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Abstract 

Oxide Dispersion Strengthened (ODS) steels are candidates for nuclear applications. ODS are produced 

by mechanical alloying of Fe-14Cr, Y2O3 and TiH2 powders and consolidation at 1100°C, resulting in 

finely dispersed nano-oxides. Their precipitation kinetics has been quantitatively determined by in-situ 

Small Angle X-ray Scattering during continuous heating up to 1100°C. Clusters, found in the as-milled 

state start growing at 450°C until 1100°C, while almost no coarsening was recorded during subsequent 

isothermal annealing. The nano-oxides resulting from these in-situ experiments were found to be 

representative of those in materials processed by hot isostatic pressing and hot extrusion. 

Graphical abstract 

 

Main matter 

Ferritic Oxide Dispersion Strengthened (ODS) steels were developed for applications where a good 

resistance to harsh environment is required such as generation IV nuclear fission [1] or nuclear fusion 

power plants [2]. Their Fe-Cr ferritic matrix gives them a good swelling resistance under irradiation 

[3,4] as well as a good corrosion resistance [5,6]. Nano-precipitates of Y-Ti-O lead to high yield strength 

and high improvement of thermal creep resistance [7–10] as these nano-oxides act as strong pinning 

points for both grain boundaries and dislocations, even at high temperatures [7–9,11–13].  
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The ODS nanostructure is achieved by Mechanical Alloying (MA) where powders of Fe-Cr steels are 

milled with Y2O3 and TiH2. During MA, powders undergo severe plastic deformation, fragmentation 

and cold welding resulting in a dissolution of the Y2O3 and Ti into the matrix in optimized processing 

conditions [14–18]. After MA, Hot Extrusion (HE) or Hot Isostatic Pressing (HIP) at temperature around 

1100°C generates a dense material and induces the precipitation of Y-Ti-O oxides. The nano-oxides 

found after consolidation have been mainly reported as Y2Ti2O7 pyrochlore or defective NaCl structure 

by Transmission Electron Microscopy (TEM) [19–22], Atom Probe Tomography (APT) [23,24], and 

Small Angle X-ray/Neutron Scattering (SAXS/SANS) [16,25]. The Y2TiO5 orthorhombic structure has 

also been reported [16,26,27]. Most of these characterizations were performed on HIPed or HEed 

materials, and the precipitation kinetics of the nano-oxides is still not completely understood. 

Thermokinetic models developed to predict the kinetics of the nano-oxide formation [28–30], lack so 

far quantitative data to establish their validity. 

By heating Fe-9Cr ODS powders, Kim et al. showed a significant size change of the nano-precipitation 

between 600°C – 4h and 800°C – 4h [31]. Oono et. al followed a similar methodology on a Fe-15Cr 

ODS [32]. They detected the presence of clusters after 4h at 600°C by SAXS and APT and a good 

resistance to precipitates coarsening up to 4h at 1150°C. Alinger et. al performed SANS on a Fe-14Cr 

ODS after powder annealing, HIP and HE at 850, 1000 and 1150°C [16]. Precipitates were found in all 

specimens and were observed to coarsen slightly with increasing temperature. On a Fe-10Cr-11.5Al-Zr-

Y ODS alloy, Massey et al. observed the nucleation and growth of Y-Al-O precipitates from 200°C to 

600°C by in-situ SANS analysis [33]. He et al. performed in-situ isothermal holding with temperature 

ranging up to 1000°C using SANS on a Fe-9Cr ODS steel [34], however the limited flux of the neutron 

source resulted in sparse data in terms of time resolution. The first in-situ study of precipitation kinetics 

in ODS steel was carried out using synchrotron SAXS by Deschamps et al. [35], however only until 

900°C due to technical limitations. There is to date still no comprehensive quantitative dataset available 

of ODS precipitation kinetics from as-milled powders up to temperatures of further processing. 

In this study, we will present such data, describing the precipitation kinetics of nano-oxides in an ODS 

steel during in-situ heating until 1100°C, using in-situ synchrotron SAXS. The in-situ data will be 

validated by ex-situ heat treatments, and compared to samples processed by classical HE and HIP routes. 

For this purpose, a steel powder of atomized Fe-14Cr-1W-0.3Mn-0.3Si-0.15Ni was MA at CEA Saclay 

with 0.3%wt of Y2O3 and 0.3%wt of TiH2 powders for 10 hours under a 99.9999%Ar atmosphere. As-

MA powders were Cold Pressed (CP) under 3 GPa in order to achieve cylindrical specimens, 4 mm in 

diameter, with a relative density around 85% without triggering the nano-precipitation. Subsequently, 

CP specimens were ground down to a thickness of 60 to 90 µm to achieve a suitable X-ray transmission. 

Then, in-situ experiments consisted in a heating ramp at 10°C/min or 30°C/min until 1100°C and 

subsequent isothermal holding for about 1 hour under primary vacuum. These two heat treatments were 

designed to be close to conventional processes of HIP and HE.  

During heating, CP specimens were observed in-situ by Small Angle X-ray Scattering performed on the 

D2AM-BM02 beamline at the European synchrotron (ESRF). The detector-to-sample distance was set 

to 0.4 m and SAXS patterns were acquired every 10 seconds. Measurements were carried out switching 

between two X-rays energies 16.829 keV and 17.009 keV just below the Y K-edge, aiming at using the 
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anomalous effect to extract information on precipitate chemistry. However, the evaluation of this 

anomalous effect is beyond the scope of this article and will be reported in a forthcoming paper. The 

specimen transmission was measured every minute using the scattering of a retractable kapton window. 

To demonstrate the validity of the in-situ measurements, particularly of the temperature control at the 

X-ray beam location, several CP specimens were heated ex-situ using a different furnace under Ar 

atmosphere following the same thermal pathway, interrupted at given temperatures (500°C, 700°C …). 

Then, the specimens were fast cooled and measured by a laboratory SAXS setup at room temperature 

with a detector-to-sample distance of 0.8 m and an incident X-ray energy of 17.44 keV (Mo rotating 

anode). 

To ensure the representativity of the specimens compared to conventional processes, HE and HIP grades 

were also investigated. For both processes, the as-MA powder was sealed into a low carbon steel can 

and outgazed at temperature around 400°C for 4 to 8 hours. HIP was performed following an average 

heating rate of 4°C/min until 1100°C with a pressure increase up to 1.9×108 Pa followed by 2 hours of 

isothermal holding. The as-MA powders were exactly the same than those used for the in-situ 

experiments. For HE, the can containing the ODS powder was heated until 1100°C following a heating 

ramp of ~40°C/min. Then, an isothermal holding at 1100°C was applied for 40 min and the can was 

moved to the extrusion press. A post-treatment  at 1050°C for 1h was applied to release the residual 

stresses. Two HE specimens were investigated, HE-1 which was processed with a similar powder than 

the in-situ sample and HE-2, using a slightly different milling process operated by PLANSEE. 

TEM observations were performed on electro-polished specimens using a JEOL 3010 and a JEOL 2100 

microscopes operating at 300kV and 200kV respectively. Electron Backscatter Diffraction (EBSD) and 

Transmission Kikuchi Diffraction (TKD) were performed to investigate the grain microstructure, both 

using a JEOL 7001-FLV microscope.  

Each SAXS measurement consists in a 2D pattern, which was azimuthally integrated, corrected for 

background noise, and normalized by incident beam flux, specimen transmission, thickness and solid 

angle viewed by the detector. Intensity was reduced to absolute units thanks to a glassy carbon secondary 

standard. SAXS data were then fitted using the simulated pattern from a lognormal distribution of 

spherical precipitates with a dispersion fixed at a classical value of 20% [36]. 

The fitting procedure also takes into account a power-law contribution, arising from the Porod 

contribution of large features (precipitates, porosities …) and from the high density of dislocations. This 

contribution was fitted as A × q−n, n being restricted between 3 and 4. A n-value close to 3 or 4 matches 

with a high density of dislocation or with large precipitates respectively [37]. Moreover, a constant 

contribution was considered, coming from the matrix solid solution and other various factors. Further 

details on fitting method and data treatment can be found in previous studies [35,38]. 

Then, a mean square fitting algorithm allowed extracting of the precipitates mean radius and their 

volume fraction. Converting the integrated intensity into volume fraction was made according to Eq. 1, 

under the assumption of specific precipitate structures and chemistry. 
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𝑓𝑣 ≈
∫ 𝐼𝑝(𝑞) 𝑞2 𝑑𝑞

𝑞→+∞

𝑞=0

2𝜋2 (𝜌𝑚(𝜆) − 𝜌𝑝(𝜆))2
 Eq. 1 

Where 𝑓𝑣 is the volume fraction, 𝑞 the scattering vector, 𝜆 the incoming wavelength of X-ray, 𝜌𝑚 and 

𝜌𝑝 the electronic density of the matrix and the precipitates respectively and 𝐼𝑝 the precipitates 

contribution fitted to the experimental data. 

Experimental data are plotted in Fig. 1, with fitted model as a solid line. Fig. 1a and 1b display as a 

baseline the signal from a CP specimen prepared from the atomized Fe-14Cr-1W powder without 

addition of Y, Ti and O (grey curves). This unstrengthened steel followed the same thermal path for the 

30°C/min heating rate. In all strengthened specimens, the precipitation contribution is observed to 

evolve consistently with temperature/time, illustrating the precipitate evolution. In parallel, the power-

law exponent n evolves from values close to 3 to values close to 4, consistently between unstrengthened 

and ODS steels. This comforts the scenario of an initial high density of dislocations, which decreases 

during heating, and of the formation of coarse carbides and oxides which are known to occur in these 

steels [31,39–42]. The power-law contribution is greater than average on the ex-situ CP specimens 

heated until 500°C and 1100°C at 10°C/min (Fig. 1d). This anomaly could be due to a higher porosity 

on these particular CP samples, or a difference in coarse precipitation.  

 

Fig. 1. Experimental SAXS data and fit (in solid line) for in-situ heating CP specimens heated at 

30°C/min (a), and 10°C/min (b), for ex-situ CP specimens heated at 30°C/min (c), and 10°C/min (d), 

for HE specimens (e), and HIP (f). 

The mean radius evolution is given in Fig. 2. The mean radius is represented as a function of temperature 

during the heating ramp and as a function of the holding time during the 1100°C isothermal. A similar 
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plot configuration was applied to Fig. 3, showing the evolution of the precipitates volume fraction fv 

calculated from Eq. 1. The electronic contrast between the precipitates and the matrix has been 

calculated using 2 hypotheses on the nature of the nano-oxides: Y2Ti2O7 pyrochlore and Y2TiO5 

orthorhombic (Tab. 1), the two most common precipitates observed in ODS [16,19–27]. These two 

apparent fv are plotted in Fig. 3 under the assumption that their composition and structure remains 

constant along the heat treatment. Therefore, a mixture between both phases would result in 

intermediates values of the apparent fv. For visibility purpose the fv corresponding to the Y2TiO5 of as-

MA specimens were not plotted. In addition, the maximum reachable volume fraction were calculated 

from the alloy composition, considering Y as the limiting element (displayed in dashed lines). 

Tab. 1. Properties of the nano-precipitates and matrix take into account in the SAXS apparent volume 

fraction calculation. 

Nature Structure (space group) 
Mean atomic volume 

(×10-30 m3) 

SAXS electronic density 

(×1030 m-3) 

Fe-14Cr-1W matrix 
Body centered cubic 

(Im-3m) 
11.70 

2.24 (16.829 keV) 

2.24 (17.009 keV) 

2.24 (17.44 keV) 

Y2Ti2O7 
Pyrochlore 

(Fd-3m) 
11.69 

1.04 (16.829 keV) 

1.02 (17.009 keV) 

1.06 (17.44 keV) 

Y2TiO5 
Orthorhombic 

(Pnma) 
13.36 

1.11 (16.829 keV) 

1.08 (17.009 keV) 

1.13 (17.44 keV) 

The as-milled stage displays some degree of decomposition of the solid solution when compared to the 

unstrengthened CP specimen (Fig. 1a and 1b). These small clusters are assumed to come from the 

milling step. The characteristics of these clusters are visible in Fig. 2 and in Fig. 3 showing a very small 

initial radius and an initial volume fraction that is clearly non-zero. This finding was already observed 

by APT analysis on as-MA powder grains [32,43]. Kim et. al [31] and Oono et al. [32] also observed 

these inhomogeneous as-MA microstructures by SAXS as well as Alinger et al. [16] by SANS, who 

compared as-MA and unstrengthened materials. He et al. did not observe inhomogeneities until 10 min 

annealing at 600°C was achieved [34]. However, their maximum q-value of 2 nm-1 could explain the 

impossibility to observe such small clusters. These initial clusters could arise both from fragmentation 

and certainly amorphization of Y2O3 until nanometric scale and/or formation of clusters of Y and O, 

possibly stabilized thanks to vacancies introduced by MA [44–47]. At this initial stage, the clusters may 

be at the limit of validity of our interpretation model (spherical precipitates with a uniform composition 

and lognormal size distribution), but the presence of these very small objects is undeniable. 

Surprisingly, the precipitation kinetics was found very similar between the 10°C/min to 30°C/min 

heating rates (Fig. 2a and 2b, see supplementary material for superimposed curves). Moreover, the ex-

situ measured samples show a remarkable agreement with the in-situ sequence (Fig. 2 and Fig. 3). The 

mean radius of precipitates starts increasing at temperatures as low as 450°C followed by a growth rate 

close to 1×10-3 nm/°C until 1100°C. This is in agreement with previous studies that already detect 

precipitates after annealing at 600°C [31,32,34] and gives the onset of precipitation with an 

unprecedented precision. Massey et al. demonstrated a similar continuous increase of scattering between 
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200, 400 and 500°C related to the nucleation and growth of Y-Al-O precipitates, different in terms of 

chemistry but close in terms of manufacturing process [33]. Simultaneously, the apparent volume 

fraction increases. However, it is difficult to assess the reasons of this increment as this apparent volume 

fraction is correlated to the hypothesis made of constant precipitate structure and chemistry. These are 

very likely to evolve during the thermal treatment as the initial clusters are unlikely ordered nor 

stoichiometric after MA. Particularly, it is unlikely that the apparent volume fraction decrease observed 

around 900°C is caused by a dissolution of the precipitates, since the Y solubility in the matrix is 

extremely low at these temperatures [48,49]. This drop could be due to a decrease of the electronic 

density contrast between precipitates and matrix and thus a change in chemistry and/or structure of the 

precipitates. 

During the subsequent isothermal treatment at 1100°C, the precipitates display outstanding size stability 

with a coarsening rate as low as 0.05 nm/h for the 10°C/min sample and even imperceptible for the 

30°C/min specimen. Moreover, the final value of mean radius attained by the in-situ heat treated CP 

samples was found representative to the HEed or HIPed specimens (Fig. 2). Either CEA Saclay (HE-1) 

or PLANSEE (HE-2) milled samples display similar mean radii and apparent volume fractions, 

consistent with the final CP specimens (Fig. 2a and Fig. 3a). However, for an unknown reason, the HIP 

specimen shows a higher apparent volume fraction than the CP experiment (Fig. 3b), despite the use of 

the exact same powder and milling process for both. 

Mean radii of precipitates were extracted form TEM images using Weka trainable segmentation 

algorithm of ImageJ software [50] (Fig. 2). The associated error bars correspond to the standard 

deviation between different analyzed areas. These measurements demonstrate a good agreement with 

SAXS results.  
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Fig. 2. Evolution of the mean radius of precipitates measured by SAXS data fitting and TEM 

measurements on CP specimens heated at 30°C/min with corresponding HE specimens (a), and 

10°C/min with corresponding HIP specimen (b). 
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Fig. 3. Evolution of the apparent volume fraction of precipitates measured by SAXS and calculated for 

Y2Ti2O7 and Y2TiO5 type precipitates on CP specimens heated at 30°C/min with corresponding HE 

specimens (a), and 10°C/min with corresponding HIP specimen (b). 

Both CP specimens after annealing and HIPed samples display similar grain microstructure with a 

bimodal grain size distribution (Fig. 4a and c). The HE material showed elongated grains (Fig. 4e and 

e') certainly displaying a strong <110> texture along the extrusion direction as observed in many studies 

before [51,52]. Moreover, TEM micrographs show similar sizes and morphologies of the nano-oxides 

between both conventional processed ODS (HIP/HE) and annealed CP specimens (Fig. 4b, 4d, and 4f), 

in agreement with the SAXS results. Thus, the severe plastic deformation occurring during HE 

processing does not seem to affect the nano-precipitates size or volume fraction. 
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Fig. 4. Micrographs showing the grain microstructure by EBSD orientation maps on specimens and 

nano-oxides by TEM on specimens CP (a, b), HIP (c, d), and TKD orientation maps acquired in the 

plane orthogonal and parallel to the extrusion of the HE-2 specimen (e, e'), with TEM micrograph (f). 

In summary, this study demonstrates the presence of clusters in the as-milled states of ODS Fe-14Cr-

1W steel. Subsequently the kinetics of precipitation has been monitored, and was found independent of 

the heating rate applied (10°C/min and 30°C/min). The clusters growth has been shown to start at low 

temperature, around 450°C. The following growth rate during heating ramp was of the order of 1×10-3 

nm/°C and outstanding stability during isothermal holding at 1100°C has been observed with a 

maximum recorded growth rate of 0.05 nm/h. Precipitation in CP specimens has been shown to be 

representative of both HE and HIP processes, which demonstrates that the deformation induced by HE 

does not influence the nano-oxides properties. Finally, our results suggest an evolution of the chemistry 

and / or structure of the precipitates around 900°C. This will require a careful analysis which is under 

way by combining anomalous SAXS and atom probe tomography. 
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Supplementary Material 

 

Supp.1. Mean radius evolution during in-situ SAXS treatment showing both 30°C/min and 10°C/min 

superposed curves. 

 

Supp.2. Apparent volume fraction evolution during in-situ SAXS treatment showing both 30°C/min 

and 10°C/min superposed curves with the Y2Ti2O7 and Y2TiO5 hypothesis. 
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