S&ienne (EMSE,
France). The furnisher also performed chemical analyses using Atomic Absorption Spectroscopy
(AAS) for Ni and Mn and combtisn analyss for C, O,N and SThe obtained chemical compositions
aregiven in Table 1.

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

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

The materiad were hot forged andthermallytreatedat 1173 K during 16 hoursundera pure Argon
flow. The latter step is of high importance in orderdorystallize the material arabtain a large grain
size(> 100 pm)and a low dislocation density 10 cm®). We evaluatedhefirst parameter by taking
SEM micrographsandthe second one using the liimercept method’ from a TEM sample.

Both alloyswere received asylindrical rodsof 10 mmin diameter and 250 mim length. Cylinders
were cut into 1 mm thick slices amtechanically polished untibaching a thickness 00.1 mm. Then,
3 mm discspecimes were punchetfom thethinnedslices Before proceeding to theadiation,a 10

secondslectropolishingstep was necessairy order to removéhe top layer hardeneatliringthe cold
work. The eleawlytic solution wasmade of 95% methanol and 5% perchloric gcidsed ata

temperature o233 Kby means of TenuPol5 electropolishing equipment model from Struérge

voltage was chosen equal2s V.

After irradiation,we useda duatbeam(Focusedon Beam FIB) FEI HeliosNanoLab650, locatd at
the CEA of Saclayto takethin foils and nanometric tipsut fromthe bulk specimesby lift-out, for
TEM and APTanalyses respectively.

2.2.Irradiation conditions
48,49

The samples were irradiateat the JANNuSSeclay facility , at 673 K,using two different
irradiation conditionsreferred to as high andw dose rateln both casedpn energy was chosdn
obtain the targetedoseof 1.2 dpasufficiently far from both the surface and the damage peak.



Doseand ion implantation depth profiles were obtainedSRIM calculations®®* in quick damage
mode using a displacemetitresholdenergy of 40 eVProfiles are given in Fig.1. The depths of
observawnfor both irradiation conditionare indicatedvith hatched agas
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Figure 1: Dos (dpa) and ion implantation depth profile ([Fe] (at.%)) obtained the Fe3%Ni and B&Mn samples,

irradiated athigh dose ratéleft) andlow dose ratdright), estimated from SRIM calculation in "quick calculation" mo

051 The sampling depth is indicatedth hatchedareas

One can notice in Fig. that in the Fe3%Ni alloy, the analysis wasrfprmed atl.2-1.9 dpa. For the
high dose rateondition, the corresponding depth ahmbe rateare 208500 nm and 5.1 6.1 x 10°

dpa.§". For thelow dose ratecondition, the corresponding depth ahmbe rateare 8061200 nm and
6.11 8.2x 10° dpa.§". The differeme indose ratés around 70

In the Fe3%Mn alloy, the analysis was performed.afi 2.3 dpa. For théhigh dosecondition, the
corresponding depth ardbse rateare 400600 nm and5.9 - 8.8 x 10* dpa.§'. For thelow dose rate
condition, the corresponding depth addse rateare 1600-1900 nm andl.2 i 15 x 10° dpa.§". The
differernce indose rates around 60

Theanalyses performed dheirradiated Fe3%Mn refer to a highdwse ranging between 1.9 and 2.3
dpa. ®veral trials have beaitempted on tips extracted at a depth of ~20@asin Fe3%Ni) so both
alloys would be exactly comparable in terms of dasevain. For this reason, the Fe3%Mn alloy
characterization was made at higher degtse anddose ratecompared to th&e3%Nialloy. The
difference in dose being anyway almost similar, solute effectstitbbe inferredn this work

To achieve such a higtiifference indose ratg60-70), it was necessary to adjust the ion energy,
yielding a possibledifference in the size ofascades and stdascades created bydividual energetic
ions It is even more true in the case of the Fe3%Mn aildiated athigh dose ratewhere the
analysis was carried out near the damage pedlas related to the differencetime number and size
of aggregates remaining in cascades after the system relagatidye inducedA direct consequence
is the various @nsity of nuclei (interstitial and vacancy clusters), thus PD sird®, one condition to
another In order b estimae the effect of ion energyn nuclei densitywe usedhe IRADINA code
°2%3 Fig. 2 gives for eachdosealloy, the proportion of each cascade according to its size, i.e. its
numbe of defectspresented by classes of 100 defects]@0], [101-200], [201-300], [30%:400], etc.
Defectscontaining less than 1Point defectsare considere@s isolateddefects Calculations were
made considering a depth of 30800 nm and 0.9 1.2 um in the high and low dose rate irradiated
Fe3%Ni specimens respectively; and a depth of-5800 nm and 1.5 1.8 pum in the high and low
dose rate irradiated Fe3%Mn specimensaetyely.
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Figure2: Proportion of each cascade saording to its number of point defects, in (a) the Fe3%Ni alloy, where the
for the high and low dose rates conditions are shown is blue and red respectively; and (b) the Fe3%Mn alloy, \
results for the high and low dose rates conditimmsshown iorange and greerespediely. Results were obtainagsing
the IRADINA code®*>3

Fig. 2 shows that the cascade distribution is quite sinfid@rboth irradiation conditiongnd both
alloys The majordifference regards thEe3%Ni alloy, where théow dose raterradiationinduced
small cascadethbetween @ and 1@ PDs) which are twiceas numerousas ones formed undethigh

dose ratarradiation. The differencebetween the others does not exc8eéd. In the Fe3%Mn, small
cas@ades (betweethO and 100 PB) are 23% more numerous in the low dose rate irradiated specimen
whereas larger cascades (between 100 and 900 PDs) are slightlfreqaent, with a difference of
12% at most. W therefore considehat both conditions areomparalbie in terms of ballistic damage.
The obtained resultsan be attributed tdose rateffectsonly.

2.3. Characterization techniques

As mentioned in section 2.1 FEl Helios NanoLab 650 FI&as usedo elaborate TEM thin foils and
APT needles When a specificrystallographicorientationwas seekedor further analysis, Electron
Backscattered Diffraction (EBSD) mapbtained withthe same equipmemwere recorded pridio the
sample liftout.

Before and after irradiation, microstructarevee characterizedy TEM. Chemical featuresvere
analyzecby STEM/EDS, STEM/EELS and APT.

Regarding the microstructural investigatiom® useda cawventional FEI 20 g Tecnai TEM (CEA
Saclay, France), equipped with a lkadburce delivering 200 keV electmrVoids were studiedoy
taking througHocal seriesimages®. Conventional Bright Field (BF) imaging medavas used to
estimate dislocation loop siz&/e determinedhieir Burgers vectofrom micrographs recorded with
various reciprocal lattice vectorg, by applying theg.b=0 dislocation inisibility criterion *"*
Especially aftethigh dose ratérradiation condition radiatiorinducednanometricdislocation loops
weresmall and in high densitynaking teir individual tracingmpossible when tilting to a desired
diffraction condition Therefore the statistical method developed by Rrokhodtseva et af® was
applied to estimattheloop numbedensity.A minimum of four g vectors must be considered, with at
least one nowoplanar. This method allows the determination of number densities of defects with
Ya&<111> and 100> Burgers vector and, therefore, their ratio.

Specimen thicknessas estimatedy STEM/EELS usingthe logratio model®’, by means of Cs
probecorrected FEI Titan TEM (Ecole Centrale de Paris, FranCeemical investigationsvere
carried outby STEM/EDSmostly to highlight the spatial correlation between microstructural defects
and chemical heterogeneitiddrst, images were recorded using the High Angle Annular Dark Field
(HAADF) detector Then, the composition on several points amd was measured by applying the
Cliff-Lorimer procedure®®, with Cliff-Lorimer factors being computed from standardra)
spectroscopicata.



To oktain more precise values of chemicancentration, APT*® was usedas a complementary
technique. A CAMECA LEAP 4000X HR(CEA Saclay) was useih laser mode so as to increase

statistics. Pulse repetition rate and base temperature2@@reHzand50 K respectively For each tip,

the lasempulseenergywasset toan equivaént evaporation fraction of 2Q% he collected data have

been processed using the AGPM 3D softdo software
(GPM, University of Rouen¥irst, asreceived materials were analyzed andrdrelomdistribution of

solute atoms was verified using] st at $ Jhem, indrtadiatec spécimens where chemical
heterogeneities were highlightedacl cluster has been analyzed individually using the isoposition
method (IPM) on the basis of the localigel concentratiof

The concentratiorthresholdwas defined by the user by calculating the binomiatribution in a
random solid solution containirgy similar solute content. The soluwentent value corresponding to
5% of the maximum frequenayas used as threshaldn the present study, the value of 9at.% was
used for both alloys Consequently, all atns located i positions exhibiting a local solute
concentration higher than 9at.% were filtered and considered as belongimg samesoluterich
cluger if the distance between them in less than O0.5Inrarder to exclude matrix fluctuationsnly
clusters containing more than a minimuomber of solute atomsere kept.

Thereafter, cluster elemental analys@sdone taking into account atom probe artifagiscording to
data obtained experimentally or calculated from field evaporation theoretidalstf, Ni evaporation
field is similar to that of Fe, contrary to Mi The latter being a low field element with respect to Fe,
an overdensity is expected on the deteatarpositims corresponding thin rich atmospheressome

Fe atoms surrounding the clusteray strike the detector at (x,y) positions corresponding to cluster
atom positions and not to the interface with the mairigucing abiasedestimation of the local
concentrabn, as it is the case in the FeCu sysfénThesetrajectory overlaps and local magnification
effectshave also been observed by I. Mouton et al. onriglm nanocolumns idtributed in a Ge
matrix °°>. Raw values of Mrcontent are, thus, underestimated and should be corrected by removing
the contribution of Fe atoms artificially introduced in Mn clusters. Thereforeapproach has been
developed based on measurement ef atomic density in the clusteompared to itgespective
theoretical valueto better assess the local chemical compositiga. correctedMn contentin this
studyby applying the following relation:

whered” is the measured Mn content in the cluster of intekest, _is the Mn content in the
matrix,” is the clustevolumedensity and’ the theoretical value of Fd v ol umi ¢ densi ty,
0.085 A3

Nevertheless, this equation counts oMty trajectory overlap and does nobnsiderthe 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 he solutesegregated/precipitated atomic fractivas definedas the ratio between the
number of solute atoms inside the clusters and the total number of solute atoms collected during the
APT analysisThis valuewas determined in ordéw quantifythe precipitation advancement.

3. Results and discussion

3.1.Irradiated FeNi alloy

This paragraph describes the resoltained by TEM and APT in Fe3%Ni irradiated undegh and
low dose rateondtions, at adoseof 1.27 1.9 dpa.



High dose rate

As mentioned in section 2.2, tidgh dose ratérradiated Fe3%Ni sample was analyzed at a depth
ranging beveen 200 and 500 nm, where these rateorrespond to5.1- 6.1x 10* dpa.s.

Thespecimerexhibits a high density of small dislocation lodpg no voids Fig. 3 present8F TEM
images takenin (101)and(001)zone axe®n a AB-elaborated lamella.
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Figure3: CentralKikuchi map extracted frorff used to imageislocationloopsformed in theFe3%Nisample irradiated a
high dose rateBF TEM images offislocation loops are shown: (a) (001)zone axis using=[110]; (o) (001) zone axis
using g=[200Q; (c) (101) zone axis using=[020]; (d) (101) zone axis using=[10-1]. () Table of visibility for small

dislocationloopsvisible on (a, b, ¢, d) based grb value.A magnified image of (ais also given to provide a better view
loops, where a scaled APT reconstructed volume is also reported for comparison.

In this sample, ti was not possible to trace each dislocatioap (section 2.3) Therefore,the
proportion of @ <100>and Y2a, <111>loop type was estimated by resolving the equation system



arising from the invisibility criterion (table presented in RBg). Indeed, assuming that each family
form in the same proportion for each Burgers vector t§mme canwrite:

If g=[020]
P, , o .
EQ Q 0O yBizpma
If g=[101]
qC, P, " .
EQ EQ O pa PpTmTaQ
If g = [200]
P, , « .
BQ Q O p®aEFpTaa
If g=[110]
C, P, , .
EQ EQ O pBxpma

whereQ s the total density of <100> type dislocation lodfds, the total densityf Y2<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 equa? 0.6 x 107 m*, with a majority of <100> type loops
(88%).The mean diameter is equal3a 1 nm,where the uncertainty is the dispersiordisflocation
loop size

APT was used to bring more information about $patial distribution of Ni atomsThree tips were
analyzedTheexampleof a volumecontainingNi-rich clusters is given in Fig.a. Meandiameterand
number densityf Ni-rich clustes are respectively equal O+ 3 nm and 1.4 + 0.2 x £dm™. These
clusters contaid7.0 = 0.3 at.%en average and the segregated atomic fraction is equal to 5.2%.

Low dose rate

As mentioned in section 2.1) the low dose ratarradiated specimerthe corresponding depth and
dose rateare 8061200 nm and 6.1 8.2 x 10° dpa.§'. Results obtained in this samgleereportedin
% We recall them briefly below.

A BCC-FCC phase transformation occurreddar irradiation, leadg to the formation of FCC
elongatedprecipitatespriented along the four <111> directions of the BCC mdffig. 4, redrawn
from 67). Elemental analysis, performed by APT, STEM/EDS and STEM/EELS, lesl/@alNi content
close to25at.%.FCC precipitates may, therefore, correspond either to a disorderB#Re2alloy or
a FeNi intermetallic compound.

Considering the fact that Fe25%Ni precipitates are oriented along the <111> directions of the BCC
matrix, an elemental studyas conducted by APT in the same orientation, in order to intercept a
precipitate allalong 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>sdirection
along zaxis, perpendiculaio the sample surface. Therefore, grains of interest are the ones which are
oriented along the <111> directions, exhibitioge family of precipitates orientatbrmally to the
surface Results are presented in Fy.The tip was extracted at a depth ¢t im, corresponding to a

dose ratef 8.5+ 2.1x 10° dpa.§' and adoseof 1.3+ 0.3 dpa The corresponding mean diameter and
number density, using TEM and APT, are given in Table 2.



Under thdow dose rateondition, the precipitated atomic fractiaeaqual to 6&2%.

Figure4: TEM image of thdow dose ratdrradiated Fe3%Ni alloy, taken in a (Dlzone axis along=[200], presenting
elongated precipitates and scaled APT reconstructed velshmving Nirich clusters (orthe top and the bottorof the
magnified image)The EBSD map recorded before théraction of the tip presented also giverat the bottordeft.

Summaryfor the Fe3%Ni alloy

Table2 summarizes all the data obtained in the study of Fe3%Ni irradiated at higdwaddse rate

Table2: Results obtained in the Fe3%Ni alloy, regarding PD clusters by TEM and solute clusters by APT, after irradiation at
high andiow dose rats, for a sameose of 1.27 1.9dpa

Solute clusters APT) High dose rate Low dose rate
Mean diamete(nm) 10+ 3 Elongated precipitates
Mean number density (x 3m?) 14+2 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 diametefnm) 3+1 48+10°
Mean numbedensity (x 16" m™) 20+6 1.6+0.3

2Due 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 Fevin alloy

This section is devoted to the effect of irradiatitse rateén the Fe3%Mn alloyat adoseof 1.97 2.3
dpa studied by TEMand APT



High dose rate

As mentioned in section 2.2, timgh dose ratérradiatedFe3%Mnsample was analyzed at a depth
anddose ratef 400600 nm and 6.98.8 x 10" dpa.§' respectively.

In this specimena high densjt of small dislocation loopis observed, as shown in Fig No voidis
present The irradiated zone is recognizable by the presence of & hdgimaged strigocatedat a
depth ranging fromd00 to 700nm. 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
homogeneoudpop-free zones exisiCthe APT tip taken out at a depth of 500 nm gmésented on the
top of Fig. 5exhibits, near the apex, a small zone wherdIneclusteris visible. Mnrich clusters are
presentstarting from 50 nm far from the tip surfacEherefore,at the scale of the APT tip, some
defectfreezones &ist, as for loops and Mn clusters.
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Figure5: TEM image of dislocation loops formed inethigh dose rat@radiatedFe3%Mn. The SRIM profile showing th
evolution of the dose and the concentration of injected ifttelstaccording to the depth aseiperimposed. A magnifies
image is also displayedn the topto indicate the presence défectfree small zones (TEM and APT); ofdividual and

overlapping loops.

Fig. 5also shows that the projected imagé dislocation loops overlapt 4007 600 nm (depth of
interest) makingthe determination ofheir Burgers vector and number densitgt possible.The
number densityestimated ovethreeTEM images,s however higher than $m™. Concerning their

size, the diameter does not vary according to the dbeptiveen 400 and 600 nmljhe mean valugs
equalto 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 analyzeldme where small Mrrich clusters are present.
The figure also reveals that these clusters are planar aredpheferential orientations: their habitat
plane forms an angle okarly45° with the evaporation direction of the tip, which is a <1ligection
as indicated in the figurgsee the dck and redarrows on the lefj. This strongly suggests thttese
planar Mnrich clusters are contained in {100} type planesnsistently withc100> dislocation loop

type.

Thdr mean diameteis equal t05.0+ 0.7 nm This walue corresponds tthe maximum dimension of
the feature, namely in the planéhéf number densitys equalto 2.9 +0.4 x 167 m*>. These values are
quite different from those measured by TEM. As preseritesection 2.3 referring tthe difference in
evaporation fieldbetween Fe and Mnptal magnification effectand ion trajectory aberratiorsse
expected taaffect the distribution of Mn atoms. Consequently, theonstructed volume may not
reflect the actual shapeand concentration of Mrlusters. In terms of number density, small
dislocation loop overlap observed by TEM is consistent widrge density, as demonstratidough
the APT analysis (superior to 20n). This point is explored further in section 4.1.

A

| <110> fi —
) 0 / .
45 ,’45 T 10 nm 4 e W & - Family 1

gy

Figure 6 : 3D reconstructed volume &0 x 50 x 120 nrhof high dose ratéradiated Fe3%Mrsample Two orientations of
the tip areshownand, foreach, two images are presentede withMn matrix atomgin blue)and the other withouso as to
better distinguish colored Mn clusters. The three families of <100>cdi#bm loops are indicated withrrows. The z
direction goes along the evaporation direction of the tip.

For each clusteorientation, Mn content waeasured. IrFig. 6 Mn clusters exhibiting different
orientations are highlightedith red arrowgfamilies 1, 2 and 3)Theywerechosen 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 wagound. Since an overdensity is expectedy values of mean Mn content

are given one considering onh\85 Mn-clusters exhibiting an actual overdensity, a second one
considering althe 48Mn-rich clustersFor 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 corredtedisa
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 lhwvtite matrix are considergethe mean
Mn contentranges betwee?6.7+ 5.9at.%and 38.5 2.4 at.%.

If all Mn-rich clusters are considered, theean Mn content ranges betwe2i.7+ 5.4at.% and
33.8+ 2.4 at.% These values are chosen as actual ones.
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The segregatedin atomic fraction which is not expected to suffer fronmyalocal magnification
effect,is equal to 9.5%.

Low dose rate

Thelow dose ratérradiated Fe3%Mn sample was analyzed at a depthiasel ratef 16001900 nm
and 1.2 1.5 x 10° dpa.§-.

TEM investigations of the Fe3%Mn sample irradiatedost doserate revealedthe presence of a
dislocation network, small dislocation loops and voids.

Fig. 7 presents TEM images, taken bnight field (center andop-left) andweakbeam(bottomleft)
modeswith a <110>g vector. Two families of <100#ype dislocation loopgwhite arrows)appear
edge-on and perpendicular to the 3> directions. Their mean diameter is equal to 81 + 26 nm, where
the uncertainty corresponds to the simpersion. Their number densigyequal t06.9+ 0.7 x 107° m'

3 This value takes into account the thieanily (on the image plane) which should not be visible under
this diffraction condition, ecording to the invisibility criteriofy’.

Smalker dislocation loopsare alsoobservedred arrows) Their mean diameter is equal to 416 nm
and their number density tb.3 + 0.8 x 16° m*. Here again, the number density value takes into
account the invisibility criterionThese loopsare very likelyz <111>ones since thai habit plan is
perpendicular to <110> directioA magnified image presentech the uppeteft corner showsome

of these <111%o00ps.

Figure7: TEM images of the Fe3%Mmsample irradiated dbw dose ratetaken in a {001}zone axis, along g <1103 in
BF mode.A magnified image ipresentedn the uppeteft cornerto highlightthe presence of smaktk <111>dislocation
loops, in addition to large100>ones appearing edgen (on the WBDF image, presented on the lovedtr corner)

APT analysesverecarried out on this materiakven though thelosedoes not correspond to the one
related to TEM analysis, it revealed the presence cENiched featurestig. 8presents two Mimich
clusters highlightedby isosurfaceslelimiting area with Mn concentrations higher than 7.4 at.%.
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Thetoroidal shapeof the first featur€upper partstrongly suggesthat this cluster is associated with

a small dislocation loofp~ 9 nm).Only a part of this feature igsible due tdts position on the edge of

the analyzed volumeThe Mn contenin the cores equal to 9.8 £.8 at.%. The second feature may,

due to itselongatedshape, be associated toiglacation line or a largdislocation 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 £°10°.

(a) 80 T T

Toroidal cluster
Elongated cluster
Nominal Mn content

I O >

20 nm Toroidalcluster

/M 7.4 at.%Mn
- isoconcentration

Figure8: (a) 3D reconstruéobn of an APT tip taken out from tHew dose ratérradiated Fe3%Mn sampld@ x 40 x 180
nnT). The analysis has been performed at a deptfipim, where thelose ratés 7.6+ 1.9x 10° dpa.§' and thedosel.2+
0.3 dpa. The two Mnrich clusters are shown next to the Mn profile measured alemdprown region of interest (blac
arrow). (b) STEM/BF imageof a dislocation loop observed in tHew dose ratdarradiated Fe3%Mn allgyand (c) the
corresponding TEM/HAADF image presentedith the STEM/EDS mapscarried out on the part highlighted in red(i).
Fe atoms signal appears in red while Mn atsigealin green.

Mn-rich clusters analyzed by AR this sample did not provideliableresultsdue to low statistics
besides the mismatch in termsdufse(1.2 + 0.3 dpa instead of 1i92.3 dpa) It should however be
pointed out that the enrichment level is extefyrhigh (up t056.8 + 5.2 at.%Mn) compared to the
high dose rateondition 7.7+ 5.4 < x (at.%Mn) <338 + 2.4). Extra microstructurahnd elemental
analyses were performed time FIB-elaborated lamellto investigatespatialcorrelation between PD
clusters andsolute clustersFor this purpose, EDS technique in STEM mode olassen The FIB
lamella was tilted to reach a {100} zone axinder these conditiondhé& electron beans contained
in the habitat plane divo families of <100> dislocation loop$his approach was taken to limit the
contribution of the matriband, thusto maximize the signal oMn possibly decorating the loopig.
8.b and 8.@resentgjualitativelythe results obtained on an eetye dislocatiorloop associated t&in
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enrichment.The spatial correlation between dislocation loops and Mn clussténgrebyconfirmed

No quantification is given heréndeed, despite the caution taken during the measurement and even
though the sample thickness was less than 100 nnaigleeation loop signal is still believed to be
affected by the matrix signahd thusmisrepresented

Summanyfor the Fe3%Mn alloy

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

Table3: Results obtained in the Fe3%Mn alloy, regarding PD clusters by TEM and solute clusA$,tafter irradiation
at high and low dose rates.

APT data after ion irradiation 2 High dose rate Low dose rate
Mean diametefnm) 5.0+ 0.7 Truncated features
Mean number densitfx 10° m™) 29+04 0.17 +0.12
Solute content (at.%) 27.7+54<x<33.8+2.4 Up t056.8+ 5.2
Segregated/precipitated atomic fraction 9.5 --
TEM data after ion irradiation High dose rate Low dose rate
Mean diametetnm) 11+3 <Hi>:al=6

<100>: 81 + 26

Mean number densitfx 10°°m™) > 10 8.2+1.5°

2This andysis was performed at a lowdepth (- 1 um); where thgosedoes not correspond to the referedosefor this
alloy (1.671 1.9 dpa). Thesealues are shown on an indicative basis.

® Mn-rich clusters cross the edge of the APT volurfibeir size $, therefore, not representative of any microstructural
feature.

¢ This value include both dislocation loop type (<100> and Y2 <111>).

4. Discussion

In this study, TEM and APTechniques have been used complementarily to characterize PD clusters
and solute clsters in high and low dose rate irradiated Fe3%Ni and Fe3%Mn undersaturated alloys.
Results presented in section 3 demonstrate sotiiteatmospheres and dislocation loops under both
irradiation conditions (high and low dose rate) in both alloys. Themudgjective 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 L2 dpa) and FeMn (at a dose of

1.97 2.3 dpa) model alloys

1. Segregation/precipitation mechanism

As detailed in the introductiorkeNi 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 cotent in RPV steels in order to exacerbate solute segregation, thereby emphasizing their
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effect on microstructurdeven though solute content is significantly higher in each binary alloy than
their actual content in RPV steels, it remains lower than tlodubiity limit at the temperature of
interest (673 K), which is about % and 3.2 at.%™ in FeNi and FeMn binary systems
respectively. Thereforeno thermodynamic driving forces are involved in Ni and Mn clustering
processThe clustering of Ni and Mn is not enhanced indticed byirradiation.ConsequentlyiNi and

Mn segregations expected to occumomicrostructural defects. This point is detailed herein for each
alloy.

Fe3%Ni alloy

In Fe3%Ni irradiated ahigh dose rat¢5.1 - 6.1 x 10" dpa.s'; 1.27 1.9 dpa) one can note that the
measures of size and number density obtained by TEM and APT are not idémtieats of size,
solute clusters10 + 3nm) are three times larger than dislocatioops @ + 1 nm) Considering Ni
segregation on a dislocation lodpge diameter of solute cluster measured by APT will naturally be
higher than the diamet of the associated loop obsedvby TEM. A profile was plotted along a-Ni
rich cluster in order to evaluate how smooth is the Ni profile. Results are given & Figurns out
that the profile is spread over a large distaGe@5nm), accouning for such variations in size.
Regardingthe mismatchin number densityan underestimation bgonventional TEMwas expected
given that imaging resolution is aballb nm. @nsequently, small dislocation loops are not visible
leading to a lower dislocation loop density (20 + 6 %*16°) when compared to that of Ni clusters
(14 £ 2 x 167 m>).

) ) 50 nm
Ni content profile

Figure9: Ni concentration profile plotted along a-N¢h cluster in the Fe3%Ni alloy irradiatedtagh dose rateThe solid
green area gives tistatisticalerror on the measurement.

Regarding RISand RIPmechanisnin thelow dose ratérradiated Fe3%Ni samel(6.17 8.2 x 10°
dpa.§; 1.2i 1.9dpa) reades areencouraged teefer to®’, where comprehensive information is given
in detail

Fe3%Mn alloy

In the Fe3%Mn alloy irradiated aigh dose rat€6.9 - 8.8 x 10" dpa.s’; 1.91 2.3 dpa) contrary to
Fe3%Ni irradiated under the same conditions diheneterof Mn-rich clusters is lower than the one of
dislocation loops. This observation is believed to find an explanatitmeistrongspatial resolution
degradation generated by local magnification effectéwo-phase alloyswhen the difference of
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