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ABSTRACT 

 

 A major challenge in the design of oxide dispersion strengthened (ODS) FeCrAl alloys is 

the optimization of the fine-scale particle size distribution that provides both beneficial 

mechanical properties and irradiation resistance. To address this obstacle, the nucleation, growth, 

and coarsening of the fine-scale (Y,Al,O) nanoprecipitates within an ODS FeCrAl was studied 

using atom probe tomography (APT) and small-angle neutron scattering (SANS). Mechanically 

alloyed Fe-10Cr-6.1Al-0.3Zr+Y2O3 wt.% (CrAZY) powders were heated in-situ from 20-1000°C 

to capture the nucleation and growth the nanoprecipitates using SANS. Furthermore, CrAZY 

powders were annealed at 1000°C, 1050°C, and 1100°C at ageing times from 15 min to 500 h 

followed by either APT or magnetic SANS to study the structure, composition, and coarsening 

kinetics of the nanoprecipitates. In-situ SANS results indicate nanoprecipitate nucleation and 

growth at low temperatures (200-600°C). APT results indicate compositions corresponding to 

the YAG stoichiometry with a possible transition towards the YAP phase for larger precipitates 

after sufficient thermal ageing. However, magnetic SANS results suggest a defective structure 

for the nanoprecipitates indicated by deviations of the calculated A-ratio from stochiometric 

(Y,Al,O) phases. Particle coarsening kinetics follow n=6 power law kinetics, but the mechanism 

cannot be explained through the dislocation pipe diffusion mechanism. The potential effect of 

precipitate coarsening during pre- and post-consolidation heat treatments on the irradiation 

resistance of ODS FeCrAl alloys is discussed with respect to sink strength maximization.  
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1. Introduction  

Advanced fusion and fission nuclear reactor design concepts will require materials that 

are suited for high operating temperatures and irradiation doses [1]. Even for existing light water 

reactors (LWR’s), new materials are being investigated as drop-in replacements for existing Zr-

based nuclear fuel cladding that exhibit better high temperature strength and oxidation resistance 

in the event of design basis or beyond design basis accident scenarios [2]. The consequences of 

not having an oxidation resistant accident tolerant fuel (ATF) cladding has already been realized 

in 2011 with respect to the Fukushima Daiichi nuclear accident that has subsequently accelerated 

the development of these ATF cladding alternatives. Oxide dispersion strengthened (ODS) 

FeCrAl alloys are one class of materials that attempt to address these challenges in both 

advanced reactor concepts and in current LWR’s due to their high temperature strength, 

irradiation resistance, and oxidation resistance in the presence of high temperature steam [3, 4].  

The oxidation resistance of wrought FeCrAl alloys has been well recognized in the 

literature, with FeCrAl exhibiting 100x slower oxidation kinetics in comparison to conventional 

Zr-based claddings [2, 5]. In addition, the ODS FeCrAl concept has already been previously 

established for components operating at high temperature through the study of legacy alloys 

PM2000 and MA956 [6]. These legacy ODS FeCrAl alloys have a high number density of 

(Y,Al,O) rich precipitates within the microstructure that help refine the grain size and inhibit 

dislocation motion, resulting in the improvement of alloy strength to higher temperatures 

characteristic of those seen in advanced reactors or nuclear accident scenarios. The combination 

of the fine grain structure and a high number density of nanoscale precipitates also results in 

abnormally high recrystallization temperatures on the order of 0.9TM [7-9], which aids in the 

stability of the microstructure at extended operating times at higher temperatures.  

One major drawback for legacy high-Cr ODS FeCrAl (>14 wt% Cr) alloys such as 

MA956 and PM2000 in LWR operating temperature regimes is the tendency for the precipitation 

of a deleterious ´-Cr phase through a ´- phase separation process between 300°C-450°C [10-

14] that is accelerated in irradiation environments [15-17]. The presence of ´-Cr precipitates in 

high-Cr ferritic alloys has been linked to a reduction in alloy ductility and a deterioration in 

fracture toughness [18, 19]. In an attempt to mitigate the formation of this phase in ODS FeCrAl 

alloys, new ODS FeCrAl alloys with lower Cr content (10-12 wt%) have recently been under 

development for nuclear applications. These low-Cr ODS FeCrAl alloys exhibit the same high 

temperature strength as legacy ODS FeCrAl alloys and are resistant to oxidation in steam 

environments to temperatures as high as 1400°C [3, 4]. 

Although primary differences between wrought FeCrAl alloys and the ODS FeCrAl 

variants are directly attributed to the characteristics of the nanoscale dispersions of precipitates 

within the microstructure, fundamental studies concerning the understanding and optimization of 

the distributions of these nanoscale features are surprisingly scarce in the literature. In fact, most 

studies that currently exist for ODS FeCr and ODS FeCrAl alloys focus only on the 

characteristics of these oxide precipitates after thermomechanical processes such as extrusion 

with little attention paid to the preliminary annealing step when these precipitates nucleate, grow, 

and coarsen within the microstructure. The use of subsequent high temperature recrystallization 

treatments (1330°C, 1 h) for alloys like MA956 [20, 21], coupled with some aspects of the 

processing procedures being proprietary for industry alloys PM2000 and MA956, further 

complicates the comparison of as-consolidated ODS FeCrAl alloys in literature. With these 

challenges in mind, a variety of (Y,Al,O) phases have been identified for the fine-scale 

precipitates within the ODS FeCrAl microstructure. These compositions and structures include 
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yttrium aluminum tetragonal (YAT, Y3Al5O12) [20], cubic yttrium aluminum garnet (YAG, 

Y3Al5O12) [22], yttrium aluminum perovskite (YAP ,YAlO3) [21, 23, 24], yttrium aluminum 

hexagonal (YAH, YAlO3) [23], and yttrium aluminum monoclinic (YAM, Y4Al2O9) [25, 26].  

The importance of understanding the underlying kinetics of nanoprecipitate formation 

during ODS alloy consolidation has recently been shown by Hoelzer and colleagues for an ODS 

FeCr alloy 14YWT, where the authors found that higher ductility and fracture toughness can be 

achieved for ODS alloys by utilizing a pre-extrusion annealing step at lower temperature (850°C) 

for nanoprecipitate formation followed by extrusion at higher temperature for grain size 

optimization. In that study, the nanoprecipitate sizes (~3 nm dia.) and number densities (~1023 m-

3) were shown to be rather resistant to extrusion temperature for alloys extruded at either 850°C, 

1000°C, and 1150°C after the pre-extrusion anneal [27]. This result contrasts with previous 

results on ODS FeCr alloys extruded at various temperatures that indicated a decrease in number 

density and an increase in nanoprecipitate size as extrusion temperature increases. Fundamental 

studies on the nucleation and growth of nanoscale precipitates in thermally annealed PM2000 

powders after 1 h anneals at temperatures ranging from 850°C-1150°C have come the closest at 

resolving the time and temperature dependence of (Y,Al,O) nanoprecipitate populations in ODS 

FeCrAl alloys, and also show the same increase in precipitate size and decrease in number 

density as a function of annealing temperature. However, even these powder annealing studies 

have not yet captured the initial nucleation and growth kinetics for the smallest precipitates at 

shorter time scales (<1 h).  

The results presented in this study aim to bridge the gap in knowledge pertaining to the 

initial development of (Y,Al,O) nanoprecipitates in ODS FeCrAl powder during the pre-

consolidation annealing stage of alloy processing. Through a multiscale approach, both small 

angle neutron scattering (SANS) and atom probe tomography (APT) are utilized to establish the 

nucleation, growth, and coarsening regimes in powders annealed at various times and 

temperatures. In-situ thermal annealing experiments using SANS are interpreted in conjunction 

with a combined APT+SANS investigation of ex-situ annealed ODS FeCrAl powders to assess 

changes in nanoprecipiate dispersions at time scales ranging from 15 min to 500h, thereby 

constructing a more robust understanding of how the initial powder annealing stage affects the 

resultant nanoprecipitate distributions in as-consolidated ODS FeCrAl alloys.  

 

2. Materials and Methods  

2.1. Specimen Preparation 
 

 The ODS FeCrAl powder studied in this work was produced using the mechanical 

alloying approach. Gas atomized Fe-10Cr-6.1Al-0.3Zr (wt.%) powder supplied by ATI Powder 

Metals (44-149 µm particle size) and nanocrystalline Y2O3 (17-31 nm crystallite size) were ball 

milled for 40h in a high energy Zoz Simoloyer ball mill under Ar atmosphere using steel milling 

media. The resulting CrAZY (Fe-Cr-Al-Zr-Y) powder has previously been extruded into 

cylindrical rods using hot extrusion at either 1050°C (4H15C) or 1100°C (CrAZY-H1) after 

thermally annealing the powder for 1 h at the desired extrusion temperature. Details concerning 

the microstructure and mechanical properties of the as-extruded CrAZY rods can be found in 

previous communications [28, 29]. Inductively coupled plasma optical emission spectroscopy 

(ICP-OES) was performed by the company DIRATS on the as-milled CrAZY powder used in 

this study in addition to the as-extruded rods. The resulting bulk compositions are reported in 

Table 1.  
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Table 1  

Chemical Analysis Results for the CrAZY powder and alloys studied in this work (in at. %) 

Specimen Fe Cr Al Zr Y O C N 

ZY (as-milled powder) 77.42 9.73 11.78 0.15 0.13 0.43 0.25 0.04 

4H15C (ZY15C60*) 77.80 9.58 11.33 0.15 0.12 0.61 0.01 0.25 

CrAZY-H1 (ZY11C60*) 77.66 9.76 11.40 0.15 0.13 0.37 0.30 0.06 

* Modified sample designation in this work to match naming convention 

 

Since the rods extruded at 1050°C and 1100°C were subjected to controlled thermal 

annealing treatments for 1 h prior to extrusion, the nanoprecipitate distributions within these two 

alloys provide two distinct data points for the understanding of coarsening kinetics for the fine-

scale (Y-Al-O) CrAZY nanoprecipitates and will be compared to the annealed CrAZY powders 

in this study. To more easily reference and compare these consolidated alloys, the names of the 

CrAZY rods have been altered to ZY15C60 and ZY11C60 to match the annealed CrAZY 

powder naming convention (Table 1). For the naming convention, “ZY” refers to the addition of 

Zr and Y for the ODS FeCrAl powder, while the (10,15,11)C refer to the annealing temperatures 

(1000, 1050, or 1100)°C. The final part of the name is the duration in minutes (or hours “h” if 

specified) for the annealed CrAZY powder.  

 

 
Fig. 1. Process diagram for annealed powder specimen preparation and evaluation 

 

 The general process for the production and analysis of the CrAZY powder is illustrated in 

Fig. 1. After the powder has been mechanically alloyed, it was either encapsulated in quartz vials 

evacuated to <10-4 Torr, or the powder was packed into molybdenum foil packets for in-situ 

SANS experiments. The CrAZY powders encapsulated in evacuated quartz vials were subjected 

to ex-situ thermal annealing treatments in either a box furnace or a tube furnace at either 1000°C 

or 1050°C for various times. The experimental matrix for ex-situ heat treatments is provided in 

Table 2. After the ex-situ furnace anneals, powders were extracted from the quartz vials, 

mounted in conductive epoxy, and metallographically polished to a colloidal silica finish (0.05 

µm). In addition, some of the extracted powder was packed into aluminum foil packets for room 

temperature SANS measurements for direct comparison with APT results.  
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Table 2  

Ex-Situ Specimens 

Sample Target Furnace Temp 

[°C] 

Time [h] SANS APT 

ZY10C15 1000 0.25 ✓ ✓ 

ZY10C30 1000 0.5 ✓ 
 

ZY10C60 1000 1 ✓ ✓ 

ZY10C120 1000 2 ✓ 
 

ZY15C60* 1050 1 
 

✓ 

ZY15C10h 1050 10  ✓ 

ZY15C50h 1050 50  ✓ 

ZY15C500h 1050 500  ✓ 

ZY11C60* 1100 1  ✓ 

 

One major difficulty in the interpretation of results for samples annealed in furnaces ex-

situ is the lack of careful control of the powder heating profile. Although it is commonplace for 

authors to simply specify the length of the pre-extrusion anneal (i.e. 1 h at 850°C for the SM170 

heat of 14YWT [27]), the assumption of an isothermal anneal doesn’t take into consideration the 

time required for the powder to heat up to the effective pre-extrusion temperature. To estimate 

the heating profile that the powder experiences for short-duration annealing treatments in this 

study, a mild steel can design previously used for the extrusion of low-Cr ODS FeCrAl alloys 

[28] was packed with ~400 g of powder, and a thermocouple was placed in the center of the 

powder volume. This can was then heated in the same furnace used for extrusions at Oak Ridge 

National Laboratory (ORNL) for 1 h at 1000°C to record the powder heating profile as a function 

of time. During the first 30 minutes of the anneal, the powder remains below the target 

temperature, signifying a significant time-temperature dependence for annealed powders at short 

annealing durations (Fig. 2). As the masses of the powders subjected to ex-situ annealing 

treatments in this study (Table 2) are smaller (~10 g) in comparison to the sample used for the 

extrusion can heating profile measurement (~200 g), it is assumed in this study that thermal 

gradients developed during the transient heating stage are minimal for the large thermal fluxes 

associated with the high temperatures used (≥1000°C). Thus, for the samples investigated in this 

work, it is assumed that the temperature profiles for powder samples annealed at 1000°C will be 

identical to the measured temperature profile and that the measured profile can be realistically 

scaled to higher temperatures (1050°C & 1100°C). 
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Fig. 2. Measured ex-situ and estimated in-situ heating profiles for annealed CrAZY powders 

 

2.2. Data Collection – APT 
 

 APT specimens were prepared by means of a widely used focused ion-beam (FIB) liftout 

technique [30] using a FEI Quanta 3D dual-beam FIB at the Low Activation Materials 

Development and Analysis (LAMDA) Laboratory at ORNL [31]. Final tip sharpening was 

performed on the aforementioned FEI Quanta or using a FEI Helios 600 FIB at the Max-Planck-

Institut für Eisenforschung (MPIE) in Düsseldorf, Germany. A final 5kV Ga ion cleaning step 

was added to minimize Ga ion implantation from FIB sample preparation. Samples were 

immediately transferred to a vacuum environment (10-8 Torr) to minimize sample degradation 

and oxidation prior to data acquisition. APT characterization on each specimen was performed 

using either a Cameca model 4000X HR local electrode atom probe (LEAP) at the Center for 

Nanophase Materials Sciences (CNMS) at ORNL or using a Cameca model 5000 XR LEAP at 

MPIE. APT data collection for all specimens was performed in laser pulsing mode using a laser 

energy of 32 pJ and a laser pulse rate of 200 kHz. The specimen temperature was held at a 

temperature of 50 K, and the target detection rate of 5 ions per 1000 laser pulses was set to 

minimize multiple ion detector hits. At least two specimens per sample condition were analyzed, 

with at least 10 million collected ions per specimen to ensure statistically significant sample 

sizes. Data reconstruction and analysis was performed using Cameca’s Integrated Visualization 

& Analysis Software (IVAS) package (version 3.6.8) [32-35]. For cluster identification and 

quantification, the maximum separation method was implemented using cluster identification 

algorithms built into the IVAS software package [32, 34, 35]. 

 From the results of the maximum separation method, the precipitate sizes and number 

densities were calculated assuming spherical precipitates coherent with the surrounding ferritic 

matrix. The spherical equivalent radius developed by previous authors has been extended to the 

(Y,Al,O) nanoprecipitates in this work [36-38], where the radius of each precipitate is:  

 

𝑅𝑝 = (
(𝑁𝑝/𝑄)

4

3
𝜋𝜌

)

1/3

  ………………………………………………………………… (Eq. 1) 

 

where Np is the total number of atoms found in each precipitate, 𝜌 is the atomic density of bcc 𝛼-

Fe (84.3 atoms/nm3), and Q is the detection efficiency for the LEAP used for data acquisition. 
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Since the smallest (Y,Al,O) nanoprecipitates (d <  5nm) have been shown to be either semi-

coherent or coherent with the surrounding ferritic matrix after nucleation and growth [39], and 

because the lattice parameters between the nanoprecipitates and the matrix deviate by only ~2% 

[26], it is assumed that the atomic density is constant and equal to the theoretical atomic density 

of bcc 𝛼-Fe. The detection efficiencies (Q) of the 4000X HR and 5000 XR model LEAPs are 

0.36 and 0.52, respectively. The corresponding number density of precipitates is computed by 

knowing the total number of precipitates found in the control volume (np) and the total number of 

atoms in the control volume (Ntot): 

 

𝑁𝑑 =
𝑛𝑝𝜌

(𝑁𝑡𝑜𝑡/𝑄)
  …………………………………………………………………… (Eq. 2) 

 

Although a strength of the APT technique is its ability to perform elemental mapping and 

quantification at the near atomic scale [40], the accuracy of this technique is highly subject to the 

correct binning of the mass-to-charge ratio spectrum. In the case of the CrAZY powders and 

alloys studied in this work, there are multiple instances where peak overlaps occur that can 

provide error in the compositional measurements of both the matrix and the precipitates. For 

example, mass-to-charge ratios at peaks corresponding to 27 Da (27Al+1, 54Cr+2, 54Fe+2), 54 Da 

(54Cr+1, 54Fe+1), 32 Da (16O2
+1, 96Zr+3) all have significant overlaps. For binning purposes, the 

first ion listed (i.e. 27Al+1 for 27 Da) was chosen as those had the highest atomic abundances. For 

bulk composition measurements, IVAS has peak deconvolution capabilities that are based on the 

natural isotopic abundances for each element [40, 41]. However, compositional outputs from the 

maximum separation method are not corrected for peak deconvolution. Previous authors have 

corrected individual cluster compositions for nanoscale precipitates by calculating compositional 

correction factors based on the ratios of IVAS bulk compositional measurements and the matrix 

compositions outputted within the maximum separation method file [42]. Good agreement 

between bulk nanoprecipitate compositional measurements and corrected individual cluster 

compositions were found using this method. Corresponding radii, number densities, and 

compositions were calculated for each APT specimen by implementing these aforementioned 

procedures in a MATLAB algorithm.   

 

2.3. Data Collection – SANS   
 

Two different experiments were conducted on the CG-2 General-Purpose SANS (GP-

SANS) beamline at the High-Flux Isotope Reactor (HFIR) at ORNL [43]. First, in-situ heating 

was combined with the SANS technique to study the nucleation and growth of the smallest 

nanoprecipitates as a function of time and temperature. In addition, magnetic SANS 

measurements were taken on some of the ex-situ annealed powders listed in Table 2 to provide 

quantitative information about the size distribution(s) of precipitates within the powders as well 

as the possible compositions of the smallest nanoprecipitates.  

For the in-situ SANS experiment, a vacuum furnace on the CG-2 beamline was used to 

heat pre-packed Mo-foil powder packets (25 mm diameter x 1 mm thick) from room temperature 

to 1000°C at a ramp rate of 20°C/min. Samples were held under vacuum (~10-5 Torr) for the 

duration of the experiment. The target SANS heating profile is also plotted in Fig. 2, and is 

slightly less than half of the heating rate seen for the extrusion can. This lower heating rate was 

chosen to minimize the temperature range over which the SANS measurements were taken while 

also allowing for more efficient temperature feedback control during ramping to the target 
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temperature. Data was collected in 1 minute increments during sample anneals at either 1.5 m 

and 5 m detector distances, covering a scattering vector range of 0.01 < Q < 0.6 Å-1. Two 

separate powder samples were analyzed (one at each detector distance) to investigate the entirety 

of the Q range studied, and the resulting scattering intensity curves were combined during data 

reduction and analysis.  

For the room-temperature investigation of the powder specimens annealed ex-situ, the an 

open bore superconducting magnet (MagH) was used to generate a magnetic field perpendicular 

to the incident neutron beam. This 2 T field was sufficient enough to fully saturate the material 

and align the magnetic moments of the atoms within the ODS FeCrAl material. Due to the size 

of the magnet, the detector distances in this configuration were limited to 10m and 2m, 

respectively, with a corresponding scattering range of 0.005 < Q < 0.2 Å-1. For both in-situ and 

ex-situ SANS experiments, 4.75 Å neutrons were used. The collected data was corrected for the 

foil sample packet, the density of the compacted powder, and background. The resulting 

scattering intensities were then normalized to the attenuated direct beam for the output of the 

differential macroscopic scattering cross-section in cm-1. 

 

3. Results 

3.1. Nanoprecipitate Distributions from APT 
 

After annealing the mechanically alloyed CrAZY powder for 15 and 60 min. in a 1000°C 

box furnace, significant recrystallization and grain growth is observed. Backscattered scanning 

electron microscopy (SEM-BSE) images indicate a highly bi-modal microstructure comprising 

of both fine nm-scale and coarse µm-scale grains (Fig. 3). This heterogeneous grain growth has 

been extensively studied by previous authors [44, 45], and is attributed to abnormal grain growth 

phenomena arising from stored energy variations within the annealed powders after 

mechanically alloying. Although nanoprecipitates are expected to nucleate and grow at similar 

temperatures and time scales associated with this abnormal grain growth, it has been postulated 

by these authors that the Zener pinning effect by newly nucleated nanoprecipitates is an 

insufficient obstacle for grain boundary migration and subsequent grain growth during the 

annealing stage [44]. The primary focus of this work is not on the grain morphology and size as a 

function of annealing time and temperature; instead, this study focuses on the kinetics of 

nanoprecipitate nucleation and growth. Thus, it is of importance to identify the homogeneity of 

nanoprecipitates in both the fine and coarse grains so that nanoprecipitate size distributions can 

be compared across multiple annealed powders. Targeted APT lift-outs in both fine and coarse 

grain regions in the ZY10C60 sample illustrate highly homogeneous distributions of 

nanoprecipitates within the powder irrespective of lift-out location (Fig. 4). This result supports 

the results by Dawson and colleagues, where the authors found that the smallest (Y,Al,O) 

nanoprecipitates in annealed recrystallized PM2000 powder remain well dispersed with 

coherency with the surrounding FeCrAl matrix [39]. From this result, it is assumed for the 

investigated annealed CrAZY powders in this work that nanoprecipitate dispersions are 

homogeneous and comparable regardless of lift-out location. Furthermore, in many of the APT 

reconstructed control volumes, larger Zr-rich precipitates were also identified and are shown in 

purple in Fig. 4. These precipitates are also enriched primarily in either carbon or a combination 

of carbon and nitrogen, which indicates that the Zr addition in the CrAZY powder is sequestering 

interstitial impurities within the matrix. A detailed analysis of the alloying effects of Zr on the 
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precipitation in these CrAZY alloys is beyond the scope of this study and will be addressed in a 

subsequent publication. 

 

 

 

 
Fig. 3. SEM-BSE images of (a) the as-milled CrAZY powder (ZY40H), (b) powder annealed for 

15 min. at 1000°C (ZY10C15), and (c) powder annealed for 60 min. at 1000°C (ZY10C60). 
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Fig. 4. Comparison of nanoprecipitate distributions in coarse and fine-grains within CrAZY 

powder annealed for 60 min. at 1000°C (ZY10C60). 1.5% (Y,Al,O) red isosurfaces indicate the 

smallest nanoprecipitates in the Fe-matrix (black dot) matrix. 10% purple Zr isosurfaces show a 

secondary population of larger precipitates. 

  

The average radii, number densities, and compositions of the smallest (Y,Al,O) 

nanoprecipitates within the ex-situ annealed CrAZY powders identified by the APT technique 

are presented in Table 3. Several important trends can be identified for the various annealing 

schedules. First and foremost, the nanoprecipitates have nucleated and grown to stable sizes at 

annealing times as short as 15 min. within a furnace held at 1000°C, which is seen through the 

comparable size and number density between the ZY10C15 and ZY10C60 specimens. However, 

for samples annealed for 60 min at temperatures 1000, 1050, and 1100°C, clear trends of 

increasing nanoprecipitate size and decreases in number density are noted, signifying that a 

transition from precipitate growth to coarsening is occurring even at short annealing times <60 

min. The stability of nanoprecipitates at 1000°C up to 1 h and the observed coarsening of the 

precipitates at elevated temperatures is illustrated in Fig. 5. This is a significant result since 

increased temperatures are commonly used to modify the microstructure of as-fabricated ferritic 

ODS alloys, specifically with respect to developing recrystallized ODS FeCrAl alloys to help 

alleviate texture-related anisotropy in alloy mechanical properties and to improve creep 

resistance [46-48]. The previous use of elevated extrusion temperatures (>1000°C) to increase 

alloy ductility [49] will also be expected to result in lower number densities of coarser 

nanoprecipitates, which has significant implications for irradiation resistance. Specifically for 

ODS FeCrAl alloys designed for lower temperature nuclear reactor operating conditions, the 

coarsening of precipitates during thermomechanical treatments will result in a decrease in 

nanoprecipitate sink strength and an increase in irradiation-induced hardening [1]. 
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Table 3  

Aberration Corrected APT Results. Errors are reported as one standard deviation from the mean. 
Sample Rp [nm] Np x1023 [m-3] 𝒇 [%] Fe Cr Al Y O C N 

ZY10C15 1.56±0.64 4.77±1.47 1.14±0.01 57.90 6.62 11.76 11.62 11.43 0.10 0.02 

ZY10C60 1.58±0.61 4.19±1.21 1.12±0.22 55.58 7.54 11.55 11.70 12.92 0.13 0.01 

ZY15C60 2.08±0.75 1.11±0.18 0.86±0.21 57.01 8.41 11.73 9.59 12.51 0.18 0.01 

ZY15C10h 2.16±0.65 1.79±0.01 0.95±0.05 58.53 8.87 11.41 10.60 9.35 0.29 0.04 

ZY15C50h 2.82±1.16 0.58±0.01 0.83±0.02 51.24 7.77 11.07 13.43 15.38 0.25 0.02 

ZY15C500h 4.07±1.21 0.12±0.03 0.47±0.04 60.89 7.11 8.39 9.40 11.88 0.18 0.01 

ZY11C60 2.58±0.85 0.79±0.05 0.71±0.12 54.63 7.84 11.16 12.92 12.48 0.17 0.01 

 

 
Fig. 5. APT reconstructions of ZY10C15, ZY10C60, ZY15C60, and ZY11C60 (left to right) 

with 1.5% (Y,Al,O) isoconcentration surfaces within a matrix of Fe atoms (black dots 

representing 0.1% of measured matrix atoms). 

 

  For all specimens, a consistently high level of Fe and Cr was measured within each 

nanoprecipitate even though the only statistically significant clustering found using the 

maximum separation method were atoms of Y, Al, and O. The increased Fe and Cr components 

of the nanoprecipitate compositions are attributed to trajectory aberrations associated with 

differences between the energy required to field evaporate atoms from the precipitates and the 

surrounding matrix [50-52]. In an attempt to correct for these compositional artifacts, the point 

density of atoms across the precipitates was calculated using 1D concentration profiles through 

multiple precipitates within each sample. For samples annealed for 1 h or less, point density 

increases were noted across the precipitates 1.5× the point density in the surrounding matrix. For 

the extended temperature anneals at 1050°C, the precipitate point density increased from 1.5-

2.2× the matrix point density at annealing times increasing from 10-500h. Although the 

presumption that the atomic density is equivalent for the precipitates and the FeCrAl matrix 

depends on the size and coherency of the nanoprecipitates and that this assumption will become 

less valid as the precipitates significantly coarsen and lose coherency with the matrix [23, 39], it 

is assumed for the purposes of compositional correction that the increased atomic density across 

the precipitate is a result of trajectory aberration artifacts from the APT technique irrespective of 
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annealing time/temperature. The equivalent number of matrix atoms, proportional to the matrix 

FeCrAl composition, were then subtracted from the precipitate atoms and the aberration 

corrected cluster compositions were calculated. Even after correcting for trajectory aberrations, it 

is clearly seen in Table 3 that significant Fe and Cr components remain in the nanoscale 

precipitates, suggesting that at least some Fe and Cr may be present in the nanoprecipitates to 

stabilize the nanoprecipitates [53]. 

 

3.2. SANS for Ex- and In-Situ Annealed Specimens 
 

Small angle neutron scattering data is commonly interpreted using the generalized 

expression: 

 

[
𝑑Σ

𝑑Ω
(𝑞)]

𝑚,𝑛
= ∫ Δ𝜌𝑚,𝑛

2 𝑁(𝑅)Φ(𝑞, 𝑅)2𝑆(𝑞, 𝑅𝐻𝑆, 𝛾𝐻𝑆)
∞

0
𝑑𝑅 ……………………… (Eq. 3) 

 

where Δ𝜌𝑚,𝑛
2  is the magnetic (m) or nuclear (n) scattering contrast, 𝑁 is the number 

density of scattering objects as a function of size, Φ2 is the geometry dependent form factor, and 

𝑆 is the structure factor that takes into consideration multiple scattering events (interference 

effects) based on the distribution of scattering objects. For an in-depth description of the SANS 

technique and its applications in materials science, the reader is referred elsewhere [54-56]. 

However, operational definitions of the parameters in Eq. 3 still need to be defined for the 

analysis of the reported SANS data. The scattering contrast is defined as the squared difference 

of the scattering length densities -- the ratio of the neutron scattering length (𝑏) and the atomic 

volume (Ω) -- between the nanoprecipitates (NP) and the surrounding matrix [57] and is 

provided below in Eq. 4. The SANS technique relies on the requirement that the scattering length 

densities vary enough between the precipitates and the matrix so that the scattering objects are 

resolvable.  

 

Δ𝜌2 = [𝜌𝑚𝑎𝑡 − 𝜌𝑁𝑃]2 =  [
𝑏𝑚𝑎𝑡

Ω𝑚𝑎𝑡
− 

𝑏𝑁𝑃

Ω𝑁𝐶
]

2
 ………………………………………… (Eq. 4) 

 

 The number density of scattering objects (in this case the nanoprecipitates) is highly 

coupled and inversely correlated with the scattering contrast. The choice of how to approximate 

the shape of the scattering object size distribution is largely up to the author. Different size 

distribution shapes such as the Weibull [58] and lognormal [59] distributions have previously 

been used by authors, but the use of linear or cubic splines have also become popular due to their 

continuity and versatility for a variety of distribution shapes [60, 61]. For the SANS fitting in this 

work, the number density was assumed to follow a lognormal shape since this distribution fit the 

measured APT data better than either a normal or Weibull distribution.  

 Though some authors have seen a cubic or faceted morphology for the smallest (Y,Al,O) 

nanoprecipitates in ODS FeCrAl alloys like PM2000 [39], the form factor describing the 

geometry of these nanoscale scattering objects is most commonly assumed to be one developed 

for spherical precipitates [45, 59] and is a function of scattering vector “q” and scattering object 

radius “R”. Some authors separate out the precipitate volume (assumed to be the volume of a 

sphere), but since the form factor is already parametrized with respect to R, in this work the form 

factor is defined to include the volume term for fitting purposes. Thus, the form factor is: 
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Φ(𝑞, 𝑅)2 = {3𝑉 [
sin(𝑞𝑅)−𝑞𝑅 cos(𝑞𝑅)

(𝑞𝑅)3 ]}
2

 ………….………………………………… (Eq. 5) 

 

 The structure factor used is from the local monodispersed spheres approximation 

previously described by Pedersen [61], which is a function of a hard sphere interaction radius 

(𝑅𝐻𝑆 = 𝐶𝑅) and a hard sphere volume fraction (𝜂𝐻𝑆). The product of these terms in (Eq. 3) 

results in an equation with five unknown parameters for fitting: (1) the product between the 

number density and scattering contrast (𝑁Δ𝜌2), the parameters (2) 𝜇 and (3) 𝜎 from the 

lognormal distribution, and the hard sphere parameters (4) 𝐶 and (5) 𝜂𝐻𝑆. The first term 𝑁Δ𝜌2 

was fit as one parameter due to the highly coupled and inverse relationship between the two 

values. Nonlinear least squares curve fitting was implemented in MATLAB after subtracting a 

power-law background fit to the low-Q portion of the scattering curve. The number density (Eq. 

6) was then calculated using the relationship between the relationship between the hard sphere 

and the actual precipitate radii and volume fraction reported in [58]: 

 

𝑁𝑝 =
𝜂

4
3⁄ 𝜋𝑅3 ……………………………………………………………………… (Eq. 6) 

 

where the precipitate volume fraction (𝜂) is: 

 

𝑓 =
𝜂𝐻𝑆

(
𝑅𝐻𝑆

𝑅
)

3⁄  …………………………………………………………………. (Eq. 7) 

 

 

Table 4  

SANS parameters calculated using nonlinear least squares curve fitting. Also reported are the averaged 

A-ratios over the q range specified within one standard deviation from the mean. 

Sample Q range [Å-1] Rp [nm] 𝚫𝝆𝒎 [Å-4] Np [m-3] 𝒇 [%] 𝝁  𝝈  A-Ratio 

ZY10C15 0.05 < q < 0.2 1.47 2.03x10-11 1.24x1024 1.64 2.7 0.2 2.2±0.3 

 0.02 < q < 0.05 79.1 1.45x10-11 1.83x1021 0.38 4.3 0.1 1.9±0.2 

ZY10C30 0.05 < q < 0.2 1.46 2.15x10-11 1.09x1024 1.41 2.7 0.2 2.2±0.4 

 0.02 < q < 0.05 83.9 1.01x10-11 1.06x1021 0.26 4.4 0.1 1.7±0.1 

ZY10C60 0.05 < q < 0.2 1.45 2.75x10-11 1.06x1024 1.33 2.6 0.2 2.2±0.3 

 0.02 < q < 0.05 86.0 0.45x10-11 2.25x1021 0.60 4.4 0.1 1.5±0.1 

ZY10C120 0.05 < q < 0.2 1.54 2.01x10-11 1.00x1024 1.54 2.7 0.2 2.1±0.4 

 0.02 < q < 0.05 101.7 0.52x10-11 1.60x1021 0.70 4.6 0.1 1.4±0.1 

 

 

The summary of the SANS nonlinear least squares curve fits for CrAZY powders 

annealed for 15, 30, 60, and 120 minutes within a box furnace held at 1000°C are tabulated in 

Table 4. For these powders annealed ex-situ, deconvolution of the magnetic and nuclear 

scattering components was possible, and the fitting procedure was used to fit the magnetic 

scattering data. The local monodispersed approximation identified two populations of 

nanoprecipitates within all 4 samples: a population of smaller nanoprecipitates with diameters 
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ranging from 2-4 nm and another with diameters ranging from 8-20 nm, suggesting a slightly 

bimodal distribution of precipitate sizes. However, the population of slightly larger 

nanoprecipitates has a corresponding number density 3 orders of magnitude smaller than the 

smallest nanoclusters and are of less importance in the context of sink strength optimization in 

nuclear environments. The scattering intensity curves were highly similar in both shape and 

intensity across all 4 samples, indicating highly consistent powder sample preparation and 

precipitate dispersion characteristics. The magnetic scattering curve for ZY10C15 is illustrated in 

Fig. 6(a) with the corresponding total fit, the power law background, and the two scattering 

components for the larger and smaller precipitates. Also illustrated in Fig. 6(b) are the 

corresponding lognormal size distributions, showing good agreement between the estimated 

SANS precipitate distribution and the data measured using the APT technique.  

 

     
           (a)                                                                       (b) 

Fig. 6. (a) Magnetic scattering data for ZY10C15 with overlaid curve fits and (b) a comparison 

of the nanoprecipitate size distributions between magnetic SANS and APT results (0.2 nm bins). 

 

 In addition to estimating the nanoprecipitate sizes and number densities, the use of the 

external magnetic field to separate nuclear and magnetic scattering components also allows for 

the possibility to investigate the compositions of the identified nanoprecipitates. In the presence 

of a fully saturated magnetic field applied perpendicularly to the neutron beam, the relation 

between nuclear and magnetic scattering components is related to the azimuthal angle (𝜙) on the 

detector plane through Eq. 8 [62]. Furthermore, if one considers this definition and takes the ratio 

between the scattering intensities, a relationship between the magnetic and nuclear scattering 

contrast is derived (Eq. 9).  

 

[
𝑑Σ

𝑑Ω
(𝑞)]

𝑡𝑜𝑡
=  [

𝑑Σ

𝑑Ω
(𝑞)]

𝑛
+ [

𝑑Σ

𝑑Ω
(𝑞)]

𝑚
sin2 𝜙 …………………………………… (Eq. 8) 

 

𝐴(𝑞) =   
[

𝑑Σ

𝑑Ω
(𝑞)]

𝑛
+ [

𝑑Σ

𝑑Ω
(𝑞)]

𝑚

[
𝑑Σ

𝑑Ω
(𝑞)]

𝑛

 =  1 + 
Δ𝜌𝑚

2

Δ𝜌𝑛
2⁄  …………………………………… (Eq. 9) 
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 The value on the left of the equal sign in Eq. 9 is commonly referred to as the A-ratio 

[52] and sometimes as the R-ratio [62]. Since the A-ratio is a function only of the scattering 

contrasts, significant insights into the magnetic nature (and thus the composition of the 

nanoprecipitates) can be inferred from the average of this A-ratio over the q-range where 

nanoprecipitates are identified. A-ratios for the scattering vector ranges of interest are listed as 

well in Table 4. 

 Both the APT and SANS results illustrate the same trend for the CrAZY powders 

annealed ex-situ: the nanoprecipitates nucleate and grow at temperatures well below the target 

temperatures commonly used for ODS alloy consolidation. In fact, identical size distributions 

existed for powders annealed for either 15 min or 120 min. in a furnace held at 1000°C. Thus, in 

addition to the use of magnetic SANS on CrAZY powders annealed ex-situ for comparison with 

APT results, additional SANS measurements were conducted in-situ on the as-mechanically 

alloyed powder heated to 1000°C at a 20°C/min ramp rate in an attempt to capture the nucleation 

and growth kinetics of the nanoprecipitates during alloy consolidation. Due to the size of the 

vacuum furnace used for the in-situ annealing experiment, constraints did not permit for the 

additional placement of a surrounding magnet; consequently, magnetic and nuclear scattering 

deconvolution was unable to be performed on the in-situ scattering data. Regardless, the raw data 

provides important insights into the beginning stages of nanoprecipitate nucleation and growth 

during the heating of the ODS FeCrAl powder.  

 

 
Fig. 7. Neutron scattering intensity curves for powder heated from room temperature to 1000°C 

at 20°C/min. 

 

Fig. 7 presents scattering curves collected in 1 minute intervals at various temperatures as 

the powder is being heated. At room temperature, essentially no scattering was measured above 

the detectable limit of the detector, so the initial point illustrated for comparison is the scattering 

of the powder at 200°C. For comparison of the various temperatures highlighted in Fig. 7, the 

symbol used to plot the scattering intensities at each temperature is also plotted on the 

temperature profile that corresponds with the scattering intensity curve on the left. Scattering 
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curves at temperatures exceeding 900°C are not shown because no differences in the scattering 

curves were observed above this point. This figure illustrates some major insights into the 

nucleation and growth of precipitates within as-milled ODS FeCrAl powder. In the scattering 

vector range exceeding 0.03 Å-1, the total scattering intensity steadily increases as the 

temperature increases from 200-600°C, indicating that the nanoprecipitates are nucleating and 

growing at much lower temperatures than the target consolidation temperature. Further growth 

past 600°C was difficult to observe due to a loss in magnetic scattering around 700°C, consistent 

with the tabulated curie temperature for Fe. The scattering intensity at low-Q is slightly lower for 

the 900°C temperature, again consistent with the loss of the magnetic scattering component 

above the curie temperature; however, the scattering curve retains its shape at high-Q and 

remains unchanged, indicating that growth has ceased around 600°C. This result agrees with the 

ex-situ annealed powders. Based on the thermocouple measurement of the packed CrAZY 

powder within an extrusion can held in a box furnace for 60 min Fig. 2, the corresponding 

temperature that the ZY10C15 sample reached during its ex-situ anneal is approximately 715°C. 

Since the in-situ results indicate that the nucleation and growth has completed prior to this 

temperature, it is unsurprising that the ZY10C15 and the ZY10C60 samples show identical size 

distributions and number densities if the 1000°C temperature is insufficient to coarsen the 

established precipitate population. 

 

4. Discussion 

4.1. Investigating Nanoprecipitate Compositions  
 

Using the combined APT and SANS data, it is of interest to determine the compositions 

of the (Y,Al,O) nanoprecipitates that these ODS FeCrAl alloys use for Zener pinning and 

radiation resistance. Specifically it is of interest from a radiation damage perspective as to 

whether these nanoprecipitates are a specific phase since different phases may have different 

resistances to radiation damage [63]. Comparing the ratio of Y to Al atoms within observed 

nanoprecipitate populations with expected stochiometric ratios for equilibrium (Y,Al,O) phases 

show interesting trends as a function of time and temperature. As Fig. 8 illustrates, there appears 

to be a significant size dependence in the Y/Al ratio within the nanoprecipitates. At small 

precipitate sizes (<3 nm dia.) significant variations in the Y/Al ratio is observed. This is either 

due to artifacts pertaining to the selective inclusion/omission of surrounding atoms for small 

precipitate sizes when applying the maximum separation method, or it could represent the 

stochastic nature by which diffusing atoms arrive at growing precipitate nuclei at the initial 

stages of nucleation and growth. The more important trends are those for nanoprecipitate sizes 

near the average (~2-4 nm in radius). As Fig. 8(a) shows, for precipitates nucleated in samples 

annealed for only 1 h at various temperatures, more significant deviations from expected phases 

exist as the annealing temperature decreases. In fact, it appears that the sample annealed at 

1100°C for 1 h (ZY11C60) tends toward a composition congruent with the YAG phase, while 

specimens ZY10C60 and ZY15C60 underestimate the Y content required for this composition. 

Since the growth of these precipitates is expected to be rate limited by the diffusion of Y through 

the FeCrAl matrix, this increase in Y/Al ratio as a function of time/temperature is expected. For 

extended temperature anneals at 1050°C, there appears to be a significant change in the Y/Al 

ratio as a function of annealing time from 1-500h (Fig. 8(b)). By 500 h at 1050°C, the 

compositions of the smallest precipitates match closely the YAG composition. As the time 



18 

 

increases to 500 h, there appears to be a tendency for the larger precipitates to transition to the 

YAP composition. 

 

 
(a)                                                                  (b) 

Fig. 8. Size dependence of (Y,Al,O) cluster compositions measured by APT for (a) 1h anneals at 

1000, 1050, and 1100°C, and for (b) extended temperature anneals at 1050°C. Error bars 

depicted illustrate one standard deviation from the mean value. 

 

 In all APT reconstructions, significant Fe and Cr contents have been measured in the 

precipitates even after correcting for trajectory aberrations. For short annealing times at the lower 

annealing temperature (i.e. 15 min. at 1000°C), this may be expected due to possible stabilization 

of the structure by matrix atoms; however, the presence of significant Fe and Cr in the CrAZY 

powder annealed for 500h at 1050°C would not be expected since at these extended annealing 

durations the coarsening would be expected to drive a sufficient flux of Y, Al, and O to the 

precipitates to result in a stochiometric composition without substantial Fe and Cr.  

To further investigate the compositions of these precipitates, the ex-situ SANS results 

were considered. Comparing the A-ratios and the magnetic scattering contrast calculated through 

the SANS data fits provide insight into the magnetic nature (and thus the Fe content) within the 

(Y,Al,O)-rich nanoprecipitates. The A-ratio is a function of the nuclear and magnetic scattering 

contrast. The magnetic scattering of ideal (Y,Al,O) nanoprecipitates should be zero since none of 

these elements are magnetic. Thus, the magnetic scattering contrast should only be equal to the 

magnetic scattering of the matrix, which is calculated as (1.26x10-11 A-4) using the FeCrAl 

composition of the CrAZY powder as an input into the relations outlined in [64]. The second 

variable for calculation is the nuclear scattering contrast, which has been previously defined in 

Eq. 4 as the squared difference in scattering length densities between the matrix and the 

precipitates (assuming a given precipitate composition). The scattering contrast calculator 

developed by the NIST Center for Neutron Research was used to calculate the nuclear scattering 

contrast by supplying the composition and the mass density for the phase of interest [65]. For the 

FeCrAl matrix, the measured mass density of as-consolidated CrAZY bars is ~7.2 g/cm3, the 

composition is provided in Table 1, and the resulting scattering length density is 6.82x10-6 A-2. 

Assuming ideal mass densities for the YAG (4.56 g/cm3) and YAP (5.33 g/cm3) phases with no 

Fe content within the precipitates, the average A-ratios are calculated to be 5.2 and 9.5 for YAG 

and YAP, respectively. These values are substantially higher than those reported in Table 4. 
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 The deviation in A-ratio from expected stochiometric compositions may be explained by 

considering how changes in composition will affect the parameters in Eq. 4 and Eq. 9. It was 

assumed previously based on high resolution microscopy of nanoprecipitates in ODS FeCrAl 

alloys that the atomic density across the nanoprecipitates remains constant in comparison to the 

surrounding matrix. This assumption directly affects the interpretation of the A-ratio since the 

atomic volume of the (Y,Al,O) phase must be assumed equal to the atomic volume of the 

surrounding FeCrAl matrix. For the CrAZY powders annealed for only 15-120 minutes at 

1000°C, this assumption is expected to be valid due to the limited coarsening observed in this 

time/temperature range. With a calculated atomic volume of 83 atoms/nm3 for the FeCrAl 

matrix, this results in an artificially lower mass density of 4.09 g/cm3 for YAG and 4.52 g/cm3 

for the YAP phase. This decreases the calculated A-ratios to 3.5 (YAG) and 3.9 (YAP). Still, the 

calculated A-ratios are still higher than those measured.  

 

 
Fig. 9. Calculated A-ratio and magnetic scattering contrast for select (Y,Al,O) stochiometric 

compositions as a function of assumed matrix fraction within a the nanoprecipitate. 

 

A further consideration of Fe content in the precipitates may account for this discrepancy. 

To simulate the scattering length densities for defective-type structures nucleating in a FeCrAl 

matrix, the nuclear scattering length densities for the (Y,Al,O) phase was calculated assuming a 

certain percentage of FeCrAl in the precipitates proportional to the matrix composition. For a 

consideration of the magnetic scattering contrast, since the ex-situ magnetic SANS 

measurements were collected at room temperature, it is assumed that a simple rule of mixtures 

rule can apply where a proportional increase in magnetic contrast will occur from increasing 

fractions of the FeCrAl matrix phase within the (Y,Al,O) precipitates. The result is a 

continuously decreasing A-ratio with increased Fe component in the nanoprecipitates (Fig. 9). 

For both the YAG and YAP compositions, a substantial (>35 at.% FeCrAl) matrix component 

within the precipitates is required to lower the A-ratio to the measured values (~2), which agrees 

well with the significant Fe and Cr contents within the precipitates in APT specimens after 
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aberration correction; however, the results of the SANS fitting in Table 4 indicates the opposite 

trend. The computed scattering contrasts are on the order of 10-11 A-4, which would be consistent 

with non-magnetic scattering objects in a magnetic matrix. Since the number density is inversely 

correlated with the scattering contrast, lowering the scattering contrast to agree with some 

magnetic components being present in the precipitates would increase the number density to a 

value on the order of 1025 m-3, which is well above the number densities reported for similar 

ODS FeCrAl alloys in the literature [22, 39, 44]. The combined APT and SANS results suggest a 

non-magnetic, defective structure with (Y,Al,O) contents approaching the compositions that 

would be expected for the YAG type phase, with a possible transition to the YAP type phase as 

precipitates coarsen at higher temperatures. However further work, including high resolution 

transmission electron microscopy, is currently being performed to better identify the structure of 

these (Y,Al,O) precipitates to confirm these observations. 

 

4.2.  Quantifying Nanoprecipitate Coarsening Kinetics  
 

It is well documented in the literature that a strong correlation exists between 

consolidation temperature and the nanoprecipitate dispersion characteristics in ODS alloys [23, 

59, 66]. As the extrusion temperature increases, the average precipitate size increases while the 

number density decreases. This trend is characteristic of precipitate coarsening through Ostwald 

ripening, where the larger precipitates grow at the expense of smaller precipitates to minimize 

the interfacial energy at the precipitate/matrix boundary [67]. In fact, the same trend is realized 

in this work, where samples annealed for 60 minutes at 1000-1100°C show an increasing radius 

(1.7-2.8 nm) and a decreasing number density (3.6-0.8x1023 m-3).  

The theory of particle coarsening has been extensively reviewed by multiple authors [68-

71], and is most commonly analyzed with respect to the Lifshitz-Slyozov-Wagner (LSW) theory 

of coarsening [72, 73]. In the LSW theory formulation, particle coarsening in a supersaturated 

matrix is assumed to be rate limited by the bulk diffusion of solute through the matrix, and 

results in a precipitate size vs. time relationship where 𝑅3 ∝ 𝑡. Since then, multiple authors have 

expanded on the LSW theory to extend the formulation to various other limiting mechanisms for 

particle growth. More specifically, it has been shown that particle coarsening more generally 

follows the power law relationship [69, 74]: 

 

𝑅𝑛 − 𝑅0
𝑛 = 𝐾(𝑇) ∗ 𝑡 ……………………………………………………………  (Eq. 10)  

 

where 𝑅0 is the initial precipitate radius, 𝐾(𝑇) = 𝑘 ∗ exp (−𝑄/𝑅𝑇) is a constant exponentially 

dependent on the temperature, R is the universal gas constant, T is the absolute temperature, and 

n is the power law exponent that describes the dominant mechanism controlling particle 

coarsening. Q is the activation energy for particle coarsening mechanism and takes into 

consideration the temperature dependence of both the diffusion mechanism and the solubility of 

the rate limiting solute diffusing through the matrix.  

 In the case of precipitates limited by the rate at which solute atoms are incorporated into 

the precipitate at the particle/matrix interface, n=2 [67], whereas if the rate limiting step is the 

rate at which solute atoms diffuse in the matrix, n=3 [68]. However, in cases where the 

precipitates are faceted in shape and are not completely spherical it is also possible for the rate 

limiting step to be interface dominated through the incorporation of solute atoms at the kinks and 

ledges associated with the precipitate interface geometry, resulting in n=3 kinetics as well [75]. 
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Rate limiting cases have also been derived for precipitate coarsening through solute diffusion 

along grain boundaries (n=4) [76, 77] and for cases where diffusion along dislocations dominates 

(n=5) [77]. If dislocation detachment and subsequent climb is taken into consideration, the 

exponent has been shown to increase to even higher orders (n=6) [78]. In short, the temporal 

power law exponent can give important insights into the coarsening mechanism for Ostwald 

ripening. 

 

 
Fig. 10. (a) APT control volumes illustrating 1.5 at. % (Y,Al,O) isoconcentration surfaces and 

the coarsening of these nanoscale precipitates from 10-500 h at 1050°C, and (b) representative 

clusters with identical scale bars to illustrate similarities in cluster characteristics. Black dots in 

the background represent 0.1% and 100% of identified Fe matrix atoms for (a) and (b), 

respectively. 

 

 The observed Ostwald ripening phenomenon is qualitatively illustrated in Fig. 10 for 

CrAZY powders annealed for either 10, 50, or 500 h at 1050°C. Atom probe tomography 

reconstructions of these control volumes show the decrease in the number density of the 

(Y,Al,O) rich nanoprecipitates, the increase in radius, and the associated increase in the 

interparticle spacing (Fig. 10(a)). Also illustrated are atom maps for the Y, YO, AlO, and O 

ionic species for representative precipitates in each of these APT specimens. All specimens 

indicated the same homogeneous distribution of precipitates for each ageing condition. As has 

been performed for dispersion strengthened FeCr [74, 79, 80] and FeCrAl [81] alloys in previous 
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studies, the long term ageing of these CrAZY powders at 1050°C are coupled with the short term 

ageing of the same powders at 1000 and 1100°C to provide insights into the coarsening kinetics 

of the smallest nanoprecipitates in these characteristic temperature regimes commonly used for 

alloy consolidation.  

 From the general power law expression for coarsening (Eq. 10), taking the natural 

logarithm of both sides of the equation results in a useful form of the expression: 

 

ln (𝑅𝑛 − 𝑅0
𝑛) = ln (𝑘) − (𝑄/𝑅𝑇) + ln (𝑡) = 𝐶 + ln (𝑡) ………………………  (Eq. 11)  

  

where the resulting plot of ln (𝑅𝑛 − 𝑅0
𝑛) vs ln (𝑡) should result in a slope of 1 for the value of n 

that most closely represents the dominant coarsening mechanism. For the CrAZY powder 

annealed at 1050°C for up to 500 h, the corresponding logarithmic plot is illustrated in Fig. 

11(a). The power law exponent that results in a slope of m=1 is that for n=6. Although extended 

500 h anneals were not performed on the 1000°C or 1100°C temperatures due to material and 

time constraints, it is a reasonable assumption that the underlying mechanism for particle 

coarsening at these temperatures is identical to the 1050°C case due to the similar coarsening 

kinetics observed in previous works for ODS FeCr (n=5,6) and FeCrAl (n=4,5) alloys at even 

higher temperatures [74, 79-81].  

  

 
Fig. 11. Error bars shown illustrate the 95% confidence intervals for measured particle size 

distributions. 

 

 Using the average precipitate radii reported in Table 3 and a power law exponent of n=6, 

the values 𝑅6 − 𝑅0
6 were plotted as a function of time for particles coarsened at 1000°C (0-1 h), 

1050°C (0-500 h), and 1100°C (0-1 h). The natural logarithm of the slopes of the coarsening 
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curves, previously defined as 𝐾(𝑇) = 𝑘 ∗ exp (−𝑄/𝑅𝑇) in (Eq. 10), result in the temperature 

dependent linear regression, plotted in Fig. 11(b):  

 

ln(𝐾(𝑇)) =  −
𝑄

𝑅
(

1

𝑇
) + ln (𝑘) …………………………………………………… (Eq. 12) 

 

 From the linear fit of ln(𝐾(𝑇)) vs. 1/𝑇, the corresponding activation energy for 

coarsening was calculated to be 𝑄 = 880 𝑘𝐽/𝑚𝑜𝑙 with a corresponding pre-exponential constant 

𝑘 =  9.65387455 × 1035 ℎ−1. This n=6 model fit is overlaid with the experimentally measured 

APT data for the long-term coarsening behavior of the (Y,Al,O) precipitates for the 1050°C 

condition in Fig. 11(c) with very good agreement between simulated and experimental results. 

The existence of such sluggish coarsening kinetics with an n=6 dependence has been previously 

noted for ODS alloys fit using identical methodologies [74, 79]. This higher order n=5,6 

dependence was attributed to coarsening through a pipe dislocation coarsening mechanism, 

where 3D precipitates coarsen through 1D diffusion of solute along dislocations that intersect the 

growing precipitates. In the case of this alloy, the high concentration of Al atoms (about 1 in 

every 10 atoms in the microstructure) and the fast diffusion of oxygen in the Fe lattice would 

suggest that the diffusion of yttrium through the FeCrAl matrix should be the rate-limiting step 

for particle coarsening.  

However, in the present case particle coarsening is taking place within powders that have 

undergone significant abnormal grain growth through secondary recrystallization phenomena 

(Fig. 3). This would mean that the recrystallization front would have swept away the high 

density of dislocations and other defects along which the rate limiting solute would have 

traveled. Thus, it is surprising that high high-order reaction kinetics are noted for the current 

system. This abnormal result cannot be explained through APT artifacts such as trajectory 

aberrations, since the correction for matrix contributions would only decrease the precipitate 

sizes and result in even more sluggish coarsening kinetics. In fact, even if no aberration 

correction was performed on the current system, the corresponding value for n still is calculated 

to be between 5 and 6. In addition, prior derivations of particle coarsening kinetics where 

dislocation or grain boundary diffusion are supplemented by bulk diffusion through the matrix 

result in n=3 power law dependences [82]. Instead, it may be the case that the previous work on 

particle coarsening for ODS FeCr and FeCrAl alloys may be dominated by a different higher 

order mechanism for growth since the results in this study on recrystallized powders qualitatively 

matches coarsening kinetics reported elsewhere without the existence of a high density of 

dislocation networks within the microstructure. Thus, future work should be performed to 

provide insights into the underlying fundamental mechanisms for precipitate growth in these 

alloys.  
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Fig. 12. Simulated time-temperature evolution of (Y,Al,O) precipitates for simulated pre-

extrusion annealing treatments at 1000, 1050, and 1100°C. Error bars for measured APT data 

indicate 95% confidence intervals.  

 

Although the long term (~500 h) coarsening behavior is important for the accurate 

estimation of coarsening kinetic modeling, the primary focus of this work is on the coarsening 

behavior of these nanoprecipitate populations during thermomechanical treatments associated 

with the production of components for nuclear reactors; thus, it follows that one of the major 

objectives is the application of this coarsening model to the prediction of precipitate sizes for 

heat treatments expected during ODS FeCrAl consolidation stages such as extrusion. A 

temperature profile was previously recorded for powder heated to 1000°C in an extrusion can in 

Fig. 2 using an embedded thermocouple at the center of the powder volume. Using this 

experimentally measured temperature profile, appropriate scaling was performed to simulate the 

corresponding temperature profiles that would be associated with equivalent 1 h anneals at either 

1050°C or 1100°C. Using the simulated temperature profile, the particle coarsening model was 

utilized to estimate the time-temperature evolution of the precipitate radii at each annealing 

temperature. Due to the fast nucleation and growth kinetics noted in both the SANS and APT 

experimental data, it was assumed that precipitates had already nucleated and grown to 

equilibrium sizes assumed equivalent to the measured size for the ZY10C15 sample (R0 =1.56 
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nm at t = 0 min.). Although this results in the simulated existence of nanoprecipitates at room 

temperature prior to heating the powder, the assumption is valid due to the high activation energy 

for coarsening that results in negligible precipitate growth until temperatures have well exceeded 

the temperature at which these precipitates were noted to finish the growth stage (~600°C from 

in-situ SANS results).  

 Fig. 12 shows both the experimental/simulated temperature profiles and the 

corresponding simulated coarsening of (Y,Al,O) nanoprecipitates at 1000, 1050, and 1100°C 

target annealing temperatures for 1 h extrusion can heat treatments. Due to the high activation 

energy measured for coarsening (~880 kJ/mol), measurable precipitate growth did not occur until 

the temperature exceeded ~1000°C. However, precipitates had almost doubled in size for the 

1100°C anneal even with the initial sluggish coarsening due to the heating of the powder. The 

simulated precipitate size slightly overestimated the size in comparison with the measured 

1100°C value, but this is easily explained due to slightly different experimental parameters for 

the production of the ZY11C60 (CrAZY_H1) APT specimen. This specific alloy was prepared 

using a larger extrusion can with double the powder mass as the rest of the specimens, which 

would result in a slower heating rate for the larger sample mass with an equivalent heat flux. 

Regardless, the long-term coarsening model fits the short-term coarsening data quite well and 

can be used practically to estimate particle coarsening in ODS FeCrAl alloys produced for 

applications requiring a careful control of alloy sink strength.   

 

4.3. Sink Strength Implications for ODS FeCrAl 
 

The importance of the aforementioned particle coarsening analysis stems from the design of 

ODS alloys for nuclear applications requiring high sink strength. In nuclear reactor 

environments, different types of defects become mobile as the temperature increases and are 

usually discussed as a function of homologous temperature (T/TM), the ratio of the temperature 

of interest to the melting temperature of the alloy. It has been previously shown that 

microstructural features such as pre-existing network dislocations, grain boundaries, and 

precipitates can act as sites for point-defect recombination in irradiated alloys and can thereby 

allay microstructural changes that would have otherwise occurred from the interaction of 

supersaturated point defects within the material [1]. In lower-temperature irradiation conditions 

(T/TM <0.4), which would be expected for ODS FeCrAl alloys designed for ATF cladding 

applications, the mitigation of irradiation-induced hardening phenomena will require a combined 

sink strength approaching or exceeding ~1016 m-2 [83]. In intermediate irradiation temperature 

regimes characteristic of advanced fission reactors (0.3<T/TM<0.6) where void swelling becomes 

a prominent issue, sink strengths greater than ~1015 m-2 would be required; however, this 

required sink strength increases to ~1016 m-2 for fusion reactor conditions where helium 

exacerbates the void swelling phenomenon due to the helium stabilization of cavities [1].  

 Depending on the application for the ODS alloy, the sink strength requirements can thus 

vary from 1015-1016 m-2 at a minimum for these alloys to be considered irradiation resistant in the 

targeted irradiation dose/temperature regimes. The overall sink strength will be a function of the 

grain boundary sink strength, precipitate sink strength, dislocation sink strength within the 

material. Considering the tabulated results for the current CrAZY ODS FeCrAl alloy powders 

examined in this work, the grains have been recrystallized to tens of microns in diameter, which 

results in a negligibly low grain boundary and dislocation sink strength (since the dislocations 

will have been swept away by the grain boundary recrystallization front). Consequently, for the 
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current discussion only the precipitate sink strength (𝑆𝑝 = 4𝜋𝑅𝑝𝑁𝑝) will be discussed where 𝑅𝑝 

and 𝑁𝑝 are the precipitate radius and number density, respectively.  

 The maximum sink strength in this study corresponds to the CrAZY powder annealed for 

only 15 minutes at 1000°C (ZY10C15) and is calculated to be 9.4x1015 m2. After annealing at 

1000°C for 1 h, the sink strength only marginally decreases to 8.3x1015 m2. If the temperature of 

the 1 h pre-extrusion anneal is increased to 1050°C or 1100°C, the sink strength falls by almost 

an order of magnitude to 2.9x1015 m2 and 2.6x1015 m2, respectively. A more homogeneous 

population of nanoprecipitates is going to allow for the more effective Zener pinning of grain 

boundaries; furthermore, a more densely populated matrix of precipitates is going to increase the 

density of dislocations since more precipitates are available for the pinning of gliding 

dislocations. This suggests that the precipitate sink strength is also going to impact, and in many 

cases dominate, the other sink strength terms depending on the alloy’s processing stages. This 

also means that simply increasing the extrusion temperature to create more ductile ODS FeCrAl 

alloys for thin-walled tube fabrication may be at the expense of the very irradiation resistance 

that these ODS alloys were designed to achieve [49]. This also applies to the design of 

recrystallized ODS FeCr and FeCrAl alloys for ATF applications [84], since the additional 

holding of these alloys at 1150°C for 1 h to create a fully recrystallized microstructure may result 

in enough precipitate coarsening to fall below the limits required to maintain irradiation-

hardening resistance in LWR operating conditions. 

 

5. Conclusions 

The nucleation, growth, and coarsening of the fine-scale (Y,Al,O) nanoprecipitates within 

mechanically alloyed ODS FeCrAl CrAZY alloy powders was studied using both atom probe 

tomography and small angle neutron scattering techniques. The nucleation and growth of the 

nanoprecipitates occurs at low temperature (200-600°C), as indicated by in-situ SANS results. 

The precipitates then remain stable in size until the temperature rises to a sufficient level to 

activate the coarsening of the precipitates through Ostwald ripening. The coarsening of the 

nanoprecipitates aged from 1-500 h at 1050°C follow n=6 power law coarsening kinetics but the 

existence of the recrystallized powder microstructure suggests that current dislocation-assisted 

coarsening mechanisms do not satisfactorily explain the high power law exponent. Comparisons 

of the Y to Al concentrations within nanoprecipitates suggest a YAG type composition for newly 

formed (Y,Al,O) nanoprecipitates, while compositions of larger precipitates appear to shift 

toward the YAP composition for sufficiently large ageing times at high temperature. APT and 

magnetic SANS results suggest a defective structure for the nanoprecipitates, as measured A-

ratios deviate significantly from computed ideal A-ratios for expected structures for 

stochiometric (Y,Al,O) phases. These deviations were explained through a combination of 

possible matrix contents within the nanoprecipitates and particle coherency within the ODS 

FeCrAl matrix. Finally, calculations were performed to compare the sink strength of these alloys 

as a function of observed particle coarsening. The results indicate the need to consider the 

potentially detrimental effect of high-temperature thermomechanical processes on the irradiation 

resistance of ODS alloys through thermally activated particle coarsening phenomena. 
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