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High purity Fe-Cr alloys with 14wt% and 18wt%Cr and 16 alloys with different Cr, Ni, Si and P contents were
selected for investigation after neutron, ion and electron irradiation. This deliverable presents the PIE results
obtained by standard mechanical characterisation and with advanced characterisation techniques (SANS,
TEM, APT, PAS and NI).

Neutron irradiation was performed at 300°C and at 450°C at 0.11dpa. o' particles were found in the
Fel4CrNiSiP together with a second family of nano-features which are probably NiSiP enriched clusters or
NiSiP decorated loops. a' particles constitute the dominant component. The nature of the nano-features found
in the Fe5CrNiSIP is different from a'. The volume fraction of irradiation-induced clusters in Fe-14Cr-NiSiP is
one order of magnitude higher than in Fe-5Cr-NiSiP. Vacancy clusters were only observed at 300°C and their
size remains very small (<V4). TEM investigation and tensile tests revealed that Ni, Si and P impurities strongly
influence the response of the alloys to irradiation. Impurities were shown to decrease the dislocation loop size
and increase their number density. Accordingly, a very significant hardening is observed for the alloys which
contain impurities.

Thanks to the results obtained under ion irradiation, it was possible to investigate the effect of: temperature,
Cr content, impurities, irradiation dose and injected interstitials.

As under neutron irradiation, impurities were shown to play an important role. The higher the impurity content:

¢ the higher the concentration of vacancy defects

o the lower the size of the dislocation loops (DL)

o the higher the proportion of <111> DL (for the highest content, the majority of loops is <111> whereas
it is the inverse for pure Fe, Fe9Cr and Fe9Cr MIRE)

e the highest the number density (3 times higher for 0.34wt% than for 0.17wt%) of SRCs and the lower
their size.

e thericher SRCs are in impurity and Cr

e the harder the material, whatever the irradiation temperature.

It has been shown that P has the strongest effect.

The study of the influence of injected interstitials on a' precipitation showed that injected Fe strongly reduce o'
precipitation because of the enhancement of recombination between vacancies and interstitials and the
creation of a high density of point defect sinks (interstitial clusters, dislocation loops).
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1 Introduction

The main objective of the MEFISTO domain is to build knowledge on the effect of the composition on the type
of solute clusters that form under irradiation in high-Cr F/M alloys, their kinetics of formation, and their effect
on radiation-hardening (generally correlated with embrittlement), as a basis for mechanistic embrittlement
correlations, similar to those developed for reactor pressure vessel steels used in LWRs. The work proposed
is the logical extension and continuation of the work performed in GETMAT [1-3], where the focus was on
FeCr alloys of low purity and, particularly, on the formation of Cr-decorated loops as hardening features and
on phase transformation kinetics of the alloys under irradiation. Atom Probe Tomography (APT) investigations
of the irradiated alloys revealed the presence of other possible hardening features: solute clusters enriched in
Cr and in the impurity elements Si, P and Ni.

In order to understand the role of each impurity on the formation of the nano-features formed under irradiation
and the eventual synergies between the different species, FeCr(SiNiP) alloys of different composition will be
investigated in the framework of the MEFISTO task.

More specifically, the experimental work of the MEFISTO task addressed the two following issues:

o Design and performance of modelling oriented experiments on model alloys (from high purity up to
industrial purity) and, possibly, steels, in order to obtain detailed information on the solute clusters and
their effect on radiation-induced hardening, thereby allowing the improvement and validation of the
models, as well as setting the basis for the derivation of mechanistic embrittlement correlations.

e Investigate the influence of initial microstructure (ferritic vs ferritic/martensitic) on the response of the
alloys.

High purity Fe-Cr alloys with 14wt% and 18wt%Cr and 16 alloys with different Cr, Ni, Si and P contents were
selected for investigation after neutron, ion and electron irradiation. This deliverable presents the PIE results
obtained with advanced characterisation techniques (Positron Annihilation Spectroscopy (PAS), Transmission
Electron Microscopy (TEM), Small Angle Neutron Spectroscopy (SANS), Atom Probe Tomography (APT),
Nano-Indentation (NI) and standard mechanical characterisation.

2 Experimental Methodology

2.1 Materials and irradiated conditions

2.1.1 Fe-Cr(C) alloys

Fe-Cr(C) alloys with 14w.% and 18w.%Cr were provided by CEA. They were prepared by induction melting at
Ecole des Mines de Saint Etienne under the European Fusion Development Agreement contract EFDA-06-
1901 [4]. Their nominal composition is given in Table 1. The alloys were received by CEA in recrystallized
state, after a cold work reduction of 70%. They were then heat treated at different temperatures (for 1 hour,
under pure argon flow), followed by air-cooling. Fe14Cr and Fel8Cr were heat treated at 1073K and 1123K
respectively, to reach high grain sizes (~100 yum) and low dislocation density (= 108 cm-2).

Table 1: composition of the Fe-Cr(C) alloys (in wt.%)

Fe-Cr alloys Short name Cr C (Wppm) S (wppm) O (wppm) N (wppm) P (wppm)
Fe-14%Cr FeldCr_HR 14.25 5 7 4 5 <10
Fe-18%Cr Fe-18Cr_HR 17.97 <10 <10 <10 <10 -
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2.1.2 Fe-Cr(NiSiP) alloys

2.1.2.1 List of materials and basic characterisation

16 alloys with different Cr, Ni, Si and P contents were selected for investigation in MEFISTO. The 16
compositions were cast by OCAS in an induction vacuum furnace. The pure Fe source which was used
contained only 50ppm Co and 70ppm Ni, while all other elements were below 10ppm. No contamination was
expected by adding Cr (electrolytically refined). The composition determined by means of SS-OES (all
elements except Ni, Si & Al) and ICP-OES (only Ni, Si & Al) are reported in Table 2. All other elements were
below the SS-OES detection limits, except for the S content which lies between 10 and 15ppm for all casts.

Table 2: Composition of the selected FeCr(NiSiP) materials (in w.%) determined by SS-OES (all elements
except Ni, Si & Al) and ICP-OES (only Ni, Si & Al). *GETMAT material with a martensitic structure.

ID Short name Cr Ni Si P Al
w.% w.% w.% w.% w.%
G379 Fe* 0.002 0.007 0.001 0.003 0.023
G380 Fe-5Cr 4.9 0.008 0.002 0.003 0.027
G381 Fe-5Cr-Ni 4.9 0.107 0.002 0.003 0.023
G382 Fe-5Cr-Si 4.8 0.008 0.186 0.003 0.025
G383 Fe-5Cr-P 4.7 0.010 0.002 0.031 0.024
G384 Fe-5Cr-NiSiP 4.9 0.097 0.219 0.033 0.026
G385 Fe-9Cr 9.1 0.009 0.004 0.003 0.027
G386 Fe-9Cr-Ni 9.1 0.114 0.002 0.003 0.024
G387 Fe-9Cr-Si 9.1 0.007 0.219 0.003 0.027
G388 Fe-9Cr-P 9.1 0.007 0.009 0.033 0.027
G389 Fe-9Cr-NiSiP 9.1 0.092 0.212 0.032 0.028
G390 Fe-14Cr 14.5 0.009 0.008 0.003 0.030
G391 Fe-14Cr-Ni 14.4 0.094 0.004 0.003 0.030
G392 Fe-14Cr-Si 14.5 0.007 0.203 0.003 0.023
G393 Fe-14Cr-P 14.4 0.008 0.003 0.032 0.024
G394 Fe-14Cr-NiSiP 14.4 0.087 0.194 0.031 0.025
L252 Fe-9Cr MIRE* 9.1 0.07 0.09 0.012 0.007
L253 Fe-12Cr MIRE* 11.6 0.09 0.11 0.05 0.003

From each lab cast, a piece of 50 mm x 125 mm x 250 mm was cut from the bottom. The pieces were
introduced in a pre-heated furnace at 1200°C for 1h30. Afterwards, they were taken out of the furnace and hot
rolled about 1 min after leaving the furnace. Hot rolling was performed without interruption to a thickness of 10
mm (in 7 passes of following reductions: 15%, 20%, 22%, 22%, 22%, 22%, 20%). The rolling lasted
approximately 1 min. After rolling the temperature was approximately 930°C. The sheets were subsequently
air-cooled down to room temperature obtaining a fully ferritic microstruture. The final dimensions of the sheets
were approximately 10 mm (height) x 250 mm (width) x 600 mm (length). The length of the sheets is in the
rolling direction. The obtained flatness of all sheets was excellent, except for sheet G380 which had an
acceptable curvature of <5 mm over the strip length.

2.1.3 Irradiation conditions

2.1.3.1 Neutron irradiations

MatISSE samples were irradiated in BR2 during cycles 4 and 6 of 2016 at 290°C + 5°C and 450°C + 20°C.
The irradiation duration was 41.8 days in total. The flux was about 1.5 10%® n.cm-2.s1. Fluence obtained from
dosimeter is about 7.0-7.5 10%° n/cm? or 0.11 + 0.05 dpa with a dose rate of 2.210® dpa/s. More details are
available in the milestone MS.2.3.1. Table 3 presents the list of the materials that were irradiated and the
irradiation conditions.
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Table 3: Materials and irradiation conditions for irradiation in CALLISTO loop in BR2.
290°C ~450°C
1D Short name ID Short name

G384 Fe-5Cr-NiSiP G379 Fe

G385 Fe-9Cr G384 Fe-5Cr-NiSiP

G389 Fe-9Cr-NiSiP G385 Fe-9Cr

G394 Fe-14Cr-NiSiP G389 Fe-9Cr-NiSiP

L252 Fe-9Cr (Mart.) G394 Fe-14Cr-NiSiP

E97 Eurofer97 L252 Fe-9Cr (Mart.)
E97 Eurofer97
T91 (steel)

2.1.3.2 lon irradiations

a) lon irradiation of Fe-Cr(C) alloys

High purity Fe-Cr alloys were irradiated with 2 MeV Fe?* ions at 300°C using the JANNuS-Saclay facility [5,6].
The ion flux was 6x10° ions/(cm?s). The damage and implantation profiles, given in Figure 1 were calculated
with SRIM (Stopping and Range of lons in Matter) [7,8] using the “Quick” Kinchin and Pease option as
recommended by Stoller et al. [9] and a displacement threshold of 40 eV [1]. The dose rate varied from
3x10-° dpa/s near the surface up to 6.8x10-° dpa/s at the damage peak.
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Figure 1: Damage and implantation profile calculated with SRIM 2013 [7,8].

b) lon irradiation of Fe-Cr (NiSiP) alloys

lon irradiations were performed at the ion beam center of HZDR. Samples were irradiated with 5 MeV Fe*ions
up to 0.1 dpa or 0.5 dpa measured at 500 nm from the surface. A description of the irradiation sets is given
Table 4. Two sets of irradiation experiments were performed for each condition. Samples of pure Fe were
added to group 1 and 2 for the second set of ion irradiations.
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Table 4: Irradiation conditions.

Irradiation Run2 Run3 Runl
temperature
0.1dpa 0.5 dpa
2002C Group 1
3002C Group 2 Group 3 Group 1
+
in-situ TEM
4502C Group 1

Group 1: Fe9CrNiSiP, Fe9Cr, Fe9Cr GETMAT, Fe5CrNiSiP, Fel4CrNiSiP
Group 2: Fe9Cr, Fe9CrNi; Fe9CrP, Fe9CrSi; Fe9CrNiSiP
Group 3: Fel4Cr, Fel4CrNi; Fel4CrP, Fel4CrSi; Fel4CrNiSiP

Figure 2 and Figure 3 provide the damage and injected Fe concentration profiles for the two target doses 0.1
and 0.5 dpa at 500 nm respectively. The dose rate at 500 nm was about 5.10 dpa/s (fluence of about 1.3 1011
cm-2.s'1). More details about irradiation conditions are available in millestone MS 2.3.3
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Figure 2: Damage and injected Fe concentration profiles for the target 0.1 dpa at 500 nm.
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Figure 3: Damage and injected Fe concentration profiles for the target 0.5 dpa at 500 nm.
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2.1.3.3 Electron irradiations

Irradiations were performed using the 1 MeV High Voltage Electron Microscope (HVEM) of JANNuS-Saclay
platform on needle-shaped and thin foil specimens that were then used for the APT and TEM studies
respectively. The electron flux was 3.55 x 1018 electrons/cm?/s and the calculated doses, using a displacement
threshold energy of 40 eV [10,11], were 0.012, 0.023, 0.2 and 0.7 dpa (damage rate 3.9 x 105 dpa/s). All
samples were irradiated at a temperature of 300°C, measured with a thermocouple placed in contact with the
sample.

The APT samples were irradiated using a sample holder that was specifically designed for HVEM irradiation
of needle-shaped APT samples. To limit surface effects (such as point defects migration and elimination at
free surfaces) occurring when the area of interest is too close to the tip surface, needles with large tip radius
(1-2 um) were irradiated. The tips were placed perpendicular to the electron beam and a 6 — 8 um zone of the
samples was irradiated. Based on finite element calculations, beam heating was evaluated to be limited to
29 K for our experimental conditions. After irradiation, the samples were annular milled using a 1530XB Zeiss
Focused lon Beam (FIB) in order to obtain needles suitable for APT analysis (tip radius =50 nm).

The TEM thin foils were irradiated to doses of 0.023 and 0.2 dpa. An 8 um diameter-sized area of the thin foil
was irradiated within the HVEM using the same conditions as for the atom probe samples. The temperature
was controlled by an integrated sample holder thermocouple and kept at 573 K during these experiments.

2.2 Microstructural characterisation techniques

2.2.1 Relaxation techniques: internal friction (IF) and magnetic after effect
(MAE)

IF and MAE are two relaxation techniques that provide information on, especially, interstitial chemical species
dispersed in the specimen matrix. IF is based on the interaction between an applied mechanical stress field
and anisotropic lattice distortions caused by interstitial or substitutional atoms and other defects. The energy
dissipation, caused by the stress-induced movement of the defects, leads to the IF effect. MAE is based on
the interaction between the magnetic domain walls and the lattice defects. It is important to mention that if
mechanical and magnetic relaxation processes are caused by the same type of lattice defects, the
measurements in both types of experiments should provide similar data. Both techniques are established at
SCKeCEN for the measurements of both non-active and active materials.

In comparison with other microstructural characterization techniques, IF and MAE have the great advantage
to be sensitive not only to the mere presence of lattice defects, but to their movement as well. Both methods
represent efficient tools to study various types of interstitials (carbon, nitrogen, and hydrogen) and dislocation-
related relaxation processes allowing the determination of corresponding parameters of defect motion, such
as defect activation energies and concentrations.

2.2.2 Positron Annihilation Spectroscopy (PAS)

PAS is a valuable method to obtain information on vacancies and vacancy clusters formation under irradiation
and their thermal stability. Two measurement techniques based on positron annihilation can be used. These
are Doppler broadening (DB) spectroscopy and positron lifetime spectroscopy (PALS). While the PALS
measurements give information on the electronic density of the material at the place of positron annihilation,
the DB spectroscopy allows the measurements of the momentum distribution of the electron-positron
annihilation pair thus giving information on the chemical environment of the positron annihilation site. PAS is
particularly sensitive to open volume defects, such as vacancies, vacancy clusters and dislocations. The
sensitivity range for the vacancy detection in metals starts at about one vacancy per 107 atoms. It is the only
experimental technique that provides information about vacancy clusters evolution under irradiation.
Additionally, carbon strongly binds with a vacancy, so PAS usually complements the relaxation measurements
with respect of carbon distribution analysis.

Doppler broadening spectra are characterized by an S parameter (line-shape parameter) and a W parameter
(wing parameter). S and W parameters are defined as the ratio of low momentum and high momentum regions
of the DB spectrum to total momentum respectively (c — speed of light, pL- longitudinal component of the
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positron-electron momentum along the direction of y-ray emission). S and W carry different information.
Annihilation with the valence electrons lead to a small difference in the energy of y-rays, while the inner shell
electrons can lead to energy changes of any magnitude. The former contributes to the low-momentum region
and is observed by the S parameter, which therefore carries information about open volume defects. The latter,
on the other hand, contributes to the high-momentum region represented by W parameter.

PAS experiments were performed at SCKeCEN and HZDR on neutron irradiated samples. Unirradiated and
ion irradiated samples were investigated at HZDR and CNRS/CEHMTI.

PAS measurements on neutron irradiated samples:

Doppler broadening measurements

In order to minimize the background in case of active materials, CDB (Coincident Doppler Broadening) spectra
were measured using two Ge detectors located at an angle of 180° relative to each other that allows both
annihilation photons to be detected coincidentally. To prevent pileup, due to the activity of the specimens, the
detectors could be moved further from specimen (up to 1.5m). The analysis of the results is based on channel
selection through the coincidence region of the two-dimensional (2-D) spectra. The resulting 1-D spectrum was
normalized to pure, non-irradiated, defect free iron. S and W parameters were extracted from each spectrum.
The momentum ranges were defined as |pL| < 2.5x10-3moc for S and 15x10-2 moc < |p.| < 25x10- moc for W (c
— speed of light, pL- longitudinal component of the positron-electron momentum along the direction of y-ray
emission).

PALS

Positron annihilation lifetime spectroscopy (PALS) measurements were performed at the GiPS (Gamma
induced positron spectroscopy) beamline of the HZDR linac ELBE. The GiPS facility is the only suitable setup
worldwide to measure sample material with an information depth > 50 um. For this reason, this setup is a
unique opportunity to measure extended volume samples and reduce the influence of surface effects expected
in the materials under investigation. Due to positron production directly inside the sample there is no
contribution from the positron source like in common setups. In the context of the complex chemical
composition of the materials investigated this simplifies the analysis considerably, because the lifetime spectra
just contain contributions from the sample. Furthermore, GiPS enables the acquisition of lifetime spectra
independently of the gamma-start signal, which, in the case of neutron irradiated Fe-based alloys, significantly
decreases the background noise originating from the Co decay in the material.

Samples of 1 mm thickness and 6 or 9 mm diameter were wrapped in Hostaphan foil to exclude contaminations
of the environment and fixed on thin threads to reduce background signals. characteristic annihilation quanta
were registered in coincidence by 4 sets of pairs of high-purity Germanium semiconductors for accurate energy
determination and BaF: scintillation detectors for accurate timing [12]. The measured lifetime (LT) distributions
were analyzed by means of the PALS(it [13] software package.

PAS measurements on ion irradiated samples:

Doppler broadening measurements

Depth-resolved Doppler Broadening Positron Annihilation Spectroscopy and in selected cases Coincidence
Doppler Broadening (at 16 keV) were performed using the slow positron beam SPONSOR [16] at HZDR. In
SPONSOR positrons emitted from a ??Na source are moderated and accelerated to the sample with defined
energies between 27 eV and 35 keV to reach depths of up to about 3 um. Therefore, the method is specifically
useful to investigate open-volume defects in ion-irradiated samples where the defects are distributed in a near
surface region on the order of 1 pm.

Slow-positron DB was applied to selected ion-irradiated samples and the respective unirradiated reference
samples. The samples where mechanically mirror-polished followed by electro-polishing in a solution of 2%
perchloric acid in 98% ethylene glycol monobutyl to remove the surface damage introduced by mechanical
polishing. Data analysis was performed using pure annealed Fe as reference for calculation of the S and W
parameter. The energy ranges for S and W parameter calculation were set to |Ey-511 keV| < 0.97 keV and 2.2
keV < |Ey-511 keV| < 3.2 keV, respectively, for all samples.
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The CEMHTI slow positron accelerator was also used to perform Doppler broadening Spectroscopy
measurements [14]. Vacancy type defects induced by irradiation were characterised in all Fe-9Cr samples
containing different Ni, Si and P contents. The positron-annihilation characteristic that was investigated is the
positron-electron pair momentum distribution. It was measured at 300 K by recording the Doppler broadening
of the 511-keV annihilation line with a Ge detector [FWHM ~ 1.24 keV at 514 keV]. Approximately 8x10° events
were collected in the peak at each positron energy value. The window 511[-6.35;+6.35] keV was used to
calculate the total number of annihilation events. The broadening of the annihilation y line, AEy , is proportional
to the momentum component of the annihilating electron-positron pair, pL , along the emission direction of the
photons: 2AEy=cpL. Two parameters are used to characterize the shape of the momentum distribution. The
low momentum parameter S in the window at the peak, 511[-0.636;+0.636] keV, corresponds to the fraction
of annihilations taking place in the momentum range (J-2.177| to |2.177])x10-3moc. The high-momentum
parameter W in the windows at the wings, 511[-6.35;-2.46] keV and 511[+2.46; +6.35] keV, corresponds to the
fraction of annihilations taking place in the momentum range (|-24.88| to |-9.64| and |9.64| to |24.88])x10-3moc.

To investigate the depth dependence of S and W, the curves S(E) and W(E) were recorded as a function of
the beam energy E increased in 0.5-keV steps from 0.5 to 25 keV. To determine whether only two distinct
annihilation characteristics contribute to a set of data (S,W) in a given energy range, we use the graphical
analysis where S is plotted as a function of W with the energy E as running parameter. When only two distinct
annihilation characteristics (S1 ,W1) and (Sz ,W2) contribute, the S(W) plot falls on a segment of a straight line
that is a fingerprint of the superposition of the two annihilation characteristics and goes from (S1 ,W1) to (S2
W2).

2.2.3 Small Angle Neutron Scattering (SANS)

SANS is the most important characterization technique among indirect analysis methods. Solute clusters in a
size range from 0.5 to up to 100 nm and concentrations > 0.005 vol% are identified through an increase in
scattering intensity. Information on the size distribution of scatterers, their number density and volume fraction
is obtained with an inverse transformation of the scattering pattern. SANS is able to probe a sample volume
of several tens of mms3, while still resolving changes on a sub-nanometer scale. Based on the ratio of magnetic
and nuclear scattering conclusions on the type of scattereres can be drawn.

Samples of 1 mm thickness and 6 or 9 mm diameter were investigated. The exact same samples (14Cr-NiSiP
only) were used for positron annihilation lifetime spectroscopy (PALS).

The SANS experiments were conducted at the SANS-1 beamline of MLZ Garching (research reactor FRM-2)
[15]. A 3He-detector of 1 m? cross section consisting of 128 x 128 pixels was used. The sample-detector
distances were 1.6 and 8 m with corresponding beam collimation lengths The scattering intensity was
measured with a neutron beam of 0.45 nm wavelength. A scattering-vector range of Q = 0.1 to 3.2 nm* was
measured. The samples were placed in a magnetic field of 1.5 T (Cryomagnet) in order to separate magnetic
and nuclear scattering. Data calibration was done using acrylic glass (PMMA) (detector efficiency) and a
reference sample with well-known differential magnetic and nuclear scattering cross section. Data reduction
was carried out using the BerSANS software package [16].

The scattering cross sections of the unirradiated reference samples were subtracted from the respective cross
sections of the irradiated samples in order to derive the characteristics of irradiation-induced scatterers. These
difference scattering curves were transformed into size distributions of scatterers using two different methods:
the indirect Fourier transform method (commercial code) [17] and the Monte Carlo method (own HZDR code)
[18]. Different details of the fit procedure and data scatter can cause slight deviations between the results
obtained from both methods, but generally good consistency was found. The advantages of the MC-based
code are a higher degree of objectivity and the output of error bands of the reconstructed size distributions.

The A-ratio first introduced by Beaven et al. [19] was calculated from the magnetic and nuclear contributions.
It is a one-parameter signature of the mean composition of irradiation-induced scatterers.

2.2.4 Atom Probe Tomography (APT)

APT is a quantitative and destructive analytical technique. It is the only material analysis technique offering
extensive capabilities for both 3D imaging and chemical composition measurements at the atomic scale. The
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strength of APT is its ability to detect all the atoms with an equivalent efficiency (from the lightest to the heavier)
and its high spatial resolution (around 0.1-0.3 nm resolution in depth and 0.3-0.5 nm laterally). APT is sensitive
to dilute and small objects which are invisible for TEM. Clusters of as few as 10 atoms of impurity species are
detectable in principle. In case of concentrated species, the detection limit of particles or clusters is about 0.5
nm in radius. APT is thus well adapted to the detection and quantitative characterization of nanometric solute
clusters (composition, size, number density) and segregations at dislocation loops and lines or at grain
boundaries. It gives quantitative information which is not accessible using global experimental techniques. But
APT cannot provide information about vacancy, vacancy clusters, cavities and voids and about dislocation
lines or loops without segregation. The small size of the probed volume (typically 30 x 30 x 150 nm3) limits
APT ability to detect objects with a low density and its statistical representativeness. The basic principle of
APT and data treatment may be found in different books or reviews [20—-24].

The APT samples were prepared using two methods : electropolishing and focussed ion beam (FIB). In case
of electropolishing, samples were prepared from 0.3 x 0.3 x 15 mm sticks. They were obtained by choosing
suitable electro polishing conditions (75% acetic acid -25% perchloric acid and 98% ethylen glycol monobutyl
ether — 2% perchloric acid). In case of FIB preparation, the APT samples were lifted out using either a Helios
650 NanoLab FEI Focused lon Beam or a ZEISS Crossbeam 540 at different depths in order to characterise
precipitation/clustering with respect to the damage and implantation profiles. The final milling was performed
with a Ga beam energy of 2kV in order to reduce implantation of Ga ions in the material.

The samples were examined using LEAP 4000X HR Atom Probes from CAMECA equipped with a Delay Line
Detector (DLD) [25] having a detector efficiency of 36% (GPM/CNRS) or 42% (CEA Saclay). The LEAP HR
APTs are equipped with a reflectron which provides a high mass resolution and improves the accuracy of
composition measurements. The samples were cooled down to a temperature of 55K in order to mitigate the
preferential field evaporation of Cr atoms. During analyses, the atom probe specimens were electrically pulsed
with a pulse fraction of 20%, a pulse rate of 200 kHz. Detection rate was set up between 0.1% and 0.35%.

The reconstructions of the volumes were done with IVAS 3.6.8 (CAMECA software) using standard parameters
such as a compression factor of 1.4-1.7, an evaporation field of 33 V.nm-1 and a k factor of 3.0 — 5.6 (depending
on the tip support i.e. needle or micro-coupon). Compression factors used were systematically derived from
the crystallographic angles between poles observed on the desorption maps. k factors were calculated so as
to obtain the correct inter-planar distances of the crystallographic planes observed in the volume.

The analysis of the atom probe data was carried out using the 3D Data Software for Atom Probe Tomography
developed by the GPM research group in Rouen, France. Measurement of the size and number density of
clusters was performed using the “iso-position” concentration data filter [26,27]. This filter enables the particles
to be distinguished from the surrounding matrix based on their composition. The parameters used are given
in the results part. The cluster's composition was measured in the core of the clusters using either radial or
erosion concentration profiles [24]. Composition values were averaged over all the measurements.

The number density of the particles was determined by a simple ratio of the number of the observed clusters
to the overall analysed volume. The radius of each precipitate was calculated considering spherical particles:

_ 33nVgt
Rppt = [Tmo
efficiency. Fe shells were sometimes observed around particles/clusters. These shells were removed using an
erosion method before measuring the radius. The volume fraction was defined as the ratio of the number of
atoms inside the clusters/clusters to the total number of collected atoms.

, with n the number of atoms in each particle, Va the Fe atomic volume and Q the detector

In the cases of as-received (AR) and low dose irradiation (0.1 dpa) conditions, the identification of the clusters
is not possible—or limited— using the iso-position tool. In such cases, alternative statistical tools have been
used to analyse the level of randomness of the solute distributions. The Thuvander et al. test [28] has been
applied to rectangular volumes of about 0.7-3.0 millions of atoms to account for the ordered, random or
clustered distribution of the Cr in the samples. In this method the APT volume is subdivided in small boxes.
The frequency distribution of the Cr concentration is then measured and its standard error is measured and
compared with the standard deviation of the binomial distribution corresponding to and homogeneous
distribution of the Cr in all the tested volume. This comparison between the standard error and the standard
deviation is made for several box sizes, a characteristic curve which indicates the deviation from the random
distribution as a function of the sampling size has been obtained for each specimen. Thus early stages of a/a’
decomposition can be identified.

Concerning the distribution of the impurities (NiSiP) on the AR states and at low dose, its study has been
based on the calculation of the so called V parameter [29,30]. This parameter measures the statistical distance
between the random distribution of the specified specie and its experimental distribution. In the current case,
frequency distributions of the 15t near-neighbour (1NN) distances of P-P, Ni-Ni and Si-Si pairs have been
measured. These frequency distributions have been obtained from the APT volume in regions far away from
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the field desorption lines and poles. The V parameter is a semi-quantitative parameter which will allow to make
comparisons about the impurities distribution in the different materials and irradiation conditions.

2.2.5 Transmission Electron Microscopy (TEM)

The basic principles of Transmission Electron Microscopy (TEM) are presented in [31] and the specific use of
TEM applied to the characterisation of radiation damage is published in [31]. Information from TEM comes
from the images of the microstructure by using different contrast methods to image the different features in the
microstructrure. TEM allows the characterisation of the microstructure in a wide range of magnifications, going
through different spatial scales, from the grain scale to atomic resolution. Additionnally, crystallographic
information can be obtained from electron diffraction. Chemical information can also be provided by the
employment of different techniques combined to a transmission electron microscope.

In the case of the characterisation of radiation damage, diffraction contrast is applied to image dislocation
loops with a resolution about 1.5 nm. Other features such as voids, may also be observed by phase contrast,
forming the images in out of focus mode.

In the present work, TEM investigations were performed by means of a microscope JEOL JEM-2010 operating
at 200 keV, with LaBs filament. Bright Field (BF) and Weak Beam Dark Field (WBDF) conditions were
employed to image the defects created by irradiation. From TEM images, quantitative information can be
extracted such as number density and size distribution. The characterization of the features induced by
irradiation in the case on BCC metals involves obtaining information about density and size distribution of the
specific features. In the particular case of dislocation loops, it is desirable to know their Burgers vector as well
as their interstitial or vacancy nature. The methodology usually employed is well described in the above
mentioned references.

In the present work, the images were taken using different reflections, g, type (110) or (200), around zone axis
(111), (110) and (100) when possible. Every BF image from each region has been compared to the
corresponding WBDF image, making it possible to discern most of the visible loops in each orientation.
Through this comparison, it is observed that smaller loops are better discerned in WBDF images. Large loops
are sometimes not easy to discern completely in WBDF, but they are clearly observed in BF. Loop sizes have
been measured in both types of images, paying attention to avoiding double counting so histograms show data
of all the visible loops. Size data refer to the largest dimension of the image of the dislocation loops and
correspond to the loop diameter. The loop size histograms were fitted to a log-normal function from which the
average size was calculated. Quantitative information about the number density was obtained by counting
visible loops in a defined region, considering both, BF and WBDF, again avoiding double counting. The amount
of ambiguous features difficult to distinguish from very small irradiation-produced loops is considered as the
error in the counting. Such features were counted as half each following previous practice reported in Refs.
[31]. It has to be noted that part of the dislocation loops present in the material may not be visible under certain
diffraction conditions, due to the fact that when the product g-b = 0 (g being the diffraction vector and b the
Burgers vector of the dislocation), the contrast of a dislocation vanishes or is very weak [2]. For instance, one
half of the loops with b=1/ 2a0(111) and one third of the loops with b=a0(100) will be invisible in images with g
type {110}. Therefore, the number of visible defects counted in one image, taken with the corresponding
condition, g, has to be corrected taking into account the proportion of each family of loops and, then, the
amount of loops not visible with that specific g. The “statistical g-b analysis” [31], was employed to calculate
the proportion of each Burgers vector and the total number density, thus taking into account all the loops.

Neutron irradiated specimens for TEM characterisation were received in the form of 6 mm diameter discs, from
where 3mm discs where punched out. Discs were mechanically thinned up to 0.1 mm. Final thinning to electron
transparency was obtained by electropolishing in a 5% perchloric acid in methanol at -60°C.

In the case of the ion-irradiated materials a modified method was employed in order to extract a TEM sample
from the 1.5 um thick ion-irradiated layer. Discs of 3 mm in diameter were punched out from the ion-irradiated
plate. As a first step, a short electropolishing was applied to the sample. The amount of material removed
during this step was estimated taking into account the initial thickness of every sample and the total time to
perforation. In this way, possible surface damage, oxidation, etc., are removed and the region to be examined
by TEM is located within the damaged area. The estimated depth, together with the estimated dose in dpa at
the examined region, are presented in Table 5. After the short electropolishing, the ion-irradiated surface is
protected from contact with the electrolyte and final thinning is performed by removing material from the non-
irradiated backside of the sample.
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Table 5: Estimated dose in dpa at the region examined by TEM

. . . | Depth after Estimated dose at
Initial Total time until - .
. thickness tlash perforation material thg specimen

Specimen Code (s) removal thickness

m s
G379-Fe (3) 90 3 290 931 0.940
G384-2-Fe5CrNiSiP- (1) 90 3 410 658 0.647
G385-2-Fe9Cr- (2) 100 0 668 0 0.268
G385-2-Fe9Cr- (3) 100 3 788 380 0.465
L252-4.6-Fe9Cr- (2) 100 3 768 390 0.471
G389-FeNiSiP (1) 90 3 666 405 0.471
G394-2-Fel4CrNiSiP (1) 100 3 705 425 0.484

2.3 Mechanical characterisation technigues

2.3.1 Nano-indentation (NI)

Nanoindentation is a well-recognized tool to probe the mechanical behaviour of thin layers. It is extensively
used to study irradiation hardening in structural materials irradiated with ions, where mechanical testing
methods usually applied to neutron irradiated (bulk) material are not applicable.

Nanoindentation testing on selected ion-irradiated samples and their respective unirradiated references was
performed at HZDR utilizing a Universal Nanomechanical Tester (UNAT) equipped with a Berkovich indenter.
The samples where mechanically mirror-polished followed by electro-polishing in a solution of 2% perchloric
acid in 98% ethylene glycol monobutyl to remove the surface damage introduced by mechanical polishing.
Calibrations of the indenter area function and the instrument stiffness were based on measurements on two
reference materials (fused silica, sapphire) with known elastic modulus. The quasi continuous stiffness
measurement (QCSM) method was applied, where the load is superimposed with a sinusoidal oscillation at
discrete loads. This method allows the contact stiffness to be calculated along the loading curve and the full
loading curve to be exploited to calculate the indentation hardness (Hit) as a function of contact depth (hc).
The tests were performed with a maximum load of 50 mN with a corresponding contact depth of about 1 um.
More than 30 indents per material and condition were performed. Zero point and thermal drift correction were
applied to each individual curve. Thereafter, an average curve was calculated and analysed using the method
described by Oliver and Pharr [31]. The hardness value at a reference depth of 200 nm was chosen as the
hardness representative for the irradiated layer and to calculate the irradiation-induced hardness change. A
linear superposition of the initial hardness and the hardness contribution by the irradiation-induced defects is
assumed. Moreover, it is assumed that the indentation size effect (ISE) does not significantly change with
irradiation.

2.3.2 Tensile tests

The tensile tests were performed on an Instron 1341 machine, at different temperatures, with a constant
crosshead speed of 0.1 mm/min, which corresponds to a strain rate of 1.4-104s1. Two types of tensile
specimens were used: (a) cylindrical and (b) flat. Cylindrical specimens were 24 mm long, with a cylindrical
gauge section of 2.4 mm in diameter, and 12 mm in length. Flat specimens were 15 mm long with a rectangular
gauge section of 1.7 x 1.5 mm?2, and 5 mm in length. Neutron irradiated samples were tested with Instron 1341
machine placed in the hot cell. Results of non-irradiated samples are shown and discussed together with
neutron irradiated samples.
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2.3.3 Hardness tests

The Vickers hardness HV10 (load 98.1 N) was measured at HZDR using the Vickers hardness devices
Shimadzu HSV20 (unirradiated samples only) and semi-automatic Akashi AVK-CL1 in a hot cell lab (neutron-
irradiated and unirradiated reference samples). The measurements were performed according to the Standard
test procedure DIN EN ISO 6507-1:2006-03.

3 Characterisation of the as-received alloys

3.1 Metallography

The basic characterization of the as-received materials was performed by HZDR, CIEMAT and SCKeCEN
(metallographic and TEM characterization, tensile tests and macro-hardness measurements). Results are
given in

Table 6. The density of dislocations is not especially high. Metallography images are given in Figure 4, Figure
5 and Figure 6. More details are available in milestone MS.2.3.1.

Table 6: grain size, engineering stress (yield strength oy and ultimate tensile strength ou), engineering strain
(uniform elongation Oy and final elongation [Js) and hardness at room temperature. Data and uncertainties
were obtained over 3 tensile specimens for model alloys and 6 for steels.

Alloy Gr"’(‘L”ms;ze oy (MPa) ou (MPa) g (%) & (%) HV10
Fe 95 196 + 22 303 +13 1743 33+3 58+ 2
Fe5Cr 36 205 + 25 31048 19+4 39+5 77+1
Fe5Cr0.1Ni 37 180+ 5 300 + 2 24+1 46+ 1 82+2
Fe5Cr0.2Si 37 197+ 4 32342 24+1 45+3 83+ 1
Fe5Cr0.03P 36 221 411 32542 19+3 37+5 88 + 6
Fe5CINiSiP 31 23145 35345 21+1 40+3 102+2
FeaCr 25 252 +8 39142 1742 35+3 110 +1
FeaCr0.1Ni 24 246 +7 37942 1941 40+ 1 104 + 1
FeaCr0.2Si 27 242 + 5 378 +1 20+1 39+1 103+ 1
Fe9Cr0.03P 26 237 + 3 37343 20+ 3 39+3 101+3
Fe9CINiSiP 27 257 + 4 399+ 3 20+1 38+3 113+3
Fel4Cr 241 230+ 4 306 +7 1743 31+3 105 + 6
Fe14Cr0.1Ni 240 250+ 7 31949 18+5 3247 113+5
Fe14Cr0.2Si 217 248 +13 319 +13 18+4 31+6 112+ 4
Fe14Cr0.03P 253 263+6 343+6 1746 30+8 114 +3
Fel4CINiSiP 239 268 + 16 319 + 23 10+5 20+ 4 123+ 6
T91 14 577 6 716 £ 3 7.7+0.4 25+1 229+ 2
P92 31 498 +9 672 + 2 104+ 0.4 26+2 213 +3
E97 6 547 +7 681 + 4 63403 2541 220+ 1
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3.2 SEM/EBSD

EBSD maps have been obtained from some materials, images are shown in Figure 7. The analysis of these
maps allows to confirm that materials present no texture, showing a random orientation distribution of grain
orientation. In order to determine the grains, a critical misorientation angle of 10° has been defined. Grain size
distribution and average size have been obtained, being in agreement with those obtained from metallography.

G379-Fe G383-Fe5Cr G385-Fe9Cr

L252-Fe9Cr

G389-Fe9CrNiSiP G394-Fel4CrNiSiP

Figure 7: EBSD maps from some FeCr alloys (note differences in magnification)
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3.3 TEM

Figures below show some examples of TEM images of materials under study, in as-received condition. From
this type of images, information about initial microstructure before ion or neutron irradiation can be
obtained.Figure 8 shows examples of typical regions found in four non irradiated materials. Dislocation density
has been measured in these and similar images. Results are summarised in Table 7 below.

G379-Fe G385-Fe9Cr

Figure 8: TEM images at low magnification showing part of the dislocation structure in the Fe9Cr alloys.
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Table 7: Dislocation density in some FeCr alloys.

Material code Dislocation density (m)
G379-Fe (1.6+0.2) x 1013
G385-Fe9Cr (4.2+£0.1) x 1013
L252-Fe9Cr (2.0£0.3) x 10%3
L252-Fe9Cr (1.5£0.3) x 10%3

Some particular features were observed in each material. Images at higher magnification
illustrating such features are shown in figures below. Figure 9 shows the type of features
observed in pure iron, G379-Fe. Round features as well as rombohedric features that may
be precipitates, most probably carbides, are observed at the interior of the grains, in between
the dislocation segments and, sometimes, attached to them.

| 4 Trr—

i Sz

Figure 9: TEM images of non irradiated G379-Fe
Figure 10 shows TEM images of ferritic G385-Fe9Cr, in as-received condition, illustrating the presence of
areas presenting different dislocation density. Some regions of small grains with very high dislocation density
appear nearby regions of large, ferritic grains, with lower dislocation density, as the one shown inFigure 8
above. Some dislocations appear pinned at some points that may be small precipitates at the interior of the
grains. The numbers in Table 7 refer to regions similar to the grain shown in Figure 8 or the image in the right
in Figure 10, i. e., where the dislocation density is lower.

Figure 10: TEM images of non irradiated G385-Fe9Cr.
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Figure 11 shows TEM images of the ferritic-martensitic L252-Fe9Cr, in as-received condition. The grain
structure shows regions of small grains nearby to some ferritic larger grains. Precipitates are observed both
intragranular and intergranularly, with shapes either elongated or globular.

=1 ‘ ¥
L 2 s

Figure 11: TEM images of non irradiated L252-Fe9Cr

Figure 12 shows a TEM image of pure iron, G394-Fe14CrNiSiP, in as-received condition. This material show
the presence of quite large grains with relatively low dislocation density. It is worth noting the presence of
precipitates at grain boundaries. Their nature is under study.

50 nm

Figure 12: TEM images of non irradiated G394-Fe14CrNiSiP

3.4 Internal Friction

Internal friction spectra in the temperature range between 100 and 700 K of non-irradiated pure Fe (G379) are
shown in Figure 13. They were obtained at SCKeCEN.

The temperature dependent internal friction (IF) of non-irradiated and non-deformed (ND) spectra of Fe show
the existence of a peak at about 350 K which can be assigned to the relaxation of carbon atoms (Snoek peak).
The intensity of the Snoek peak corresponds well to the concentration of carbon atoms, which is reported to
be around 70 ppm in these alloys. The next peak is situated at about 530 K is enhanced in intensity after
application of cold work (CD). This peak is conventionally associated with the relaxation of carbon atoms in
the vicinity of dislocations. Table 8 summarizes the observations of carbon peaks in investigated alloys.
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Figure 13. Internal friction spectra of non-irradiated pure Fe.
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Table 8 - The presence of Snoek (carbon), and Snoek-Koster (carbon+dislocation) relaxation peaks in FeCr
model alloys.

Relaxation peaks

Alloy

Carbon

carbon+dislocation

Fe

Fe5Cr

Fe5CrNiSiP

Fe9Cr

Fe9CrNiSiP

Fel4CrNiSiP

Z |z |Z2|Z|<X|<

<|Z2|1Z2|Z|Z |<

These results indicate the existence of carbon atoms freely distributed in the iron matrix only in Fe and Fe5%Cr
alloys. In other alloys, carbon atoms are most probably associated with solute atoms, perhaps in small
carbides, providing no possibility to cause the relaxation process. In pure Fe and Fel4CrNiSiP, carbon atoms
are found to be bound to open volume defects (most probably dislocations or associated vacancies). While in
Fe this fact usually originates from specimen production process, in Fe14CrNiSiP the presence of the Snoek-
Koster peak might indicate the existence of inhomogeneity.

Neutron irradiated IF samples are too active to be tested out of the hot cell environment

3.5 APT characterisation

APT characterisation has been perfomed in order to check the composition homogeneity and the randomness
of the as-received (AR) alloy. Table 9 reports the measured values in at.%.

Table 9: Nominal concentration of AR materials measured by APT. NM: Not measured.

Cr Ni Si o Al o o 0 Co Cu Mn
Short Name (at%) (at%) (at%) P (at%) (at%) C (at%) | N (at%) | V (at%) (at%) (at%) (at%)
. 53 | 0096 | 038 | 0028 | 0.0s8 | 002 | 004 | 0.005 | 0.002 | 0.001
FeSCINISIP | 04 | +0015| +0.08 |£0017 | 20003 | +0.02 | +0.13 | £0.004 | +0.001 | +0.001 | <0001
. 94 | 0089 | 0387 | 006 | 0.059 | 0.008 | 0.019 | 0.005 | 0.003
FeICNISIP | 04 | +0.002|+0.008| +0.03 |+0.003 | +0.008 |+0018 | 0006 |+0001 | "M | <0001
ceracmisip | 148 | 0.096 | 042 | 0.07 | 0056 | 0.009 | 003 | 0.003 | 0.004 | 0.002 | 0.003
+04 |+0014| +004 | £006 | +0.003|+0.019| 002 |+0.019 | +0.001 | +0.001 | +0.002
| 1555 | 0.099 | 0.013 | 0003 | 007 | 001 | 008 | 0004 | 0.004
Fel4CrNi | 1011 | +0.001 | #0.013 | +0.001 | +0.001 | +0.004 | +0.02 |+0.001 |+0001| M [<0.001
| 1506 | 0006 | 0.422 | 0002 | 0068 | 001 | 002 | 0003 | 0.003
FeldCrSi | 1018 | +0.001 | +0.019 | +0.001 | 0001 | 002 | +0.03 |+0001 |+0001| "M [<0.001
ceracrp | 150 | 0006 | 0.016 | 0042 | 0.064 | 0002 | 0.01 | 0.003 | 0.003 | 0.002 | 0.001
+07 | £0.01 |+0.012 | +0.002 | +0.001 [ +0.001 | +0.02 | +0.001 | +0.001 | +0.001 | +0.001
87 | 0063 | 011 | 0.033 0002 | 0.014 | 0007 | 001 | 0.004 | 0.005
FECrMIRE | .55 |+0014| 002 | 20008 | <9 | +0.001 | +0.014 | +0.001 | +0.001 | +0.003 |  0.001
112 | 007 | 018 | 0.025
Fe12Cr MIRE | 112 | 007 | 048 1} 0.025 1 nm NM NM NM NM NM NM

The measured values correspond to the chemical compositions given in Table 2. Statistical tests performed
on Cr, Ni, Si and P confirmed the random distribution of these species.
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4 Results on neutron irradiated alloys

The list of the materials that were characterised within the project are given in Table 10 and
in

Table 11. Also indicated are the techniques used in each case. Results obtained are
described below in parts assigned to the different characterisation techniques. PAS was
also performed on non-irradiated thermally aged alloys at 450°C to highlight only the
irradiation contribution.

Table 10: List of the neutron irradiated materials that were characterized by TEM, APT, SANS and

PAS (PALS or DB). Dose: 0.11dpa where not specifyed. * DB was also performed on non-
irradiated thermally aged alloys at 450°C to highlight only the irradiation contribution.

290°C ~450°C
ID Short name | Characterization ID Short name Characterization
G379 Fe G379 Fe DB*, TEM
G384 | Fe-5Cr-NiSiP SANS G384 | Fe-5Cr-NiSiP DB*, TEM, SANS
G385 Fe-9Cr G385 Fe-9Cr DB*, TEM
G389 | Fe-9Cr-NiSiP G389 | Fe-9Cr-NiSiP DB*, TEM
Fe-14Cr- Fe-14Cr- DB*, TEM, SANS,
G394 NiSiP SANS, PALS G394 NiSiP PALS
Fe-9Cr Fe-9Cr *
L252 (Mart.) L252 (Mart) DB*, TEM
E97 Eurofer97 E97 Eurofer97 DB*, TEM
Fe9Cr (Mart.) .
L252 (0.06 dpa) APT T91 (steel) DB*, TEM
Fel2Cr
L253 (Mart.) APT
(0.06dpa)
Optifer
(0.8dpa) SANS
Table 11: List of mechanical characterisation performed on neutron irradiated materials . Dose:
0.11dpa.
290°C ~450°C
ID Short name | Characterization ID Short name Characterization
G379 Fe Tensile
G384* | Fe-5Cr-NiSiP Tensile, HV10 G384 | Fe-5Cr-NiSiP Tensile, HV1o
G385~ Fe-9Cr Tensile G385 Fe-9Cr Tensile
G389* | Fe-9Cr-NiSiP Tensile G389 | Fe-9Cr-NiSiP Tensile
Fe-14Cr- . Fe-14Cr- )
G394~ NiSiP Tensile G394 NiSiP Tensile, HV1o
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4.1.1 Mechanical characterisation
4.1.1.1 Tensile tests

Tensile test results of non-irradiated and neutron irradiated samples are collected in Table 12 and Figure 14.
Two types of specimens were used: flat and round specimens. Tensile tests were performed on round
specimens for as-received alloys. These specimens are the standard ones. Nevertheless, for reasons of space
available in the irradiation device, it has been only possible to irradiate flat ones. Tests on flat specimens may
give different results from round specimens and are not always reliable. So the comparison of irradiated and
non-irradiated data in Table 12 is not fully warranted. It is suspected that flat specimens provide lower values

of characteristic tensile properties than round specimens.

Table 12 - Summary of mechanical test results on ferritic model alloys and steels.

As received Aged at 450 °C for 6 weeks Irradiated to 0.11 dpa
Material Test Yield Speci Test Yield Specim Irr Test Yield Speci
temp | strength men temp strength er? tvoe temp | temp | strength men
(°C) | (MPa) | type | (°C) | (MPa) Y1 c) | (c) | (MPa) | type
22 184 “’(‘Ij_r)‘d 22 136 flat 450 25 185 Flat
G379 23 180 | ound | 54 105 flat
Fe )
-100 391 flat
22 64 flat
221 round flat 25
03 0 - 147 290 372 Flat
G384 - 235 ro(l_.lrr)‘ld 200 i flat 290 25 379 Flat
Fe5CrNiSiP
-100 360 flat 450 25 247 Flat
22 191 flat
23 241 “’(llj_’)‘d 22 169 flat 290 | % 191 Flat
G385 23 263 “’(‘%’)‘d 300 136 flat 290 | % 211 Flat
Fe9Cr
-100 382 flat 450 25 182 Flat
23 193 flat
23 243 “’(llj_’)‘d 22 183 flat 290 25 444 Flat
G389 23 247 “’(‘%’)‘d 300 124 flat 290 25 426 Flat
Fe9CrNiSiP
-100 347 flat 450 25 418 Flat
22 140 flat
23 229 round 25
WL 22 220,102 flat 290 403 Flat
G394 22 242 round 25
Fe14CrNiSi M 300 | 147,04 | fat 290 438 Flat
P -100 | 347,895 flat 450 25 421 Flat
22 | 206,025 | flat

Page 25/80




MatISSE — Deliverable D2.31 — Revision O Issued on 17/11/2017

500
400
< 300
% B Unirradiated
£ 200 [l Ageing at 450°C
BO0.11dpa @ 300°C
100 m0.11 dpa @ 450°C
0

Figure 14: Yield strength of non-irradiated and neutron irradiated samples at 450°C and 300°C.

The ageing for 6 weeks at 450°C decreased significantly the yield strength of FeCr model alloys. Since the
materials irradiated were exposed for 6 weeks not only to neutrons but also to 450°C, the yield after ageing is
probably the most adequate reference to assess irradiation hardening in terms of yield increase. Moreover,
the same type of specimen (flat) was used in this case. It appears that FeCr model alloys show different
behaviour under neutron irradiation depending on their chemical composition. For the samples which were
neutron irradiated at 300°C, Fe9Cr does not harden if compared to the as-received values (one might even
say that it softens a bit) while Fe5CrNiSiP, Fe9CrNiSiP and Fel4CrNiSiP show significant hardening. After
neutron irradiation at 450°C, Fe9Cr does not harden whereas Fe9CrNiSiP and Fe14CrNiSiP show significant
hardening. Concerning Fe5CrNiSiP, it shows similar hardening as the non-irradiated sample which is thermally
aged at 450°C but shows hardening with respect to the sample thermally aged at 450°C.

4.1.1.2 Hardness

Two sets of hardness measurements were performed. The first set covered all unirradiated materials
distributed within the Work package of MatISSE as a kind of intake inspection and contribution to the basic
characterization. The results are summarized in Table 13 (average values out of four measurements for each
material).

The second set of Vickers hardness measurements is aimed to estimate the neutron-irradiation-induced
hardness increase. It is important to note that only one neutron-irradiated sample from each material was
delivered to HZDR in order to perform SANS and GiPS measurements and that Vickers hardness as a
destructive method can only be applied after completion of SANS and GiPS. This means that Vickers hardness
measurements (although feasible at any time) are only available for a small subset of samples by now. This is
not a serious drawback, because the main objective of the respective HV10 measurements is to be correlated
with volume fraction derived from SANS.

For each studied neutron-irradiated sample and unirradiated reference sample, eleven hardness tests were
performed to calculate the average value and standard deviation of HV10 as well as AHV10. The results are
compiled in Table 13.
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Table 13: Hardness measurements performed on unirradiated and neutron irradiated Fe-5Cr(NiSiP) and Fe-
14Cr(NiSiP) alloys.

Material Fe-5Cr (NiSiP) Fe-14Cr (NiSiP)

Code G384 G394

Irradiation (0.1 dpa) unirrad. 290 °C 450 °C unirrad. 290 °C 450 °C
Average HV10 108 176 171 122 216 201
Standard deviation 2 4 4 3 6 5
Average AHV10 - 68 63 - 94 79
Standard deviation - 5 5 - 6 6

4.1.2 PAS

4.1.2.1 Doppler Broadening

The results of coincidence Doppler broadening (CDB) positron annihilation experiments performed at
SCKeCEN are shown in Figure 15. The results of the CDB measurements for non-irradiated materials are
given in Figure 15a), where the W parameter is plotted as a function of S parameter for all alloys and steels,
including the data for pure Fe [32]. It is found that the steels exhibit somewhat higher S parameter and lower
W parameter than the Fe-Cr-C alloys. Typically this effect occurs due to higher dislocation density and more
complex chemical composition of steels in comparison with model alloys.

0,016
% Fe*
b >< T =450 OC v Fe-5Cr-NiSiP
- - O Fe-9Cr(F)
0,014 Sel & Fe.9CrNiSiP
J %\’ A Fe-14Cr-NiSiP
Sl m Eo7
0,012 C) % * 101
-<__® Fe.9Cr(F/M)
0,010 -
0,016 - K
4 ><\ X ultra pure Fe non-irr.
0014 ‘*_\_ ¥ ultra pure Fe irr.
Q9
E 0012 Y
g 00124 b) t)‘ Figure 15. W versus S parameter of a) non-
3 1 irradiated, b) termally aged at 450 °C, and c)
10,010 Aged 450 °C neutron irradiated at 450 °C FeCr alloys and
0,016 - X steels.
1 X
0,014 - i’ﬁ’g
0,012 - ‘ﬁ
a)
| non-irradiated .
0,010 - Ty
I I I I 4
0,35 0,36 0,37 0,38 0,39 0,40

S-parameter

Thermal aging at 450 °C caused the increase of the S parameter and decrease of the W parameter in Fe,
Fe5CrNiSiP, Fe9Cr, Fe9CrNiSiP and Fel4CrNiSiP, see Figure 15b. E97 and T91 as well as F/M Fe9Cr alloy
are found not to be affected by thermal ageing. Such an effect could be the consequence of the formation of
small carbon-vacancy clusters in the steels, due to the quenching / rapid cooling after thermal treatment.

The results of CDB measurements for the alloys and steels irradiated at 450°C are given in Figure 15c. Clearly,
the S and W parameters of the model alloys are similar to the non-irradiated case. However, a significant
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decrease of the S parameter (and consequently an increase of W) is observed for both steels and F/M alloys.
These results suggest that significant dislocation annealing has occurred under neutron irradiation at 450 °C.

4.1.2.2 PALS

Positron annihilation lifetime spectroscopy was performed for Fe-14Cr-NiSiP (material G394) by means of
Gamma-induced Positron Spectroscopy (GiPS) at HZDR. The measured lifetime (LT) distributions of the three
different conditions are shown in Figure 16 as symbols, where the corresponding dashed lines represent the
two/three component fit results using the PALS(it software package. The extracted resolution function of the
test set-up with the full width at half maximum, FWHM = 0.1750 ns, is also plotted in this diagram. Additionally,
three lines are indicated typical for LT-components of bulk material (0.108 ns), 1 vacancy (0.175 ns), and
vacancy clusters of about 4 vacancies (0.252 ns) [33,34]. The results after decomposition of the spectra are
summarized in Table 13.

T T
bulk LT =0.108 ns

10000 L
1000 |-

2 [Resolution

§ 100 junction

10
o - irradiated at 290°C
[ ©+ —-— irradiated at 450°C
) ° T -unirr:?déated
0.0 0.5 1.0 1.5 2.0
the Positron lifetime in ns

Figure 16: Positron Lifetime spectra of three conditions of Fe-14Cr-NiSiP (symbols), data fits by PALSfit
(dashed lines) and obtained lifetime components (straight lines) after the decomposition.

The mean LT of positrons in the material, which was irradiated at 290°C, is 0.189 ns and therefore significantly
higher than in the unirradiated reference and the irradiated condition of 450°C. Only 16% of all positrons
annihilate directly in the bulk. The dominant trapping center of positrons is the single vacancy (0.175 ns). In
addition, a further LT component occurs at 0.252 ns. 32% of all positrons were trapped in this type of defect,
which can be interpreted as clusters of about 4 vacancies.
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Table 14: Decomposition of LT components of the measured spectra in Figure 16.

Condition Component LT inns Intensity in %
unirradiated reference 1 0.108 41.73 +1.54
2 0.162 + 0.001 58.27 +1.54
mean LT = 0.139
irradiated at 450°C 1 0.108 62.74 +0.35
2 0.175 37.05+0.37
3 0.768 +0.139 0.21 £0.04
mean LT =0.134
irradiated at 290°C 1 0.108 15.84 +1.18
2 0.175 52.10 + 3.28
3 0.252 + 0.004 32.06 +2.17
mean LT = 0.189

4.1.3 SANS

4.1.3.1 MatISSE model alloys

SANS measurements were performed for Fe-5Cr-NiSiP (material G384) and Fe-14Cr-NiSiP (material G394)
of the unirradiated reference and the irradiated conditions at 290°C and 450°C, respectively. The complete set
of measured magnetic scattering cross sections is shown in Figure 17 as a function of scattering vector, Q.
Increased intensities were observed for all irradiated conditions at high Q-values. This increase is caused by
irradiation-induced clusters and other features. The two configurations of the instrument, the two used sample-
detector distances and corresponding collimation lengths, show an accurate data overlap (full and open
symbols in Figure 17) after the calibration.

For the Fe-5Cr-NiSiP (Figure 17a) all conditions converge at Q < 0.15 nm-1. The intensity in this region follows
the Q- dependence. This is caused by the presence of the same large structures of dimension > 50 nm. The
increased intensity at Q > 0.2 nm-! in comparison to the unirradiated reference is caused by irradiation-induced
features with radii up to about 4 nm. The unirradiated reference was subtracted in order to reconstruct their
size distribution. These scattering curves are shown in Figure 18a together with the data fits corresponding to
the size distributions plotted in

Figure 19a. The mean radius of irradiation-induced clusters is significantly larger for the irradiation at 450°C.
Also the volume fraction increases slightly. Parameters of irradiation-induced features determined by SANS
are summarized in Table 15. Based on the measured A-ratio of 3.5 for both temperatures, the type of clusters
is unchanged. This A-ratio is consistent with clusters already identified in Fe-Cr alloys with less than 9%Cr,
irradiated to different dpa as part of the Mire-Cr campaign [2].
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Figure 17: Measured magnetic scattering cross sections of different conditions of (a) Fe-5Cr-NiSiP (G 384)
and (b) Fe-14Cr-NiSiP (G 394). Open and full symbols correspond to the measurements at 1.8 m and 8 m
sample-detector distance, respectively.
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Figure 18: Measured magnetic difference scattering curves with the respective unirradiated conditions as
reference for (a) Fe-5Cr-NiSiP (G 384) and (b) Fe-14Cr-NiSiP (G 394). Lines represent fits needed in order
to reconstruct size distributions.
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Figure 19: Size distribution of irradiation-induced clusters for (a) material G384 and (b) material G394.
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Table 15: Parameter of irradiation induced features determined by SANS
Condition Volume fraction in | Mean radius in | Number density in | A-ratio
% nm 102 m3
Fe5CrNiSiP- 290°C 0.13+0.01 0.97 £0.08 27+3 3.5+£05
Fe5CrNiSIP - 450°C 0.16 £0.01 1.49 + 0.07 16+ 1 35+05
Fel4CrNiSIiP - 290°C 1.75 £ 0.09 0.83 +0.08 592 + 76 2.15+0.25
Fel4CrNiSiP - 450°C 1.10 + 0.09 1.07 + 0.08 174 + 27 2.15+0.25

The measured SANS intensities for the Fe-14Cr-NiSiP (Figure 17) are significantly higher in comparison to
Fe-5Cr-NiSiP. This applies to all conditions. The unirradiated reference and the irradiated condition of 450°C
converge already at Q < 0.5 nm-1, whereas the intensity of the irradiated condition at 290°C for Q < 0.8 nm1is
lower than the unirradiated reference. The reason for this behaviour is interparticle interference in the case of
high density of scattering centres. This caused a reduction of intensity at lower Q-values and explains the
appearance of intensity maxima for both irradiation conditions.

The size distribution (see

Figure 19b) was calculated from the difference scattering curves in Figure 18b without consideration of a
structure factor of interparticle interference. To this end, only the data beyond the local maximum of the
scattering curve were fitted. In addition, the integral intensity of SANS, the so-called "invariant”, was calculated
in order to estimate correctly the total volume fraction of the scatterers. The uncertainty of the integral due to
the limited measured Q-range can be estimated to be about 5%.

The size distributions of the irradiation-induced features in Fe-14Cr-NiSiP are presented in

Figure 19b. Two components can be discerned at both irradiation temperatures. The mean size, volume
fraction and number density of the scatterers presented by the first and second peak are summarized in Table
15 along with the data obtained when considering the distribution as a whole. The first component is dominant
in terms of number density and volume fraction. The A ratio (2.15) which is dominated by this component
indicates a’ formation. The number density of the second component is two orders of magnitude lower. The
volume fraction of irradiation-induced clusters in Fe-14Cr-NiSiP is one order of magnitude higher than in Fe-
5Cr-NiSiP.

4.1.3.2 Optifer

SANS measurements have been carried out on irradiated Optifer 1l steel (9.5 Cr, 0.125 C, 0.49 Mn, 0.006 W,
0.28 V, 0.018 Ta, 0.0059 B Fe bal wt%), made available by the Karlsruhe Institut for Technology (KIT-IAM).
The investigated sample had been submitted to preliminary thermal treatment (1075 °C 30 min + 780 °C 2 h),
then neutron irradiated at HFR-Petten to 0.8 dpa at 250°C. A reference, un-irradiated sample, submitted solely
to the same thermal treatment as the irradiated one, has also been investigated. Transmission Electron
Microscopy (TEM) observations on this irradiated sample and other similar ones are reported in ref. [35] : in
Optifer Il irradiated at 250°C, dislocations loops, a’ clusters and small helium bubbles (approximately 20 A in
size) were locally observed, the latter probably originated by [ transmutations. The observed irradiation
hardening and changes in the fracture mode were tentatively correlated with the density of such micro-
structural defects.

The SANS measurements have been carried out at the D22 instrument, Institut Max von Laue Paul — Langevin
(ILL), Grenoble. Sample-to-detector distances of 3 m and 6 with neutron wavelength 6 A, and of 17 m, with
neutron wavelength 11.5 A, were selected. The corresponding experimental Q interval ranged from 0.001 A
to 0.2 A approximately. An external magnetic field of 1 T was applied to saturate the magnetization in the
samples and investigate separately the nuclear and the magnetic SANS components. SANS raw data
calibration and determination of SANS cross-sections in physical units were carried out by the “GRASP”
program, available at the ILL; the SANS components parallel and perpendicular to the magnetic field (nuclear
and nuclear plus magnetic, respectively) were determined by selecting approximately 15° wide sectors around
the corresponding directions in the detector plane. The 2-dimensional SANS patterns detected for the 17 m
and 11.5 A configuration are shown in Figure 20. The nuclear and nuclear plus magnetic SANS components
are shown in Figure 21. In the Q-range corresponding to defect sizes approximately 10 A to 50 A, no difference
can be detected between the irradiated and the reference sample. Differences are detected for Q values
corresponding to sizes larger than 150 A approximately, suggesting that the irradiation might have reduced
the density of pre-existing, large metallurgical inhomogeneities (including possibly magnetic domains).
However, more detailed TEM information would be needed to check this hypothesis.
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Figure 20: 2D SANS raw patterns for the investigated samples (17 m, A =11.5 A, external magnetic field
horizontal in the plane of the figure).
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Figure 21: SANS cross sections parallel (N) and perpendicular (N+M) to magnetic field, for OPTIFER Il un-
irradiated (red) and irradiated at 250°C 0.8 dpa (black).

The ratio of the two SANS components, perpendicular to parallel to the magnetic field, is weakly depending
on Q and close to 2 for both samples, suggesting the presence of non-magnetic inhomogeneities, such as
M23Ce carbide clusters: in fact, if there is also a contribution from micro-voids or helium bubbles in the irradiated
sample, it is too low to be detected with the available resolution.

This result is in agreement with previous SANS measurements, carried out in a narrower Q-range (Q > 0.01
A1), on similar steels, neutron irradiated at 250°C 0.8 dpa, namely OPTIFER | (9.3 Cr wt %) [36,37] and F82H-
mod. (7.73 Cr wt%) [38]: no SANS difference could be detected between irradiated and reference samples. In
contrast, irradiation to 2.4 dpa produced in these same steels well detectable SANS effects, discussed in the
refs [36—38]. In the case of MANET steel (10.5 Cr wt%), polarized SANS measurements detected a significant
increase in SANS cross section after irradiation at 250°C 0.8 dpa, with significant changes in the nuclear-
magnetic interference term and in the ratio of the two SANS components: based also on TEM results, such
effects were tentatively attributed to the occurrence of small o’ clusters [39]. Further changes were observed
on another MANET sample, tempered 2 h at 525°C after neutron irradiation at 250°C 0.8 dpa, tentatively
attributed to micro-voids [39]. In summary, the SANS characterization of technical steels, with low Cr content,
irradiated for dose levels lower than 1 dpa, appears very difficult, probably due to the very small volume
fractions of the defects: these are locally observable by TEM, but apparently do not give rise to a detectable
SANS effect. It is worth noting the importance, in the investigation of such complex steels, of extending the
SANS measurements over a Q range as large as possible.

ACKNOWLEDGMENT: Dr. R. Lindau (KIT) is gratefully acknowledged for providing the OPTIFER Il samples
and organizing their transportation to the neutron source.
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414 TEM

TEM has been applied to the examination of neutron irradiated FeCr alloys: pure Fe, Fe9Cr and Fe9CrNiSiP1.
The investigation of the neutron irradiated microstructures of these three materials may provide information
about the effect of Cr content and the effect of the presence of impurities such as Ni, Si and P. Next figures
show examples of the microstructure observed by TEM after neutron irradiation at 450°C and up to 0.11 dpa.
Figure 22 shows TEM images of the microstructure of neutron irradiated pure Fe.

: o ¢ D
. y 4 ~
: ™
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Figure 22: BF and WBDF TEM images of G379-Fe neutron irradiated at 450°C up to 0.11 dpa (Note
magnifications are slightly different).

',

The presence of large dislocation loops was found, some examples are arrowed in the figure above. Small
dots also appear in the matrix when imaging in WBDF conditions. The loops are distributed all over the sample,
though with a fairly low number density. Large loops may reach about 50 nm in diameter, in spite of the very
low neutron fluence of 0.11 dpa. Burgers vector analysis has not been performed yet, though according to
results reported in literature in similar irradiation conditions, they are most probably <100> type.

Figure 23 below shows TEM images of the neutron irradiated microstructure of Fe9Cr. (Note the magnification
of the left image is similar to images in Figure 22, while the one on the right is higher).

Figure 23: BF TEM images of G385-Fe9Cr neutron irradiated at 450°C up to 0.11 dpa, for two different
magnifications.

1 The quality of the specimen fabricated from the neutron irradiated L252-Fe9Cr (F/M) was not good enough
to perform the TEM examination.
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Dislocation loops are observed all over the examined region in Fe9Cr, neutron irradiated at 450°C, up to 0.11
dpa. They appear distributed quite homogenously. However, the amount of loops appears higher close to
some grain boundaries than at the interior of the grains: this point will need further assessment. In general, no
other inhomogeneities are observed, for instance, no dislocation decoration is observed. Loop sizes are about
10-20 nm. It is not quantified yet, but qualitatively it is possible to say that the size of the loops is notably
smaller and the number density much higher than in pure Fe. Burgers vector analysis of the loops is in course.

Finally, examples of the neutron irradiated microstructure of Fe9CrNiSiP alloy are shown in Figure 24 below.
(Note magnification is higher in these images)

Figure 24: BF and WBDF TEM images of G389-Fe9CrNiSiP neutron irradiated at 450°C up to 0.11 dpa.

TEM examination reveals the presence of small black dots caused by irradiation in Fe9CrNiSiP. They are
distributed homogeneously all over the examined region. Though not yet quantified, comparison with images
in Figure 22 and 23 allows one to deduce that loop size is much smaller than in the case of pure Fe9Cr and
drastically smaller than in pure Fe. Regarding loop number density, it appear much higher than in the other
two alloys, but this fact needs quantitative confirmation as, depending on the specimen orientation, part of the
loops may not be visible and direct comparison is not possible. Burgers vector analysis of the loops is in course.
Figure 25 compares the irradiated microstructure of the three alloys. As explained above, a qualitative
comparison of TEM images leads to deduce that the presence of Cr reduces size and increases the number

density of loops, the effect of Ni, Si and P addition being to further reduce loop size and increase loop humber
density.

G379-Fe G385-Fe9Cr G385-Fe9CrNiSiP

450°C up to 0.11 dpa.

Note about other features:
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As shown in pictures below, taken under out-of-focus imaging conditions, it is possible to see features whose
contrast behaves as the one of voids, i.e., white contrast in underfocused condition and black in over-focused
conditions.

Figure 26 shows such type of images in the case of pure Fe.
Images under out of focus conditions in Fe9Cr and Fe9CrNiSiP, neutron irradiated are also shown below in

Figure 27. Features whose contrast behaves as explained above are also observed. However, their size is
quite large and number density seems also to be quite high. This issue still needs further assessment as one
possible origin of these objects may be surface features on the specimen due to some contamination during
sample preparation.

Figure 26: TEM images at under-focus (left) and over-focus (right) conditions showing the presence of voids
in G379-Fe after neutron irradiation at 450°C, 0.11 dpa.
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Figure 27: TEM images at under-focus (left) and over-focus (right) conditions showing the presence of
features of unknown origin in G385-Fe9Cr (above) and G389-FeCrNiSiP (below) after neutron irradiation at
450°C, 0.11 dpa. (Note magnification is higher in images below).

4.1.5 APT

APT investigation has been performed on Fe-9%Cr and Fe12%Cr MIRE-Cr neutron irradiated alloys at a dose
of 0.06 dpa at 290°C [2]. These materials were irradiated within the MIRE-Cr campaign and characterised
using SANS, TEM and PALS [2,40]. They were also studied under different irradiation conditions during the
GETMAT project [2,41-46]. However, no APT analysis had been performed so far. APT characterization
shows that only NiSiPCr-enriched clusters are observed at 0.06dpa. There is no o’ phase, at variance with
observations at 0.6 dpa [44].

Figure 28 shows the volume fraction (Fv (%)), the number density (Nv (m-3)) and the average cluster radius (R
(nm)) together with the composition of the clusters in both Fe-9Cr MIRE and Fe-12Cr MIRE. All these
characteristics are similar in both materials. The solute rich clusters (SRC) are very rich in P and present a
only a very slight Cr enrichment, if any. As in results obtained at 0.6 dpa, no carbon enrichment due to
irradiation has been found in the samples.
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Figure 28: Cluster characteristics of neutron-irradiated Fe-9Cr MIRE and Fe-12Cr MIRE at 0.06 dpa at
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290°C as a function of the %Cr. a) Fv, Nv and R of the SRCs, b) Solute concentration of the clusters.

A comparison of the current results with those obtained at 0.6 dpa [44] is presented in

Figure 29. The data of ref. [44] have been retreated using the new version of the data software and the same

threshold as the one used at 0.06 dpa. These are the data presented in

Figure 29.

There is a slight increase in number density and in volume fraction with dose and a slight decrease in size.
Concerning composition, a very clear increase in Si, Ni and Cr content is observed at higher dose. This is
coherent with the fact that these species have much lower diffusion coefficient than P and more time is needed

for them to enriched clusters.

A grain boundary (GB) was found and analysed in the Fe-12Cr MIRE material irradiated at 0.06 dpa. It is
shown in Figure 30. P and Si atoms are segregated at the GB. An area free of clusters is found close to the
GB. The SRCs found near the GB have the same composition and radius values, within the experimental

uncertainties, as the purely intra-granular clusters analysed in other tips.

Page 37/80



MatISSE — Deliverable D2.31 — Revision O Issued on 17/11/2017

0.4 T b)

Fel2Cr
0.3 [ 290°C Ii ]

EpP BESi EN BCr

Fv(%)
o
N

0.1} =

le23

>

Nv (m 3)

Concentration (at%)

R (nm)
COFRHNNW OFHNNWWA

ROUOUIO ULIOC LTOULIOULIOUIO

o
N

5 6 0.
SRS o
| 4 0.06 0.6

Dose(dpa)

10! 10°
Dose (dpa)

Figure 29: Cluster characteristics of Fe12Cr(Mart.) neutron-irradiated at 290°C as a function on the dose.
a) Fv, Nv and R of the NiSiP-rich clusters, b) Solute concentration of the clusters. Data corresponding to 0.6
dpa come from [44].

|
o P ‘ b @
| 5 e
{ % - o
Y o
| ) . ] e

o Ni i

Figure 30: Solute distribution of a Fe12Cr(Mart.) tip irradiated at 300°C up to 0.06 dpa. Different solutes are
highlited in a volume of 97x95x79 nm. Si, P and Cr distributions reveal the presence of a GB. SRCs are
highligted in all images.
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5 Results on electron irradiated alloys [47].

5.1.1 APT

A high purity Fe1l4Cr_HR (Fe-15at.%Cr) alloy was irradiated-with 1 MeV electrons at 573K.

Figure 31 presents the 3D distributions of Cr atoms to doses of 0.012, 0.023, 0.2 and 0.7 dpa at 300°C. A very
high number density of Cr-enriched particles are clearly observable since the earliest dose. Characterization
of the particle radius, number density, volume fraction and composition together with the Cr content within the
matrix are given in Table 16. The evolution corresponding to these figures as a function of dose are plotted in
Figure 32 (a), (b), (c), and (d) and Figure 33.

a 0.023 dpa

e SN

0.012 dp

Figure 31: 3D distribution of Cr atoms in the Fe14Cr_HR alloy irradiated at 573K and from 0.012 dpa to 0.7
dpa. Region with at least 24 % of Cr are underlined (V=51 x 51 x 10 nm3 for 0.012, 0.023 and 0.2 dpa; V=48
X 47 x 10 nm3 for 0.7 dpa).

The particle density decreased over the investigated dose range and tends toward the LSW t1 law [48,49] for
high doses (Figure 33) and the cubic radius evolves linearly with dose (Figure 32). These results show that
coarsening occurred since 0.012 dpa.

Regarding the volume fraction as a function of the dose, after a rapid increase between 0.012 and 0.2 dpa, a
slight decrease is observed at 0.7 dpa. As shown in Figure 32 (d) the particle average composition increased
from (49+2) at.%Cr to (96+2) at.%Cr after 0.012 and 0.7 dpa. The matrix concentration decreased very rapidly
with dose and reached a constant value of 8.7+0.5 at.% after 0.2 dpa.

It should also be mentioned that C contamination was consistently measured in the irradiated samples by APT.
This pollution corresponds to a content of 0.1 at.% in average for all doses.
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Table 16: Number density, volume fraction, mean radius and composition of the a' particles together with the
matrix composition of the electron irradiated Fe-15at.%Cr alloy from dose of 0.012 to 0.7 dpa.

Fel4Cr HR Dose  Matrix composition Density (m3) Volume Mean a' composition
(dpa) (at.%Cr) x10+24 fraction (%) radius (nm) (at.%Cr)
0.012 12.7 £ 0.3 7.4 +0.7 55+1 1.16 £ 0.3 49.3+2
0.023 12.0+0.5 6.5+0.7 791 1.32+0.4 57.9+2

0.2 8.5+0.8 24 +0.4 9.8+1.3 2.0+05 78.2+2
0.7 8.8+0.5 0.5+0.05 6.7+1.3 29+09 96.0 + 2

According to the phase diagram proposed by both Xiong et al. [50] and Bonny et al. [51], the Fe14Cr_HR (Fe-
15at.%Cr) alloy is supersaturated at 300°C. This supersaturation means that the a — a’ decomposition is
thermodynamically favourable. As shown by previous irradiation studies [52-54], the o’ precipitation arises
from a radiation enhanced mechanism due to both supersaturation of Cr in the matrix and the high
concentration of point-defects created by irradiation, particularly vacancies.
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Figure 32 : Evolution of (a) cubic radius, (b) volume fraction, (c) particles Cr concentrations and (d) matrix
composition of a Fe-15at.%Cr alloy irradiated with electrons to different dose (red circles)[47]. Values of
published data of Fe-15 (1.82dpa) [53], 12 and 9at.%Cr (0.6dpa) [46,52,53]irradiated with neutrons are
plotted in green (triangle, square, star). The grey dashed lines correspond to the value expected by the

thermodynamics [50].

For comparison, neutron irradiation data of FeCr alloys at the same temperature [41,52,53] were plotted in
Figure 32. These alloys contained some impurities which have been shown to be involved in the appearance
of NiSiPCr-enriched clusters. Their rather small number density (~10% m-) is not supposed to significantly
affect o’ precipitation, though. The Fe15Cr was irradiated up to 1.82 dpa (62 days) [53], the Fe9Cr up to 0.6 dpa
(55 days) [52] and the Fel2Cr both to 1.82 and 0.6 dpa [52,53]. Figure 32 (a), (b) and (c) show that the
decomposition was greater in the Fel5Cr alloy after electron irradiation doses of 0.7 dpa than after neutron
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irradiation of 1.82 dpa. The volume fraction is 6.7% after electron irradiation at the highest dose of 0.7 dpa,
whereas a volume fraction of only 3.8% was reached after neutron irradiation at 1.82 dpa [53]. Furthermore,
after electron irradiation the volume fraction increases from 5.5% at 0.012 dpa to 9.8% at 0.2 dpa and then
decreases to reach 6.7% at 0.6 dpa. This unexpected behaviour can be explained by considering the early
precipitation of all available Cr in the alloy up to 0.2 dpa, without reaching the a’ equilibrium composition. After
0.2 dpa, precipitate coarsening may be related to the Cr content increase with dose, without decreasing the
matrix composition that already reached its equilibrium value.
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Figure 33 : Evolution of number density of a Fe-15at.%Cr alloy irradiated with electrons to different dose (red
circles) [47] . Published data for Fe-15at.%Cr (1.82dpa) [53] irradiated with neutrons is given as green
triangle. The dashed line represent the t! law predicted by the LSW theory [48,49] for long ageing time.

Furthermore, Figure 32 (c) shows that there is an increase in the Cr content of the particles since the earliest
dose. As the Cr content is lower when the particles are smaller, one could argue that there is a dilution of the
small particles due to local magnification effect (atom probe artefact) [55,56] (Fe atoms from the matrix could
enter the particle composition). Nevertheless, it is worth noting that a’ particles observed at 1.82 dpa under
neutron irradiation and containing about 87at.%Cr [53] have a radius of 1.2 — 1.3 nm while particles of the
same size contain = 60at.%Cr at 0.6 dpa under neutron irradiation [52] and at 0.012 and 0.023 dpa under
electron irradiation (Figure 32 (c)). This strongly suggests that the evolution of the Cr content within the
particles is a kinetics effect and not an APT artefact, as already suggested by Novy et al. [57].

As shown in Figure 32 (c), the equilibrium composition of the a’ phase as predicted by Xiong [50] is reached
at 0.7 dpa under electron irradiation (96+2 at.%Cr) but not at 1.82 dpa under neutron irradiation. This supports
the further decomposition under electron irradiation. It is the first direct measurement of the equilibrium
composition of a' phase at 300°C by APT that validates the predicted value of Xiong et al. [50].

The Cr solubility limit measured after electron irradiation, (8.7£0.5) at.%Cr, is in very good agreement with the
value obtained based on neutron irradiation data. This value is consistent with the FeCr phase diagram
proposed by Xiong et al. [50] and Bonny et al. [51], which both predict a solubility limit of =9at.% at 573K.
These results suggest that the solubility limit is not modified by neutron and electron irradiation. Note that the
solubility limit is not reached in the Fel5Cr alloy irradiated with neutron at 1.82 dpa, supporting the idea of
slower kinetics of decomposition under neutron irradiation. This is not surprising as it is well known that 1 MeV
electron irradiation is very efficient at accelerating atomic diffusion, since all defects are created as isolated
point defects. Conversely, the efficiency of neutrons for producing freely migrating defects is only of a few
percent [58,59]. Moreover, because point defects clusters are created in the displacement cascades under
neutron irradiation, the sink density for point defects is much larger under neutron irradiation. These two
differences point in the same direction: the fraction of isolated points defects is much lower under neutron
irradiation for a given dpa value. Another point that might influence the kinetics is the initial microstructure of
the alloys. Nevertheless, if in the Fe9Cr and Fel2Cr the microstructure is martensitic [8-13], the Fe-15at.%Cr
[12], is ferritic as in the present study. So this cannot explain the difference.
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5.1.2 TEM

The defect microstructure in terms of dislocation loops in the electron irradiated specimens of high purity Fe-
15%Cr alloy was characterized using a JEOL 2100 Transmission Electron Microscope (TEM) operating at
200kV and equipped with a LaBs electron source. TEM investigations performed on samples irradiated to
0.023 and 0.2 dpa revealed the presence of dislocations loops (Figure 34). The thickness of the analysed area
was determined using thickness fringes. The number density, loop mean size and foil thickness are reported
in Table 17. The average loop size and number density increased with the dose. Determination of the nature
of the dislocation loops showed that 100% were of <100> type. Images in Figure 34 show that at 0.2 dpa, the
loops are no more randomly distributed. They are aligned along the <100> directions.

Figure 34: TEM observation of the loop microstructure in a Fe-15at.%Cr after electron irradiation at (a) 0.023
dpa and (b) 0.2 dpa. Bright field imaging, g=[110] near a zone axis (111).

Table 17: Dislocation loops characteristics.

Dose  Foil thickness (nm) Density (m3) Mean diameter (nm)
0.023 220 (1.8 £ 0.6) x10*2* 11+3
0.2 202 (6.6 £ 2.2) x10** 13+35
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6 Results on ion irradiated alloys

List of materials, irradiation conditions and characterisation techniques applied are provided in Table 18.

Table 18: Summary of post-ion-irradiation characterisations performed within the project. The dose is given
at 500 nm depth when not specified.

) . 0.1 dpa — o 0.5dpa 0.5 dpa
Unirradiated 300°C 0.5 dpa 300°C 450°C 200°C
Fe PAS PAS, TEM PAS PAS
Fe9Cr PAS, NI PAS, NI PAS, NI, TEM PAS, NI PAS, NI
Fe9Cr-MIRE PAS, NI, APT PAS’_I_’\E“MAPT' PAS, NI PAS, NI
Fe9CrNiSiP PAS, NI, APT PAS, NI PAS’_I_’\E“MAPT' PAS, NI PAS, NI
Fe9CrSi, Fe9CrP, Fe9CrNi PAS PAS
Fel4Cr PAS PAS
Fel4CrNiSiP PAS, NI, APT PAS, APT PAS’_I_NEIMAPT' PAS, NI PAS
Fel4CrSi, Fel4CrP, Fel4CrNi PAS, NI, APT PAS, NI, APT
Fe5CrNiSiP PAS, NI, APT PAS, NI, APT PAS, NI PAS
Fel5Cr* APT APT

* target dose of 0.6 at 200 nm.

6.1.1 Mechanical characterisation: Nano-indentation (NI)

The indentation hardness was measured as a function of contact depth for a selected set of alloys and ion
irradiation conditions, including the respective unirradiated reference samples. In Figure 35, the indentation
hardness of Fe9Cr-NiSiP is shown as a function of contact depth in unirradiated condition and after irradiation
with 5 MeV Fe ions at 200°C, 300°C and 450°C to a nominal dose of 0.5 dpa at a depth of 500 nm by way of
an example representative for the whole set of measurements. For the unirradiated samples the indentation
hardness shows the typical indentation size effect, i.e. the measured hardness increases with decreasing
contact depth, except for depth below about 100 nm where artefacts related to tip rounding and/or surface
preparation cannot be neglected.

For the ion-irradiated samples a higher indentation hardness with a distinct maximum at about 200 nm contact
depth is observed, which is related to the irradiation-induced hardening of the ion irradiated layer. The
decrease of indentation hardness with increasing contact depth beyond the maximum is dominated by the
increasing contribution of the softer unirradiated substrate. The decrease of the indentation hardness with
decreasing contact depth for depths smaller than about 200 nm is attributed to the graded dpa-profile.
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Figure 35: Indentation hardness of Fe9Cr-NiSiP as a function of contact depth in unirradiated condition and
after irradiation with 5 MeV Fe ions at 200°C, 300°C and 450°C to 0.5 nominal dpa @ 500 nm, as example.

In the following only the irradiation induced hardness change with respect to the unirradiated reference is
considered. A reference depth of 200 nm was selected to calculate the hardness difference, which is close to
the maximum indentation hardness for most irradiated conditions and ensures negligible substrate effect.

The irradiation-induced hardening observed for the FeCr-NiSiP alloys after irradiation at 300°C and 450°C up
to 0.5 dpa is shown in Figure 36 as a function of the Cr content. Hardening is significant for all alloys and at

both temperatures. The highest hardening is observed for Fe5Cr-NiSiP at both temperatures. The hardening
of Fe9Cr-NiSiP and Fel4Cr-NiSiP is similar. There is no distinct minimum of hardening at 9%Cr.

2'5 1 I 1 I I I ] I 1 2~5 1 I 1 I 1 I T T
L FeCr-NiSiP: - | FeCr-NiSiP:
2o |.300°C, 0.5 dpa 20 | 450°C,0.5dpa |
o 1.5 — T 1.5 | - —
o | T 4 o B é? i
2 77 )
e 10 |- % - i 1.0 |- / .
5 - 5 |

05 | / — 05 | il
ok ol 7

0 59 14 0 5 9 14
Cr (wt%) Cr (wt%)

Figure 36: lon-irradiation induced hardening in FeCr-NiSiP after irradiation with 5 MeV Fe ions at 300°C (left)
and 450°C (right), respectively, to a nominal dose of 0.5 dpa at a depth of 500 nm.

The results indicate that a'-phase mediated hardening is not the dominant hardening contribution. The
hardening is rather dominated by NiSiP(Cr)-clusters. Their contribution is expected to be similar for all NiSiP
bearing alloys.

In Figure 37 the irradiation-induced hardening observed for the Fe9Cr alloys at 200-450°C is plotted against
the sum of their Ni, Si and P contents. Again significant hardening is observed at all temperatures. There is a
decreasing trend of hardening with increasing temperature. The results confirm that the presence of Ni, Si and
P has a strong impact on the irradiation response in terms of enhancing irradiation-induced hardening. In the
NiSiP-bearing alloys the hardening contribution related to NiSiP either directly by means of NiSiP clusters or
indirectly by their effect on nucleation and growth of dislocation loops dominates hardening for the Ni, Si and
P contents studied here. The effect is present at all investigated temperatures. No obvious effect of ferritic or
martensitic microstructure is seen.
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Figure 37: lon-irradiation induced hardening in Fe9Cr with different NiSiP contents after irradiation with
5 MeV Fe ions at 200°C, 300°C and 450°C, respectively, to a nominal dose of 0.5 dpa at a depth of 500 nm

The dependence of irradiation induced hardening on the damage level in terms of dpa is summarized in Figure
38.
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Figure 38: lon-irradiation induced hardening in Fe-9Cr, Fe-9Cr-NiSiP and Fe-14Cr-NiSiP after irradiation with
5 MeV Fe ions 300°C to a nominal dose of 0.1 dpa and 0.5 dpa, respectively, at a depth of 500 nm

An increase in dpa of a factor 5 does not lead to a further increase of hardening compared to 0.1 dpa. This
indicates a saturation of hardening. It cannot be excluded that this saturation is intermediate and the hardening
further increases at higher dpa as a consequence of changes in the dominant hardening features (if any).

6.1.2 PAS
6.1.2.1 HZDR Contribution

Depth-resolved Doppler Broadening PAS

Effect of irradiation temperature and Cr content

Samples of pure Fe, Fe5Cr-NiSiP and Fel4Cr-NiSiP irradiated with 5 MeV Fe* ions at 200°C, 300°C and
450°C to a nominal displacement damage of 0.5 dpa at a depth of 500 nm were analysed by means of depth-
resolved Doppler broadening positron annihilation spectroscopy with positron energies in the range of 27 eV
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to 35 keV. Unirradiated samples of the same alloys were included to serve as reference. The S and W
parameters extracted from the Doppler broadening spectra are plotted in Figure 39 as functions of the positron
energy.

Fe/Fe5Cr-NiSiP/Fe14Cr-NiSiP

% [ % [ % unirradiated = / = |/ = 200°C, 0.5dpa
e / e |/ e 300°C,0.5dpa A |/ A | A 450°C,0.5dpa
0.60 ———T T
0.58 sefnesse o S
-
s o
0.56 A il
neests o = i
0.54 ”t -
(%) ot .
0.52 -5 -
0.50 4 g SRR
- L -+ - IO V‘K‘S&‘gg%'
0.48 ] I Y (AN S Y O oz s NN A O NN O S (NN s N TP IO O OO P (S ooy
0 10 20 30 0 10 20 30 0 10 20 30
E (keV) E (keV) E (keV)
0L o I O O I R N [ Y B e
010 = B s e x:_{ﬂ;au&_
i i 25F e T PRl e
0.09 | *‘*M k| e oy &l
0.08 I b -* 1 & ]
q — — > & — sl
2" ¥ aatade S
0.07 |- - o - APPetee > x
: [ Foem - T3
0.06 |- -+ g GmmemmES ul
L 4 @& e =5 -
0»05 l 1 I 1 l 1 l 1 l L l 1 l L l 1 I 1 l 1 l 1 l 1
0 10 20 30 0 10 20 30 400 10 20 30

E (keV) E (keV) E (keV)

Figure 39: S and W parameter as a function of positron energy for pure Fe, Fe5Cr-NiSiP and Fel4Cr-NiSiP
irradiated up to a nominal exposure of 0.5 dpa at 200°C, 300°C and 450°C.

The S and W plots obtained for the unirradiated samples exhibit a similar behaviour for all alloys including pure
Fe. They are characterized by a rapid decrease of the S parameter / increase of W parameter with increasing
positron energy which is related to the decreasing fraction of positrons annihilating at the sample surface. At
high positron energies (> about 20 keV) a plateau representative for the bulk material is reached.

The S and W plots of the Fe-Cr alloys, i.e. Fe5Cr-NiSiP and Fel14Cr-NiSiP, ion-irradiated at 200°C and 300°C
exhibit a similar behaviour. The S parameter decreases / the W parameter increases rapidly with increasing
positron energy until an intermediate plateau is reached which is related to the formation of vacancy-type
defects in the irradiated surface layer. S further decreases / W further increases beyond the plateau for positron
energies larger than about 25 keV (see Figure 39) where an increasing fraction of the positrons annihilates in
the unirradiated bulk of the sample. The S and W plot of the FeCr alloys irradiated at 450°C do not exhibit such
a distinct plateau. Here, the curve shape is similar to the one obtained for the unirradiated material.

The S parameter representing the intermediate plateau observed for the Fe-Cr alloys decreases with
increasing irradiation temperature in the Fe-Cr alloys. This indicates a decrease in number density and/or size
of defects. Moreover, the S parameter representing the intermediate plateau increases with Cr content at
200°C and 300°C. No significant effect of Cr on the defect density is observed at 450°C.

Except for the irradiation at 300°C, pure Fe shows a different behaviour from the FeCr alloys in terms of the
shape of the S and W plots. Similarly to the Fe-Cr alloys, the highest S parameter is observed at 200°C.
However, the shape of the S parameter curve exhibits a distinct maximum and resembles the dpa-profile. In
contrast, the S parameter measured in Fe irradiated at 450°C to 0.5 dpa decreases monotonously with
increasing positron energy, neither peak nor clear plateau are observed. Moreover, at low depth the defect
density observed after Fe irradiation at 450°C is higher than the S parameter after irradiation at 300°C. This
may be an indication that at 450°C the effect of defect formation during irradiation is superimposed by an effect
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of annealing of pre-existing defects leading to an increase in positron diffusion length, as indicated by the flatter
slope of the curve at low energies with respect to the unirradiated sample.

The S and W plots measured for Fe and Fe14Cr-NiSiP after ion-irradiation at 300°C to a displacement damage
of only 0.1 dpa at a depth of 500 nm resemble the S and W plots for the respective 300°C/0.5 dpa-irradiations
in terms of the curve shape exhibiting an intermediate plateau (Figure 41). The S parameter representative for
the intermediate plateau is higher for 0.1 dpa than for 0.5 dpa (Figure 40).
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In Figure 42 the S parameter is plotted as a function of the W parameter. The plot is based on the S and W
values representative for :
e the unirradiated bulk material taken from the plateau observed for the unirradiated samples
e the ion irradiated layer, taken from the intermediate plateau or alternatively the maximum / minimum
observed in the S(E) / W(E) curves.

In the S-W plot the (S,W) points follow two straight lines both going through the (S,W) points representing the
unirradiated bulk material. This indicates the presence of different annihilation states. For an irradiation
temperature of 200°C larger vacancy-type defects are detected then for 300°C and 450°C. The plot also allows
interpretation of the differences in the S parameter described above in terms of a change in defect density for
alloys and conditions sharing the same straight line. This means:

e higher defect densities are observed in Fe14Cr-NiSiP than in Fe5Cr-NiSiP at 200°C and at 300°C,

while there is no significant difference at 450°C,
e defect densities at 300°C are higher than at 450°C in the FeCr alloys,
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o defect densities are higher at 0.1 dpa than at 0.5 dpa in Fe and Fe14Cr-NiSiP.
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Effect of impurities and alloying elements

Samples of Fel4Cr, Fel4Cr-Ni, Fel4Cr-Si, Fel4Cr-P and Fel4Cr-NiSiP irradiated with 5 MeV Fe ions at
300°C to a nominal displacement damage of 0.1 dpa at a depth of 500 nm where analysed by means of depth-
resolved Doppler broadening positron annihilation spectroscopy with positron energies in the range of 27 eV
to 35 keV. The S and W parameter extracted from the Doppler broadening spectra are plotted in Figure 43 as
functions of the positron energy. The unirradiated conditions for Fe14Cr-Ni and Fel14Cr-NiSiP are included to
serve as reference.

A difference is observed for alloys containing P and those without P. While the alloys containing P exhibit an
intermediate plateau as described in the previous section, the alloys without P exhibit a maximum. Moreover,
the latter exhibit a larger irradiation-induced increase of S.

In Figure 44 the (S,W) points measured for a positron energy of 12 keV are plotted along with the straight lines
shown in Figure 42. From this Figure it can be tentatively concluded that the effect of P is to suppress or retard
the growth of larger vacancy clusters. For the alloys without P addition the highest S parameter (number
density of vacancy clusters) is observed for Fe14Cr-Ni followed by Fel4Cr-Si. The addition of both Ni and Si
to Fel4Cr-P does not result in an increase of S.
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Figure 43: S and W parameter as a function of positron energy for Fe14Cr, Fe14Cr-Ni, Fel4Cr-Si, Fel4Cr-P
and Fel4Cr-NiSiP irradiated up to a nominal exposure of 0.1 dpa at 300°C
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Figure 44: S-W-Plot based on S and W values representative for the bulk and the irradiated layer (300°C, 0.1
dpa), respectively, for the Fel4Cr alloys with different contents of Ni, Si and P, the straight lines are the

same as shown in Figure 42
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Coincidence Doppler Broadening PAS

Coincidence Doppler broadening (CDB) spectra obtained for selected alloys and conditions and a positron
energy of 16 keV are summarized in Figure 42 to Figure 48. Figures are arranged such that they always
contain CDB spectra of conditions with similar defects according to the S-W plots presented in Figure 42 and
Figure 44. There is no obvious effect of any of the added elements on the shape of the CDB spectra.
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Figure 45: Coincidence Doppler broadening spectra
for Fe, Fe5Cr-NiSiP and Fel4Cr-NiSiP irradiated
with 5 MeV Fe ions at 200°C to a nominal exposure

Ratio to Fe

1.5

e
o

o
o

0.0

of 0.5 dpa at 500 nm depth

300°C /0.1 dpa

+ Fe
[- 300°C /0.5 dpa

T I T T
Pure elements
—Cr
Ni

¢ FeSCr-NiSiP
« Fel4Cr-NiSiP
L

10 30

p (10° m,c)

Figure 47: Coincidence Doppler broadening spectra
for Fe, Fe5Cr-NiSiP and Fe14Cr-NiSiP irradiated
with 5 MeV Fe ions at 300°C to a nominal exposure

of 0.1 dpa and 0.5 dpa at 500 nm depth,

respectively

6.1.2.1 CEMHTI contribution

In addition to the previous work on Fe-5Cr, Fe-14Cr and pure Fe samples, Fe-9Cr samples were characterized
by depth-resolved Doppler Broadening positron annihilation spectroscopy in CEMHTI. The sample list is given
in Table 18. Samples were irradiated with 5 MeV Fe* ions at 200°C, 300°C and 450°C to a nominal
displacement damage of 0.1 and 0.5 dpa at a depth of 500 nm. Unirradiated and irradiated samples were
analysed with positron energies in the range of 500 eV to 25 keV. Measurement details are given in 2.2.2. It is
important to note that the germanium detectors from CEMHTI and HZDR do not have the same resolution.
Also, the windows used to calculate S and W parameters are different. Thus, it is not possible to do direct or
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Figure 46 Coincidence Doppler broadening spectra
for Fe14Cr-Ni irradiated with 5 MeV Fe ions at
300°C to a nominal exposure of 0.1 dpa at 500 nm
depth along with Fe and Fe14Cr-NiSiP irradiated at
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Figure 48: Coincidence Doppler broadening spectra
of Fe14Cr-NiSiP irradiated with 5 MeV Fe ions at
450°C to a nominal exposure of 0.5 dpa at 500 nm
depth, along with the spectrum for Fe irradiated at
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guantitative comparisons between S and W values measured on both positron accelerators. The comparisons
can only be qualitative.

Unirradiated samples:

As-received samples were measured in order to check that the sample preparation (mechanical polishing and
electropolishing) does not introduce defects in the first micron of the samples. The Figure 49 shows the
evolution of S and W parameters as functions of the positron energy (E) and the S-W plot for all the different
Fe-9%Cr samples. The curves are compared to the one of a defect-free pure Fe sample annealed in high
vacuum at 750°C [60].

The S(E) curves show two different behaviours. A first set of samples, composed of Fe9CrNiSiP, Fe-9CrNi
and Fe-9Cr Matisse samples has a behaviour close to the pure Fe one. The curves decrease regularly with
the positron energy and the three samples reach the same S and W values as defect-free Fe sample at high
positron energies. For each sample, the points on the S-W plots are located on one segment. Only two
annihilation states are present in these samples: the surface and the bulk state. The bulk state is very close to
the pure iron one indicating that these three samples are almost defect-free.
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Figure 49 : S and W parameter as a function of positron energy and S-W Plot for unirradiated Fe-9Cr
samples and a Fe virgin sample.

The second set of samples is composed of Fe-9Cr Mire, Fe-9CrSi and Fe-9CrP samples and does not follow
the pure-Fe behaviour. The S values increase in Fe-9CrSi and Fe-9CrP samples between 0.5 and 2 keV and
are stable between 0.5 and 6 keV in Fe-9Cr Mire sample. Then, the S values decrease regularly with the
positron energy to get closer to the S values of the defect-free Fe sample. The points on the S-W plots follow
different segments showing that more than two annihilation states are present in these samples. Vacancy-type
defects or oxidation are present at the close surface of these samples but Fe-9Cr Mire and Fe-9CrSi samples
reach S-W values close to defect-free Fe at high positron energies (i.e. in the bulk). In the case of the Fe-9CrP
sample, S values remain high at high positron energies indicating that defects are present in the bulk most
probably dislocations as mentioned in 4.1.2.

The study of the as-received state shows that most of the samples are almost defect-free in the bulk. The
surface preparation can introduce some defects in the near surface region (<100nm) but high positron energies
can be used to get the bulk values. Some defects are present in the virgin Fe-9CrP sample and should be
taken into account in the analysis of the irradiated sample.

For the ion-irradiation studies we have extracted S and W average values from plateaus of the S(E) and W(E)
curves in the positron energy range of [15-25] keV. These values are divided respectively by the S and W
value of a defect-free iron (Sre= 0.357; Wre = 0.111) to see the variation of the S and W parameter between
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different samples. The two characteristic lines found for monovacancies (Vre), vacancy-clusters (Vn) [61] and
dislocations (Dre) in pure Fe are also reported to see qualitatively the proportion of different defects.

Effect of the temperature:

Samples of Fe-9CrNiSiP, Fe-9Cr Mire and Fe-9Cr Matisse were irradiated with 5 MeV Fe* ions at 0.5 dpa at
200°C, 300°C and 450°C. The characteristic points representative of the bulk in the irradiated samples were
extracted from S(E) and W(E) curves and results are presented in the Figure 50 on a S-W plot.
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Figure 50 : S-W plot of Fe-9CrNiSiP, Fe-9Cr Mire and Fe-9Cr Matisse samples
irradiated at 0.5 dpa at 200°C, 300°C and 450°C.

Three groups of points are distributed as a function of the ion irradiation temperature. At 200°C, the three
samples have the highest S values and lowest W values. The S-W points are located between the lines of the
monvacancy and the vacancy-clusters of pure Fe. The presence of these two defects is also detected by PALS
in neutron-irradiated samples 4.1.2.2. At 300°C, S values have decreased and W values increased for both
samples. This behaviour is also observed in Fe-5Cr and Fe-14Cr samples. S-W points are located between
the pure Fe monovacancy line and the dislocation line. It is clear that the distribution of defects has changed
compared to 200°C. At 300°C, vacancy-type defects are less stable than dislocations. Most probably, the
concentration of vacancy-type defects have decreased at 300°C while the dislocation density remains stable
or increases leading to a decrease of the S values and an increase of the W values.

At 450°C, S-W points are close to the point of the pure-Fe defect free sample. The dispersion of S-W points is
the same as the one measured in as-received sample (» 3%). At this temperature vacancies and clusters are
annealed and only voids/cavities are stable. If they exist in the samples, their concentration is too low to be
detected by PAS.

It is interesting to note that at 200°C and 300°C, the defect density in the Fe-9CrNiSiP samples is higher than
in the Fe-9Cr Mire samples and the Fe-9Cr Matisse samples have the lowest defect density. According to
chemical analysis of Ni, Si and P elements (Table 2), Fe-9CrNiSiP samples have the highest concentration of
alloying elements and Fe-9Cr Matisse samples the lowest. Then, the defect density could be correlated to the
amount of alloying elements in the samples showing that alloying elements form vacancy-complex defects
more stable with the temperature.
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Effect of the irradiation dose

Fe-9CrNiSiP and Fe-9Cr Matisse samples were irradiated with 5 MeV Fe ions at 300°C at 0.1 and 0.5 dpa.
The characteristic points representative of the bulk in irradiated samples were extracted from S(E) and W(E)
curves and results are presented in the

Figure 51 on a S-W plot.
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Figure 51 : S-W plot of Fe-9CrNiSiP and Fe-9Cr Matisse model alloy samples irradiated at 300°C at 0.1 and
0.5 dpa

The vacancy defect density is always higher in Fe-9CrNiSiP samples than in Fe-9Cr Matisse samples at both
ion-irradiation conditions. As mentioned before, this could be due to the presence of alloying elements in Fe-
9CrNiSiP samples that stabilizes defects.

It is observed that the irradiations at 0.1 dpa give higher S values and lower W values in Fe-9Cr samples
indicating that the vacancy-type defect density is higher at 0.1 dpa than in 0.5 dpa. The same behaviour is
observed in pure Fe and Fe-14Cr samples. In Fe-9Cr samples, the irradiation at 300°C and 0.1 dpa gives
results equivalent to the irradiation at 200°C and 0.5 dpa where mainly monovacancies and vacancy clusters
are detected. At 0.5 dpa, the distribution of the vacancy-type defects has changed. Most probably the
dislocation density has increased, leading to a decrease of the S values and an increase of the W values.

Effect of alloying elements

In order to see the influence of alloying elements, Fe-9Cr Matisse, Fe-9CrNi, Fe-9CrSi, Fe-9CrP and Fe-
9CrNiSiP samples were irradiated with 5 MeV Fe ions at 0.1 dpa at 300°C. The characteristic points
representative of the bulk in the irradiated samples were extracted from S(E) and W(E) curves and results are
presented in the Figure 52 on a S-W plot. The S-W point of the as-received Fe-9CrP sample containing native
defects is also plotted. Its S-W point is located close to the dislocation line indicating that dislocations are the
main defects present in the sample. In ion irradiated Fe-9CrP sample, the S value increases by 10% and W
decreases by 25% and the S-W point is located on the monovacancy line indicating that vacancy defects are
now the main defects detected.

In irradiated samples, Fe-9Cr Matisse model alloy has the lowest S value and the highest W value. Other
samples have a larger defect density. This confirms that alloying elements or impurities stabilize defects. The
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S-W points are distributed in two groups as observed in Fe-14Cr samples. The first group is composed of Fe-
9Cr Matisse, Fe-9CrNi and Fe-9CrSi samples. S-W points are located between the lines of the monovacancy
and the vacancy-clusters of pure Fe indicating that both defects are the most numerous in these samples. The
samples containing Si or Ni give almost the same results. The second group is composed of samples
containing phosphorus. Fe-9CrP and Fe-9CrNiSiP samples contain the same amount of P and have almost
the same S and W values with respectively the highest and lower values. The S-W points are located on the
monovacancy line. These samples have the highest defect density and the monovacancy seems to be the
main defect. The presence of P seems to enhance the formation of small vacancy-defects such as
monovacancy-phosphorus complexes (V-P). The presence of larger Vn-P complexes cannot be excluded
because the effect of phosphorus on the positron-electron pair momentum distribution (i.e. the S and W values)
is unknown. Whatever the explanation, itis clear that the phosphorus element plays a role in the early formation
of vacancy type defects during irradiation compared to Ni and Si elements.
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Figure 52: S-W plot of Fe-9Cr Matisse model alloy, Fe-9CrNi, Fe-9CrSi, Fe-9CrP and Fe-9CrNiSiP samples
irradiated at 0.1 dpa at 300°C

Conclusion:

Separate effect experiment studies were done using the Fe-9Cr samples set. It was found that the surface
preparation of samples is correct. Some defects can be present in the first hundred nanometres, but it is
possible to extract data from the bulk using high positron energies. The study on the effect of the irradiation
temperature has shown that the vacancy-defects concentration and size decrease between 200°C and 300°C.
At 450°C, the concentration of defect is too low to be detected. The same observation was made with the
irradiation dose. Between 0.1 and 0.5 dpa, it is found that the vacancy-defects concentration and size decrease
while the dislocation concentration increases at an irradiation temperature of 300°C. The effect of the alloying
elements/impurities is observed in all studies. Sample containing alloying elements or impurities have higher
vacancy-defect concentration compared to the Fe-9Cr model alloy. The comparison of samples containing
different alloying elements and irradiated at 0.1 dpa at 300°C has shown that phosphorus element plays a role
in the early formation of vacancy type defects compared to Ni and Si elements.
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6.1.3 TEM

6.1.3.1 TEM characterisation

Materials and irradiation conditions examined by TEM are summarized in Table 19, where the dose data in
dpa is listed, estimated as explained in section 2.1.3.2. Results are listed for materials either with increasing

Cr content or increasing Ni+Si+P content.

Table 19: Summary of specimens examined by TEM. Cr and Ni+Si+P content as well as estimated dose. T =

300°C.
Specimen code Cr (wt%) Ni+Si+P (wt%) Estimated dose
(dpa)
G379-Fe (3) 0.002 0.011 0.9
G384-Fe5CrNiSiP (1) 4.9 0.349 0.6
G385-Fe9Cr (2) 9.1 0.016 0.2
G385-Fe9Cr (3) 9.1 0.016 0.5
L252-Fe9Cr (2) 8.4 0.170 0.5
G389-Fe9CrNiSiP (1) 9.1 0.336 0.5
G394-Fel4CrNiSiP (1) 14 0.312 0.5

Figure 53 shows the damage profile estimated from SRIM calculations. The added points aim at placing the

depth of the region examined by TEM on each alloy.
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Figure 53: SRIM damage profile. The points denote the depth of the TEM-examined region in each alloy.

Figure 54 shows TEM images of the microstructure of Fe9Cr (F), Fe9Cr (F/M) and Fe9CrNiSiP (F), after ion
irradiation at 300°C and up to 0.5 dpa. The comparison of ion irradiated microstructures of these three alloys
allows the effect of both initial microstructure, either, ferritic (F) or ferritic-martensitic (F/M), and presence of

impurities such as Ni, Si and P, to be investigated.
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Figure 54: TEM BF and WBDF images of the Fe9Cr(NiSiP) alloys ion irradiated at 300°C, up to 0.5 dpa. The
amount of Ni+Si+P increases from top to bottom.

TEM examination reveals the presence of dislocation loops produced by the ion irradiation. The loops are
observed all over the examined region, so their spatial distribution is quite homogeneous. Although some
dislocation decoration with loops is observed occasionally, it is not general rule. It is worth pointing out,

however, that denuded zones close to grain boundaries have been observed in Fe9Cr (F), as shown in Figure
55. Also, groups of loops forming chains or rafts can be observed.
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Figure 55: Presence of denuded zones close to grain boundaries in G385-Fe9Cr.

Qualitatively, the size of the loops appears to be larger in Fe9Cr (F) than in the other two Fe9Cr alloys. In
Fe9Cr (F/M) and Fe9CrNiSIiP (F), loops are smaller in size and appear quite homogeneously distributed all

over the examined region. Quantitative information has been obtained from these and similar images. Figure
56 shows the loop size distribution graphs.
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Figure 56: Size distribution of dislocation loops observed by TEM and produced by ion irradiation at 300°C
up to 0.5 dpa.

Loop sizes extend from 2 up to 22 nm in the case of Fe9Cr (F). It is worth pointing out that Ni, Si and P contents
in this material are the lowest, with Ni+Si+P=0.016 wt%. As the amount of Ni+Si+P increases, the loop size
distribution becomes narrower and shifts to smaller sizes. For the Fe9Cr (F/M) the size distribution ranges
from about 1 nm up to 12 nm and in the case of Fe9CrNiSiP (F), with the higher amount of Ni+Si+P, the
maximum size reached by loops is about 7 nm. Average sizes have been obtained by fitting the size
distribution graphs to a LogNormal function and are listed below, in Table 20.

The number of loops has been counted on TEM images, corresponding to different diffraction vectors. Due to
the fact that part of the loops will not be visible at certain two-beam conditions, it is necessary to have first an
estimation of the proportion of loops with each Burgers vector. To do so, we have followed the statistical g(lb
analysis method described in [62] and applied, for instance, in [63]. It is worth pointing out that, by applying
this method, we are assuming the equal probability of all the Burgers vector families.
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G385-Fe9Cr (F)

L252-Fe9Cr (F/M)

G389-Fe9Cr NiSiP(F)

Ni+Si+P (wt%)

0.016

0.170

0.336

BV proportion

<100>: 93%
%<111>: 7%

<100>: 59%
15<111>: 41%

<100>: 38%
1<111>: 62%

1£<111>/<100> ratio 0.075 0.695 1.630
Total number density 1.11x10%? m3 1.71x10%? m3 0.9x10%? m
Mean size, d (nm) (9.6£0.6) nm (4.2£0.1) nm (3.5£0.2) nm
Maximum size Max: 22 nm Max: 12 nm Max: 7 nm

The majority of loops are type <100> in Fe9Cr (F). The proportion of <100> loops is quite high taking into
account the relatively high Cr content. As reported in literature (see for instance results from in situ irradiation,
[63]) the addition of Cr is expected to lead to an increase in <111> proportion compared to irradiated pure Fe.
The proportion of <100> decreases for the other two Fe9Cr alloys. The trend of the <111>/<100> ratio
correlates better with the increase of alloying or impurities content than with the Cr content: as the amount of
Ni+Si+P increases, the <111>/<100> ratio increases. Though there is a big initial microstructure difference, F
or F/M, the effect of composition (impurities) on the evolution of the microstructure seems to be predominant
and as Ni+Si+P increase, the size of the loops decreases and the proportion of %2<111> loops increases. This
fact indicates a prevalent effect of the impurity presence over the effect of Cr content, which is the same for
the three alloys, and over the effect of the initial microstructure.

Once the Burgers vector is known, the loop nhumber density has been estimated: no significant differences in
density amongst the three alloys is found.

Next Figure 57 shows TEM images of the microstructure after ion irradiation at 300°C, for Fe, Fe5CrNiSiP,
Fe9CrNiSiP and Fel4CrNiSiP. The Fe9CrNiSiP is included here again to compare the microstructure of alloys
with increasing Cr content. It is worth pointing out that the dpa level reached at the region examined differs
from one material to another.
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Figure 57: TEM images of ion irradiated materials at 300°C up to the following estimated doses: (a) 0.9 dpa;

(b) 0.6 dpa; (c) 0.5 dpa; and (d) 0.5 dpa. (Note the magnification of Fe14CrNiSiP image is more than twice
the magnification of the other three images).

In general, TEM images reveal the presence of dislocation loops in all four materials. In the case of pure Fe,
black dots are observed all over the examined region in between a relatively dense dislocation net. Dislocation
lines or segments are observed to be aligned all over the region examined by TEM. As shown in Table 19, the
region examined has received a higher dose than the other examined materials, however, the loops appear to
be smaller than expected for pure Fe in similar irradiation conditions. Further investigations should follow, in
order to obtain a specimen from a region at about 500 nm far from the irradiated surface, with estimated dose
of 0.5 dpa, including the examination of FIB cross section specimens.

Regarding the Fe5CrNiSiP alloy, small loops are observed that seem to be larger when they appear decorating
dislocation lines, but this has not been quantified yet. As explained above, when only Cr is present in the Fe
based alloy (Fe9Cr (F)), the ion irradiation produces relatively large loops, while if impurities such as Ni, Si and
P are present, the size of the loops is reduced. It is worth noting that the dose received in the examined region
is 0.6 dpa.

Finally, the irradiated microstructure of Fel4CrNiSiP shows the presence of very large dislocation loops,
reaching about 50 nm. The large loops appear aligned along a preferred direciton and are found in between
dislocation segments. The dislocation density of the irradiated specimen is quite high compared to the one of
the non irradiated material, it is possible, then, that the observed microstructure is not solely the result of
irradiation, but of some level of deformation possibly occurred during specimen preparation. Further work is in
progress to examine other specimens, including FIB cross section specimens.
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6.1.4 APT

6.1.4.1 2 MeV Fe?irradiation of a High purity Fe14Cr-HP at 300°C [64]

The effect of the injected ions on o' precipitation has never been addressed up to now. The present work aims
at studying this effect and to gain further insight into the mechanisms that could explain the difference in the
precipitation kinetics under ion irradiation and the other forms of irradiation (e.g. neutron, proton and electron).
Atom Probe Tomography was used to investigate the influence of both damage and injected Fe profiles on
a/a’ decomposition.
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Figure 58 : Damage and implantation brofiles calculated with SRIM 2013 [7,8] and the 3D distribution of Cr
atoms observed using APT at different depths (i.e. doses). A concentration threshold of Xcr>24at.% was

used to highlight o' particles. APT volume V=40 x 40 x 10 nm?3, o’ radius r = 1 nm.

Figure 58 plots both damage and injected Fe concentration profiles obtained under Fe?* ion irradiation (see
irradiation conditions in part 2.1.3.2). The 3D distributions of Cr atoms observed with APT from 300 hm to 900
nm in depth are also presented. The first noticeable point is that a' particles formed. To our knowledge, it is
the first time that o' precipitation is observed under heavy ion irradiation. This clearly proves that a' particles
can be observed under self-ion irradiation with a dose rate of ~10-° dpa/s at 300°C. These results confirm that
ballistic dissolution does not occur at this dose rate and irradiation temperature.

The evolution with depth of the particle radius, number density, volume fraction and Cr concentration both in
the particles and in the matrix, is given in Figure 59. Figure 58 and Figure 59 together clearly reveal that the
evolution of the a' precipitation is depth dependent. As under electron irradiation [47], C contamination during
irradiation was measured with APT (between 0.02 and 0.08 at.% as under electron irradiation). C was
homogenously distributed but most a' clusters do not include any C atoms. Clearly, the Cr rich particles
observed are o' particles, not carbides.

Regarding the evolution of the different characteristics of the a/a’ decomposition, the figures are roughly
constant up to about 350 nm. From 350 nm on, moving deeper in the irradiated material, a' decomposition
becomes less developed. Notably, the maximum decomposition is not observed at the peak damage region
(550 nm). It is also worth noting that the two 3D distributions of Cr atoms observed at 400 nm and 700 nm
(dashed line on Figure 58) are significantly different whereas they were obtained at the same dose (0.85dpa).
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It is a clear evidence of the injected interstitial effect. Undoubtedly, the evolution of a' precipitation deviates
significantly from that expected from the damage profile. Figure 59 clearly shows that the depth dependence
of a/a' decomposition is correlated with the evolution of the injected Fe concentration rather than the damage
profile. This behaviour is similar to that observed in the case of void formation [65-68]. When the contribution
of injected Fe becomes more significant, the decomposition decreases.

The origin of this behaviour can be explained as follows. The excess of interstitials due to injected Fe has two
major effects: the enhancement of recombination between vacancies and interstitials and the creation of a
high density of point defect sinks (interstitial clusters, dislocation loops). Both effects lead to a significant
decrease in the concentration of the single point defects which are required for the diffusion of Cr atoms to
form a' clusters. Consequently, a' precipitation kinetics is reduced. Investigation and characterization of the
influence of injected Fe on the evolution of the matrix damage is on-going.

This work shows that injected Fe reduces a' precipitation. This suggests that a' precipitation should be unlikely
to occur if the concentration of injected Fe becomes high. This can explain why o' precipitation was not
observed in [27]. In these experiments, a three-step irradiation with 0.5 MeV, 2 MeV and 5 MeV Fe ions was
applied to Fe-9at.%Cr and Fe-12at.%Cr alloys in order to obtain a flat damage profile. Nevertheless, the multi-
step irradiation does not only flatten the damage profile but also the injected Fe concentration profile. A non-
negligible concentration of injected ions was thus introduced over the whole irradiation depth, probably
preventing a' precipitation. In addition, a flux effect could also be involved. Indeed, the dose rate used in our
work is low for heavy ions irradiation. Such low dose rate might be also necessary for the formation of o'
particles. However, the damage rate difference between [27] and the present case is no larger than 5, which
is quite small. Its influence is therefore probably not so important.

Also, quite often, microstructural investigations are conducted at peak damage in order to investigate
irradiation effects at high doses. However, while the dose is higher in the peak region, so is the concentration
of injected ions. Our results show that such investigation of a' precipitation at the damage peak is not
appropriate.

In the depth range 90 nm - 350 nm, a plateau is observed whereas the dose rises from 0.5 dpa to 0.8 dpa.
The absence of increase in a/a’ decomposition in this range might be the signature of the beginning of the
influence on the microstructure evolution of the injected Fe ions and their long range diffusion in the
concentration gradient. Moreover, the fact that o' particles are observed at 90 nm is not enough to rule out
some possible surface effect (efficient loss of point defects at the surface) on the microstructure. Consequently,
a' precipitation characteristics observed in the plateau might be biased by surface effect on one hand and
injected Fe on the other hand. It is not possible to know whether there exists a region where no artefact due
to ion irradiation occurs. Experiments performed with higher ions energies, for instance 5 MeV or 10 MeV,
should enable to characterise a region deep enough to avoid surface effects and far enough from the
implantation peak to study o' precipitation.
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Figure 59 : Evolution with irradiation depth of (a) damage and injected Fe concentration, (b) the particle
number density and volume fraction, (c) the mean particle radius, Cr concentration in (d) particles and (e) a
matrix. The alloy investigated is a Fe-15at.%Cr alloy irradiated with 2MeV Fe?* ions at 300°C.

Similar results were obtained on the Fe-18Cr_HR (Fe-19at.%Cr) alloy irradiated in the very same conditions.
Figure 60 and Figure 61 show the results obtained for this alloy.
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Figure 60: Damage and implantation profiles calculated with SRIM 2013 [7,8] and the 3D distribution of Cr
atoms observed using APT at different depths (i.e. doses). A concentration threshold of Xcr>24at.% was
used to highlight a' particles. APT volume V=40 x 40 x 10 nm?3, o’ radius r = 1 nm.
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Finally, Figure 62 presents the comparison of the number density and volume fraction of the a' clusters as
measured in both Fe-15at.%Cr and Fe-19at.%Cr. The evolution as a function of the depth is very similar. The
injected interstitials have the same influence in both alloys. Whichever the alloy, from about 400 nm, a
reduction of a' precipitation is observed. The volume fraction and the number density are higher in the Fe-
19at.%Cr than in the Fe-15at.%Cr because of the larger driving force for precipitation in this alloy.
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Figure 62: Comparison of the number density and volume fraction of the a' clusters measured in both Fe-
15at.%Cr and Fe-19at.%Cr irradiated with 2MeV Fe?* ions at 300°C.

6.1.4.2 5MeV Fe'irradiation of FeCr(NiSiP) alloys

NiSiP-rich clusters: Effect of impurities and alloying elements

APT investigation has been made in the set of ion irradiated alloys at 2 different doses, 0.1 and 0.5 dpa at a
depth of 500 nm and at a temperature of 300°C in both cases. The alloys considered here are: Fe5Cr-NiSiP,
Fe9Cr-NiSiP, Fe12Cr-NiSiP and Fe9Cr (Mart.). The three former are ferritic, the latter is fully martensitic and
the impurity content is less.

In the specimens irradiated at the higher dose, 0.5 dpa, solute-rich clusters (SRCs) have been found in all the
analysed samples as in the case of neutron irradiations. In Figure 63, the cluster information is plotted as a
function of the Cr content. The results indicate that the number density and radius of clusters are quite similar,
with perhaps a slight decrease in radius with Cr content increase. Concerning the solute composition of the
clusters, the enrichment in Ni, Si and P is larger in the 5Cr, mainly because of Si enrichment that is 3% more
in the Fe5CrNiSIP than in the two others. A slight decrease in Ni content is also observed when Cr content of
the alloy increases. The more Cr in the alloy, the more Cr in the clusters. Nevertheless, it must be emphasized
that the enrichment (difference in concentration between the clusters and the nominal concentration in Cr)
increases when the nominal concentration in Cr decreases : AC = 5at.% for the Fe5CrNiSiP, AC = 3.8at.% for
the Fe9CrNiSiP, AC = lat.% for the Fe14CrNiSiP. After ion irradiation, contamination in C has been measured
(Figure 64). The C concentration measured in the clusters is of about 0.4-0.5 at% in the cases of Fe5Cr-NiSiP
and Fe9Cr-NiSiP and 0.1 at% in the Fe14Cr-NiSiP alloy. In the case of Fe9Cr(Mart.) the C enrichment was
found to be one order of magnitude smaller than in the case of Fe9Cr-NiSiP (0.07% vs 0.2%). It is worth noting
that the C contamination is not identical from tip to tip made in the same material. One can find one order of
magnitude in C concentration between to different tips made in different grains of the same material.
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Figure 63: Cluster characteristics of ion-irradiated specimens at 0.5 dpa at 300 € as a function of the %Cr.
a) volume fraction, Number density (Nv) and R of the SRCs, b) Solute concentration of the clusters. Fe
concentration makes the balance to 100%.
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In Figure 65 the cluster information is plotted against the total amount of impurities (Xp+Xsi+Xni) for the Fe9Cr
alloys at 0.5 dpa. The alloy with 0.17wt.% of impurities is the Fe9Cr MIRE alloy with a martensitic structure.
The alloy with 0.34 wt.% of impurities is the Fe9CrNiSiP with a ferritic structure. The number density of clusters
is 3 times smaller for the smaller impurity content whereas the radius is larger. The volume fraction of clusters
is larger as the concentration of NiSiP is increased. Enrichment in Si and P seems to be larger when the NiSiP
content is larger.
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Figure 65: Cluster characteristics of ion-irradiated specimens at 0.5 dpa at 300°C as a function of the
%NiSiP, the materials Fe9Cr(Mart.) and Fe9CrNiSiP are compared. a) volume fraction, number density and
radius of the NiSiP-rich clusters, b) Solute concentration of the clusters. Fe : balance up to 100%.

Further investigation on the role of every impurity in the cluster formation has been carried out by studying the
materials Fe14CrNi, Fe14CrSi, Fe14CrP and Fel4CrNiSiP, both AR and ion-irradiated at 0.1 dpa at 300°C.
The solute distributions obtained on the APT volumes are shown in Figure 66. After visual investigation it is
clear that the P atoms have grouped together after 0.1 dpa. However, the same conclusion cannot be extracted
straightforwardly in the cases of Ni and Si impurities. Therefore the 1NN distances distributions have been
calculated and the V-parameter has been extracted (see section 2.2.4). The V-parameters are plotted as a
function of the impurity studied (P-P, Ni-Ni or Si-Si) and on the irradiation condition (AR or 0.1 dpa). The data
on the four studied materials are represented in the Figure 67. Every dot corresponds to a different AP volume
analysed, so the dispersion on the experimental results is illustrated. Clear tendencies are observed. The
higher the V-parameter is, the more deviated from the random distribution are the Ni, Si or P populations. As
expected, in AR state, no clustering is observed. At 0.1 dpa, the results suggest that the clustering is occurring
for the 3 impurities but the intensity of this clustering is much higher in the case of P. Very interestingly, this
does not depend on whether the impurities are alone or together in the alloy. Indeed, the same results for
every impurity are obtained in the case of Fe14CrNiSiP and of Fe14CrNi for Ni, Fe14CrP for P and FeCrSi for
Si. These results strongly suggest that no synergistic effects are occurring in the cluster formation due to the
presence of the other impurities, i.e. that no thermodynamic force acts to take the solutes together.
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Figure 66: Spatial distribution maps of P (green dots), Ni (orange dots) and Si (blue dots) in Fel14CrP,
Fel4CrNi and Fel4CrSi. Comparison between AR states and 0.1 dpa ion-irradiation at 300°C is shown. Al
the sampleshave been analysed at a depth of 500+100 nm.
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Figure 67: V-parameter obtained from 1NN distributions of X = (P, Ni, Si) impurities. AR results and 0.1dpa
ion-irradiation condition are plotted. The studied samples are Fel4CrP, Fel4CrNi, Fel4CrSi and
Fel4CrNiSiP. Dots of the same color represent different AP volumes analysed.

NiSiP-rich clusters: Effect of the dose

The dependence of the small solute clusters on the dose has been investigated in the Fel4Cr-NiSiP model
alloy. Figure 68 shows the distribution maps of Ni, Si and P. Small clusters are already formed and visible on
3DAP images at 0.1 dpa. Even if very tiny and thus at the limit of the range of applicability of the “Iso-position”
tool, the clusters have been characterised using the iso-position filter in order to compare with higher dose.
Nevertheless, it must be kept in mind that the results at 0.1 dpa are here shown as a qualitative indicator of
the behaviour of SRC with dose and that uncertainties are significant, even if impossible to quantify. The results
are plotted in Figure 69 as a function of the dose. The volume fraction found at the low dose condition is
extremely small. So as the number density, which is found to be one order of magnitude smaller (~1022 m-3)
than at 0.5 dpa, and the size, which is close to the detection limit. These results, even if qualitative, show that
as the ion dose increases, the size, the number density and the volume fraction of the solute-rich clusters are
increasing. Regarding the evolution of the concentration of the clusters with the dose, P is observed to enrich
first the SRCs as it has been observed under neutron irradiation (section 4.1.5). A surprisingly high Cr
enrichment with respect to 0.5 dpa is also observed. But given the very large uncertainties, this enrichment is
probably not especially meaningful.

Page 67/80



MatISSE — Deliverable D2.31 — Revision O Issued on 17/11/2017

Vol. =53 x 2 x 89 nm?3 Vol. =50 x 2 x 91 nm3 Vol. =50 x 2 x 90 nm3
a) b) c)
Figure 68: Impurity distribution maps in the Fe14CrNiSiP alloy. a) AR condition, b) ion-irradiation at 0.1 dpa,
300 €, c) ion-irradiation at 0.5 dpa, 300 C. Si is indicated by the blue dots, whereas Ni and P are in orange
and green respectively.
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Figure 69: Cluster characteristics on Fe14CrNiSiP material ion-irradiated at 300 C as a function of the dose.
a) volume fraction, number density and radius of the NiSiP-rich clusters, b) Solute concentration of the
clusters. Fe : balance up to 100%.

SRCs are mainly observed to be homogeneously distributed in the APT volumes. Nevertheless, in some cases,
they appear aligned, probably along a dislocation line (Figure 70). In some other cases, Ni, Si and P are seen
to form circular objects, evidencing segregation of these species at dislocation loops (Figure 70, Figure 71).
Also visible in Figure 71, continuous segregation of Ni, Sl and P at dislocation lines.
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Figure 71: 3D atom map of Ni, Si and P atoms forming SRCs in
— Fe5CrNiSiP alloy irradiated at 0.5 dpa at 300°C. The threshold used to
highligt clusters is XNi+Si+P > 2.9at.%.

Cr-rich clusters

The Cr distribution has been also investigated after ion irradiation in all the investigated materials (containing
5, 9 and 14 wt% of Cr) at every dose (AR, 0.1 and 0.5 dpa) at 300°C.

The results for the Thuvander et al. test (cf. section 2.2.4) are shown in Figure 73, Figure 74 and Figure 75,
for samples containing 14%, 9% and 5% of Cr respectively. Every curve is labelled with a 4 digit id number
from a particular APT experiment, the irradiation condition (AR, 0.1 dpa or 0.5 dpa) and the type of impurity
(P, Ni, Si or NiSiP). Cr distribution is quite close to the random distribution in the as-received (AR) specimens,
for all Cr concentrations.
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The results on the 14% of Cr concentration are shown in Figure 73. The sliding of the curves towards upper
areas of the graph can be appreciated as the dose is increasing. This is a sign of the clustering of Cr in the
case of Fel4CrX. It is also observed that the presence of impurities has no impact on Cr evolution. At the
lowest dose, 0.1 dpa, early stages of Cr clustering are detected as the curves are higher than in the AR state.
At 0.5 dpa the Cr clusters become visible (see Figure 72).

3

Figure 72: 3D distribution of Cr atoms in
Fel4CrNiSiP irradiated at 0.5 dpa at 300°C.
d' clusters are clearly visible.
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Figure 73: Results from the Thuvander et al. test on different MatISSE model alloys containing 14% of Cr
and different impurity levels. The black line corresponds to the binomial distribution. The red lines (and red
circles) correspond to samples at the AR state. The green lines (and green triangles) correspond to samples
irradiated to 0.1 dpa. The blue lines (blue squares) correspond to 0.5 dpa irradiation condition.

The results on the 9% of Cr concentration are shown in Figure 74. Apparently no signs of Cr clustering are
experimentally observed in the irradiated alloys. A similar behaviour is observed for the Fe5CrNiSiP (Figure
75). No signs of Cr clustering are identified.

Page 70/80



MatISSE — Deliverable D2.31 — Revision O Issued on 17/11/2017

I
Fe9CrX

0.028 -Fel4Crx - 0.5 dpa
(X =NiSiP)
0.024 |-Fel4CrX - 0.1 dpa
0.5 dpag", \-\
| AR .
0.02 Random \
O \
2 0016 - \
S .
~ \
? 0012 |-
0.008 |-
0.004 |-

Figure 74: Results from the Thuvander et al. test on Fe9CrNiSiP. The black line (black spots) corresponds to
the binomial distribution. The red lines (red spots) correspond to samples at the AR state. The blue lines
(blue squares) correspond to 0.5 dpa irradiation condition. For comparison purposes, the data corresponding
to 0.1 and 0.5 dpa conditions of Fe14CrX samples is also indicated in black dashed lines.
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Figure 75: Results from the Thuvander et al. test on Fe5CrNiSiP. The black line (black spots) corresponds
to the binomial distribution. The red lines (red spots) correspond to samples at the AR state. The blue lines
(blue squares) correspond to 0.5 dpa irradiation condition. For comparison purposes, the data corresponding
to 0.1 and 0.5 dpa conditions of Fe14CrX samples is also indicated in black dashed lines.

Characteristics of Cr-rich clusters found at 0.5 dpa in the Fe-14Cr-NiSiP and Fe14Cr_HP alloys are plotted in
Figure 76 and compared to the results presented in section 6.1.4.1 where a ultra-high-purity alloy (Fe14Cr_HP)
was irradiated at 2 MeV also at 0.5 dpa. Radiuses are similar but number density and volume fraction are
larger in the high purity alloy. It is difficult to discuss these differences as the materials were irradiated with
different ion energies and in different irradiation facilities. More work is needed to understand similarities and

differences.
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Figure 76: Characteristics of the Cr-rich clusters on ion-irradiated materials at 300°C, Fe14CrNiSiP and
Fel4Cr_HP. Both doses should be equivalent to 0.5 dpa a) Fv, Nv and R of the Cr-rich clusters, b) Solute
concentration of the clusters.
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7 Summary and discussion

High purity Fe-Cr alloys with 14wt% and 18wt%Cr and 16 alloys with different Cr, Ni, Si and P contents were
selected for investigation after neutron, ion and electron irradiation. This deliverable presented the PIE results
obtained by standard mechanical characterisation and with advanced characterisation techniques.

With the exception of the alloys inherited from the GETMAT project (Mire-Cr irradiation campaign) all alloys
studied here have a ferritic structure. The size of the grains depends on the composition. The Fe-14CrX alloys
have the larger grains (~230um), the Fe-9CrX the smallest (~25 um). The yield strength increases with Cr and
impurity contents from 196 MPa for pure Fe up to 268 MPa for Fe-14Cr-NiSiP. A similar trend is observed for
hardness (from 58 HV to 123 HV).

Internal friction measurements revealed the presence of C in solid solution in Fe and in Fe5Cr. In Fe-14Cr-
NiSiP, C atoms were found to bind to open-volume defects (probably dislocations). C was also detected using
APT in Fe-5Cr-NiSiP, Fe-9-CrNiSiP and Fe-14-CrNiSiP. APT analysis also confirmed the homogeneous
distribution of Cr and impurities in the grains.

7.1 Neutron irradiations

Fe, Fe5CrNiSiP, Fe9Cr, Fe9CrNiSiP, Fel4CrNiSiP, Fe9Cr MIRE, E97 and T91 were neutron irradiated at
290°C and 450°C in the BR2 reactor at a dose of 0.11 dpa.

SANS results obtained on Fe-5Cr-NiSiP and Fe-14Cr-NiSiP show that nano-features are formed at both
irradiation temperatures. The volume fraction of irradiation-induced clusters in Fe-14Cr-NiSiP is one order of
magnitude higher than in Fe-5Cr-NiSiP.

It is assumed that there are two components in the size distribution of 14Cr-NiSiP irradiated at 290°C, i.e. the
second component is also significant. The first component is dominant. The A ratio (2.15) indicates a’. The
second component is two orders of magnitude weaker in terms of number density. From previous
investigations it is reasonable to assume that these are NiSiP-containing clusters or NiSiP-decorated loops.
APT is needed to substantiate this interpretation. For the irradiation temperature of 450°C, the SANS
measurements indicate similar results. The sizes are slightly larger and the volume fraction is slightly smaller.
The A-ratio for the first (dominant) component again indicates formation of alpha-prime. However, according
to the Fe-Cr phase diagram [1] much less alpha prime than for 290°C should form if any. This needs further
investigation.

For Fe5CrNiSiP, the higher A-ratio (3.5) reveals a difference in the nature of the nano-features formed, it is
reasonable to assume that these are NiSiP-containing clusters or NiSiP-decorated loops. The constant A-ratio
indicates that the nature of the nano-features does not change with irradiation temperature. There is a
significant increase in their mean radius at 450°C with respect to 290°C. PALS measurements performed on
the Fel4CrNiSiP revealed that vacancy clusters were only observed at 290°C. The size of these clusters
remains small i.e. about four vacancies. Dominant trapping centre for positron are mono-vacancies.

TEM focussed on Fe, Fe9Cr and Fe9CrNiSiP irradiated at 450°C. The investigation of the neutron irradiated
microstructures of these three materials may provide information about the effect of Cr content and the effect
of the presence of impurities such as Ni, Si and P. The loops are homogeneously distributed in all the samples.
Qualitative comparison of TEM images leads to deduce that the presence of Cr reduces size and increase
number density of loops and the effect of Ni, Si and P addition is to further reduce loop size and increase loop
number density.

FeCr model alloys show different behaviour under neutron irradiation depending on their chemical composition.
For the samples which were neutron irradiated at 300°C, it is found that Fe9Cr does not harden if compared
to the as-received while Fe5CrNiSiP, Fe9CrNiSiP and Fel4CrNiSiP show significant hardening. After neutron
irradiation at 450°C, Fe9Cr does not harden whereas Fe9CrNiSiP and Fel4CrNiSiP show significant
hardening. Concerning Fe5CrNiSIP, it shows similar hardening as the non-irradiated sample which is thermally
aged at 450°C but shows hardening with respect to the sample thermally aged at 450°C.

Tensile tests show that the Fe5CrNiSi, Fe9CrNiSiP and Fel4CrNiSiP experience a significant hardening
during irradiation at 290°C. It is similar at 450°C except for Fe5CrNiSiP which shows a much lower hardening.
Surprisingly, hardening of Fe1l4CrNiSiP is not larger than that of Fe9CrNiSiP whereas one could expect a
much higher density of a' particles in the 14Cr. Neither for the Fe9Cr nor for Fe hardening has been observed
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whereas a high density of dislocation loop has been shown to form. But it is worth noting that YS were obtained
on round samples for unirradaited alloys whereas they were obtained on flat samples for the irradiated ones.
The direct comparison may thus be questionable.

APT analysis were performed on the Fe-9Cr MIRE and Fe-12Cr MIRE irradiated at 0.06 dpa at 300°C. Results
showed that at this low dose, neither in the Fe-9Cr nor in the Fe-12Cr o' clusters form. Solute rich clusters
(SRC) were observed to form in both alloys. They are very rich in P and present a very slight Cr enrichment if
any. If compared to 0.6dpa, there is a slight increase in number density and in volume fraction with dose and
a slight decrease in size. At low dose, the P concentration is very high (6—7at.%) whereas the nominal content
is only 0.06at.%. At higher dose, it decreases to the level of 2at.% because of the important increase in Si, Ni
and Cr content. This is coherent with the fact that these latter have much lower diffusion coefficient than P and
more time is needed for them to enrich clusters.

7.2 lon and electron irradiations

The alloys were irradiated at 0.1 and 0.5 dpa at 200°C, 350°C and 450°C. They were analysed using PAS,
TEM, APT and NI. The results presented in parts 5 and 6 addressed the effects of: temperature, Cr content,
impurities, irradiation dose, injected interstitials.

7.2.1 Effect of temperature and Cr content

PAS investigation of Fe5CrNiSiP, Fe9CrNiSiP and Fel4CrNiSiP irradiated to 0.5 dpa at 200°C, 350°C and
450°C showed that the vacancy-defects concentration and cluster size decrease between 200°C, 300°C and
450°C. At 450°C, the concentration of defects is too low to be detected in Fe9CrNiSi. The open-defect density
is higher in the Fel4CrNiSiP than in the Fe5CrNiSiP at 200°C and at 300°C whereas there is no significant
difference at 450°C.

Regarding hardening, it decreases as the irradiation temperature increases whatever the Cr concentration.
The highest hardening is observed for Fe5Cr-NiSiP at both temperatures. The hardening of Fe9Cr-NiSiP and
Fel14Cr-NiSiP is similar. There is no distinct minimum of hardening at 9%Cr. The results indicate that a'-phase
mediated hardening is not the dominant hardening contribution. Indeed, as shown by APT, if o' clusters are
formed in Fe14CrNiSi, their Cr concentration is quite low and they are quite diffuse. Consequently, they should
be weakest obstacles than richer a' clusters. The hardening is rather dominated by NiSiP(Cr)-clusters and
dislocation loops. SRCs are observed in all the alloys but the difference in number density and in size cannot
explain the difference in hardening between the Fe-5CrNiSiP and the two other alloys. As the small size of the
open-defects observed cannot also explain this difference, one could expect difference in dislocation loop
densities and sizes.

7.2.2 Effect of Ni, Si and P impurities

All the experimental characterisations performed evidence the strong influence of impurities on the
microstructural evolution of the materials and in turn on the radiation hardening.

Different impurity contents have been investigated for a given Cr content: the pure Fe-9Cr with 0.016wt% of
impurities (Ni+Si+P), the Fe-9Cr MIRE with 0.17wt% and the Fe9CrNiSiP with 0.34wt%. It has been evidenced
that the higher the impurity content:

¢ the higher the concentration of vacancy defects

¢ the lower the size of the dislocation loops (DL)

o the higher the proportion of <111> DL (for the highest content, the majority of loops is <111> whereas
it is the inverse for pure Fe, Fe9Cr and Fe9Cr MIRE)

e the highest the number density (3 times higher for 0.34wt% than for 0.17wt%) of SRCs and the lower
their size.

e the richer the SRCs in impurity and Cr

e the harder the material, whatever the irradiation temperature.
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The presence of Ni, Si and P has a strong impact on the irradiation response in terms of enhancing irradiation-
induced hardening. Moreover, it must be emphasised that there is no obvious effect of the initial microstructure
(Fe9Cr MIRE is F/M whereas the others are ferritic). Composition seems to be predominant over the effect of
initial microstructure.

It is interesting to note that the SRC size evolves as DL size: it decreases when impurity content increases.
The same behaviour is not observed for the number density of the DL: the same value is obtained whatever
the impurity content. Nevertheless, it cannot be ruled out that, because of the small size of DL, a part of these
are no more visible with TEM. If it is the case, this means that the number density of the DL increases as the
SRC number density. Moreover, Ni, Si and P have been observed to segregate at dislocation loops and to
form clusters at dislocation lines. This confirms the affinity of these species with point defect sinks and thus
validate the SCMF calculations that predict solute dragging towards sinks for P, Ni and Si by vacancies and
by interstitials for P [69—71]. According to these results, it appears that association of SRCs to TEM invisible
loops is very likely. This agrees with the results obtained by OKMC simulations [72] that found a number
density of invisible TEM DL similar to the one of the SRCs observed with APT.

TEM results obtained on the pure Fe-9Cr and on Fe14Cr_HP pose an important question that deserves further
investigation: very surprisingly, <100> loops were found in majority in pure Fe-9Cr (93%) after ion irradiation
and in Fe-15Cr_HP (100%) after electron irradiation. These proportions are similar to those measured in pure
Fe or low Cr. Up to now, it was accepted that Cr increases the proportion of <111> loops. In the light of these
new results, it seems that what is determinant is not so Cr content but rather the impurity content. If this is the
case, experiments and DFT calculations could converge as according to DFT, Cr is not found to favour <111>
DL. However, it is accepted both on the basis of simulation and experiment that Cr does slow down interstitial
clusters. If the origin of the observation of (111) loops is to be ascribed to reduced mobility and therefore
reduced absorption at sinks, then Cr should have an effect on increasing the proportion of (111) lops. Yet it is
possible that impurities such as Ni, Si and especially P have even stronger effect in reducing the mobility of
otherwise fast gliding (111) loops [73]. Further investigations are needed to understand these new results. An
intensive study of the bibliography is part of the work to be provided.

The comparison of samples containing different alloying elements has shown that P plays an important role in
the early formation of vacancy type defects compared to Ni and Si elements. When P is present, alone or
together with Ni and Si, the concentration in open-defects is significantly increased. Among the three
impurities, P is the one that stabilizes more vacancy defects and importantly, P increases the proportion of
mono-vacancy defects, probably reducing their mobility, thus preventing or retarding the formation of larger
vacancy clusters. Addition of both Ni and Si to FeXCr-P does not result in an increase in concentration of open
defects. Concerning impurity clustering, the very same conclusion was drawn: P has the strongest tendency
for clustering. No synergetic effect has been evidenced as the clustering does not dependent on the fact that
the impurities are alone or together in the alloy. This is in agreement with the calculation of Messina et al. [69—
71]. P has the strongest tendency to enrich sinks because of its very strong positive coupling with point defects.

Among Ni, Si and P, Phosphorus has thus been shown to have the strongest effect on the stabilization of
vacancies (mainly mono-vacancies) and on the formation of clusters.

7.2.3 Effect of irradiation dose

The vacancy-type defect density is higher at 0.1 dpa than in 0.5 dpa in both Fe9CrNiSiP and Fe14CrNiSiP. In
Fe-9Cr samples, the irradiation at 300°C and 0.1 dpa mainly mono-vacancies and vacancy clusters are
detected. At 0.5 dpa, the distribution of the vacancy-type defects has changed. Most probably the reason for
this is not really a decrease in the density of vacancy type clusters, but the fact that the dislocation density has
increased (formation and growth of dislocation loops), leading to a decrease of the S values and an increase
of the W values.

The number density of the SRCs is one order of magnitude lower at 0.1 dpa than at 0.5 dpa at 300°C. The
size and the number density increase with the dose. Regarding the evolution of the concentration of the
clusters with the dose, P is observed to enrich in a higher proportion the SRCs at low dose than at higher dose
as it has been observed under neutron irradiation. This is the consequence of the fact that P is the most easily
and fast deposited solute of all.

7.2.4 Effect of injected interstials

Fe-14Cr_HP alloy irradiated with 2 MeV Fe2* ions at 300°C was investigated with APT. The 3D distribution of
Cr atoms revealed the presence of a' particles. It was the first time that o' precipitation was observed under
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heavy ion irradiation. Such observation has been confirmed later in the Fe14CrNiSiP irradiated at 0.5 dpa at
300°C. Characterisation of a/a’ decomposition with depth and comparison with both the damage and injected
Fe concentration profiles show that:

o Evolution of o' precipitation deviates significantly from that is expected from the damage profile.
e Injected Fe strongly reduce a' precipitation.

The origin of this behaviour can be explained as follows. The excess of interstitials due to injected Fe has two
major effects: the enhancement of recombination between vacancies and interstitials and the creation of a
high density of point defect sinks (interstitial clusters, dislocation loops). Both effects lead to a significant
decrease in concentration of point defects, which are required for the diffusion of Cr atoms to form o'
precipitates. Consequently, a' precipitation kinetics is reduced.

According to these results, absence of o' precipitates in previous ion irradiation experiments is very likely due
to the presence of a high concentration of injected interstitials because of the use of multi-step irradiations,
very high dose rates or investigation at the damage peak. Multi-step ion irradiations or characterisation at the
damage peak in order to reach high irradiation doses are thus not recommended.
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