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Abstract (150 words):

Oxide Dispersion Strengthened (ODS) steels hold great promise for applications in next generation
reactors. Under irradiation, a phase separation o/ o’ can occur within the Fe-Cr matrix of ODS steels
that can alter their mechanical properties. This work presents, for the first time, the characteristics of o’
precipitates enhanced by ion irradiation at 400°C and examines the influence of the implanted ions. Far
from the implanted region, a’ is reported in significant density while at the implanted peak, the o’
density is considerably reduced. This suggests that ion implantation either reduces the fraction of o’
phase formed after irradiation or delays considerably its formation. Through atom probe tomography
analysis and comparison with existing literature, the low impact of the damage rate and fluence on the
o’ formation in ODS steels is highlighted. Interestingly, the efficiency of ballistic mixing of o’ appears

to be less pronounced in ODS steels than in Fe-Cr systems.
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Oxide Dispersion Strengthened steels are promising materials for fuel element cladding of future
Sodium-cooled fast neutron reactors and as plasma-facing material in the first wall of fusion reactors.
Their Fe-Cr matrix is reinforced with a high density (10* precipitates/m®) of small nano-oxides of
yttrium and titanium. Thanks to these nano-oxides, they exhibit good creep properties under irradiation
and high radiation swelling resistance [1]. They are elaborated via ball milling process, where germs of
nano-oxides can be formed during this milling process or not depending on the milling conditions [2,3].
After milling, the powder is consolidated either by hot extrusion (>1000°C) or Hot Isostatic Pressuring
treatment inducing nano-oxide formation. The nano-oxides remain very stable under high temperature
and irradiation [4—7]. Under irradiation or after long time aging at temperature ranging between 400°C
and 500°C, an unmixing o/ o’ of the matrix can be observed [4,8—15] depending on the initial Cr content.
This unmixing leads to embrittlement of the material [15,16]. In Fe-Cr, the o’ phase is known to be very
sensitive to irradiation conditions, especially the damage rate [17,18] and implanted ions [19]. In ODS
steels, the presence of numerous interfaces between the nano-oxides and the matrix, acting as sinks for
point defects, may impact the formation of the a’ phase and its dependency on the flux. The a’ formation

in a well-known ODS system thus needs to be investigated in details.

MA957, an oxide dispersion strengthened (ODS) steel developed by the International Nickel Company
(INCO) with a nominal composition of Fe-13.7Cr-0.98Ti-0.3Mo0-0.13Ni-0.03A1-0.25Y,03 (wt.%)
[5,20] was used in this study. The alloy is produced by a patented process known as mechanical alloying,
which is a powder metallurgy milling process using high energy ball mills or attritors to homogeneously
distribute alloying ingredients. Mechanically alloyed powders are subsequently consolidated by hot

extrusion. The as-received material was cut into slices, mechanically thinned, and electro-polished [21].

Electro-polished samples were irradiated at 400°C for 20 hours with a raster beam of 12.5 MeV Fe**
ions at JANNuS-Saclay (Figure 1a) [22]. The fluence was 5.2x10'¢ Fe*".cm™, corresponding to a dose
of 5 dpa in the first 200 nm and 50 dpa at the damage peak (Figure 1b). Other samples were irradiated
at 400°C with a raster beam of 5 MeV Fe** ions at JANNuS-Orsay [22] (Figure 1c), with a flux of 9x10'°

Fe**.cm2s"' and a fluence of 5.0x10' Fe**.cm™. It corresponds to 5 dpa and 10* appm at peak damage



(Figure 1d). The damage depth profiles, calculated using Iradina [23] in quick calculation with a

displacement energy of 40 eV, are shown in Figure 1 ¢ & d.
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Figure 1: Schematic view of the JANNuS platforms with the beam lines used and the irradiation
parameters, with (a) JANNuS-Saclay, and (b) JANNuS-Orsay, (c&d) Damage profiles calculated with
Iradina(c&d) and SRIM (d) in quick calculation mode using a displacement energy for Fe of 40 eV for
the irradiation at JANNuS-Saclay (c) and at JANNuS-Orsay (d).

Cross-section specimens for Transmission Electron Microscopy (TEM) and Atom Probe Tomography
needles were lifted out and thinned using a Focused Ion Beam (FIB) equipped on a FEI Helio 650

NanoLab dual-beam Scanning Electron Microscope.

Energy Filtered TEM (EFTEM) and Energy Dispersive X-ray Spectroscopy (EDX) analysis were
conducted on FIB thin foils. EFTEM Jump ratio images were obtained at Fe-L,3, Ti-L,3 and Cr-La3
edges on a TECNAI FEI operating at 200kV and equipped with a Tridiem Gatan Imaging Filter (GIF).
EDX analysis were performed on a TITAN3 G2 operating at 300kV equipped with a Bruker Super-X

detector. EDX spectrum images were acquired and quantified using the Cliff-Lorimer correction.



APT analysis was performed using a CAMECA LEAP 4000XHR at 70 K in laser pulsing mode at a
wavelength of 355 nm, 125 kHz pulse repetition rate and an energy between 32 and 35 pJ. 3D
reconstruction, visualization and data post treatments were performed with the CAMECA IVAS
Software. Profiles of chromium content were obtained along a cylinder of 2 nm radius and 30 nm”® length
using the algorithm 1D concentration profile with a fix bin of 1 nm. The «’ particle volume is given by
the IVAS isosurface algorithm with an isovalue of 25 at.%. The size and density of nano-oxides are
extracted from the IVAS isosurface algorithm with an isovalue of 4 at.% of Y, YO, Ti and TiO. To
characterize the Cr amplitude fluctuation, the variance s? of the observed frequency distribution, Oi, for
a chromium concentration (i), is compared to the standard deviation 6> of a binomial distribution Bi

(Equation 1). The scalar parameter V=)}; |0; — B; | was also calculated with cubes of 300 atoms [24].

Equation 1 : Expression of the variance s’ of an experimental distribution of chromium composition and the
standard deviation of a binomial distribution centered on X,. X,: mean value of the frequency distribution of
chromium composition, O;: Composition of chromium in the cube i, N,: Number of slices/cubes in the volume, ny:
Number of atoms per slice/cube.
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Table 1: MA957 composition in wt.% (nominal and determined by APT)
Element Fe Cr Mo Ti Ni Y Mn Al 0)

Nominal  Bal. 13.7 0.3 0.98 0.13 0.20 0.09 0.03 0.05

APT Bal. 13.74 0.30 0.74 0.33 0.19 0.06 0.02 0.11

The as-received material, MA957, is composed of elongated grains in the extrusion direction with a
width of 250 nm and a length of 2 pm. Its composition was checked by APT (Table 1) and is close to
its nominal composition except for the titanium content which is lower due to large micrometric titanium

oxides in low density [5] that were not intercepted by APT.

MAO957 exhibits a high density of nano-oxides, 2.6 10% m?, with a mean radius of 1.3 # 0.5 nm, which

is coherent with the literature [5]. The nano-oxides are enriched in titanium and yttria as shown by APT



experiments (Figure 2 cl-c3). They can be imaged by EFTEM with an enrichment in titanium and a

depletion of Cr and Fe (Figure 2 a-b).

Before irradiation, APT and EFTEM do not show any obvious local enrichment in Cr (Figure 2 a —).
The scalar parameter is Vo = 0.08, and the variance s? of the Cr frequency distribution is close to the

standard deviation o? (Figure 2 d & e).
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Figure 2: Analysis of MA957 steel before irradiation, by EFTEM (ai, az, as, by, b, bs) and APT (ci, ¢,
¢3, d, e). For EFTEM analysis, two different zones are imaged in pictures reported in (a;) et (b): (a1):
Zero loss image of the first analyzed zone. (a; & b;): Repartition of chromium for the two zones, (a3 &
bs): Repartition of titanium, (b3): Repartition of iron for the second analyzed zone. For APT analysis
(c): Repartition of Cr ions in red, of Y, Ti, YO and TiO ions in blue, and of Fe ions in grey, respectively
in (c1), (c2) and (c3). In (c3), the regions with a local concentration of Ti, TiO, Y and YO, higher than
4% (iso-surface) are highlighted in blue. (d) Histogram of chromium repartition inside the APT volume
voxelized in 200 ions boxes, and the corresponding binomial distribution. (e) Variance of the chromium
distribution s? (in d) and the corresponding binomial distribution (0°).

After irradiation at 400°C with 12.5 MeV Fe**, at a 300 nm depth, the chromium distribution deviates
from the binomial distribution: the V parameter increases to 0.61 and s? diverges from o? (Figure 3 b).
By APT and EFTEM, local enrichments in chromium are detected (Figure 3). Chromium agglomerates
away from nano-oxides: there is an obvious anticorrelation between the location of Cr precipitates and
nano-oxides. The Cr precipitates are mostly composed of Fe and Cr (other element contents are lower

than 0.1 %). The Cr content is 43.4 + 0.1 at.% for an isosurface of 25% of Cr. The mean enrichment in



the center of particles (1x1x1 nm?) is 54 = 9 at.%. The Cr center enrichment depends on the particle size
(Figure 4 c, red dots): the larger particles exhibit a higher chromium enrichment. The biggest particles,
with a radius over 2.5 nm, have an enrichment of 75 at.% Cr as shown in Figure 3 ¢ & d and Figure 4 c.
The mean radius of Cr particles is estimated to be 2.2 + 0.7 nm by APT, and 2.5 = 1 nm by EFTEM
(Figure 4 b). Their density is around 3 £ 1x10* m~. The Cr matrix content, excluding Cr precipitates

and nano-oxides, is around 13.4 + 0.2%.

At the damage peak, the Cr is also less homogenously distributed than before irradiation, with V = 0.24.
Local enrichments of Cr are seen by APT, STEM-EDS and EFTEM (Figure 4 a & d, areas 4 and 4°).
But the radius and the density of Cr precipitates estimated by APT, respectively of 1.5 + 0.32 nm and
~1x10* m?, are lower than at 300 nm. The average and the core Cr composition of Cr particles is ~37
+ 0.5 at.% and 42 + 6 at.%, respectively. The Cr enrichment at the center of particles has the same
dependence on particle radius at 2250 nm and at 300 nm (Figure 4 c¢). EFTEM experiments on several
regions and thin foils showed that Cr enrichments are always obvious from the surface up to around
1800 nm in depth, and more difficult to observe beyond. In particular, Cr particles are more obvious at
a depth of 1800 nm than at 2500 nm (see Figure 4 d in areas 3, 3’ and 5, 5°), whereas, according to
calculations, the damage is the same. The main difference is the implanted atom concentration, which

amounts to 1x10* appm and 12x10° appm at 1800 and 2500 nm, respectively.
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Figure 3: Analysis of MA957 steel after irradiation at 400°C with 12.5 MeV Fe®" at 5.2x10'® Fe*".cm™
by APT (a,c) and by ETEM (e-h). APT: (a & c): Isosurface with 25% of chromium in red and with 4 %
of Ti, TiO, Y, YO in blue. The Fe ions are in grey. (b) Histogram of chromium repartition inside the
APT volume voxelized in 200 ions boxes and the corresponding binomial distribution. On the right,
variance of the chromium distribution by APT before (s* NI, in black) and after irradiation (s> I, in green)
and the corresponding binomial distribution (2 in red). (d): Profile of chromium composition along the
green cylinder in (c) going across two enriched regions in chromium. The red shaded area represents the
statistical error associated with the measurement of the composition. EFTEM: (e-h): Repartition of Fe,
Cr, Ti, respectively in (e), (f), (g). (h): Overlap of repartition of chromium in red and titanium in blue.
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Figure 4: Analysis of MA957 steel after irradiation at 400°C with 12.5 MeV Fe at 5.2x10'° Fe’*.cm™
along the damage profile by EFTEM, STEM-EDS and APT. (a) Damage and implanted ion profiles
along the irradiation depth with APT analysis for two depth: 500 nm and 2000 nm. Fe ions are in grey,
4 % isosurface of Ti, TiO, Y, YO in blue and 25 % isosurface of Cr in red. Selected areas analyzed by
EFTEM and STEM-EDS are located on the damage depth profile and numbered from 1,1’ to 5, 5°. (b)
Frequency distribution of a’ precipitate radius obtained by APT for 2 irradiation depths: 500 nm in red
and 2200 nm in white. (c) Cr content in the core (1 nm’) of a’ precipitates obtained by APT as a function
of their radius for two irradiation depths: 500 nm in red dots and 2200 nm in white stars. (d) Repartition
of Cr obtained by EFTEM (in grey) and STEM-EDS in red for the 5 depths indicated in (a).

The phase diagram of the MA957 is unknown due to chemical complexity. For a simple approach, the
ODS matrix can be considered as an Fegs 4Cri4.6 alloy for which the phase diagram is better known [25].

The Cr solubility limit at 400°C was given at 8.3 at.% [11] and 10.5 at.% [26]. Above, a Cr-rich o’ phase



is expected [11,25,26]. One can argue that the chemical complexity of ODS steels could change the
solubility limit of a’ formation as reported for ODS steels with or without aluminum [14,27]. Even
though o’ formation was not formally reported after thermal annealing at 400°C in MA957, it was
observed for two 14 wt.% Cr ODS steels, after annealing at 400°C (5000 h and 10000 h) [13] and 475°C
(9000 h) [14]. o’ formation should also be thermodynamically favorable for MA957 after annealing at
400°C, as suggested by Bailey et al. [9]. Here, the Cr-rich precipitates observed after irradiation at 400°C
do not contain other element than Fe and Cr (no C, nor O), and consequently, they must be o’
precipitates. As no o’ precipitates are observed away from the irradiation zone, irradiation drastically

accelerates o’ formation.

o’ was observed in MA957 after ion [10] and neutron irradiation [9,11,12,28]. The precipitate size and
density, r = 2.1+ 0.1 nm and d = 9x10* m™, reported by Bailey et al. [9] after neutron irradiation at 109
dpa and 412°C is rather close to the ones we found at 7 dpa with 12.5 MeV Fe’". Aydogan et al. also
reported similar size and density (3.37 = 0.85 nm and 4.97 = 0.99x10% m™) after neutron irradiation at
7 dpa and 360-370°C for an 15.2Cr-0.92W-0.47Ti-0.13Y-Fe (at.%) ODS steel [29]. Moreover, the
chromium content of a’ determined by APT for an isosurface of 25 at.% (42 * 6 at.%) is very similar to
the one found after neutron irradiation at 412°C (41 * 1 at. %) also for an isosurface of 25 at.% in APT
[9]. Therefore, it seems that the flux and fluence do not influence much the o’ precipitate characteristics.
It could be due to a stationary regime resulting from a balance between an irradiation/ballistic dissolution

and a precipitation accelerated by irradiation.

Figure 4c shows that the core chromium content depends on the particle size. Hatzouglou et al. [30]
showed that above a radius of 1 nm, the core chromium content of a’ is not no influenced by any APT
aberrations and should be reliable. Here, the analyzed precipitates are larger than 1 nm in radius, so the
chromium content indeed increases with the size of o precipitates and therefore duration of
precipitation. This characteristic had already been seen by Chen et al. [31] in an FeooCry irradiated with
neutrons at 450°C and 1 dpa. Interestingly, o’ precipitates formed in MA957 irradiated with 12.5 MeV
Fe’* at depths of 500 nm and 2.2 um have the same Cr content dependency with size (Figure 4c). It

indicates that the same phase is formed at both depths. As the particles are denser and larger at 500 nm

10



(5 dpa, 7x107 dpa/s), the precipitation seems to be less advanced at 2.2 pm (45 dpa, 6x10™* dpa/s) even
if the damage is 9 times more important. Three factors can explain this phenomenon: the damage rate,

the dose or the implanted ions.

The damage rate would influence precipitation through ballistic mixing mostly. Ballistic mixing causes
a redistribution of Cr atoms, potentially inducing a reduction of precipitate size and chromium content.
For very high damage rates, the redistribution of Cr atoms induced by ballistic mixing may even prevent
o’ formation [17,18,32], as shown in FegsCris above 1x10™* dpa/s at 400°C [32]. Here, the o’ core
chromium content (55 =9 at.%) and a’ chromium content dependency with the particle size are identical
to the ones reported by Chen et al. in an Fego-Crjo (55 at.%) irradiated with neutrons at 450°C and 1 dpa
[31]. These similarities suggest that the o’ particles formed in both materials and irradiation conditions
are similar. The o’ chromium content increases with the size of precipitates and therefore duration of
precipitation. It seems to saturate around 70 at.% for precipitates with a radius exceeding 2.5 nm. This
value is close to the ones found for large a’ particles (> 5 nm in radius) formed in 15 at.% Cr ODS steels
after thermal annealing at 450°C for 5000h (70-80 at.%) [13] and 475°C for 9000h (75 at.%) [14]. The
chromium concentration in large o’ particles is thus the same after neutron, ion irradiation and thermal

annealing, and therefore, ballistic mixing doesn’t seem to occur with significant effects.

The second factor that can induce a lower precipitation of the a’ at 2.2 pm is the increase of dose. Indeed,
Soisson et al. [33] showed that the sink strength increases with dose. This increase reduces the point
defects saturation and exacerbates the effect of ballistic dissolution, reducing the a’ precipitate density
and size. But in the present case, there is no sign of ballistic dissolution at a depth of 1.7-1.9 um (dose
35 dpa, damage rate 4x10™ dpa/s), and an influence of the dose is thus also unlikely. It is equally unlikely
that a factor of 1.4, by which the dose and damage rate vary between 1.9 and 2.2 um, is responsible for

the observed large differences in precipitation.

The adopted hypothesis is therefore the influence of injected ions, which constitute the main difference
between depths of 1.9 um and 2.5 um for which the precipitation strongly differs (Figure 4 areas 3 and
5). To confirm this hypothesis, a sample of MA957 was irradiated at 400°C with 5 MeV Fe®". The dose,
~ 5 dpa, and flux, 8.3x10” dpa/s, at the damage peak, were selected to closely match those achieved

11



within a 250 nm surface layer of samples irradiated with 12.5 MeV Fe*" (Figure 5 a & b). Figure 5 shows
the difference between the two irradiations and highlights the influence of the implanted ions, which
was already evidenced in an FessCrs after ion irradiation [ 19]. Cr precipitates can easily be characterized
by EFTEM at 5 dpa without implanted ions for the 12.5 MeV Fe’* irradiation (Figure 5 a, al-a3),
whereas no Cr precipitates are seen at 5 dpa with 10° appm of Fe for the 5 MeV Fe?" irradiation (Figure

5 b, bl-b3).

The injected ions are assumed to trigger the formation of a high density of small sinks such as small
clusters [33,34], increasing the sink strength at the damage peak, and leading to a smaller point defects

sursaturation [33]. This either delays o’ precipitation, or induces a stronger ballistic dissolution.

Interestingly, the ballistic mixing seems to be less pronounced in ODS-steels than in Fe-Cr. Indeed no
ballistic dissolution is seen for a damage rate of 2x10™ dpa/s whereas Thomas et al. [32] showed a
complete o’ dissolution above 10 dpa/s. The main difference between Fe-Cr and ODS lies in the
presence of nano-oxides precipitates, but this cannot account for the reduced ballistic mixing in ODS
steels. Since the nano-oxides act as sinks for point defects, they should reduce point defect concentration
and thus Cr diffusion [35]. A higher ballistic mixing would therefore be expected for ODS steels
compared to Fe-Cr alloys. Two hypotheses could explain this phenomenon: a reduced point defect
concentration in Fe-Cr due to a high density of loops, or a higher Cr diffusion in ODS steels. The first
one is unlikely, as it would require a loop density in Fe-Cr largely exceeding the nano-oxides density
(2.6x10% m™) in MA957. Porollo et al. reported a loop density of 2x10%* m™ and 3x10% m™ after neutron
irradiation at 400°C to 5-7 dpa for a Fe-12wt%Cr and a Fe-18wt%Cr, respectively [36]. Alternatively,
an accelerated chromium diffusion in MA957 could be due to the presence of oxygen and its affinity
with Cr and vacancies [37]. If such is the case, our study suggests that it is crucial to control and limit
oxygen contamination in ODS steels to delay the appearance of the o' phase and ensure the integrity of

ODS components in future reactors.
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Figure 5: Impact of Fe implantation on a’ precipitation in an MA957 ODS. (a) Damage and implanted
ion profiles along the irradiation depth for 12.5 MeV Fe’*ions at 5.2x10" Fe’*.cm2 Titanium (a;),
Chromium (a3) and superposition of chromium (in red) and titanium (in blue) (a3) repartitions obtained
by EFTEM in a MA957 in the first 200 nm corresponding to a dose of 5 dpa after irradiation with 12.5
MeV Fe’*. (b) Damage and implanted ion profiles along the irradiation depth for SMeV Fe’* ions at
4.9x10" F&**.cm™. Titanium (b;), Chromium (bs) and superposition of chromium (in red) and titanium
(in blue) (bs) repartitions obtained by EFTEM in a MA957 after irradiation with 5 MeV Fe** at 4.9x10"
Fe’".cm at a depth of 1500 nm, corresponding to a dose of 4.8 dpa and 10° appm of implanted Fe.

In conclusion, MA957 exhibits a strong o’ precipitation after ion irradiation at 400°C. The
characteristics of the o’ phase are rather close to the ones obtained after neutron irradiation and after
thermal annealing of Fe-Cr and 15 at.% Cr ODS steels, which suggests that ion irradiation only
accelerates precipitation. For the first time to our knowledge, the influence of implanted ions on the o’
formation is revealed in an ODS steel. Implanted ions drastically inhibit o’ formation: for the same dose
rate and fluence, the density and size of the o’ phase are reduced. This suggests that the implanted ions
either reduce the fraction of o’ phase formed after irradiation or delay considerably its formation. Lastly,

no ballistic dissolution of o’ is observed, in contrast with Fe-Cr systems irradiated in similar conditions.
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