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Highlights
= Cr-carbides, Ti(C,N) and Ti-O were found in Oxide Dispersion Strengthened steels.
= Fe-14Cr grades display both M23Cs and M7Cs where Fe-9Cr grades display only M23Ce.
= Cr-carbide are elongated in extruded alloys and Ti(C,N) are globular.
= Ti-O are mostly located at the prior particles boundaries.
= At ~700°C, M7C3->M23Cs transformation is likely and not suitable for industrial use.
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Abstract

Oxide Dispersion Strengthened (ODS) steels are candidate materials for both fission and fusion
nuclear reactors. In this study, the microstructure of ferritic (Fe-14Cr-1W) and ferritic /
martensitic (Fe-9Cr-1W) ODS steels has been characterized after two different processing
routes: Hot Extrusion (HE) and Hot Isostatic Pressing (HIP). Transmission Kikuchi Diffraction
(TKD) revealed the presence of Ti-rich precipitates on every specimen. They are identified by
X-ray Diffraction (XRD) as Ti(C,N) and Ti-O (Ti203 or TiOy). Intergranular M7Cz and M23Cs
have been observed on most Fe-14Cr ODS steels except one, where no Cr-carbides have been
found. In Fe-9Cr ODS, intergranular Cr-rich M23Cs carbides have been found. This absence of
M-Cs on Fe-9Cr ODS is possibly linked to the matrix phase transformation, not occurring in
the Fe-14Cr ODS. Cr-carbides display highly elongated shapes for the Fe-14Cr HE specimens
that could be detrimental to the mechanical behavior of the material.

1. Introduction

Oxide Dispersion Strengthened (ODS) steels are among the most promising candidates for an
application as cladding materials in generation IV nuclear power plants [1], as well as first wall
and breeder blanket structural materials in fusion nuclear power plants [2]. Fe-Cr ODS steels
strengthened by Y-Ti-O nano-oxides are processed by powder metallurgy involving a
mechanical alloying step where an atomized Fe-Cr steel powder is mixed together with an oxide
powder. This milling step, so called Mechanical Alloying (MA) is followed by a consolidation
step of Hot Extrusion (HE) or Hot Isostatic Pressing (HIP) both performed at high temperature.
This process leads to a dense material and the formation of distinct precipitates:

= Y-Ti-O nano-oxides deliberately included, with a typical number density of 102% to 10%*
precipitates per m™ and diameter of a few nanometers [3]-[6];

= coarse oxides, generally titanium oxides, mainly found as globular particles with size
varying from a few tens to hundreds of nm [5]-[7];

= carbides precipitation, in many cases composed of intergranular M23Cs. This
precipitation is induced by the C impurities present into the atomized steel powder,
increased by the subsequent fabrication process, especially the milling step [8], [9].
This precipitation is detrimental to the mechanical properties of the ODS alloys [6],
[10]-[12], especially by decreasing their creep resistance [13].

The composition in Cr of the atomized steel powder will define if the alloy is purely ferritic (Cr
content >12wt%) or ferritic / martensitic (Cr content <12wt%). Purely ferritic steels exhibit a
good corrosion resistance but are more complex to process and display anisotropic behavior.
The processing of ferritic / martensitic grades is easier due to the phase transformation, which
induces a structural recovery. Nevertheless, the corrosion resistance of these grades is lower,



which is prejudicial to the fuel reprocessing process involving the immersion of the cladding
into a nitric acid solution. Moreover, the phase transformation from ferrite () to austenite (y)
could be detrimental to their application above 850°C.

The mechanical properties of ODS steels at high temperature originate mainly from the
dispersion of nano-oxides, which act as pinning points for both grain boundaries (GB) and
dislocations. These nano-oxides are very stable until 1200°C, which is much higher than the
maximum service temperature potentially encountered in fast neutron reactors (i.e. 650°C) [14],
[15]. Thanks to these properties, the dispersion of hano-oxides proves to be a very efficient way
to prevent thermal creep by significantly increasing the creep rupture time. Therefore, previous
studies on ODS steels have been mainly focused on the nanoscale precipitation. Nowadays, the
outstanding properties of the nano-oxide dispersion in terms of number density, mean size and
thermal stability make any improvement challenging without a disruptive innovation. However,
an optimization of the coarse precipitation can be achieved using thermal or thermomechanical
treatments. Indeed, Klimiankou et al. demonstrated the possibility to transform the morphology
of chromium carbides (Cr-carbides) in EUROFER-97 ODS steel by different
thermomechanical treatments [16]. Klimiankou et al. linked this change in Cr-carbides
morphology to an improvement in tensile ductility as well as a decrease of the ductile to brittle
transition temperature. Later, Zhao et al. succeeded to transform M23Cs type carbides into finer
and globular TiC carbides in a Fe-14Cr-2W grade ODS by applying a thermal treatment, once
again improving the tensile properties of the alloy [17]. Thus, mastering the coarse precipitation
seems to be a promising way to improve the control on the complex microstructure of ODS
steels and potentially enhance their mechanical behavior.

Prior to a potential optimization, a careful characterization of the coarse precipitates population
in various ODS grades obtained by different processing routes is needed. For this purpose, we
performed systematic multi-scale observations using Electron Probe Micro Analysis (EPMA),
Transmission Kikuchi Diffraction (TKD) and X-Ray Diffraction (XRD) to identify the nature
and morphology of the coarse precipitation on several Fe-14Cr-1W and Fe-9Cr-1W ODS steels
processed by means of HE or HIP.

2. Materials and methods

Two grades of ODS steels with two different chromium contents have been investigated in this
study: a Fe-14Cr-1W purely ferritic grade and a Fe-9Cr-1W ferritic / martensitic grade, which
exhibits a phase transformation around 850°C from ferrite (a) to austenite (y) [18]-[20]. Two
processing batches of HE and one of HIP were performed for the 14Cr ODS grades (named
respectively HE-14Cr, HE-14Cr-PMill and HIP-14Cr) and for the 9Cr ODS grades (named
respectively HE-9Cr, HE-9Cr-PMill and HIP-9Cr).



Except for HE-14Cr-PMill and HE-9Cr-PMuill all the alloys were Mechanically Alloyed (MA)
at the CEA using attrition milling for 10 hours from an atomized Fe-Cr steel, together with
Y203 and TiH2> powders under high purity argon (99.9999%Ar). HIP and HE were then
prepared from the same powders, milled separately following the same process. HE-14Cr-PMill
and HE-9Cr-PMill were mechanically alloyed by PLANSEE (PMill then states for PLANSEE
Milling) following slightly different milling parameters with a similar milling time.

Irrespective of their milling, as-MA powders were outgassed at temperatures varying from 400
to 500°C for 4 to 8 hours under vacuum at 10 mbar and sealed into low carbon steel cans.
Before HE processing, the filled cans were placed in a furnace at 1100°C, the milled powder
following then a heating ramp at ~40°C/min until 1100°C followed by ~1h isothermal. Then,
the heated cans of diameter approximatively 75 mm were hot extruded under a load of 575 tons
inducing a downstream motion of 25mm/s of the steel cans into a circular die producing a
section reduction of around 12 times. HE were then followed by air-cooling of the extruded bar.
Hot Isostatic Pressing (HIP) involved a heating ramp of the steel can at around 4°C/min until
1100°C with a simultaneous increase of the pressure up to 1.9x108 Pa followed by 2 hours
isothermal and a cooling at around -4°C/min. For the elaboration of HE-14Cr and HIP-14Cr the
base powders (atomized Fe-Cr, Y203 and TiH2) were used but coming from two different
batches of milling, as well as for HE-14Cr and HIP-9Cr.

The different processes and chemical composition of all the specimens used in this study are
reported in



Tab. 1. Additionally to these elements, a composition of around ~0.3Mn, ~0.3Si and ~0.2Ni in
weight percent are present in every ODS grades, as well as ~100 to 500 ppm of Al as impurities
coming from the MA process.



Tab. 1. Chemical compositions and processing routes of studied ODS steels expressed in
weight percent.

Name Process Fe Cr w C N 1" Y0,
HE
HE-14Cr + Bal. 14.2 0.95 0.045 0.071 0.3 0.3
1050°C 1h
HE
HE'I\%I?“ N Bal.  -~14 ~1 <005 <01 03 025
1050°C 1h
HIP-14Cr HIP Bal. 145 0.93 0.028 0.039 0.3 0.3
HE
HE-9Cr + Bal. ~9 ~1 ~0.1 <0.1 03 0.3
1050°C 1h
HE-9Cr-
PMill HE Bal. ~9 ~1 ~0.1 <0.1 0.3 0.25
HIP-OCr HIP Bal. ~9 ~1 ~0.1 <0.1 0.3 0.3

* Amount of strengthening media added to the mechanical alloying step

After HE, three specimens followed an additional heat treatment at 1050°C for 1 hour in order
to release the internal stresses induced by the severe deformation of the extrusion process (HE-
14Cr, HE-14Cr-PMill and HE-9Cr).

Scanning Electron Microscopy (SEM) were performed on a JEOL 7001-FLV instrument using
Energy Dispersive Spectroscopy (EDS) coupled with Transmission Kikuchi Diffraction (TKD)
methods performed on a Bruker QUANTAX system (Esprit software). The operating voltage
was set to 30 kV with a working distance of about 5 mm achieving a spatial resolution of around
20 nm. For the phase identification of TKD measurements PDF4+ database was used. For our
study, the distinction between TKD identification of Ti.Oz and TiO2 phases was not considered
as relevant enough. Therefore, the two phases have been treated as a single one named “Ti-O”.
MeC and M23Cs carbides both have a similar face centered cubic structure with a lattice
parameters of 11 A and 10.65 A respectively [21], [22]. Therefore, these phases could not be
distinguished by single TKD indexing but could be easily distinguished using comparison of
TKD and EDS results. Indeed, M23Cs is generally found to be rich in Cr and Fe with a little W
and MeC is found to be rich in Fe and W with a little Cr and a stoichiometry close to FesWsC
[23]. Ferrite Fe-a, Cr7Cs orthorhombic and Ti(C,N) phases were successfully distinguished and
identified. TKD orientation maps displayed in this study only show the ferrite phase orientation
with the corresponding orientation to colors given on Fig. 2c. Specimens were mechanically
grinded into thin foils of 100 um in thickness and electro-polished using an etchant solution of
10% perchloric acid (HCIO4) with 90% ethanol (C2HsO) at -10°C using a Struers TenuPol
device. On three EDS map (Fig. 2a', Fig. 9a and Fig. 11a) parallel lines with a slight contrast
appear. Those lines should not be taken into account, as they are present on all elemental maps
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and had been attributed to a detector deficiency. TKD measurements were performed on at least
three separated areas of each specimen, generally taken on the same thin foil.

Electron Probe Micro Analyses (EPMA) were performed, using a SX 100 CAMECA device to
probe the presence of C, O, Ti, Cr, Mn, Fe, Y, and W. The acceleration voltage was set to 15
kV, with a step size of 1 um or 0.5 um depending on the magnification used.

Approximately 28.5 g of each HE-14Cr-PMill and HE-9Cr-PMill followed an electrolytic
selective dissolution process in a solution of methanol and chloridric (HCI) acid at a dissolution
rate of around 1.5 g.h™t. Subsequently, the solution was filtrated using a Buchner membrane
with a porosity of 220 nm. Obtained powder was then dried at 60°C for 24 hours. This matrix
dissolution allowed to enhance the intensity of secondary phases over the suppressed ferrite.
Moreover, it can also provide an approximation of the massic fraction of precipitates by
weighting before and after dissolution. However, due to the size of the filter pores, Y-Ti-O
nano-precipitates may not be gathered in totality. Then, reflection X-Ray Diffraction (XRD)
measurements were performed on a laboratory D8 diffractometer using a Cu anode at the K-a
edge (wavelength of 1.54 A). Powders were placed on a rotating specimen holder (at 15
rotations per second), a 3 seconds counting time was applied with an angular step of 0.0187°
on a 20 angle ranging from 13° to 140°.

On the HE-14Cr, HIP-14Cr and HE-9Cr materials, transmission XRD measurements were
performed at the MARS beamline of the SOLEIL synchrotron (Saint Aubin, France) [24]. A
bi-dimensional imaging-plate detector MAR345 (marXpert GmbH) with an incoming energy
of 12.51 keV and a sample to detector distance of 258 mm was used. Ten 2D images per sample
were acquired with a counting time ranging from 600 to 3600 sec, averaged and azimuthally
integrated.

On both synchrotron and laboratory X-ray sources, diffraction patterns were background
subtracted and corrected using a LaBe sample (NIST SRM 660b) as a standard. Intensity has
been normalized by the most intense pic. The Le Bail Full Pattern Matching Method was
performed with the MAUD v2.91 software [25], [26] for fitting lattice parameters of phases
assuming an isotropic size (Gaussian contribution) — strain (Lorentzian contribution) model
considering a Pseudo-Voigt line profile-function with axial divergence [27], [28].

In order to predict the equilibrium phases, thermodynamic calculations were performed using
ThermoCalc software with the database TCFe_8 [29]. For each grade (Fe-14Cr and Fe-9Cr) the
phase diagram was simulated, considering an amount of 1wt% of W, 0.3wt% of Ti and 0.07wt%
of N. One simulation was made with an additional amount of 0.2wt% O that represents a
reasonable maximum value of the oxygen added by the addition of 0.3wt% of Y203 and by the
processing steps. Some simulations were performed by suspending the precipitation of M23Cs
in order to evaluate the evolution of the M7Cj stability domain.
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3. Results

The results are separated into two sections: purely ferritic ODS steel containing 14wt% of Cr
and ferritic / martensitic steel with 9wt% of Cr.

3.1. Fe-14Cr-1W purely ferritic ODS steels

EPMA results on purely ferritic Fe-14Cr ODS steels show a homogeneous repartition of Cr, W
and Y at large scale, exempt of coarse precipitates with size larger than 5 pum. However, Ti and
O tend to segregate at the interphases of domains with size and morphologies relevant to prior
powder particles (Fig. 1). Similar observations were also reported for various ODS steels
processed by HE [30], by hot uniaxial compression [31] and by spark plasma sintering [32].

All Fe-14Cr microstructures exhibit a wide range of grain sizes with a strong dependence on
the fabrication process. As a result of the severe deformation, HE alloys present columnar
shaped grains, with a possible <110> texture along the extrusion direction (Fig. 2 and Fig. 3).
HIP processed grades present equiaxed grains with an apparently random texture (Fig. 4). As
the number of grains counted in high magnified TKD measurement is limited, our observations
do not allow to be decisive. The measured average grain size was determined considering an
elliptical shape in the plane parallel to the extrusion direction for the HE-14Cr-PMill grade and
determined to be 2.6x0.5 um. It should be noted that whereas the minor axis of the elongated
grain size shows a relatively low dispersion, the major axis exhibits a significant dispersion
with standard deviation of the measurements as high as 200% of the mean value. This value
was calculated over several EBSD maps offering wide field of view (maps not presented here).
According to Dadé et al. who made a similar analysis, the grain size of the HE-14Cr is 1.2x0.4
pum and the HIP-14Cr grade shows an average grain size of 6.5 um [33].
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Fig. 1. EPMA maps of the HE-14Cr-PMill specimen at Ti and O K-a wavelengths showing a
cross-section parallel and perpendicular to the extrusion direction.

On each Fe-14Cr alloys, regardless to their fabrication route, titanium rich particles were found
on the EDS map (Fig. 2a, a’, Fig. 3a, a’ and Fig. 4a). Due to their very small size, Ti-rich
precipitates identification using the TKD technique was challenging and rarely successful.
Indeed, TKD identification is very sensitive to Kikuchi patterns overlapping originating from
the successive scattering of superposed phases along the specimen’s thickness. Such
overlapping considerably lowers the pattern clarity and thus the ability to identify the phase.
Nevertheless, EDS maps revealed that Ti-rich particles exhibit globular shapes. These Ti-rich
particles appear to be intergranular by considering the superposition of EDS map (resolving the
Ti-rich precipitates) to TKD map (displaying the GBs). This superposition should be considered
with caution, keeping in mind the difference of probed volume by EDS and TKD. Indeed, EDS
probes the element presence in the whole thickness of the TEM foil, with a more intense signal
at the top surface while TKD is more sensitive to the GBs at the bottom surface.

The phase mapping on the HE-14Cr-PMill specimen succeeded to identify few Ti(C,N) small
precipitates of diameter about 100 nm (Fig. 2b and b'). On this figure, few pixels were also
identified as Ti-oxides but this identification was not considered as relevant regarding the size
of the domains indexed. On the HE-14Cr and HIP-14Cr grades, the Cr;Cs structure was
identified, and matching with area enriched in Cr in EDS mapping. This carbide was absent of
the HE-14Cr-PMill material (Fig. 2b, b’, Fig. 3b, b’ and Fig. 4b). These carbides are likely to
contain Fe and Cr in agreement with our Thermocalc simulations (see below), and thus will be
labeled M-Cs in the following. M7Cs carbides are always intergranular with a morphology that
follows the shapes of GBs. In particular, the HE-14Cr specimen (Fig. 3) clearly displays
elongated Cr-carbides in the extrusion direction following the path of GBs.
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Fig. 2. HE-14Cr-PMill specimen showing EDS map for Cr and Ti (a), TKD phase map
showing the presence of Ti carbides (b), TKD orientation map (c), parallel to the HE
direction, and respectively for the perpendicular direction (a’), (b”), (c’).



Fig. 3. HE-14Cr specimen showing EDS Cr-Ti map (a), TKD phase identification displaying
M-Cs (b), TKD orientation map (c), parallel to the HE direction, and respectively for the
perpendicular direction (a’), (b”), (c’).

Fig. 4. HIP-14Cr specimen showing EDS Cr-Ti map (a), TKD phase map with intergranular
M-Cs identification (b), and TKD orientation map (c).

XRD measurements have been performed on the selective dissolution of HE-14Cr-PMill
specimen using laboratory source (Fig. 5), and on the bulk material for the HE-14Cr and HIP-
14Cr materials using synchrotron source (Fig. 6).

On the HE-14Cr-PMill the Ti(C,N) phase was clearly identified and exhibits a high relative
volume fraction, confirming the TKD measurements with a higher statistical reliability. The
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cell parameter was refined to 4.256 A which is consistent with that of the Ti(Cx,N1x) with X =
0 phase (2.245 A) [34]. Moreover, the peak intensity ratio had been found consistent with a
high content of N over C, refined as approximately Ti(Co.05,No.gs). Ti2Oz and Y2Ti>O7 phases
were also identified with a lower relative volume fraction. The total mass fraction of precipitates
in the HE-14Cr-PMill was estimated at ~1% thanks to the selective dissolution weighted mass
ratio.

In the HE-14Cr and HIP-14Cr materials, Ti(C,N) with both M+C3 and M23Cs carbides were
found, demonstrating the presence of M23Cs and Ti(C,N) in these grades in addition to the M7Cs
observed by TKD. In these specimens, the N to C ratio could not be refined with a good
reliability due to the difficulty to fit the overlapping and very intense Fe peak with a high
accuracy. However, the Ti(C,N) cell parameter was once again in good agreement with N rich
precipitate phase (Tab. 2). As for the presence of oxides, contrary to HE-14Cr-PMill sample,
only TiO2 were found in the bulk sample diffraction patterns, nevertheless, the low volume
fraction of Ti-oxides do not allow to exclude the presence of Ti>Oz in these grades as well.
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Fig. 5. Laboratory XRD spectrum of the selective dissolution of HE-14Cr-PMill specimen
showing Ti(Co.05,No.gs), Ti2O3 and Y2TiO7 phase identification.
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Fig. 6. Synchrotron XRD spectrum of the HE-14Cr and HIP-14Cr specimens showing Cr;Cs
structure, Cr23Cs structure, Ti(C,N), TiO2 phase identification.
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Tab. 2. Fe-14Cr-1W ODS phases parameters after refinements with estimated errors,
reference phases used are completed with space groups and corresponding references.

Phase name Specimen Volume Refined cell Reference
P fraction parameters (A) Phase
a=4.493
(+0.006)
Cr:Cs
b =7.008
0,
M-Cs 0.29 % (£0.015) Pnma
[35]
c=12.068
(+0.024)
CI’23C6
. a=10.585 :
M23Cs 0.10 % (+0.005) Fm-3m
[21]
_ Ti(C,N)
HE-14Cr Ti(C,N) 0.28 % a=4.219 Fm-3m
(+0.004)
[34]
a=5.141
(+0.047)
TiO;
. b =9.210
TiO, 0.05 % Pbca
(+0.355) 136]
c=5.504
(x0.175)
-Fe
a=2.865 .
a-Fe 99.28% Im-3m
(neglectable) [37]
Ti(C,N)
. a=4.256 !
Ti(Co.05,No.95) 66.0 % (+0.0003) Fm-3m
[34]
a=>5.132 Ti,0
HE-14Cr-PMill Ti,0s 17.9 % (£0.002) R-3cH
b =13.652 [38]
(+0.008)
_ Y,Ti,O7
Y,Ti,0; 16.0 %* a(ﬂjolg(')%?;‘? Fd-3m
- [39]
a=4.488
(+0.006)
CI’7C3
b =6.987
0,
M-C; 0.26 % (+0.014) Pnma
[35]
c=12.014
HIP-14Cr (x0.020)
CI’23C5
. a=10556 :
M23Cs 0.08 % (+0.004) Fr[Zf]m

Ti(C,N) 0.18 % a=4.214 Ti(C,N)




(£0.003) Fm-3m

[34]
a=19.209
(+0.244) TiO2
o 005 5% b =5.496 Pbca
: (0.113) [36]
c=5.136
(20.056)
a-Fe
_ . a=2.861 -
a-Fe 99.51% (neglectable) IT;]m

* Relative volume fraction of Y,Ti»O7 is probably underestimated as the smaller precipitates were possibly not
gathered by the filter.

As expressed in section 2, phase diagrams have been calculated using the Thermocalc software.
Results have been computed for a Fe-14Cr-1W-0.3Ti-0.07N steel with and without
precipitation of M23Ce and on a Fe-14Cr-1W-0.3Ti-0.07N-0.20 without M23Cs precipitation
(Fig. 7). These diagrams indicate the presence of Ti(Cx,N1.x) precipitates more enriched in N
than in C for all temperatures and all carbon contents. The x value in Ti(Cx,Ni-x) could then
achieve 0.8 on the two first diagrams (without O) and 0.9 for the last diagram with 0.2wt% of
O. By suspending the M23Cs precipitation, the stability domain of M+Cs extend to much lower
C content, previously occupied by M23Ce. The M7C3 stability domain extend even more to lower
carbon content when O is introduced. Finally, our observations showing the absence of MsC
precipitates is coherent with Thermocalc diagrams where this phase is only stable for high
amount of C (around 1wt%) far above the 0.1wt% expected, in the simulation containing
oxygen. On the diagram containing oxygen (Ti,Cr)20z3 is the only Ti-O phase predicted,
irrespective of the C content and until high temperature > 1100°C.
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Fig. 7. Simulated phase diagrams of Fe-14Cr-1W-0.3Ti-0.07N(-0.20) steels computed by
Thermocalc software displaying several scenarios with and without M23Cs precipitation.

3.2. Fe-9Cr-1W ferritic / martensitic ODS steels

In the 9Cr grades, EPMA analyses do not display a significant Ti segregation at Prior Particles
Boundaries (PPB) like on the 14Cr grades. However, precipitates enriched in Cr, C, possibly
W and depleted in Fe can be identified, even if their sizes were near the spatial resolution limit
of the measurement (Fig. 8). In addition, Ti and O rich spots appear to be correlated (and
independent of the Cr and C). However, their even smaller size makes any conclusion at this
scale challenging.

Each of the observed Fe-9Cr ferritic / martensitic ODS steels appears to be without marked
texture even when processed by HE but keeps a wide range of grain sizes. However, as our
TKD observations allow only the distinction of few grains we could not exclude the presence
of a slight texture. The measured average grain size is 1.6 um for the HE-9Cr-PMill material
based on a wide view given by EBSD mapping (not presented here).
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Fig. 8. EPMA maps of the HE-9Cr-PMill specimen.

EDS maps show Ti-rich globular precipitates, probably intergranular, similar to those observed
on the 14Cr ODS steels (Fig. 9a, Fig. 10a and Fig. 11a). On the HE-9Cr specimen, one Ti-O
precipitate was identified with an approximate diameter of 0.3 pm (Fig. 10c). However, the
majority of the Ti-rich precipitates could not be identified using TKD maps. The Cr-carbides
identification achieved a significantly higher success rate and demonstrates the presence of Cr-
rich M23Ce type carbides in each of the 9Cr alloys (Fig. 9c, Fig. 10c and Fig. 11c). The M23Cs
carbides, systematically intergranular, exhibit a shape following the GB in HE-9Cr-PMill and
HIP-9Cr alloys and rather globular shapes in the HE-9Cr specimen. In addition, a W enrichment
was found in many M23Ce precipitates which was absent of the previously observed M7Cs
carbides embedded in the Fe-14Cr alloys.
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Fig. 9. HE-9Cr-PMill specimen showing EDS Cr-Ti map (a) and W map (b), TKD phase map
with grain boundaries shaped Cr23Cs structure identification (c), and TKD orientation map

(d).

Fig. 10. HE-9Cr specimen showing EDS Cr-Ti map (a) and W map (b), TKD phase map with
rather globular Cr23Cs and Ti-O structure identification (c), and TKD orientation map (d).
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Fig. 11. HIP-9Cr specimen showing EDS Cr-Ti map (a) and W map (b), TKD phase map with
grain boundaries shaped Cr23Cs structure identification (c), and TKD orientation map (d).

XRD measurements were performed on the selective dissolution of HE-9Cr-PMill specimen
using a laboratory source (Fig. 12) and on HE-9Cr bulk specimen using a synchrotron source
(Fig. 13). On the two samples, the M23Cs phases were identified, without any noticeable
precipitation of M7Cs. On the HE-9Cr-PMill the M23Cs composition could be estimated to
(Cr1sFesW1)Cs thanks to their high relative volume fraction and the rotating specimen holder
suppressing the texture contribution. In the bulk HE-9Cr sample, M23Ce appeared textured, as
the intensities calculated from isotropic assumption did not match with the experimental ones,
even though Fe and W were introduced into the phase model (Fig. 13). Besides, Ti(C,N)
carbides were identified in both specimens with a cell parameter matching again with a high
amount of N over C (see Tab. 3). A low volume fraction of TiO2 was also detected on the HE-
9Cr specimen. In the selective dissolution specimen (HE-9Cr-PMill), Y2Ti.O7 could also be
identified, however no Ti-O phases were observed.

The selective dissolution revealed for this grade a total mass fraction of precipitates of
approximatively 2.5%. This larger value compared to the Fe-14Cr alloy is consistent with the
increment of carbon content, roughly twice larger in the Fe-9Cr than in the Fe-14Cr ODS steels.
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Fig. 12. XRD spectrum of the selective dissolution of HE-9Cr-1 specimen showing Cr23Cs
structure, Ti(C,N) and Y2Ti.O7 phase identification, showing a magnified view of the region
between 35° and 45° of 26.
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Fig. 13. XRD spectrum of the HE-9Cr-2 specimen showing textured Cr23Cs structure, Ti(C,N)
and TiO phase identification.
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Tab. 3. Fe-9Cr-1W ODS phases parameters after refinements with estimated errors, reference
phases used are completed with space groups and corresponding references.

. Volume Refined cell
Phase name Specimen . Phase name
fraction parameters (A)
_ Cr23Ce
M2sCe 0.84% a(;olgbelo)o Fm-3m
" [21]
Ti(C,N)
: . a=4.220 -
Ti(C,N) 0.13% (20.007) Fm-3m
[34]
a=5.223
HE-9Cr (£0.014)
_ TiOy
Tio, 0.45% 007 Pbca
- [36]
c=5.353
(£0.013)
-Fe
a=2.865 “
a-Fe 99.04% Im-3m
(neglectable) [37]
_ Cr23Ce
M23Cs 80.1% (:e_ligt’z?;l?e \ Fm-3m
g [21]
_ Ti(C,N)
HE-9Cr-PMill Ti(C,N) 5.20% a=4.239 Fm-3m
(neglectable)
[34]
_ Y2Ti207
Y, Ti:0 14.6%* a=10.068 Fd-3m
: (+0.002) [30]

* Relative volume fraction of Y,Ti,O7 is probably underestimated as the smaller precipitates were possibly not
gathered by the filter.

Phase diagram calculations using Thermocalc software Fe-14Cr, Fe-C have been performed on
the Fe-9Cr grades (Fig. 14). As expected, the matrix is fully austenitic above ~850°C. The
nature of phases are shown similar to the Fe-14Cr steel (Fig. 7). Ones again Ti(C,N) are present
in all regions of the diagrams and is composed by a high amount of N over C. Without
suspending the M23Cs, the M7C3z stability region is extended to lowest value of C content
compare with Fe-14Cr. With the oxygen addition (Ti,Cr)20z is the only Ti-O phase predicted
by Thermocalc.
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Fig. 14. Simulated phase diagrams of Fe-9Cr-1W-0.3Ti-0.07N(-0.20) steels computed by
Thermocalc software displaying several scenarios with and without M23Cs precipitation.

4. Discussion

The general microstructure of the different ODS grades studied displays common and specific
properties mainly related to the fabrication process. The wide grain size observed in every
specimens is a common observation in ODS steels where precipitates act as strong pinning
points the grain boundaries [40]-[43]. A difference in grain morphology between HE-14Cr and
HE-9Cr steels has been observed on each specimen, consistently with previous observations.
In each HE-14Cr (Fig. 2c, ¢’ and Fig. 3c, c’) the grain shape is columnar, following the
extrusion direction and a potential <110> texture parallel to the extrusion direction could be
present. This texture information cannot be firmly stated with the available results but is
consistent with many studies performed on similar materials and linked to the nano-
precipitation preventing recovery and recrystallization [1], [44], [45]. In the HE-9Cr, the phase
transformation from ferrite to austenite leads to a renewal of the ferrite grain structure, resulting
in equiaxed grains with a more random texture (Fig. 9d, Fig. 10d and Fig. 11d) [18], [46].

Three major points can be stated from the observation of coarse precipitation:
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The nature of the chromium carbides differs from 14Cr grades to 9Cr grades. In 14Cr
ODS grades, M7Cs together with M23Cs carbides has been identified (Fig. 3, Fig. 4 and
Fig. 6) whereas only M23Cs Cr-carbides have been found in each of the 9Cr ODS grades
(Fig. 9, Fig. 10, Fig. 11, Fig. 12 and Fig. 13).

Ti(C,N) precipitates were found in both 14Cr and 9Cr grades. Their cell parameters
tends to indicate a predominance of N over C which was confirmed on the HE-14Cr-
PMill refinement of the peak intensities resulting in Ti(Co.05,No.95) (Fig. 5).

Ti,O3 and/or TiO2 have also been observed on several grades, but not systematically as
shown in the different XRD results (Fig. 5, Fig. 6, Fig. 12 and Fig. 13).

Y2 Ti2O7 precipitates were found by XRD on the selective dissolution specimens even if
their size are much smaller than the pores of the filter used.

The following table summarizes the different results in terms of coarse precipitation obtained
on each of the ODS steels investigated (Tab. 4).

Tab. 4 : Summary of the coarse precipitation results obtained on the 14Cr and 9Cr ODS

steels.

Morphologies

Specimens Precipitates Observation techniques (seen by TKD/EDS)
Ti(Co.05,No.gs) TKD+EDS and XRD Spherical
HE-14Cr- Tiz0s EPMA*, XRD Unknown
PMill
Y2Ti207 XRD Unknown
M7Cs TKD+EDS and XRD Elongated following GBs
M,,Cq XRD Unknown
HE-14Cr
Ti(C,N) XRD Spherical (by EDS observations)
TiO2 XRD Unknown
M7Cs TKD+EDS and XRD Complex shapes following GBs
M,,Cq XRD Unknown
HIP-14Cr
Ti(C,N) XRD Spherical (by EDS observations)
TiO: XRD Unknown
M,.Cq EPMA*, TKD+EDS and XRD Following GBs
HPE,;/?iCIZIr' Ti(C,N) XRD Spherical (by EDS observations)
Y2Ti207 XRD Unknown
M,.C; TKD+EDS and XRD Globular
HE-9Cr
Ti(C,N) XRD Spherical (by EDS observations)
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Tio, / Ti-O TKD+EDS and XRD Globular

M,.C TKD+EDS, XRD Following GBs
HIP-9Cr

Ti-rich EDS Spherical
* Limit of the spatial resolution of EPMA

At large scale, EPMA results show a Ti and O segregation at PPBs, which could originate from
the presence of O at the powder particles surface. Indeed, even if the powder is degassed during
the process and milled under high purity argon atmosphere, a residual amount of adsorbed
oxygen at the powder surface cannot be excluded. Moreover, as the steel powder contain a high
enough amount of chromium (9 to 14 wt%), a chromium oxide passivation layer is very likely
to be generated at any contact with the air atmosphere [8], [47]. As a matter of fact, Williams
et al. demonstrated the formation of Y-Ti-O particles during the milling stage without
intentional introduction of oxygen (no introduction of Y>03 powder) [48]. It is therefore not
surprising to find O-rich layers at the powder particles boundaries after milling. Oxygen could
combine with Ti (also introduced in powder form) as they exhibit a high affinity for each other
[49]-[51]. In particular, for Ti-O of large size displayed in the HE-9Cr specimen (Fig. 10c) it
cannot be excluded that the TKD maps were acquired on the pathway of a PPB.

According to ThermoCalc calculations, Ti(C,N) carbonitrides are stable in 14Cr or 9Cr ODS
grades (containing ~0.05wt%C and ~0.1wt%C respectively) until temperature above 1100°C
(Fig. 7). M23Cs carbides are stable until ~900°C for the Fe-14Cr ODS and ~850°C for the Fe-
9Cr ODS (Fig. 14). Therefore, the precipitation of M23Cs carbides could occur during the
cooling from 1100°C after HE or HIP. Subsequently, the annealing at 1050°C for 1 hour applied
on most of HE specimens should dissolve the M23Cs (in part at least) but these phases would
precipitate similarly way during the cooling from 1050°C.

However in 14Cr ODS, TKD and XRD measurements indicate the presence of M7Cs carbides
together with M23Cs. The M7C3 phases are probably metastable carbides originating from the
air-cooling from 1100°C or 1050°C. Similar metastable M7Csz had been reported by Wieczerzak
et al. on a Fe-25Cr-0.79C ferritic steel and attributed to the high cooling rate at solidification
(30°C/s) and solid state fast cooling [52]. The same author also showed the enhancement of the
M-Cz formation over M23Cs during the rapid cooling at the solidification front, attributed to
both segregations and lower redistribution of carbides elements [53]. In our alloys, the
suspension of M23Cs in Thermocalc calculations leads to a stabilization of M;Czat C low carbon
content (very similar to the previous M23Ce stability limit). Moreover, a local enrichment in Cr
could stabilize the M7Cs over M23Cs as well as a local enrichment in C even though less likely
to occur because the diffusion of Cr in Fe [54] is slower than C in Fe [55]. This stabilization of
M-Cz can even be achieved at almost any C concentration when oxygen is introduced in the
simulation with M23Cs suspended, which preferentially combines with Ti rather than with
carbon to form (Ti,Cr)20s3 (Fig. 7).
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In the 9Cr ODS steels, only M23Cs carbides were found despite the higher C and lower Cr
content as compared to the 14Cr ODS steels, which tends to stabilize M7Cz over M23Cs (Fig.
14). An enrichment of M23Cs with W has not been found (and is absent of M7Cs) which is in
good agreement with Inoue et al. observations [56] and ThermoCalc calculations. This presence
of only M23Ce in the Fe-9Cr materials occurred irrespective of the thermal pathway of the
alloys, either after HE/HIP or after annealing at 1050°C for 1h. This difference in terms of Cr-
carbides could possibly be explained by the y — o phase transformation occurring on the Fe-
9Cr grades during cooling which could trigger the transition to the more stable M23Ce.

Metastable M+Cs precipitates present in Fe-14Cr alloys are very likely to transform into M23Cs
at the service temperature, which reaches up to 650°C in a generation IV Sodium-cooled Fast
neutron Reactor (SRF). Indeed, Inoue and Matsumoto achieved on a Fe-18.6Cr-3.4W-3.6C
(and others) steel the M7Cs — M23Cs transformation, competed after 10 h at 700°C [56].
Wieczerzak et al. observed the transformation M7C3 — M23Cs from 500 to 600°C by in-situ
XRD measurements during a heating ramp on a Fe-24.5Cr-0.79C [52]. This M7Cz — M23Cs
transformation was also reported elsewhere in a 10.5Cr by TEM observation and simulations
[57], ina 13Cr steel [58], and the mechanism was determined to be the growth of a M23Cs shell
surrounding a M7Cs core by experimental observations and thermomechanical simulation [56],
[57], [59], [60], [61]. Therefore, in order to trigger the M7C3 — M23Ce transformation before it
could occur in service, a thermal treatment at temperature around 700°C could be applied to
Fe-14Cr ODS grades.

The shape of Cr-carbides also varies with the consolidation process. In the HIPed specimens,
Cr-carbides are mainly present among the grains of smallest size and exhibit complex shapes
and various sizes. HE-14Cr and HE-9Cr-PMill alloys display Cr-carbides following the shapes
of the GBs. On the HE-14Cr the columnar grain shape leads to very elongated Cr-carbides.
Such elongated shapes of Cr-carbides are likely to increase the anisotropic mechanical behavior
of the material [16], [62], already symptomatic of the highly textured columnar grain [63] and
could even represent preferential crack initiation sites [64]. In the HE-9Cr material, M23Cs
carbides tend to be more globular, which could be explained by the 1050°C-1h annealing which
should not be long enough to completely dissolve the M23Cs [17] but would allow the
occurrence of a spheroidisation process [16], [52]. These observations are also in favor of
performing a thermal treatment below the dissolution temperature of M23Ce, at least on HE
specimens, in order to remove the detrimental effect of elongated Cr-carbides.

During the lifetime (i.e. several years) and temperature range (i.e. maximum 650°C) of cladding
tubes in SFR, Cr-carbides are known to exhibit significant coarsening [65], [66],[57] that could
decrease even more the toughness and ductility of the alloy over the time [67], [68]. In
particular, as Cr-carbides are intergranular, the coarsening rate of these precipitates can be
greatly enhanced by the diffusion along the GBs. Moreover, higher temperature (in accidental
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condition or in the range of fusion nuclear power plants) could cause the dissolution of the Cr-
carbides and lead to a local Cr and C enrichment of the matrix [23]. Therefore, rather than
optimizing the Cr-carbides population by precipitation of stable M23Cs and spheroidization, a
straightforward approach would consist in suppressing Cr-carbides in favor of a more stable
precipitation.

In every alloy, Ti(C,N) precipitates have been identified (except on HIP-9Cr where Ti(C,N) is
only suspected) with a high ratio of N/C content according to their cell parameters. N can be
introduced during the milling and subsequent HE step (when HE was applied) [8]. In the HE-
14Cr-PMill sample, no Cr-carbides where found, and Ti(Coos,Nogs) precipitates where
identified by XRD and some were also visible on TKD phase maps. The absence of any carbide
in HE-14Cr-PMill is surprising as at least few hundred ppm of C is expected from the atomized
powder impurities. However, due to the size of the filter pores (220 nm) C-rich Ti(C,N) with
small size and volume fraction could be present on the alloy but been removed from the XRD
measurements. Nevertheless, absence of Cr-carbide certainly due to the lower carbon
contamination of the steel, highlights that an optimization of the carbides precipitation can be
achieved by controlling the impurities addition at the milling step.

Ti(C,N) displays a fine precipitation and should be resistant to coarsening at high temperatures
and therefore should not be detrimental to the alloy strength. However, their potential
contribution in improving the yield strength in a similar way as in similar non-ODS steel grades
[69] is unclear as a high strength already arises from the extremely fine and dense Y-Ti-O nano-
oxides of ODS alloys.

It is interesting to notice that no C-rich Ti(C,N) were identified in any of our ODS grades. As
Ti(C,N) is the only carbon containing phase stable above 800 - 900°C (Fig. 7 and Fig. 14), a
thermal treatment above this temperature should enhance their formation over Cr-carbides.
Indeed, Zhao et al. succeeded to completely suppress the M23Cs precipitation with a thermal
treatment of 1200°C for 5 h [17]. The heat treatment for one hour at 1050°C applied in the
present study did not demonstrate any efficiency to precipitate, C-rich Ti(C,N) possibly because
the holding time or temperature were not sufficient or because the amount of Ti was available
in solid solution is not sufficient. Ti(C,N) precipitation is generally thinner, well dispersed and
more resistant to thermal coarsening than M23Ce [17], [69]. Thus, inducing the precipitation of
C-rich Ti(C,N) at the expense of Cr-carbides would allow to get rid of the drawbacks involved
by the Cr-carbides population presence mentioned previously, particularly the harmful
evolution of the mechanical properties during thermal aging. Thus, further investigations on the
effect a thermal treatment performed at different temperatures and holding times would be of
great interest. Such experiments would require careful microstructural characterizations as at
the high temperature required (i.e. in the range of 1200°C) existing Ti(C,N) precipitates, grain
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size and/or morphologies or even nano-oxide precipitation size (especially for the Fe-9Cr alloys
[70], [71]) could also evolve significantly.

So far, the presence of TiO2 or Ti2O3 in ODS steels is still poorly understood and has been
shown to be elusive as no Ti oxides were observed in the HE-9Cr-PMill specimen. EPMA
results demonstrate that Ti-oxides location at the PPB is highly probable, especially in Fe-14Cr
specimens. It can be noted that Ti-O formation should be preferential over Ti(C,N) accordingly
to their respective formation enthalpies [72], [73]. However, the precipitation of Ti-O phases
are driven by the amount of oxygen available in solid solution, which should be already
consumed by the formation of Y-Ti-O nano-precipitates, the most stable oxide phase. The
precipitation of Ti-O seems therefore to be linked with several intricated factors: Ti(C,N), Y-
Ti-O precipitation and the local availability of oxygen in solid solution, particularly at the
vicinity of the PPB where it may be higher, which make the understanding of their formation
mechanism difficult. A summary of the different features observed in this study as well as the
different chemical competition between the precipitates and rough estimates of their sizes are
given in the Fig. 15.

Size
2 nm to tens of nm Tens to hundreds of nm Hundreds of nm to few micrometers
Y-Ti-O & Ti(C,N) & ( )Q)
Q
& % 8 S

\

Spheroidization

on annealing On Fe-14Cr ODS only

l l I ‘ |

Ti competition

C competition

Stability over temperature

Fig. 15. Scheme showing the nano-oxides and different coarse precipitates encountered in this
study, showing their morphologies as well as a rough estimate of their size.

5. Conclusions
Several ODS steels have been observed by means of EPMA, TKD and XRD measurements.

Cr-carbides, Ti-carbonitrides and Ti-oxides have been found and present different
characteristics depending on the ODS grades.

In purely ferritic steels (Fe-14Cr), both Cr-rich M23Cs and metastable M7Cz carbides have been
found whereas ferritic / martensitic (Fe-9Cr) steels show only Cr-rich M23Cs carbides also
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enriched in W. This difference in Cr-carbides nature could be linked to the austenite-ferrite
phase transformation. The presence of metastable precipitates are not suitable for industrial use
as they are likely to transform at the working temperature of sodium cooled fast reactors into
M23Cs, changing the mechanical behavior of the material in an unknown way.

In Fe-14Cr HE alloys, Cr-carbides exhibit elongated shapes that could increase the anisotropy
of the material and represent preferential sites of fracture initiation.

The application of a thermal treatment after elaboration at temperature close to 700°C for few
hours could induce a spheroidisation of Cr-carbides (as shown on the HE-9Cr specimen) and
the M7Cs — M23Cs transformation before the introduction of the cladding to the SFR. In HIP
specimens, Cr-carbides exhibit complex shapes and tend to be located among the small grains
of the bimodal distribution. In all cases, Cr-carbides were found to be intergranular.

Besides, all ODS grades display Ti-rich globular precipitates. Ti(C,N) displaying high amount
of N over C has been identified in all samples except in the HIP-9Cr where Ti(C,N) were not
clearly identified but suspected. Ti oxides were also found, particularly in the PPB, where a
higher than average composition in oxygen is presumed after milling (as-MA state). The
location of Ti-rich precipitates is ambiguous as few have been identified by TKD. Yet, these
precipitates also seem to be mainly located at GBs.
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