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ABSTRACT 

An innovative gas atomization reaction synthesis technique was employed as a viable method to 
dramatically lower the processing cost for precursor oxide dispersion forming ferritic stainless steel 
powders (i.e., Fe-Cr-(Hf,Ti)-Y).  During this rapid solidification process the atomized powders were 
enveloped by a nano-metric Cr-enriched metastable oxide film.  Elevated temperature heat treatment was 
used to dissociate this metastable oxide phase through oxygen exchange reactions with Y-(Hf,Ti) 
enriched intermetallic compound precipitates.  These solid state reactions resulted in the formation of 
highly stable nano-metric mixed oxide dispersoids (i.e., Y-Ti-O or Y-Hf-O) throughout the alloy 
microstructure.  Subsequent high temperature (1200°C) heat treatments were used to elucidate the thermal 
stability of each nano-metric oxide dispersoid phase.  Transmission electron microscopy coupled with X-
ray diffraction was used to evaluate phase evolution within the alloy microstructure.   

INTRODUCTION 

Oxide dispersion strengthened (ODS) ferritic stainless steel alloys offer improved high temperature 
strength and creep resistance [1-3].  For this reason, these alloys are being considered for high 
temperature applications within future generation thermal power reactors [4-7].  The improved 
mechanical properties associated with ODS alloys stems from interactions between nano-metric oxide 
dispersoids and dislocations within the alloy microstructure [8-10].  The dispersoids act as pinning points 
that stabilize the alloy grain or sub-grain structure by impeding dislocation movement.  Essentially, the 
effectiveness of the dispersoids to immobilize a dislocation can be thought of as a force balance between 
driving and dragging forces over a given dislocation line length [11].  Consequently, the resulting ODS 
grain or sub-grain structure is dependent on the size, distribution, and volume fraction of the dispersoid 
phase.  For this reason, the high temperature microstructure stability of the ODS alloy is inherently linked 
to the thermal stability of the dispersoid phase.   

Gas atomization reaction synthesis (GARS) was employed, as an economic alternative to the traditional 
high cost mechanical alloying (MA) processing route, for the production of oxide dispersion forming 
ferritic stainless steel particulate [12, 13].  During this process, a reactive atomization gas (i.e., Ar-O2) is 
used to oxidize the surface of nascent molten metal droplets in situ during primary break-up and rapid 
solidification of the alloy.  This rapid solidification process promotes the formation of an ultra-thin 
kinetically favored metastable Cr-enriched surface oxide layer, which is used as a vehicle to transport a 
prescribed amount of solid-state O into the consolidated microstructure.  Elevated temperature heat-
treatments are then used to drive an internal O-exchange reaction between the metastable Cr-enriched 
prior particle boundary (PPB) oxide and Y-enriched intermetallic compound (IMC) precipitates.  This 
results in the formation of Y-enriched nano-metric oxide dispersoids throughout the alloy microstructure 
[14, 15].   

The size and distribution of the resulting Y-enriched dispersoids is controlled by the length-scale of 
microsegregation that occurs upon rapid solidification within the powders (i.e., particles with increased 
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amounts of solute trapping or highly refined solidification structures result in smaller and more evenly 
distributed nano-metric oxide dispersoids) [15].  This offers the unique ability to tailor ODS 
microstructures as a function of precursor powder size (i.e., powder solidification rate).   

The aim of this study was to further examine the GARS process as a function of alloy composition.  The 
resulting microstructural evolution and dispersoid thermal stability will be discussed in detail.    

PROCEDURE 

Gas Atomization Reaction Synthesis 

The nominal atomization charge chemistry for both CR-164HfY and CR-166TiY is displayed in Table 1 
[16].  The charge was melted in a yttria (Y2O3) painted zirconia (ZrO2) bottom pour crucible and 
superheated to 1725°C.  The melt pour was initiated by raising a pneumatically actuated composite 
(Y2O3-W-Al2O3) stopper rod, which allowed the molten alloy to flow through a plasma sprayed Y2O3 
lined ZrO2 pour tube. 

Table 1. Resulting chemical reservoir (CR) alloy composition with respect to powder particle size for CR-164HfY (-20µm) 
and CR-166TiY (-20µm) 

Alloy Powder 
Size 

Fe 
(at.%) 

Cr 
(at.%) 

Y 
(at.%) 

Hf 
(at.%) 

Ti 
(at.%) 

O 
(at.%) 

CR-164HfY Nominal Bal. 16.00 0.21 0.12 - - 
CR-166TiY Nominal Bal. 16.00 0.21 - 0.12 - 
CR-164HfY  -20µm Bal. 15.55 0.09 0.12 - 1.04 
CR-166TiY -20µm Bal. 15.91 0.09 - 0.12 0.49 

 

Upon exiting the pouring orifice, the melt was immediately impinged by the reactive atomization gas.  
This gas contained 0.19 vol.% O2 mixed with high purity Ar and was directly injected through the high 
pressure close-coupled atomization die at a pressure of 6.55MPa.   

The resulting as-atomized powders were mechanical sieved into specific size divisions (i.e., -20, 20-45, 
and 45-75µm) prior to chemical or microstructural evaluation.  Powder particles with a dia. < 20µm were 
selected for comparison between CR-164HfY and CR-166TiY.  The bulk O content for each powder alloy 
was measured using an inert gas fusion (LECO-type) analyzer, while the percentage of each metallic 
constituent was identified using inductively coupled plasma / mass spectroscopy (ICP/MS).   

Hot Consolidation and Thermal Treatment 

As-atomized powders from each alloy were placed into individual 316L stainless steel cans measuring 
25.4mm in dia. x 127mm in length (see Figure 1).  Each can was evacuated to a pressure of ~10-4 Pa, 
outgassed at 415°C for 1hr, and electron-beam welded shut using a 316L stainless steel cap.  The 
atomized powders then were consolidated using hot isostatic pressing (HIPing) at 700°C with 300MPa 
pressure for 4hrs.  An example of the as-consolidated HIP can also is displayed in Figure 1.   

The 316L HIP can was turned off following consolidation and the resulting rods were sectioned into 
20mm dia. x 10mm length disks. The as-HIPed disks were then heat treated under vacuum (~10-4 Pa) at 
1200°C for 2.5hrs.  This heat treatment schedule had previously been reported as an effective method for 
forming nano-metric oxide dispersoids within similar CR-alloys [17].  Additionally, two disks from each 
alloy were further heat treated under vacuum (~10-4 Pa) at 1200°C for a total time of 100 and 1,000hrs. 



 

Figure 1.  316L stainless steel HIP can geometry and resulting as-consolidated HIP bars 

Microstructure Characterization 

Surface analysis of the as-atomized powder particles was conducted using a JEOL JAMP 7830F scanning 
Auger microprobe (SAM) with a hemispherical auger electron spectrometer (AES) and Ar-ion sputtering 
gun for depth profiling.   

The nano-metric oxide layer at the surface of the as-atomized powders was evaluated using an FEI Tecnai 
F20ST transmission electron microscope (TEM) / scanning transmission electron microscope (STEM) at 
the Electron Microscopy Center (EMC) for Materials Research at Argonne National Laboratory.  The 
powder particles also were prepared for TEM/STEM analysis at the EMC using a Zeiss 1540XB focused 
ion beam (FIB) scanning electron microscope (SEM).  The powders were coated with a thin layer of Au 
(t~20nm) prior to FIB milling to protect the as-atomized surface oxide layer.  Additionally, carbon 
deposition was used to bond the powders to the manipulator during FIB milling and to secure the as-
thinned specimen to a slotted Cu TEM grid prior to analysis.        

The interior microstructure of the powders was examined using a JEOL 5910LV SEM with energy 
dispersive spectrometer (EDS).  Electron probe microanalysis (EPMA) chemical mapping of the powder 
microstructure was completed using a JEOL JXA-8200 WD/ED microanalyzer 

The consolidated and heat treated alloy microstructures were analyzed in the as-polished and as-etched 
condition using an Hitachi S-2460N SEM with EDS.  The α-Fe grains were revealed by dip-etching the 
as-polished SEM samples into a ferritic stainless steel etchant (i.e., 30ml hydrochloric acid, 30ml 
glycerol, and 10ml nitric acid) for ~60s.  The grain size was measured using lineal intercept method 
according to ASTM E112 – 96 (2004).   

Additionally, the nano-metric features present in the consolidated and heat treated samples were 
characterized using a Tecnai G2 F20 TEM/STEM at 200 keV.  Miniature cylinders measuring 3mm in dia. 
x 10mm in length were cut from each sample disk using wire electro-discharge machining.  These 
cylinders were subsequently sliced into 1mm thick sections, ground flat using 400 and 600 SiC grit paper, 
polished using 6.0μm and 1.0μm diamond polishing compound, mechanically dimpled to a thickness of 
~20μm and dual jet polished using an electrolytic solution for stainless steels (i.e., 700ml methanol, 
120ml distilled water, 100ml glycerol, and 80ml perchloric acid) at -21°C in preparation for TEM 
analysis.  

The presence of Y-enriched nano-metric oxide dispersoids was verified within each step of this simplified 
process using a Phillips PANalytical X-Pert Pro Diffraction System with Co-Kα radiation.  A scanning 
real time multiple strip (RTMS) X-ray detector was used with an active length of ~0.05Q (Å-1).   
Diffraction data was collected from 1.8-4.8Q (Å-1) with a step size of 5x10-4 Q and a dwell time of 500s 



per step. The reciprocal lattice vector (Q) describes the momentum difference between incoming and 
diffracted X-rays (Equation 1), and is commonly used to compare X-ray diffraction data (i.e., Bragg angle 
(θ) of resulting peaks) independent of wavelength (λ) [18]. 

     Equation 1 

The microhardness of each heat treated sample was measured using Vickers diamond pyramid indentation 
with a 500gm load.  The average of 10 consecutive indentations for each sample was plotted for each data 
point.        

RESULTS 

Gas Atomization Reaction Synthesis 

The resulting as-atomized chemical reservoir (CR) alloy chemistry can been found in Table 1.  Each CR-
alloy contained an equivalent atomic fraction of Y + group IV (Hf or Ti) alloying addition.  Alternatively, 
powders from CR-164HfY contained approximately twice the amount of O compared to CR-166TiY.   

An example of the as-atomized powder (dia. < 20µm) morphology can be seen in Figure 2A and B.  The 
resulting powders were found to be quite spherical with very few satellite particles.  It seems that the thin 
surface oxide film formed during this GARS process protects the powders during solidification and 
prevents bonding from occurring during particle-particle collisions.       

 

Figure 2.  As-atomized powder (dia. < 20µm) morphology: A) CR-164HfY and B) CR-166TiY  

AES depth profile chemical analysis of powders (~20µm in dia.) from each CR-alloy revealed a surface 
enrichment of O and Cr (see Figure 3A and B), indicative of a Cr-enriched surface oxide layer.  
Additionally, a slight denuded zone of Fe also was identified at the surface of the powder particles.  The 
average surface oxide thickness was measured at ~105nm and ~52nm for CR-164HfY and CR-166TiY, 
respectively (see vertical orange dashed line in Figure 3A and B).  The increase in surface oxide layer 
thickness identified on the CR-164HfY powders accounts for the increase in O concentration compared to 
CR-166TiY (see Table 1). 



 

Figure 3.  AES depth profile chemical surface analysis of as-atomized powders (~20µm in dia.): A) CR-164HfY and B) 
CR-166TiY 

The physical presence of a surface oxide layer was observed utilizing TEM analysis of an as-atomized 
powder specimen (see Figure 4).  This analysis was conducted on a CR-164HfY powder particle 
measuring ~2µm in diameter (note: this powder size was selected due to difficulties in manipulating 
larger particles within the FIB-SEM).  The ultra-thin surface oxide layer was found encapsulating the 
powder particle and was measured at a thickness of ~10nm.  A qualitative chemical analysis of the 
surface oxide layer was completed using STEM with an EDS linescan across the surface oxide phase (see 
horizontal orange line in Figure 4C).  This qualitative analysis identified an enrichment of Cr (yellow 
line) and O (green line) within the surface oxide layer, which agreed well with the aforementioned AES 
depth profile measurements.  Additionally, a slight denuded zone of Cr was identified within the α-
(Fe,Cr) matrix near the surface oxide interface, illustrating that Cr was pulled from solution during this 
rapid oxidation process.   

Furthermore, the apparent variation in oxide layer thickness between the smaller ~2µm dia. powder 
particle (see Figure 4B: t~10nm) and the larger ~20µm dia. powder particles (see Figure 3A: t~105nm) 
illustrates the effect of cooling rate on surface oxide layer growth.  Thus, it is reasonable to assume 
smaller powders will form a thinner surface oxide layer, due to increased convective heat extraction as a 
result of larger surface area to volume ratios.     

 

Figure 4.  TEM/STEM analysis of a CR-164HfY (dia. ~2µm) powder particle: A-B) bright field images (BFIs) identifying 
the surface oxide layer and C) high angle annular dark field (HAADF) image with EDS linescan across the surface oxide 
layer  



Cross-sectional analysis of the CR-alloy powders revealed microsegregation along the as-solidified cell 
boundaries (see yellow arrows in Figure 5).  EPMA chemical mapping was used to identify elemental 
concentrations at the cell boundaries.  The bright phase identified within the CR-164HfY powders was 
found to be enriched in Y and Hf (see yellow arrow in Figure 5A and C).  Additionally, a region of 
apparent solid solution was identified near the surface of the powder particles extending to a depth of ~1-
2µm (see red arrow in Figure 5A).  Microsegregation was not readily apparent within the as-solidified 
CR-166TiY powders (Figure 5B), but EPMA chemical mapping identified increased concentrations of Y 
along the as-solidified cell boundaries (Figure 5D).      

 

Figure 5. Cross-sectional SEM-EPMA analysis of the CR-alloy powders with corresponding Y-concentration map: A,C) 
CR-164HfY and B,D) CR-166TiY 

Dispersoid Formation 

Low temperature HIPing (700°C – 300MPa – 4hr) was used to fully consolidate the as-atomized CR-alloy 
powders.  Microstructural analysis of the as-consolidated samples revealed a continuous network of Cr-
enriched oxide along the PPBs (see yellow arrows in Figure 6A and B).  The volume percent of PPB 
oxide was measured, using image analysis software (i.e., Image-Pro™), at ~3.0±0.5 and ~2.1±0.4 vol. % 
for CR-164HfY and CR-166TiY, respectively.  Furthermore, each as-consolidated sample contained an 
internal structure of intermetallic particles that seemed to outline the previous as-solidified cell 
boundaries (see red arrows in Figure 6A and B).   

TEM analysis was used to evaluate features within the as-consolidated microstructure at a much finer size 
scale.  This analysis illustrated the formation of fine intermetallic compound (IMC) precipitates along cell 
boundaries within the α-(Fe,Cr) matrix (see yellow arrows in Figure 7A and B).  These IMC phases were 



later identified as Fe-(Hf,Y) (i.e., Fe2Hf and Fe17Y2) in CR-164HfY and Fe-(Y,Ti) (i.e., Fe11YTi) in CR-
166TiY using XRD (results not shown). 

 

Figure 6.  SEM (BEC) analysis of the as-HIPed and heat treated microstructure: A,C) CR-164HfY (outlined in red) and 
B,D) CR-166TiY (outlined in blue) 

Elevated temperature (1200°C) heat treatment was used to promote the internal O-exchange reaction 
between the metastable Cr-enriched PPB oxide and internal Y-containing IMC particles.  During this 
reaction the volume percent of PPB oxide was reduced to ~1.5±0.4 and ~0.4±0.1 vol. % in CR-164HfY 
and CR-166TiY, respectively (see yellow arrows in Figure 6C and D).  Interestingly, the PPB oxide 
chemistry was seemingly unchanged in CR-164HfY (i.e., remaining Cr-enriched), but evolved into a 
mixed Ti-Cr oxide in CR-166TiY (i.e., Ti-Cr-O).  This provides some insight into the relative diffusivity 
difference between Ti and Hf within the α-(Fe,Cr) matrix.   

Additionally, the Y-containing IMC particles seemed to be fully consumed or transformed during this 
internal O-exchange reaction.  This reaction resulted in the formation of mixed oxide dispersoids 
throughout the alloy microstructure.  Larger mixed oxide particles seemed to form at grain boundaries, as 
a result of increased reactive element (i.e., Y, Hf, and Ti) concentration, in conjunction with enhanced 
diffusion kinetics (see green arrows in Figure 6C and D).  

TEM analysis of the as-heat treated microstructure revealed a more uniform distribution of nano-metric 
oxide dispersoids throughout the alloy microstructure (see Figure 7C and D).  The volume fraction of 
these oxide particles was measured at ~0.5 vol. % for both CR-alloys through refinement of XRD data 
(results not shown).  Furthermore, the number density of the oxide particles was calculated at ~3x1021 m-3 
for each CR-alloy, assuming a TEM foil thickness of 100nm.  These nano-metric dispersoids also were 
found to contain a spheroidal morphology.               

 



 

Figure 7.  TEM (BFI) analysis of the as-HIPped and heat treated microstructure:  A,C) CR-164HfY (outlined in red) and 
B,D) CR-166TiY (outlined in blue)  

Dispersoid Thermal Stability 

Extended (i.e., 2.5, 100 and 1,000hrs) elevated temperature (1200°C) heat treatments were used to 
evaluate the thermal stability of the nano-metric oxide dispersoids.  SEM analysis revealed a severe 
difference in coarsening rate between the residual PPB oxide (see red arrows in Figure 8) and larger Hf or 
Ti enriched oxide particles (see yellow arrows in Figure 8) within both CR-alloy microstructures.  
Additionally, this analysis reveals the importance of fully dissolving the PPB oxide, in order to prevent 
large precipitate formation during coarsening of the microstructure, which could act as void nucleation 
sites leading to subsequent crack formation during operational use of such materials.  Complete 
dissociation of the PPB oxide should be possible through the internal O-exchange reaction, if an optimum 
balance of Y/O is achieved during initial GARS processing [14].      



 

Figure 8.  SEM (BEC) analysis of CR-164HfY (outlined in red) and CR-166TiY (outlined in blue) following heat 
treatment at 1200°C: A,D) 2.5hrs, B,E) 100hrs C,F) and 1,000hrs 

The thermal stability of the nano-metric oxide dispersoids within the CR-alloy matrix was evaluated 
using TEM-BFI analysis (see Figure 9).  The dispersoid number density very gradually decreased as heat 
treatment time increased, assuming an equivalent TEM foil thickness of 100nm (see Table 2).  Overall, 
the dispersoids in each CR-alloy displayed remarkable thermal stability, in that, only a small degree on 
measurable coarsening was apparent after 1,000hrs at 1200°C.   

 

Figure 9.  TEM-BFI analysis of CR-164HfY (outlined in red) and CR-166TiY (outlined in blue) following heat treatment 
at 1200°C: A,D) 2.5hrs, B,E) 100hrs C,F) and 1,000hrs 



Table 2.  Dispersoid number density as a function of heat treatment time at 1200°C 

Time at 1200°C 
(hrs) 

CR-164HfY  
Dispersoid No. Density (No. m-3) 

CR-166TiY  
Dispersoid No. Density (No. m-3) 

2.5 2.9x1021 3.0x1021 

100 2.4x1021 2.5x1021 

1,000 9.2x1020 5.8x1020 

Phase Identification 

A qualitative chemical analysis of the dispersoid particles was accomplished using STEM with an EDS 
linescans across the nano-metric oxides (see horizontal red line in Figure 10B and D).  The dispersoids in 
CR-164HfY (Figure 10A and B) were found to be enriched in Hf (green line) and O (blue line) with only 
small amounts of Y (purple line), while the dispersoids in CR-166TiY (Figure 10C and D) were found to 
contain equal amounts of Y (purple line) and Ti (green line) in addition to increased amounts of O (blue 
line).  

 

Figure 10.  Accompanying TEM-BFI with STEM-EDS linescan chemical analysis of the nano-metric oxide dispersoids: A-
B) CR-164HfY and C-D) CR-166TiY   

XRD was used to characterize dispersoid phase formation within the CR-alloy microstructure following 
elevated temperature heat treatment (see Figure 11).  These XRD results clearly indicate dispersoid 
formation following heat treatment at 1200°C for 2.5hrs, which agrees well with the aforementioned 



microstructure analysis (see Figure 6 and Figure 7), providing further evidence of an apparent internal O-
exchange reaction.  The mixed oxide dispersoids were identified as either Y2Hf2O7 (vertically dashed 
light-red line) or Y0.33Hf0.67O1.83 (vertically dashed dark-red line) within CR-164HfY and as Y2Ti2O7 
(vertically dashed blue line) within CR-166TiY.  Crystal structure parameters for each phase are listed in 
Table 3. 

Table 3.  Crystal structure parameters for each possible dispersoid phase [19-21] 

Phase Space Group Lattice Parameter (Å) Molar Volume (m3 mol-1) 
Y2Hf2O7 Fd-3m 10.30 8.22x10-5 

Y0.33Hf0.67O1.83 Fm-3m 5.15 2.06x10-5 

Y2Ti2O7 Fd-3m 10.09 7.73x10-5 

 

 

Figure 11.  XRD results revealing dispersoid phase formation and phase stability for CR-164HfY (red lines) and CR-
166TiY (blue lines) 

Additionally, the XRD data (Figure 11) was used to calculate the average dispersoid radius using the 
Scherrer formula (Equation 2), which estimates crystallite size as a function of peak broadening [18].   

     (Equation 2) 

Where, t is equal to dispersoid thickness, k is a shape constant, λ is incident X-ray wavelength, β is the 
measured peak broadening at full width half max, and θΒ is the Bragg angle.  A shape constant of 0.8290 
was used during this analysis, due to the spheroidal morphology of the dispersoids in both CR-alloys [22].  



The calculated dispersoid radius for each CR-alloy as a function of heat treatment time is displayed in 
Table 4.  This analysis shows the average dispersoid radius in CR-164HfY increased ~10% after 1,000hrs 
at 1200°C, while the average dispersoid radius in CR-166TiY increased ~15% during the same heat 
treatment.  This comparison signifies that the dispersoids formed within CR-164YHf are more thermally 
stable compared to those formed in CR-166TiY.     

Table 4.  Calculated dispersoid radius as a function of heat treatment time at 1200°C 

Time at 1200°C 
(hrs) 

CR-164HfY  
Calc. Dispersoid Radius (nm) 

CR-166TiY  
Calc. Dispersoid Radius (nm) 

2.5 11.7 19.2 

100 11.9 19.8 

1,000 12.9 22.0 

 

Microhardness Evaluation 

The microhardness of each CR-alloy decreased with increased heat treatment time at 1200°C (see Figure 
12A).  The decrease in microhardness is thought to be related to α-(Fe,Cr) grain growth, as result of 
dispersoid coarsening.  For this reason, the α-(Fe,Cr) grain size also was evaluated as a function of heat 
treatment time (see Figure 12B).   

 

Figure 12.  A) Microhardness evaluation as a function of heat treatment time for CR-164HfY (red line) and CR-166TiY 
(blue line) and B) grain growth analysis as a function of heat treatment time compared to predicted values for CR-
164HfY (red line) and CR-166TiY (blue line) 

Furthermore, the measured grain size was compared with the predicted grain size using the Zener model 
(see Figure 12B).  This model (Equation 3) predicts the average grain size as a function of dispersoid size 
and volume fraction, assuming a uniform dispersoid distribution [11].      

      Equation 3 



Where, Rc is the Zener limit (i.e., predicted grain size), r is dispersoid radius, and f is dispersoid volume 
fraction.     

DISCUSION 

Gas Atomization Reaction Synthesis 

The rapid oxidation kinetics associated with GARS processing have previously been found to scale 
linearly with the O2 content within the atomization gas (see Figure 13) [17].  The rate of oxidation is 
thought to be related to the local O2 partial pressure (po2), developed within the primary atomization zone, 
as defined by the concentration of O2 within the atomization gas.  The caveat of this empirically 
determined relationship is that, the atomized droplets are assumed to have been exposed to the oxidizing 
environment for an equal duration as a function of droplet size.  Therefore, modifications to the 
atomization processing parameters that affect melt delivery and subsequent atomization spray 
characteristics could significantly influence the overall oxidation of the powders from one CR-alloy to the 
other.    

 

Figure 13.  Resulting powder O content as a function of reactive atomization gas concentration: CR-164HfY (red circle) 
and CR-166TIY (blue circle) 

Interestingly, the oxidation of CR-164HfY powders seemed to deviate from the empirically developed 
linear oxidation model (red circle in Figure 13), compared to CR-166TiY powders.  This deviation is 
thought to be related to the change in pour tube geometry (see Figure 14).  The pour tube used for CR-
164HfY contained a flared exit orifice that came to a sharpened tip, similar to that of a trumpet (see 
yellow arrow in Figure 14A).  Additionally, this pour tube contained four fins that protruded from the 
interior wall of the pour tube into the path of the liquid, acting as barriers to melt rotation (see red arrow 



in Figure 14).   On the other hand, the exit orifice of the pour tube for CR-166TiY was partially flared and 
contained a blunt tip with ~1mm wall thickness (see yellow arrow in Figure 14C).    

 

Figure 14. Pour tube exit geometry and atomization spray characteristics: A-B) CR-164HfY and C-D) CR-166TiY 

Modifications to the pour tube geometry appeared to dramatically affect melt delivery and subsequent 
atomization break-up characteristics between the two alloys.  The sharpened pour tube tip (CR-164HfY) 
seemed to promote increased thinning of the melt film prior to atomization compared to the blunt pour 
tube tip (CR-166TiY), as illustrated by the narrower melt ligaments around the periphery of the pour tube 
(see yellow arrows in Figure 14B and D).  Furthermore, the sharpened pour tube tip appeared to stabilize 
a hallow spray structure within the primary atomization zone (see Figure 14B), as direct consequence to 
increased melt filming.  This hallow structure is believed to have extended into the internal cavity of the 
pour tube, thus lengthening the molten metal exposure time within the oxidizing environment, which lead 
to increased O content within the CR-164HfY powders.   

These results highlight the importance of controlling the atomization processing parameters and indicate 
the need for further GARS experimental trials, in order to better understand and model this rapid 
oxidation process.   

Dispersoid Formation 

The rapid kinetics of this GARS process promoted the formation of an ultra-thin metastable Cr-enriched 
surface oxide layer (see Figure 3 and Figure 4).  Upon consolidation, this kinetically favored phase was 
strategically positioned along internal PPBs (Figure 6A and B).  Isolating this metastable oxide phase 
internally is thought to further reduce the oxide stability by lowering the O activity along the phase 
boundary.  As a result, elevated temperature heat treatment was successful at dissociating the PPB oxide, 
allowing O to diffuse towards the interior of the powder particle driven by a concentration gradient.  The 
O was subsequently consumed through internal oxidation of Y-containing IMC particles, which resulted 
in the formation of more thermodynamically stable mixed nano-metric Y-(Hf or Ti)-O dispersoids 
throughout the CR-alloy microstructure (see Figure 7C and D).    

This type of O-exchange reaction is described as diffusionless internal oxidation [23], assuming the rate 
of reaction is controlled by the internal diffusion of only O, since Y contains limited solubility and 
diffusivity within the α-(Fe,Cr) matrix (see Figure 16B).  This prevents the internal O exchange reaction 
from occurring predominantly along the PPBs, allowing for dispersoid formation throughout the 
microstructure.  As a result, the internal structure of Y-containing IMC particles, that forms during rapid 



solidification or subsequent low temperature consolidation (see Figure 5 and Figure 6), is thought to pre-
determine the size and distribution of nano-metric oxide dispersoids.   

For this reason, larger Y-containing IMC particles that generally form along previous as-solidified cell 
boundaries result in the formation of larger oxide dispersoids (see green arrow in Figure 15A and B).  
Alternatively, internal regions of the as-solidified cellular structure, where significant solute trapping of Y 
occurs, seems to yield a more homogenous distribution of much finer nano-metric oxide dispersoids (see 
red arrow in Figure 15A and B).  Furthermore, larger Hf (CR-164HfY) or Ti (CR-166TiY) enriched 
oxides were identified along the PPBs (see yellow arrow in Figure 15A and B). This highlights the 
importance of achieving an ideal balance between the initial O and Y content within the consolidated CR-
alloy microstructure, in an effort to achieve full dissociation of the PPB oxide and elimination of the large 
oxide particles.    

This analysis provides insight on how to control the resulting ODS microstructure through selection of 
precursor as-atomized powders with an optimum solidification structure (e.g., solidification cell size or 
super-saturated solid solution).    

 

Figure 15.  Resulting dispersoid size and distribution: A) CR-164HfY (outlined in red) and B) CR-166TiY (outlined in 
blue) 

Thermal Stability 

The mixed Y-Hf-O dispersoids in CR-164HfY were found to be more thermally stable than the Y-Ti-O 
dispersoids in CR-166TiY (see Table 4).  This increased stability resulted in better microhardness 
retention, which indicates a notably stable alloy grain structure (see Figure 12).     

A linear fit to the dispersoid coarsening data measured at 1200°C (Figure 16A) was used to calculate the 
dispersoid coarsening rate constant and initial dispersoid radius (see Table 5) using the classical LSW 
volume-controlled coarsening theory (Equation 4) [24, 25].  

    Equation 4 

Where, r is average dispersoid radius after time t, r0 is initial dispersoid radius at the onset of coarsening, 
and K is the coarsening rate constant. 



 

 

Figure 16. A) average dispersoid radius (r3) as a function of heat treatment time at 1200°C, and B) relative α-Fe atomic 
diffusion coefficient for each alloying addition [26-30] 

Table 5.  Coarsening rate constant and initial dispersoid radius at 1200°C  

Alloy K (m3s-1) ro (m) 
CR-164HfY 1.4x10-31 1.17x10-8 

CR-166TiY 9.6x10-31 1.93x10-8 

 

The coarsening rate constant for the Y-Hf-O dispersoids (KY-Hf-O) was calculated to be ~7 times less than 
that of the Y-Ti-O dispersoids (KY-Ti-O) (see Table 5).  The variables that define the coarsening rate 
constant are shown in Equation 5 [24, 25].   

     Equation 5 

Where, DM
α is diffusivity coefficient for the rate limiting element M in matrix α, X∞ is the equilibrium 

concentration limit of solute M in matrix α (assuming an infinite (∞) dispersoid radius), σint is interfacial 
free energy between the matrix and dispersoid, Vm is molar volume of the dispersoid, R is the gas 
constant, T is absolute temperature. 

According to LSW theory, the element with the lowest flux (i.e., DM
α X∞) through the parent matrix will 

be considered rate limiting and should determine the coarsening constant.  A comparison of the relative α-
Fe diffusivity coefficients for each alloying addition is shown in Figure 16B.  This analysis demonstrates 
that Y (solid black line) will be the slowest diffusing element through the α-Fe matrix, and is likely the 
rate limiting element for both the Y-Hf-O and Y-Ti-O dispersoids.   

Therefore, Equation 5 can further be simplified by eliminating interconnected variables between the two 
dispersoid types (Equation 6).  

      Equation 6 



Furthermore, the interfacial energy of the dispersoids is thought to be similar, due to analogous dispersoid 
morphology.  For this reason, it is logical to assume that the Y-Hf-O dispersoids contain a smaller molar 
volume compared to the Y-Ti-O dispersoids, in order to account for the decrease in coarsening rate.   

This explanation suggests that the dispersoids formed in CR-164HfY are probably Y0.33Hf0.67Y1.83 as 
opposed to Y2Hf2O7 (see Table 3).  Moreover, this agrees well with the EDS linescan results (see Figure 
9B) which indicated the dispersoids were enriched in Hf.   

Additionally, a theoretical ro ratio between the two presumed dispersoid types for each CR-alloy (i.e., 
Y0.33Hf0.67O1.83 (ro

Hf) and Y2Ti2O7 (ro
Ti)) can be determined using a simple geometrical relationship of the 

dispersoid molar volumes, assuming an equivalent number of moles (Equations 7-9).  This comparison 
predicts an ro ratio of ~1.6 between the two phases, which is in quite good agreement with the 
experimentally determined ro ratio value of ~1.6 (see Table 5) 

     Equation 7 

     Equation 8 

      Equation 9 

Overall, the decrease in molar volume between Y0.33Hf0.67O1.83 and Y2Ti2O7 (see Table 3) accounts for an 
expected 3.5 times decrease in coarsening rate between the Y-Hf-O and Y-Ti-O dispersoids, in contrast to 
the experimental value of ~7 times.  This indicates that other factors might also be influencing the 
coarsening rate difference between the dispersoids (e.g., interfacial energy or multi-component coupled 
diffusion [31]). 

The product of Vm and σint (see Equation 6) can be thought of as a scalar for change in chemical potential 
at the dispersoid-matrix interface (see Equation 10) [9]. 

     Equation 10 

Where, Δµ is change in chemical potential and 2/r is the curvature of the spherical dispersoid.  

Thus, a decrease in Vm can lower the Δµ for a given dispersoid radius, by reducing the “Gibbs-
Thompson” solubility and lessening the concentration gradient at the dispersoid interface, resulting in 
slower coarsening kinetics.   

This analysis postulates that strategic additions of Hf can be used to modify the resulting dispersoid 
crystal structure and corresponding Vm, which has been suggested as an effective method for increasing 
dispersoid thermal stability.   

These preliminary findings are quite interesting and offer a possible explanation for the increased thermal 
stability gained through the addition of Hf over Ti in Fe-based oxide dispersion forming powders [17, 
32], but further experimental trials will be necessary to confirm this mechanism.    



SUMMARY 

Gas atomization reaction synthesis (GARS) was used to produce two oxide dispersion forming ferritic 
stainless steel alloys (i.e., Fe-Cr-Y-(Hf or Ti)).  Modification to the atomization pour tube geometry was 
found to influence melt delivery and subsequent atomization characteristics, which effectively doubled 
the oxidation rate between the two alloys.  Elevated temperature heat treatment of the consolidated 
powders promoted an internal O-exchange reaction between metastable Cr-enriched prior particle 
boundary oxide and Y-containing intermetallic compound precipitates, leading to the formation of mixed 
nano-metric Y-(Hf or Ti)-O dispersoids.  The dispersoids were preliminarily identified as Y0.33Hf0.67O1.83 
or Y2Hf2O7 in the Hf-containing alloy and as Y2Ti2O7 in the Ti-containing alloy.  Extended heat 
treatments at 1200°C found reduced coarsening kinetics associated with the Y-Hf-O dispersoids 
compared to Y-Ti-O dispersoids.  A decrease in molar volume associated with the Y0.33Hf0.67O1.83 phase 
was offered as an explanation for increased dispersoid thermal stability.      
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