N
N

N

HAL

open science

Effect of irradiation on nanoprecipitation in EM10 alloy
- Comparison with Eurofer97
O. Tissot, G. Sakr, Cristelle Pareige, J. Henry

» To cite this version:

O. Tissot, G. Sakr, Cristelle Pareige, J. Henry.
EMI10 alloy - Comparison with Eurofer97. Journal of Nuclear Materials, 2020, 531, pp.151995.

10.1016/j.jnucmat.2020.151995 . hal-02460892

HAL Id: hal-02460892
https://normandie-univ.hal.science/hal-02460892
Submitted on 30 Jan 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Effect of irradiation on nanoprecipitation in


https://normandie-univ.hal.science/hal-02460892
https://hal.archives-ouvertes.fr

Effect of irradiation on nanoprecipitation in EM10 alloy - Comparison

with Eurofer97
0. Tissot **, G. Sakr ¢, C. Pareige ”, ]. Henry *

2 DEN-Service de Recherches Métallurgiques Appliquées, CEA, Université Paris-Saclay, F-91191, Gif-sur-Yvette, France
b Normandie Univ, UNIROUEN, INSA Rouen, CNRS, Groupe de Physique des Matériaux, 76000, Rouen, France

ABSTRACT

Atom Probe Tomography investigations of EM10 and EUROFER alloys after both 1 MeV electrons and
2 MeV Fe?* jons irradiations at 300 °C and up to doses of 0.6 dpa were performed. SiNiPMn(-Cu)
enriched clusters were observed only in EM10 alloy. Phosphorus was found to be necessary for cluster
formation. Segregation of Si, Ni, P, Mn elements were measured at a Grain Boundary and a dislocation. Cr
clusters near a dislocation were noticed.
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1. Introduction

The 9Cr—1Mo EM10 tempered martensitic alloy is a candidate
for future application in GEN IV reactors. In particular, its charac-
teristics make it a reference material for the hexagonal duct of
future Generation IV Sodium-cooled Fast Reactor [1]. EM10 pre-
sents very good resistance to swelling up to 100 dpa at least and
exhibits dimensional stability up to 550 °C under neutron irradia-
tion [2,3].

For fusion applications, Ferritic Martensitic (FM) steels with
reduced activation properties, for instance the 9Cr—1WVTa
EUROFER steel, are preferred to conventional FM steels like EM10.
For instance, EUROFER was selected as reference material in Europe
for the fusion reactor DEMO [4]. It is well established that FM steels
like EM10 and EUROFER exhibit pronounced hardening when
irradiated at low temperatures, typically below 400 °C, due in
particular to the formation of a high density of radiation-induced
dislocation loops [5]. However, the increase in yield stress was
found to be significantly higher in EM10 compared to EUROFER
after neutron irradiation at 325 °C to 78 dpa [6]. Owing to their

relatively low Cr content, it is believed that o-¢’ unmixing is not a
major contribution to irradiation induced hardening in EUROFER
and EM10. However, while EUROFER is a “clean” steel, with very
low levels of impurities, EM10 has higher contents of elements such
as Si, Ni, P, which could form clusters, precipitates or segregate at
dislocations or grain boundaries because of radiation enhanced and
radiation induced phenomena [7—11]. Microstructural in-
vestigations and nanoindentation measurements performed on
model alloys of low purity have shown the major contribution of
impurity clusters to hardening [12].

Investigation of the microstructural evolution under irradiation
at the nano-scale is thus of major interest to understand the
macroscopic behavior such as hardening or localized corrosion.

This paper reports atom probe tomography (APT) characteriza-
tions of EM10 and EUROFER97 alloys irradiated with ions and
electrons at 300 °C to doses of 0.15 and 0.6 dpa. Ions and electrons
irradiations are alternative irradiation sources to neutron irradia-
tions, which are long, expensive, and access to facilities is restricted.
Moreover, using charged particles allows to realize parametric ir-
radiations quite easily.

In a first part, Materials and Methods are presented. In the
second part, results of APT experiments performed on irradiated
EM10 and EUROFER97 steels are presented and discussed.



Table 1
Nominal chemical composition of the as-received alloys (Optical Emission Spectrometry).

(%at) Cr C Ni Si P N S Mo Mn Cu Co As Y \% Nb
EM10 9.25 0.447 0.226 0.669 0.034 0.122 0.009 0.553 0.433 0.044 0.019 0.015 0.018 0.239 0.042
E97 9.74 0.422 0.019 0.119 — 0.163 0.003 0.006 0.537 - 0.015 0.372 0.208 -
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Fig. 1. Evolution with depth of damage and injected interstitials concentration after
irradiation with 2 MeV Fe?* ions (calculated with SRIM) [15,16].

The compositions of EM10 and EUROFER 97 (E97) investigated
in this work are given in Table 1. E97 (heat number E83698) was
forged and rolled to obtain 21 mm plate. Austenitization treatment
was performed at 980 °C during 30 min followed by air-cooling.
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Fig. 2. APT volumes showing Cr atoms in red, Si atoms in blue, Ni atoms in orange, P atoms in green and Mn atoms in Yellow/Green. a) Eurofer97 and b) EM10 alloys both irradiated
with Fe2+ ions at 0.6 dpa. EM10 alloys irradiated with electrons at 300 °C to a dose of c) 0.15 dpa and d) 0.6 dpa. Note that precipitates’ atoms are shown 20% bigger than matrix
atoms. Crystallographic poles have been removed (hole in the volumes) in the analyses to avoid isoconcentration artefacts. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)



Table 3
Clusters main elements composition in EM10 alloy irradiated with Fe ions and
Electrons up to dose of 0.6dpa.

Ions 0.6 dpa Electrons 0.15 dpa Electrons 0.6 dpa
Si (at.%) 489 +0.23 8.91 + 0.52 13.27 + 0.30
Ni (at.%) 0.99 +0.11 3.39+033 14.11 £ 0.31
P (at%) 0.22 + 0.05 0.69 + 0.15 147 + 011
Mn (at.%) 0.8 + 0.1 1.03 + 0.19 298 +0.15
Cu (at.%) 0.05 + 0.02 0.11 + 0.06 0.18 + 0.04
Cr (at.%) 9.06 + 0.31 11.22 + 0.58 824 +0.24
Co (at.%) 0.02 + 0.02 0.085 + 0.05 0.44 + 0.06
As (at.%) 0.02 + 0.02 0.068 + 0.05 0.19 + 0.04
Mo (at.%) 0.55 + 0.08 0.69 + 0.15 0.63 + 0.07
100
I — 3
® |rr Fe* 0.6dpa
| ® Irre 0.15dpa
1 Irr e 0.6dpa
[ ]
L]

Enrichment in solute (Irr/AR)
o
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Fig. 3. Enrichment of solute or impurities in clusters in EM10 alloys after ion and
electron irradiations at 0.15 (only electrons) and 0.6 dpa Enrichment is calculated
according to: % where AR stands for as-received (before irradiation) and after
irradiation. '

Then, tempering has been applied at 760 °C for 90 min. EM10 (heat
number WH420) was forged and rolled to obtain a plate of
15.5 mm. Then, normalization treatment at 990 °C during 50 min
followed by annealing at 750 °C during 1 h was conducted.

3. Irradiations
3.1. . Ion irradiation

Massive discs 100 pm thick and 3 mm in diameter were first
mechanically polished and then electro-chemically polished in a
solution of 10% perchloric acid, 20% Butoxy — 2 ethanol and 70%
ethanol absolute (T =5 °C, V = 30 V) in order to remove the plastic
deformation introduced during mechanical polishing. They were
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Fig. 4. (a) 3D Atom probe volume with Si atoms (blue), Ni atoms (orange), P atoms
(green) and Fe matrix (black spots), (b) concentration profiles of main elements across
the grain boundary in an EM10 alloy irradiated with electron at a dose of 0.15 dpa at
300 °C. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

irradiated with 2 MeV Fe?* ions at 300 °C using the JANNuS-Saclay
facility [13,14]. The irradiation temperature was measured with
three thermocouples and an infrared camera. The ions flux,
measured with six faraday cups, was 5.4 x 10'% jons/(cm?'s) and the
fluence was 9.2 x 10 ions/(cm?). The damage and implantation
profiles, given in Fig. 1, were calculated with SRIM (Stopping and
Range of Ions in Matter) [15,16] using the “Quick” Kinchin and
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Fig. 5. APT volumes of the EM10 alloy irradiated with electrons to a dose of 0.6 dpa at
300 °C.

Pease option as recommended by Stoller et al. [17] and a
displacement threshold of 40 eV [18]. The dose rate varied from
3 x 10~>dpa/s near the surface up to 6.1 x 10~ dpa/s at the damage
peak. The APT samples were lifted out using a Helios 650 NanoLab
FEI Focused Ion Beam (FIB) at 150 nm depth (0.55 dpa). The final
milling was performed with a Ga beam energy of 2 kV in order to
reduce implantation of Ga ions in the material.

3.2. . Electron irradiations

Electron Irradiations were performed using a 1 MeV High
Voltage Electron Microscope. The electron flux was 3.55 x 108
electrons/(cm?.s) and the calculated doses, using a displacement
threshold energy of 40 eV [19,20], were 0.15 and 0.6 dpa (damage
rate 3.9 10~ dpa/s). All samples were irradiated at 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 in-
terest is too close to the tip surface, needles with large tip radius
(1—2 pum) were irradiated. They were obtained by choosing suitable
electro polishing conditions (75% acetic acid —25% perchloric acid,
7 to 5V and 98% ether — 2% perchloric acid 7V). After irradiation, the
samples were annular milled using a Helios 650 NanoLab FEI
Focused Ion Beam (FIB) in order to obtain needles suitable for APT
analysis (tip radius =50 nm). However, as the thickness of the
irradiated samples was significantly larger than the thickness of
TEM thin foils (typically a few 100 nm), usually used for electron
irradiations in the HVEM, the expected beam heating is higher.

Based on finite element calculations, beam heating was evaluated
to be limited to 29 °C for our experimental conditions. The tips were
placed perpendicular to the electron beam and a 6—8 pm zone of
the samples was irradiated.

4. Experimental methods

The samples were analyzed using a LEAP 4000X HR Atom Probe
from CAMECA having a high mass resolution and a detector effi-
ciency of 42%. The samples were analyzed at a temperature of 80K
to prevent excessive rupture of the specimen under analysis. Dur-
ing analyses, the atom probe specimens were electrically pulsed
with a pulse fraction of 20%, a pulse rate of 200 kHz and a detection
rate of 0.002 atom per pulse. Reconstructions of the volumes were
done with IVAS 3.6.12 (CAMECA software) using the following pa-
rameters: a compression factor of 1.4—1.5, an evaporation field of
33V nm~! and a k factor between 3.25 and 4.5. k parameter was
deduced from the calibration of the [110] interplanar distance in
the crystallographic pole.

Data treatments were performed thanks to the 3D Data Soft-
ware 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” con-
centration data filter [21—23]. The filter enables to distinguish the
particles from the surrounding matrix owing to their chemical
composition. The parameters used were: concentration threshold
Xsi>3 at.% for ions irradiation and Xsj>7.2 at.% for electrons irradi-
ated samples, grid pattern of 1.0 nm, separation distance d = 0.2 nm
and a minimum number of atoms in the particles of 100. The cluster
composition was measured in the core of each cluster to eliminate
the compositional dependence on the threshold value. Composi-
tion values were averaged over all the measurements. The number
density of the particles was determined by a simple ratio of the
number of observed clusters to the overall analyzed volume. The
radius of each cluster was deduced from the number of atoms in
each particle considering spherical particles (equivalent radius):
R= 2 i‘;‘& with Vg the Fe atomic volume and Q the detector ef-
ficiency. The Guinier radius have also been measured. The volume
fraction was defined as the ratio of the number of atoms inside the
clusters to the total number of collected atoms. The basic principle
of APT and data treatment may be found in different books or re-
views [23-27].

5. Results and discussion
5.1. Ions irradiations (0.6 dpa)

APT volumes of EM10 and E97 after ion irradiation at a dose of
0.6 dpa are shown in Fig. 2. EM10 alloy exhibits clusters whereas
the 3D atom maps of E97 are homogenous. The EM10 clusters
characteristics are reported in Table 2. Their composition is pro-
vided in Table 3. Note that Mo concentration is similar to Mo
concentration in the matrix. Its effect on clustering was thus
thought to be insignificant. Enrichment (% where AR stands for as-
received) of the main elements is reported in Fig. 3. The highest
enrichment is observed for P. Similarly to prior work [28] on Fe— 9%
Cr model alloys of low purity, Cr enrichment appears very small if
any. On contrary, P, Ni, and Si enrichments are much lower in our
case than the values reported in Ref. [28] (184 for P, 7 for Ni and 32.3
for Si). According to the bell-shaped temperature dependence re-
ported by Pareige et al. [28] higher enrichments would have been
expected as the dose rate in the present work (=10~ dpa.s™!) is
lower than in Ref. [28] (=10~* dpa.s~1). This behavior is not fully
understood yet.

As shown in Fig. 2, no clusters were observed in E97 whereas
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Fig. 6. (a) Dislocation/dislocation loop in an EM10 alloy irradiated with electron to a dose of 0.6 dpa at 300 °C. Iso concentration of Si (blue) at 4.5 at.%, Cr (red) at 16 at.% and P
(green) at 0.7 at.% were done. (b, c and d) linear concentration profiles throught a box of 3 x 7 x 15 nm?® (slice of 0.5 nm). (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)

clusters formed in EM10. P could be at the origin of this different
behavior. Indeed, P is absent in EUROFER97 whereas P atoms
strongly enrich clusters observed in EM10. This agrees with the
conclusions of Pareige et al. [28], Meslin et al. [29] and Domain et al.
[30] which considered P as a stabilizer for clusters of point defects.
This means that the observed clusters were likely to form hetero-
geneously on point defects clusters. Our work strongly suggest that
without P cluster formation does not take place. Although the
initial amount of P is low in EM10 (0.034 at.%), its effect on
microstructural evolution seems of major importance. Neverthe-
less, clusters enriched in Cr and Mn were observed in E97 irradiated
with neutrons [31].

6. Electrons irradiations

Electron irradiations were carried out only on EM10.The
microstructure has been characterized at two doses: 0.15 dpa and
0.6 dpa. The second dose allows direct comparison with ion irra-
diation. As shown by Fig. 2, clusters are formed at both doses.

Radius, number densities and volume fractions of clusters are quite
similar at the two doses (Table 2). Composition is given in Table 3.
The dose does not seem to have an impact on the clusters’ spatial
characteristics but on their chemical composition. Fig. 3 and Table 3
reveal that at the same dose, clustering is much more efficient
under electron irradiation: size, volume fraction and concentration
are higher under electron irradiation. This is due to the much
higher fraction of isolated points defects created under electron
irradiation for a given dpa value [32]. As already shown in FeCr
alloys, electron irradiation is more efficient to enhance diffusion as
all defects are created as isolated point defects [33]. Moreover,
point defects clusters are created in the displacement cascades
under ion irradiation leading to larger increase in sink density for
point defects, which in turn decrease the fraction of isolated point
defects.

After electron irradiation, clusters are also enriched in Cu
whereas no Cu has been detected in clusters after ion irradiation.
This element presents a strong tendency to solute-drag by va-
cancies leading to Cu segregation at sinks such as point defects
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clusters [34—38]. Because of higher concentration of free point
defects under electron irradiation, flux coupling is more efficient.
This is in good agreement with the behavior of Ni, Si, Mn and P
which also present strong dragging tendencies [38—41] and for
which enrichment under electron irradiation is higher than under
ion irradiation. Co and As enrichment have also been measured. An
enrichment of Co of 4.7 at a dose of 0.15 dpa and 25.6 at a dose of 0.6
dpa was measured. For As, enrichment of 5.5 (0.15 dpa) and 15.6
(0.6 dpa) is observed. To our knowledge, it is the first time that
enrichments in these elements are found in clusters formed under
irradiation in F/M steels.

In general, enrichment values were bigger at 0.6 than 0.15 dpa.
This is consistent with the diffusion process, which is more efficient
at 0.6 dpa. Cr enrichment is an exception, as it seems to decrease
with dose. Different hypothesis could be made but the more likely
is that there are some uncertainties on measurements.

7. Radiation induced segregation after electrons irradiation

Fig. 4(a) shows a 3D APT volume of EM10 alloy irradiated with
electrons at a dose of 0.15 dpa at 300 °C. As can be seen, segregation
of Si, Ni, P, Cr and Mn atoms is observed at a grain boundary (GB).
The main chemical elements present at the GB are the same as the
ones observed in clusters. No clusters have been observed in the
vicinity of the GB. According to Fig. 4 (a) the cluster free zone is of at
least 20 nm. This free zone is due to the interaction between point
defect depletion and segregation. The segregation could be induced
by radiation or be a thermal/equilibrium pre-existing segregation.
In FeCr alloys, it has been simulated by Soisson et al. [42] and
observed experimentally by Kuksenko et al. [11].

Fig. 5 shows the microstructure of the EM10 alloy irradiated
with electrons containing SiNiPMn enriched clusters and a dislo-
cation/dislocation loop.

Fig. 6 presents a zoom on the dislocation lines pined on a
dislocation loop observed in Fig. 5. Fig. 6(b, ¢ and d) presents
different concentration profiles drawn across the dislocation line
and dislocation loop. As for clusters, Si, Ni, P, Mn and Cr are
observed to enrich at these defects. Cr clusters are observed to be
linked to the dislocation loop and to the line. On the concentration
profiles c) and d) it can be observed that Cr maximum is shifted
with respect to Si, Ni, P maximum. Such behavior has already been
reported by Kuksenko et al. [11,43]. Cr atoms being oversized
atoms, they segregate in tension zone [11,44,45]. Si, Ni and P would
be therefore situated in the compression zone. Mn atoms seems to
be located both in the tension and compression zones. A small
amount of Mn (between 0.3 and 1.5 at.%) is observed to enrich the
Cr clusters.

P atoms do not segregate uniformly all along the loop (Figs. 5
and 6). P segregation is higher along the dislocation lines. Note
that in both the GB and the dislocation, the number of atoms is
about 1.4 times higher than in the matrix. This is the result of the
well-known APT artefact of ions trajectory focusing due to different
evaporation field behaviors of regions with different composition
and/or crystallography.

8. Conclusion

In summary, an EM10 and a Eurofer alloys were irradiated with
ions Fe?* and electrons at doses up to 0.6 dpa. APT characterizations
shown that:

o No precipitation was detected in E97 alloy after ions irradiation;

e EM10 alloy exhibits SiNiPMn clusters under ion irradiation and
SiNiPMn—Cu clusters under electron irradiations;

e P seems to be necessary to the formation of the solute clusters;

e Si, Ni, P, Mn, Cr segregate at GB and dislocation line and loop.
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