
 

ABSTRACT 

DEJONG, MATTHEW MARK. Effects of GARS Powder Feedstock on ODS Steel Fabricated 

via Laser Powder Bed Fusion (Under the direction of Dr. Djamel Kaoumi). 

 Oxide dispersion strengthened (ODS) steels are a promising candidate for structural 

applications in Generation IV nuclear reactors. Spherical nanoscale oxides present within these 

steels are known to improve strength at elevated temperatures, support helium management, and 

improve resistance to radiation damage. Through additive manufacturing, these alloys can be 

consolidated in complex geometries, reducing the need for shaping and joining processes. Oxide 

dispersion strengthened steels were produced via laser powder bed fusion at the Center for 

Advanced Manufacturing and Logistics (CAMAL) using a wide variety of gas atomization 

reaction synthesis (GARS) feedstock. The microstructure of both powders and prints were 

characterized to determine the effect that the powder feedstock type (in terms of chemistry and 

size) influences the microstructure of the ODS steel. 

 Through transmission electron microscopy (TEM) and high-resolution x-ray diffraction 

(HR-XRD), the microstructure of powder particles was identified and compared. Surface 

oxidation was thicker in powder particles produced from atomization gas with a higher oxygen 

content, as well as in coarser powder particles. This is due to the fact that oxidation is supported 

by higher availability of oxygen, as well as the longer periods of diffusion that occur within 

coarser powder particles due to slower cooling and solidification rates. However, overall oxygen 

content was lower in coarser powder particles due to the reduction in the ratio of surface area to 

volume as powder size increases. Within the matrix of the powder, increased amounts of 

intermetallic in the form of Y-Fe or Y-Zr-Fe (when zirconium is added) are present when the 

powder is either coarser or contains a higher amount of yttrium. The morphology and size of 

intermetallic precipitation changes with powder size, as a result of changing solidification and 

cooling rates. Lastly, additional precipitation within the matrix in the form of yttrium rich oxides 

and nitrides were observed in coarse powder particles. 

 The first aspect evaluated was powder chemistry, in which powder of similar sizes with 

different amounts of yttrium, oxygen, titanium, and zirconium was used to produce ODS steel. 

The precipitation in ODS steel prints was evaluated via transmission electron microscopy (TEM) 

and atom probe tomography (APT). The base composition for this study, Fe-14.03Cr-3.06W-



 

0.40Ti-0.35Y-0.10O was consolidated and formed Ti2O3 and Y-Ti rich oxides throughout the 

matrix. Changing the amount of oxygen, yttrium, titanium, and zirconium within the powder 

significantly altered the type of precipitation that formed. Additionally, a larger volumetric 

precipitate density was observed in powder with increased amounts of yttrium and zirconium, 

which have low solubility limits in steel, and will form intermetallic precipitation in the absence 

of oxygen. 

 Printing with powder of the same chemistry but varying sizes also had large influences on 

the precipitation within the steel. Significant changes in precipitate type were observed within 

the matrix of prints performed in argon. This is due to the varying oxide content associated with 

powder size. However, when printing in a reactive atmosphere of argon with 5 wt% oxygen, Y-Ti 

oxides were consistently observed when using powder of varying sizes.  

 In both sets of experiments focused on effects of powder chemistry changes and effects 

of powder size changes on printed ODS steels, smaller precipitation was observed in prints from 

powder with higher oxide contents. 

  Lastly, six various batches of Ni-Cr-Y-Ti-Al powder produced through typical gas 

atomization or gas atomization reaction synthesis were consolidated via laser powder bed fusion. 

In both powder and prints, chemistries with high yttrium and titanium contents supported the 

formation of Ni5Y intermetallic along cell boundaries. Despite varying oxygen 

content/availability through reactive atmospheres during atomization and printing, Ni5Y 

continued to precipitate along cell boundaries when approximately 1wt% of yttrium was present. 

When lower yttrium and titanium content powder was consolidated via LPBF, a traditional ODS 

nickel alloy was observed. 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

É Copyright 2025 by Matthew Mark deJong 

All Rights Reserved 

 

 

 

 

 

 

 

 

 

 

 



 

Effects of GARS Powder Feedstock on ODS Steel Fabricated via Laser Powder Bed Fusion 

 

By: Matthew Mark deJong 

 

 

A thesis submitted to the Graduate Faculty of 

North Carolina State University 

in partial fulfillment of the  

requirements for the degree of 

Doctor of Philosophy 

 

Materials Science and Engineering 

 

Raleigh, North Carolina 

2025  

 

APPROVED BY: 

 

 

 

_______________________________                               _______________________________ 

Dr. Djamel Kaoumi                                                             Dr. Timothy Horn 

Chair of Advisory Committee                                             Co-Chair of Advisory Committee 

 

_______________________________                               _______________________________ 

Dr. Rajeev Gupta                                                                 Dr. Christopher Rock



ŔŔ 
 

BIOGRAPHY 

 Matthew Mark deJong was born and raised in southern New Jersey. Matthew attended 

school in the Woodstown-Pilesgrove school district and graduated from high school in 2017. 

Throughout high school and the beginning of college, Matthew worked with his father, Mark 

deJong, over the summers at his fatherôs tool and die manufacturing company, MSD Precision.  

Matthew obtained a Bachelor of Science degree in Materials Science and Engineering at Virginia 

Polytechnic Institute and State University (Virginia Tech) in 2021. While attending Virginia 

Tech, Matthewôs first research position was as a volunteer research assistant during the summer 

at Rowan University. For this position, Matthew studied corrosion of metallic glass under the 

guidance of Dr. Samuel Lofland. Additional experience Matthew had while being an 

undergraduate student included performing research on non-destructive testing of defects in 

polyethylene storage tanks under the supervision of Dr. Alexander Brand and interning at the 

Commonwealth Center for Advanced Manufacturing as an additive manufacturing intern. For 

Matthewôs senior design project, he researched the effects of barium additions on ductile iron 

castings for his senior design project under the supervision of Dr. Alan Druschitz. After 

graduating, Matthew moved to North Carolina State University to pursue a Doctorate in 

Materials Science and Engineering under the direction of Dr. Djamel Kaoumi. Matthewôs 

doctorate project was titled ñEffects of GARS Powder Feedstock on ODS Steel Fabricated via 

Laser Powder Bed Fusionò. 

 

 

 

 

 

 

 

 

 

 



ŔŔŔ 
 

ACKNOWLEDGEMENTS 

 I would like to thank my parents, Elyse Matriccino, Mark deJong, Joe Matriccino, and 

Kathy deJong, as well as my brothers Alex deJong and Rocco Matriccino, and my grandfather 

Dr. Gerald Lazarus, who have continuously supported me and have listened to me talk about 

steel for far too long. 

 I would like to thank Dr. Djamel Kaoumi and Dr. Timothy Horn for their guidance and 

support throughout my research experience at North Carolina State University. This research 

would not be possible without Sourabh Saptarshi, who operated the laser powder bed fusion 

machine, allowing me to conduct my experiments. I appreciate all of Dr. Iver Andersonôs support 

over the years, supplying my group at NC State University with GARS powder necessary for this 

research, and for the many discussions on metallurgy. I am grateful for all of the training and 

assistance I received from Dr. Chris Winkler, Toby Tung, and Roberto Garcia on characterization 

equipment at AIF facilities. In addition, I appreciate Dr. Elizabethôs Kautzôs support when I 

needed guidance on APT sample preparation and data analysis. I would like to thank my 

committee members Dr. Christopher Rock and Dr. Rajeev Gupta for their time and feedback on 

my work. 

 I appreciate all collaborators who have supported this research, as well as additional 

projects I have worked on at NC State University, including Dr. Chad Parish, Dr. Jennifer 

Forrester, Dr. Saul Lapidus, Dr. Megan Carter, Dr. David Armstrong, Dr. Yaqiao Wu, Dr. Jana 

Howard, Dr. Yu Lu, Dr. Mukesh Bachhav, Dr. Peter Hosemann, Dr. Minsung Hong, Dr. Kayla 

Yano, and Dr. Tiffany Kaspar. I am also grateful to faculty at Oak Ridge National Laboratory for 

providing a great experience during summer internships, including Dr. Soumya Nag, Dr. Chad 

Parish, Dr. Holden Hyer, and Dr. Benjamin Thomas Jr. 

I am grateful for funding from the Department of Energy National Nuclear Security 

Administration through the Nuclear Science and Security Consortium under Award Number(s) 

DE-NA0003996 and the DOE ARPA-E GAMOW (Galvanizing Advances in Market-Aligned 

Fusion for an Overabundance of Watts) program, DE-AR0001379, which made this research 

possible. 

 I am thankful for all of my research colleagues: Philip Alarc·n-Furman, Bruno Caruso, 

Kara Krogh, Dr. Ertuĵrul Demir, Imtiaj Hossain, Dr. Saikumaran Ayyappan, Dr. Dmitry Kretov, 

Chris McRobie, Lucia Rebeca Gomez Hurtado, Robert Gentile III, Dr. Angelica Maria Lopez 

Morales, Vaughn Ramsey, and Owen Bloise. I am especially thankful for support from Fedi 

Fehri, Dr. Ryan Schoell, and Dr. Fu-Yun Tsai during my first year in the research group. 

 Lastly, I am thankful for Michaela Saul and my grandfather, for making time to support 

me in person whenever research was difficult. 

 



Ŕƻ 
 

TABLE OF CONTENTS 

LIST OF TABLES éééééééééééééééééééééééééééééé v 

LIST OF FIGURES ééééééééééééééééééééééééééééé vi 

Chapter 1. Literature Review and Motivations éééééééééééééééééé 1 

1.1 Oxide Dispersion Strengthened Steels and Motivation for Additive Manufacturing 

Route ééééééééééééééééééééééééééééééé 1 

1.2 Literature on Feedstock Effects on Precipitation in Liquid Based Consolidation é... 5 

1.2.1 Processing Routes for ODS Steel Feedstockééééééééééé.. 5 

1.2.2 Effect of Yttrium Additions ééééééééééééééééé... 8 

1.2.3 Effect of Titanium Additions ééééééééééééééééé. 9 

1.2.4 Effect of Zirconium Additions éééééééééééééééé. 10 

1.2.5 Effect of Aluminum Additions éééééééééééééééé. 11 

1.2.6 Effect of Oxygen Content éééééééééééééééé...é. 12 

1.2.7 Effect of Nitrogen and Argon éééééééééééééééé... 12 

1.2.8 Effects from Additional Alloying Elements ééééééééééé. 13 

1.2.9 Powder Size Effects Observed in Additively Manufactured Steels éé. 13 

1.3 Remaining Questions about Feedstock Effects on ODS Steel Consolidated via Laser 

Powder Bed Fusion ééééééééééééééééééééééééé 14 

Chapter 2. Materials and Methods éééééééééééééééééééééé... 16 

 2.1 GARS Powder Feedstockéééééééééééééééééééééé... 16 

 2.2 Laser Powder Bed Fusion Consolidationééééééééééééééééé 19 

 2.3 Sample Preparation and Characterization Methodsééééééééééééé 20 

  2.3.1 Inductively coupled plasma mass spectrometry (ICP-MS) éééééé 20 

  2.3.2 Inert gas fusion ï LECO ééééééééééééééééééé. 20 

  2.3.3 Particle Size Analysis éééééééééééééééééééé.. 21 

  2.3.4 SEM Imaging ééééééééééééééééééééééé.. 21 

  2.3.5 High Resolution X-Ray Diffraction ééééééééééééééé 21 

2.3.6 Focused Ion Beam Sample Preparation and Transmission Electron 

____.Microscopyéééééééééééééééééééééééé.. 22 

  2.3.7 Focused Ion Beam Sample Preparation and Atom Probe Tomography é.. 26 

  2.3.8 Transmission Kikuchi Diffraction ééééééééééééééé... 27 

Chapter 3. Variations in Powder Microstructure across GARS Steel Feedstock ééé.... 28 

 3.1 Surface Oxidation Characterization éééééééééééééééééé... 28 

 3.2 Powder Matrix Characterization éééééééééééééééééééé 38 

  3.2.1 High Resolution X-Ray Diffraction ééééééééééééééé 38 

  3.2.2 Transmission Electron Microscopy ï EDS Mapping and SAED ééé... 40 

  3.2.3 Transmission Kikuchi Diffraction ééééééééééééééé... 47 

 3.3 Discussion éééééééééééééééééééééééééééé.. 47 

 3.4 Summary of Powder Characterization Results éééééééééééééé.. 51 



ƻ 
 

Chapter 4 Effect of GARS Powder Feedstock on ODS Steels Fabricated via Laser Powder 

Bed Fusion éééééééééééééééééééééééééééééééé.. 53 

 4.1 Experimental Method éé.ééééééééééééééééééééé.... 53 

 4.2 Results éééééééééééééééééééééééééééééé 53 

  4.2.1 Powder Characterization ééééééééééééééééééé. 53 

4.2.2 Microstructure of Additively Manufactured ODS Steel produced with 

____.Varying Powder Chemistrieséééééééééééééééééé 56 

4.2.2.1 Precipitation in Medium 1-81 Powder Print éééééééé 56 

4.2.2.2 Precipitation in Medium 1-87 Powder Print éé..ééééé.. 59 

4.2.2.3 Precipitation in Medium 1-89 Powder Print éééééééé 60 

4.2.2.4 Precipitation in Medium 1-95 Powder Print éééééééé 64 

4.2.2.5 Comparisons Across Prints éééééééééééééé.. 66 

 4.3 Discussion éééééééééééééééééééééééééééé.. 70 

 4.4 Summary of Powder Chemistry Effects on Printed ODS steels ééééééé.... 74 

Chapter 5. Effect of GARS Powder Size on Additively Manufactured ODS Steels ééé 75 

 5.1 Experimental Method .éééééééééééééééééééééééé 75 

 5.2 Characterization of Printed ODS Steels made with Feedstock of Varying Sizes é.. 76 

  5.2.1 Imaging of Cross Sectioned Prints ééééééééééééééé.. 76 

  5.2.2 Identification and Quantification of Precipitation Across ODS Steel  

____Prints ééééééééééééééééééééééééééé 77 

5.3 Discussion ééééééééééééééééééééééééé.. 83 

 5.3.1ШVariations in Porosity ééééééééééééééééé.. 83 

 5.3.2 Variations in Precipitate Type éééééééééééééé. 84 

 5.3.3 Variations in Precipitate Size Distribution ééééééééé.. 84 

5.4 Summary of GARS Powder Size Effects on ODS Steel Consolidated via 

LPBF ééééééééééééééééééééééééééééé 88 

Chapter 6. Effect of Yttrium, Titanium and Oxygen Content on Additively Manufactured 

Nickel Alloys using Feedstock Produced via Gas Atomization and Gas Atomization 

Reaction Synthesis ééééééééééééééééééééééééééééé. 89 

 6.1 Experimental Method éééééééééééééééééééééééé. 89 

 6.2 Results éééééééééééééééééééééééééééééé 92 

6.2.1 Powder Characterization ééééééééééééééééééé. 92 

6.2.1.1 Scanning Electron Microscopy ééééééééééééé 92 

6.2.1.2 High Resolution X-Ray Diffraction ééééééééééé. 92 

6.2.1.3 TEM Characterization of Surface Oxidation éééééé...é 94 

 6.2.1.4 TEM Characterization of Powder Matrix ééééééééé 97 

6.2.2. Characterization of Additively Manufactured Nickel Alloys éééé.. 102 

 6.3 Discussion éééééééééééééééééééééééééééé 105 

6.4 Summary of Chemistry Effects on Nickel Alloys Produced via Laser Powder Bed 

___Fusion ééééééééééééééééééééééééééééé... 108 



ƻŔ 
 

Chapter 7. Conclusions and Future Work ééééééééééééééééé...é.. 110 

REFERENCES éééééééééééééééééééééééééééééé. 114 

APPENDICES éééééééééééééééééééééééééééééé...127 

 Appendix A: Maps Used for Quantification of Precipitation Across Consolidated  

Samples éééééééééééééééééééééééééééééé.. 128 

Appendix B: Measuring Powder Surface Oxidation from STEM-EDS Mapping éé. 137 

Appendix C: Additional Observations in GARS Steel Powder Particles ééééé.. 138 

Appendix D: STEM-EDS Maps of Figures 20-23 with all Relevant Elements ééé 139 

Appendix E: SEM-EDS Mapping of Cross Sectioned Ingot produced from LECO Inert 

Gas Fusion Measurements ééééééééééééééééééééééé. 143 

Appendix F: Surface Oxidation Measurements across Nickel-Based Feedstock éé.. 145 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ƻŔŔ 
 

 

LIST OF TABLES 

Table 1. Effect of LPBF printing parameters on ODS steels produced across literature ééé... 4 

Table 2. Description of various powder production techniques used to introduce oxygen or 

oxides into powder éééééééééééééééééééééééééééééé. 5 

Table 3. Source of raw materials for GARS powder synthesis ééééééééééééé 16 

Table 4. Powder batch annotation, oxygen content in atomization gas, and elements in alloy ... 17 

Table 5. Chemistry of each powder batch measured via ICP-MS in weight percent éééé.. 18 

Table 6. Chemistry of 1-81 powder batch of different powder sizes in weight percent ééé.. 19 

Table 7. Printing parameters used to produce all ODS steel samples in this study ééééé. 20 

Table 8. Results of Rietveld refinement, showing lattice parameters of each phase, proportions of 

each phase in weight percent, and the Rp values for each fit ééééééééééééé.. 40 

Table 9. Powder chemistry in weight percent across various batches of GARS powders é...é 53 

Table 10. Volumetric powder size distribution in percentiles ééééééééééééé.. 54 

Table 11. Atomic composition of medium 1-81 powder print matrix determined via APT éé 58 

Table 12. Precipitation distribution measured for each printed ODS steel éééééééé.. 69 

Table 13. Core-shell structures observed across literature in LPBF consolidated ODS steel é. 71 

Table 14. Relative density of prints produced from powder of varying sizes ééééééé. 77 

Table 15. Summary of precipitation observations across ODS steel prints éééééééé. 80 

Table 16. Statistics on diameter, volume, and volumetric density of precipitation in prints of 

varying atmospheres made with 1-81 (original composition) powder of varying sizes ééé.. 82 

Table 17. Powder compositions obtained via ICP-MS and GARS processing parameters [137] as 

well as inert gas fusion measurements of oxygen content éééééééééééééé... 90 

Table 18. Laser powder bed fusion printing parameters for nickel alloys éééééééé... 91 

Table 19. Prints characterized to evaluate changes in microstructure across additively 

manufactured nickel alloys éééééééééééééééééééééééééé.. 91 

Table F1. Average thickness of surface oxidation measured via STEM-EDS and diameter of 

powder particles analyzed éééééééééééééééééééééééééé.. 145 

 



ƻŔŔŔ 
 

LIST OF FIGURES 

Figure 1. Yield strength values of ODS Steel consolidated via sintering (left) and liquid based 

consolidation (right). In order to observe points, the reported temperatures were staggered. Hot 

extrusion [12-24] is reported as-is, spark plasma sintering [25-38] is increased by 10K, hot 

isostatic pressing [39-47] is increased by 20K, and hot extrusion modified by friction processing 

[18] is decreased by 10K. For the liquid-based consolidation techniques, laser powder bed fusion 

[48-62] is reported as-is, L-DED [63-66] is increased by 10K, cast materials [67-73] are 

increased by 20K, and WAAM [66, 74] is reduced by 10K. éééééééééééééé 2 

Figure 2. Oxygen content measured via inert gas fusion for each powder batch as a function of 

powder size éééééééééééééééééééééééééééééééé.. 18 

Figure 3.ШFIB Sample Preparation for 33 um powder from batch (1-81), showing (a) platinum 

deposition on surface, (b-c) material hog-out and (c) J-cut around sample perimeter, (d-e) sample 

after transfer to copper grid, and (f) sample after thinning éééééééééééééé 23 

Figure 4. FIB sample preparation for ODS steel printed with 1-95 powder in argon, showing (a) 

platinum deposition on surface, (b-c) material hog-out and J-cut around sample perimeter, (d-e) 

sample after transfer to copper grid, and (f) sample after thinning ééééééééééé. 23 

Figure 5. Regions characterized via STEM-EDS for size distribution measurements of 

precipitates éééééééééééééééééééééééééééééééé... 26 

Figure 6. STEM bright field and EDS mapping of the surface of powder particles of varying 

diameters (left column) from the 1-81 (original composition) batch éééééééééé.. 29 

Figure 7. STEM bright field and EDS mapping of the surface of powder particles of varying 

diameters (left column) from the 1-87 (more yttrium and oxygen) batch éééééééé....30 

Figure 8. STEM bright field and EDS mapping of the surface of powder particles of varying 

diameters (left column) from the 1-89 (less oxygen) batch éééééééééééééé. 31 

Figure 9. STEM bright field and EDS mapping of the surface of powder particles of varying 

diameters (left column) from the 1-95 (zirconium addition) batch é...ééééééééé.. 32 

Figure 10. Volume percent of powder that is oxide shell across powder chemistries and particle 

sizes, calculated from average surface oxidation thickness measured via ImageJ ééééé.. 33 

Figure 11. Average titanium oxide diameter beneath surface oxidation in powder of varying 

chemistries and particle sizes ééééééééééééééééééééééééé... 34 

Figure 12. SAED analysis of 75 nm diameter TiO2 precipitation beneath surface oxidation of 

105ɛm powder particle in 1-81 (original composition) powder particle ééééééééé. 34 

Figure 13. EDS elemental maps of oxidation from the surface penetrating into the matrix in 1-87 

96 Õm powder particle (top) and 1-87 46 Õm powder particle (bottom) ééééééééé. 35 



Ŕǂ 
 

Figure 14. High magnification EDS maps of the surface of 1-89 95 Õm powder particle éé.. 36 

Figure 15. High magnification EDS maps of the surface of 1-95 102 Õm powder particle éé 36 

Figure 16. EDS elemental maps of chromium oxide formation in 1-89 95Õm powder particle . 37 

Figure 17. SAED analysis of chromium rich oxidation on surface of 1-89 (less oxygen) 95ɛm 

diameter powder particle ééééééééééééééééééééééééééé.. 37 

Figure 18. (a) HR-XRD patterns showing the planes of the major phase, Ŭ-Fe, (b) magnified 

regions showing the identified planes of the secondary phase, Y2Fe17 ééé..éééééé.. 38 

Figure 19. An example Rietveld refinement, with a magnified region of a Rietveld refinement 

showing the fit to the Y2Fe17 phase ééééééééééééééééééééééé.. 39 

Figure 20. TEM micrographs, STEM bright field and EDS mapping of matrix features across 1-

81 (original composition) powder lift-outs. Additional elements are shown in Appendix D Figure 

D1 é...éééééééééééééééééééééééééééééééééé.. 42 

Figure 21. TEM micrographs, STEM bright field and EDS mapping of matrix features across 1-

87 (more yttrium and oxygen) powder lift-outs. Additional elements are shown in Appendix D 

Figure D2 ééééééééééééééééééééééééééééééééé. 43 

Figure 22. TEM micrographs, STEM bright field and EDS mapping of matrix features across 1-

89 (less oxygen) powder lift-outs. Additional elements are shown in Appendix D Figure D3 ... 44 

Figure 23. TEM micrographs, STEM bright field and EDS maps of matrix features of 1-95 

(zirconium addition) powder lift-outs. Additional elements are shown in Appendix D  

Figure D4 ééééééééééééééééééééééééééééééééé. 45 

Figure 24. SAED analysis of precipitates of varying compositions, morphologies and sizes across 

powder lift-outs, with matrix planes labelled in blue, precipitate planes labelled in white, and 

precipitate absence planes labelled in orange ééééééééééééééééééé.. 46 

Figure 25. TKD of the 1-95 (zirconium addition) 10 Õm powder with image of powder on the 

left, map of Ŭ iron in the center, and a color map of crystallographic direction on the right é.. 47 

Figure 26. Expected point of nucleation (red circle), and direction of solidification (red arrow) 

based on direction of elongated grains in the 1-87 10 Õm powder particle (left) 1-95 10 Õm 

powder particle (middle) and 1-81 20 Õm powder particle (right) taken from Figures 20, 21 and 

23 éééééééééééééééééééééééééééééééééééé.. 49 

Figure 27. Bright field micrographs of cellular yttrium intermetallic structure with patches of 

finer precipitates within in the 1-81 33 Õm powder (left) and 1-87 10 Õm powder (right) éé. 50 

Figure 28. Bright field STEM images of coarse intermetallic precipitates, intermetallic 

precipitation along grain boundaries, and smaller Y-rich precipitates (outlined in blue) éé.... 50 



ǂ 
 

Figure 29. EDS elemental maps of end points in cellular structure in 1-89 95 Õm powder particle 

(top) and 1-87 46 Õm powder particle (bottom) observed within elemental maps in Figures 21 

and 22 éééééééééééééééééééééééééééééééééé... 51 

Figure 30. Powder size distribution across chemistries ééééééééééééééé... 54 

Figure 31. SEM of GARS powder from medium 1-81 (original composition) (a), medium 1-87 

(more yttrium and oxygen) (b), medium 1-89 (less oxygen) (c), and medium 1-95 (zirconium 

additions) (d) powder batches ééééééééééééééééééééééééé.. 55 

Figure 32. STEM-EDS mapping of oxides (a) with line scan of coe-shell structure (b) as well as 

EDS spectra of core (yellow) and shell (black) in print with medium size 1-81 (original 

composition) powder éééééééééééééééééééééééééééé... 56 

Figure 33. STEM-EDS mapping and line scan of precipitates throughout print using medium 1-

81 (original composition) powder éééééééééééééééééééééééé 57 

Figure 34. SAED of oxide core indexed as Ti2O3 with matrix indexed as Ŭ-Fe éééééé 57 

Figure 35. APT needle containing Y-Ti rich oxide in medium 1-81 powder print ééééé.. 59 

Figure 36. STEM-EDS mapping (a) and line scans of oxide (b) and intermetallic (c) in medium 

1-87 (more yttrium and oxygen) powder print ééééééééééééééééééé 60 

Figure 37. STEM-EDS mapping (a) and line scans across a yttrium rich intermetallic (b) and 

oxide (c) in medium 1-89 (less oxygen) powder print éééééééééééééééé. 61 

Figure 38. STEM bright field (a), and EDS spectra of oxide and intermetallic (b) with zoomed in 

region (c) ééééééééééééééééééééééééééééééééé.. 62 

Figure 39. Low magnification STEM-EDS mapping (a), higher magnification TEM bright field 

(b) and SAED analysis of YFe5 intermetallic (c) éééééééééééééééééé 63 

Figure 40. STEM-EDS mapping of precipitates and segregation along grain boundary in medium 

1-95 (zirconium additions) powder print ééééééééééééééééééééé. 64 

Figure 41. EDS mapping of precipitation in medium 1-95 (zirconium additions) powder 

print ééééééééééééééééééééééééééééééééééé.. 64 

Figure 42. STEM bright field image of precipitation with corresponding EDS line scans across 

various precipitates ééééééééééééééééééééééééééééé.. 65 

Figure 43. STEM bright field imaging of precipitation (a), as well as full EDS spectra of yttrium 

oxide and surrounding intermetallic (b) and zoomed in region with labelled peaks (c) ééé.. 66 

Figure 44. High angle annular dark field (HAADF) imaging and elemental mapping of ODS 

steels produced from powder of varying chemistries. The top row is mapping of the medium 1-

81 (original composition) powder print, followed by medium 1-87 (more yttrium and oxygen) 



ǂŔ 
 

powder print, medium 1-89 (less oxygen) powder print and medium 1-95 (zirconium addition) 

powder print éééééééééééééééééééééééééééééééé. 67 

Figure 45. Size distribution of precipitation across printed samples using medium size 

powder éééééééééééééééééééééééééééééééééé.. 68 

Figure 46. Average precipitate size (left), density (middle) and interparticle spacing (right) as a 

function of powder chemistry ééééééééééééééééééééééééé.. 70 

Figure 47. Volumetric size distribution measurements of fine, medium, and coarse 1-81 powder 

batches éééééééééééééééééééééééééééééééééé.. 75 

Figure 48. Scanning electron microscopy of the six prints used to determine effect of powder 

size éééé............................................................................................................................... 76 

Figure 49. EDS elemental maps of precipitation in coarse (top row), medium (middle row) and 

fine (bottom row) powder prints performed in argon, all obtained with a field of view of  

793 nm éééééééééééééééééééééééééééééééééé. 77 

Figure 50. STEM-EDS elemental maps of precipitation in coarse (top row), medium (middle 

row) and fine (bottom row) powder prints performed in argon, all obtained with a field of view 

of 793 nm ééééééééééééééééééééééééééééééééé. 78 

Figure 51. Selected area electron diffraction analysis of various precipitates in printed ODS 

steels ééééééééééééééééééééééééééééééééééé. 79 

Figure 52. Size distributions of precipitation across prints with feedstock of varying sizes and 

printing atmospheres of varying oxygen contents ééééééééééééééééé... 81 

Figure 53. Plots comparing average diameter of precipitation and volumetric density of 

precipitation across powder sizes and printing atmospheres used for prints ééééééé... 82 

Figure 54. APT reconstruction of needle taken from fine 1-81 (original composition) powder 

print in argon éééééééééééééééééééééééééééééééé 83 

Figure 55. Average precipitate size in prints of identical laser and spreading parameters plotted 

against oxygen content in feedstock (top), with labels (bottom) éééééééééééé. 86 

Figure 56. Average precipitate size in prints plotted against relative density obtained via SEM 

imaging éééééééééééééééééééééééééééééééééé 87 

Figure 57. SEM images of the low Y-Ti GARS (left) and high Y-Ti GARS Powder (right) é... 92 

Figure 58. (a) HR-XRD patterns of all the alloys in this work, showing that the major phase 

consisting of the FCC-Ni-Cr matrix (with hkl values), and (b) the same XRD patterns magnified 

to highlight the minor peaks in the patterns, and the hkl values of YNi5 in the pattern ééé.. 93 

Figure 59. (a) Rietveld refinement of the low Y-Ti GA powder, and (b) high Y-Ti GA powder . 94 



ǂŔŔ 
 

Figure 60. STEM-EDS Mapping of Surface of gas atomized and GARS powder of varying 

chemistries at 793 nm field of view ééééééééééééééééééééééé. 95 

Figure 61. Volume percent of surface oxidation across GARS powder batches and gas atomized 

powder batches, including oxide contents from steel GARS powder éééééééééé. 96 

Figure 62. STEM-EDS of spherical oxidation near surface of low Y-Ti GARS powder ééé 97 

Figure 63. Low magnification TEM bright field images of powder produced with various 

amounts of yttrium and titanium éééééééééééééééééééééééé.. 98 

Figure 64. STEM-EDS of grain structure and Ni-Y rich intermetallic precipitation within 

different powder particles ééééééééééééééééééééééééééé 99 

Figure 65. STEM-EDS mapping of Ni-Y rich intermetallic at cell boundary in high Y-Ti GARS 

powder éééééééééééééééééééééééééééééééééé.. 99 

Figure 66. Low magnification TEM imaging of cell structure in high Y-Ti GARS powder (a), as 

well as higher magnification images (b), atomic resolution image (c) and FFT generated from 

atomic resolution image (d) ééééééééééééééééééééééééé... 100 

Figure 67. STEM-EDS mapping of precipitation within the matrix of various powder particles 

containing medium or low amounts of yttrium and titanium éééééééééééé.... 101 

Figure 68. SAED analysis of Ni5Y precipitation in low Y-Ti GARS powder éééééé... 102 

Figure 69. STEM-EDS mapping of cellular structure across prints from powder with high 

yttrium and titanium contents ééééééééééééééééééééééééé 103 

Figure 70. Low magnification TEM imaging of cellular structure (a), higher magnification TEM 

imaging (b), atomic resolution imaging of cellular structure (c) and FFT analysis of Ni5Y at 

cellular structure (d) éééééééééééééééééééééééééééé... 103 

Figure 71. SAED analysis of Ni5Y particle in high Y-Ti GARS argon print ééééééé. 104 

Figure 72. STEM-EDS mapping of oxides and yttrium rich segregation along grain boundary in 

prints produced with medium Y-Ti GARS powder in Argon+5%O2éééééééééé.. 105 

Figure 73. Lower magnification TEM imaging of cellular structure in print made with high Y-Ti 

GARS powder in argon (left) and typical ODS nickel microstructure in print made with medium 

Y-Ti GARS powder in reactive atmosphere (right) éééééééééééééééé... 106 

Figure 74. SEM-EDS of the high Y-Ti GARS print in argon taken perpendicular to the build 

directionééééééééééééééééééééééééééééééééé.. 107 

Figure A1. Example of low magnification TEM bright field image (fine powder 1-81 print in 

argon with 5wt% O2) (left) and corresponding thickness map (right) ééééééééé.. 128 



ǂŔŔŔ 
 

Figure A2. Measurements across STEM images for medium 1-87 (more yttrium and oxygen) 

powder print in argon éééééééééééééééééééééééééééé. 129 

Figure A3. STEM-EDS mapping of medium 1-87 (more yttrium and oxygen) powder print in 

argon used for quantification of precipitates ééééééééééééééééééé. 129 

Figure A4. Measurements across STEM images for medium 1-89 (less oxygen) powder print in 

argon éééééééééééééééééééééééééééééééééé.. 130 

Figure A5. STEM-EDS mapping of medium 1-89 (less oxygen) powder print in argon used for 

quantification of precipitates ééééééééééééééééééééééééé. 130 

Figure A6. Measurements across STEM images for medium 1-95 (zirconium addition) powder 

print in argon ééééééééééééééééééééééééééééééé.. 131 

Figure A7. STEM-EDS mapping of medium 1-95 (zirconium addition) powder print in argon 

used for quantification of precipitates éééééééééééééééééééééé 131 

Figure A8. Measurements across STEM images for fine 1-81 (original composition) powder 

print in argon ééééééééééééééééééééééééééééééé.. 132 

Figure A9. STEM-EDS mapping of fine 1-81 (original composition) powder print in argon used 

for quantification of precipitates éééééééééééééééééééééééé 132 

Figure A10. Measurements across STEM images for coarse 1-81 (original composition) powder 

print in argon ééééééééééééééééééééééééééééééé.. 133 

Figure A11. STEM-EDS mapping of coarse 1-81 (original composition) powder print in argon 

used for quantification of precipitates éééééééééééééééééééééé 133 

Figure A12. Measurements across STEM images for fine 1-81 (original composition) powder 

print in argon with 5wt% O2 éééééééééééééééééééééééé...... 134 

Figure A13. STEM-EDS mapping of fine 1-81 (original composition) powder print in argon with 

5wt% O2 used for quantification of precipitates ééééééééééééééééé.... 134 

Figure A14. Measurements across STEM images with Y-Ti overlay for medium 1-81 (original 

composition) powder print in argon with 5wt% O2 ééééé.ééééééééééé.. 135 

Figure A15. STEM-EDS mapping of medium 1-81 (original composition) powder print in argon 

with 5wt% O2 used for quantification of precipitates éééééééééééééééé 135 

Figure A16. Measurements across STEM images for coarse 1-81 (original composition) powder 

print in argon with 5wt% O2 éééééééééééé.ééééééééééééé. 136 

Figure A17. STEM-EDS mapping of coarse 1-81 (original composition) powder print in argon 

with 5wt% O2 used for quantification of precipitates ééééééééééééééé... 136 



ǂŔƻ 
 

Figure B1. Two approaches to surface oxidation measurements from TEM lift-outs. The first is 

taking equidistant EDS line-scans across the surface. When plotted, the entire width of the peaks 

for each element was recorded. Alternatively, STEM-EDS maps were opened in ImageJ and 

measurements were directly taken on the map éééééééééééééééééé.. 137 

Figure B2. Thickness of surface oxidation of steel GARS powder particles for each measurement 

approach plotted against the powder diameter éééééééééééééééééé... 137 

Figure C1. STEM-EDS elemental maps from below the surface of 1-87 33 Õm powder particle. 

Top arrow is pointing at a Y-Ti oxide, and bottom arrow points to titanium enrichment at a Y-Fe 

intermetallic ééééééééééééééééééééééééééééééé... 138 

Figure C2. Before (left) and after (right) hog-out step of FIB sample preparation, with circular 

hole formed due to presence of bubble ééééééééééééééééééééé.. 138 

Figure D1. STEM-EDS mapping of 1-81 (original composition) powder in Figure 20 with the 

addition of Cr, Ti, W, Pt, and C éééééééééééééééééééééééé.. 139 

Figure D2. STEM-EDS mapping of 1-87 (more yttrium and oxygen) powder in Figure 21 with 

the addition of Cr, Ti, W, Pt, and C ééééééééééééééééééééééé 140 

Figure D3. STEM-EDS mapping of 1-89 (less oxygen) powder in Figure 22 with the addition of 

Cr, Ti, W, Pt, and C ééééééééééééééééééééééééééééé 141 

Figure D4. STEM-EDS mapping of 1-95 (zirconium addition) powder in Figure 23 with the 

addition of Cr, Ti, W, Pt, and C éééééééééééééééééééééééé.. 142 

Figure E1. Image of ingot from LECO inert gas fusion measurement of 20-45 Õm polished and 

taped to SEM stub (left) and low magnification SEM image of the polished cross section     

(right) éééééééééééééééééééééééééééééééééé. 143 

Figure E2. Low magnification EDS mapping showing needle-shaped carbon rich precipitation. 

Additional elements such as Ni, Al, Pb, Nb, and Bi show up in negligible quantities under SEM-

EDS and likely comes from the nickel rich capsule that was holding the powder ééééé 143 

Figure E3. SEM-EDS mapping of Fe-Cr rich matrix, carbon rich needles, and Y-Ti-W 

precipitation ééééééééééééééééééééééééééééééé... 144 

Figure E4. High magnification SEM-EDS mapping of Y-Ti-W rich precipitation adjacent to 

carbon rich needle, with no significant oxidation detected éééééééééééééé 144



Ν 
 

CHAPTER 1. Literature Review and Motivations 

1.1 Oxide Dispersion Strengthened Steels and Motivation for Additive Manufacturing 

Route 

Oxide dispersion strengthened steels are a type of steel that relies on the formation of 

stable nanoscale oxides for improved mechanical performance. These nanoscale oxides pin 

dislocations that propagate through the steel matrix, preventing plastic deformation at elevated 

temperatures. Increasing the volumetric density of these oxides reduces interparticle distance 

which improves dispersion strengthening. Additional benefits of this material over traditional 

steels is improved helium management and resistance to radiation damage, as the oxide-metal 

interface can act as a recombination site for point defects and trap helium [1-3]. These properties 

make this category of materials very promising for nuclear engineering applications. In order to 

meet increasing demands for energy, several types of nuclear reactors, known as Generation IV 

nuclear reactors have been designed. Due to the large differences in comparison to Generation III 

nuclear reactors, they have been labelled as ñrevolutionariesò [4]. For these reactors, it is critical 

to have stable structural materials that have dimensional stability under irradiation and heat, 

favorable mechanical properties, resistance to radiation damage, resistance to helium 

embrittlement, and compatibility with fuel and coolant [5]. Due to the properties listed above, as 

well as corrosion resistance supplied by chromium additions within the steel, ODS steel are a 

promising candidate for structural applications in different Generation IV nuclear reactors. One 

exception to this ODS steelôs poor corrosion resistance in operating conditions for molten salt 

reactors, in which case ODS nickel based alloys are more suitable [6]. 

 Feedstock for ODS steel is traditionally formed through the mechanical alloying of steel 

powder with yttria additions, as well as other oxide-forming elements. Various powder 

metallurgy techniques, such as hot extrusion, forging and hot isostatic pressing were traditionally 

used to consolidate powder into parts, resulting in the formation of nanoscale oxides. More 

recent techniques used to sinter ODS steel components include friction-based consolidation, 

spark plasma sintering, and cold spray methods. With advancements in additive manufacturing, 

liquid-based consolidation processes are becoming a popular processing route for ODS alloys. 

Shown in Figure 1 below are yield strength values obtained from ODS steels across studies. 

Overall, sintering techniques were typically able to achieve consistently higher yield strengths 
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than ODS steels produced with liquid-based processes. However, it is important to note that in 

one DED study, ODS steels achieved ultimate tensile strengths on the scale of 1500-1890 MPa 

[7]. While hot extrusion has the highest yield strength values, additive manufacturing is a much 

more recent technique and is still in the process of optimizing ODS steel synthesis. The primary 

advantage of additive manufacturing over other consolidation techniques is the ability to produce 

complex shapes during consolidation. This reduces the need for post-consolidation processes 

such as machining and joining. Furthermore, joining processes such as welding can hinder the 

performance of the material near the joint. Specific processing routes that do not melt the 

material, such as diffusion bonding [8], spark plasma sintering [9] and friction stir welding [10, 

11] are necessary to reduce effects on microstructure and performance. 

 

Figure 1. Yield strength values of ODS Steel consolidated via sintering (left) and liquid based 

consolidation (right). In order to observe points, the reported temperatures were staggered. Hot 

extrusion [12-24] is reported as-is, spark plasma sintering [25-38] is increased by 10K, hot 

isostatic pressing [39-47] is increased by 20K, and hot extrusion modified by friction processing 

[18] is decreased by 10K. For the liquid-based consolidation techniques, laser powder bed fusion 

[48-62] is reported as-is, L-DED [63-66] is increased by 10K, cast materials [67-73] are 

increased by 20K, and WAAM [66, 74] is reduced by 10K. 

Under extremely fast cooling rates, additive manufacturing has the capability to produce 

near-net shape parts while restricting the growth of oxides. It is also important to note that the 
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dispersoids produced are coarser than those produced through sintering methods, because of 

increased solidification times and collision coarsening within melt pools [75]. Additive 

manufacturing techniques that have consistently consolidated ODS steel in literature include 

laser powder bed fusion (LPBF) and directed energy deposition (DED) techniques.  

These additive techniques have many adjustable parameters that influence the 

densification and cooling behavior of parts, including layer thickness, laser power, hatch speed, 

and feed rate. Through balancing these parameters, a high-density part without keyhole porosity 

(too much energy in system) and lack of fusion defects (too little energy in system) can be 

achieved. Many studies have addressed changes in microstructure and performance across 

printing parameters to determine the parameters that lead to a high density, fine oxide dispersion, 

high strength, etc. for a given ODS steel composition [48-50, 76]. Laser powder bed fusion has a 

couple advantages over directed energy deposition techniques, including a higher resolution 

when printing [77], and faster solidification rates upon cooling [78], which should result in finer 

oxides. A review across all ODS alloys [79] has determined that laser powder bed fusion 

typically does produce finer oxides than directed energy deposition. However, oxide size 

distribution can be a product of many different processing variables. For this study, laser powder 

bed fusion is used for the production of ODS steels. 

Printed metals produced via laser powder bed fusion are dependent upon many different 

printing parameters, including laser power, scan speed, hatch spacing, layer thickness, part 

geometry, and scan pattern. Table 1 below summarizes how changes in these parameters 

influence the microstructure of ODS steels. While the focus of this study is on changes in 

feedstock, it is important to understand influences from these parameters in order to relate results 

to the microstructure of ODS steels found in literature.  
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Table 1. Effect of LPBF printing parameters on ODS steels produced across literature 

Process Parameter Change Effects observed in literature 

Increase in laser power - Reduction in porosity ï when approaching 

100% density, density plateaus [76, 80, 81],  

- Reduction in geometric accuracy and 

formability [50] 

- Oxide coarsening [81, 82] 

- Grain coarsening [80] 

- Increase in nitrogen absorption [80], 

decrease in aluminum content [81] 

Increase in scan speed - Increase in porosity [76] 

- No significant change in porosity when fully 

consolidated [80, 81] 

- Narrower grain structure [81] and finer 

grains [80] 

- Decrease in oxygen and nitrogen content 

[80] 

- Decrease in oxide size, increase in oxide 

density [81] 

Increase in hatch spacing - One study showed varying effects on 

porosity with changes in hatch spacing [48], 

another showed consistent part density with 

changes in hatch spacing [76] 

Print orientation - Printing results in columnar grain structure, 

with grain growth parallel to build direction 

- Higher strengths observed perpendicular to 

build direction [55, 59] 

- Higher Youngôs Modulus observed 

perpendicular to build direction [55] 
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1.2 Literature on Feedstock Effects on Precipitation in Liquid Based Consolidation 

1.2.1 Processing Routes for ODS Steel Feedstock 

 One of the most important variables that can influence the microstructure of metals is the 

feedstock used for consolidation. Powder used for consolidation comes from various atomization 

techniques. Commercial steel powders typically do not have additions necessary for nanoscale 

oxide production, and additional processing is necessary to combine powders. Listed in Table 2 

below are different powder production techniques, as well as powder characteristics associated 

with these techniques. 

Table 2. Description of various powder production techniques used to introduce oxygen or 

oxides into powder 

Technique Gas 

Atomized 

Powder 

Additions Description Final Product Reference 

Mechanical 

Alloying 
 

Steel Powder 

 

Y, Zr, Ti or 

Al oxide 

Plastic 

deformation of 

powders via 

ball milling 

 

 

Oxide 

additions 

dissolved in 

deformed 

powder  

[83] 

Soft 

Milling/Mixing 
 

Steel Powder 

 

Y, Zr, Ti, or 

Al oxide 

Coating 

outside of steel 

powder 

through ball 

milling ï slight 

deformation 

 

Spherical 

powder with 

oxidation on 

surface 

[49] 
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Table 2. (continued) 

Advanced 

Dispersion 

Coating / 

Acoustic Mixing 

 

Steel Powder 

 

Y, Zr, Ti or 

Al oxide 

Coating 

outside of steel 

powder 

through 

oscillations or 

ultrasonic 

resonance 

vibrations 

 

Spherical 

powder with 

oxidation on 

surface 

[84] 

Dielectrophoretic 

Deposition 
 

Steel Powder 

 

Y2O3 

Add oxide 

additions and 

steel to pH 

controlled 

solution. Oxide 

coats steel, 

then bake until 

dry 

 

Spherical 

powder with 

oxidation on 

surface 

[78, 85] 

 

Surface 

Treatment of gas 

Atomized 

powder followed 

by Reactive 

Synthesis 

(STARS) 

 

 

Steel powder 

containing Y, 

Ti, Al or Zr 

None Surface 

oxidized 

through heat 

treatments 

 

Spherical 

powder with 

oxidation on 

surface 

[86] 
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Table 2. (continued) 

Gas Atomization 

Reaction 

Synthesis 

(GARS) 

 

Steel powder 

with Y, Ti, 

Ar, and/or Al 

additions 

with surface 

oxidation 

None after 

gas 

atomization 

Oxygen 

present in 

atomizing gas. 

Oxidation 

occurs during 

atomization 

 

Spherical 

powder with 

oxidation on 

surface 

[87] 

 

 Alternative techniques to mechanical alloying promote the formation of spherical powder 

particles, which are desirable for powder bed fusion processes. Spherical powder has a 

significantly higher flowability than irregularly shaped powder [88], and it is important for the 

powder to spread in even layers during laser powder bed fusion consolidation. Gas atomization 

reaction synthesis is a very promising technique for scaling up production of ODS steels. This 

technique incorporates oxide forming additions during the original synthesis of the steel powder, 

has more control over the oxygen content of the powder than regular oxide additions, and can be 

done using gas atomizers, which are already used to produce steel powder on a commercial 

scale. The objective of this study is to observe how variations in GARS feedstock influences the 

quality of oxide dispersion strengthened steels fabricated through the laser powder bed fusion 

process. Powder characteristics discussed in this study are the effects of powder size and 

chemistry. With a deeper understanding of powder effects and further development of printed 

ODS steels, powder can be tailored towards the production of complex shapes for specific 

structural applications. 

It is important to understand how each alloying element influences the precipitation and 

properties of oxide dispersion strengthened steels. Many observations have been made on 

sintered ODS steels. However, the behavior of the material under melting conditions can be very 

different from sintering. The effects of major alloying elements on precipitation and properties 
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on ODS steels produced through casting and additive manufacturing are listed below, as they are 

relevant to this study. 

1.2.2 Effect of Yttrium Additions 

 In order to produce nanoscale oxides that improve nanoscale properties, it is important to 

add elements that will readily oxidize upon consolidation. The first element to be discussed in 

this study is yttrium additions. These additions can lead to the precipitation of Y2O3 [71, 81, 89, 

90], Y2TiO5 [74, 89, 91], Y2Ti2O7
 [63, 74, 91, 92], YTi2O6 [76], Y4Zr3O12 [92], Y-Si oxides [56], 

and Y-Al oxides [55, 81, 93, 94] in ODS steels consolidated via liquid based processes. There are 

two aspects of yttrium that make it extremely favorable for the production of precipitates in ODS 

steels. The first aspect is the low solubility of yttrium in iron. Calculations shown that yttriumôs 

solubility in iron is lower than 0.0020 at% at 1200K approaches 0 at% upon cooling [95]. In 

contrast to this, experimental results show that solubility in terms of mole fraction varies from 

0.060 at 1153 K to 0.029 at 873K, and calculations determine that the weight percentage of 

yttrium in iron at room temperature is at 0.0001 wt% [96]. Additionally, yttrium will use 

available oxygen to form Y2O3. Thermodynamic calculations for systems containing yttrium, 

titanium and oxygen have shown that at lower oxygen levels, Y2O3 formation is favorable over 

Y-Ti oxides and Ti-oxides [97]. The presence of Y2O3 and TiN within nitrogen atomized pre-

alloyed Fe-22Cr-5.1Al-0.5Ti-0.26Y (wt%), shows that the combination of yttrium, aluminum, 

titanium, nitrogen, and low amounts of oxygen, yttrium will still react with available oxygen 

[52].  

In the case where there is insufficient oxygen, yttrium rich intermetallic will precipitate 

resulting in (Fe, Ni, Mn)17Y2 [48, 87, 89, 98, 99] or Fe2Y alloys [87] across both solid and liquid 

based processes. Formation enthalpies of yttrium intermetallic support the observation of these 

precipitates, with Fe17Y2 being the most stable intermetallic with 0.17 at% yttrium in pure iron, 

and Fe2Y with approximately 0.32 at% yttrium in pure iron [95]. Further investigation into the 

thermodynamics of these intermetallic has been performed by I. Saenko, and is outside the scope 

of this study [100]. In cast alloys, the addition of 1.6 wt% yttrium to an Fe-10Ni-7Mn alloy 

without oxygen lead to the precipitation of lamellar intermetallic, which would not be beneficial 

for dispersion strengthening [89]. Meanwhile in hot isostatic pressing, elliptical intermetallic on 
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the nanoscale formed [87], evidencing that intermetallic morphology, and thus, effects of 

precipitation can vary due to the consolidation process.  

In a study by Yin et al. ODS steel with varying amounts of yttrium was consolidated 

under identical laser powder bed fusion conditions, with powder made from low energy ball 

milling. Increasing the yttrium content from 0.5 to 2 wt% did not significantly change oxide size, 

but it increased volumetric oxide density and reduced part density. The density reduction was 

attributed to oxide agglomeration being promoted by increased yttrium [101]. This slag 

formation has also been observed in LENS consolidation of ODS steel, where yttrium 

contributes to the formation of micron scale Y-Ti oxidation [91]. Therefore, yttrium plays a 

crucial role in the formation of precipitates in ODS steels, contributing to the formation of many 

types of oxides at high oxygen levels, Y2O3 at low oxygen levels, and intermetallic when there is 

insufficient oxygen. Increasing yttrium content when consolidating via laser powder bed fusion 

has been shown to promote additional oxide precipitates on the nanoscale and micron scale. 

1.2.3 Effect of Titanium Additions 

 Titanium is added to ODS steels to help form precipitates but can also stay in solution 

within the iron matrix. Across liquid based consolidation studies titanium has supported oxide 

formation, resulting in TiO2 [74, 81], Ti2O3 [50], Y2TiO5 [74, 91], and Y2Ti2O7 [63, 91]. 

Thermodynamic calculations show that with sufficient oxygen content, Y-Ti oxides and Ti-

oxides become favorable in the presence of yttrium [89, 97]. In a study performed by Moghadasi 

et al., the casting of an ODS alloy with TiO2 additions resulted in the formation of Y2O3 with an 

average size of 626 nm, as well as Y2TiO5 with an average diameter of 11nm. This observation 

evidences that titanium can play a crucial role in the formation of fine oxides when casting ODS 

steel [89]. Titanium additions has also supported the growth of a TiO2 shell on Y2O3 oxidation in 

LPBF consolidated ODS steel [81]. In a separate study on printed steels, the addition of 5at% 

titanium to a Fe-19at%Cr alloy resulted in the formation of finer equiaxed grains, the removal of 

texture, improved tensile strength, and reduced ductility, due to the formation of titanium oxides 

within the material [53].  

In the circumstance where titanium is added to cast iron, the iron matrix is not affected by 

concentrations below 0.2 at% titanium, and above 1 at% titanium, there is a linear relationship 

between lattice parameter variations and concentration of titanium. Nitriding of the material 
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determined no prior titanium oxidation formed, and changes in lattice parameter evidences 

titaniumôs ability to form a solution with iron [102]. While oxygen supports the formation of 

titanium oxides, it is not the only element that can pull titanium out of solution. In printed ODS 

steel, titanium nitrides has formed a shell structure around Y2O3 [52, 93] titanium carbides have 

been observed in DED and SLM printed ODS steel [78, 103] and in printed maraging steels, 

titanium nitrides [104], Ti-Al rich precipitation, and Ni3Ti [105] has been observed. In the 

formation of nitrogen atomized powder, and in the case of a cast steel with yttrium and titanium 

additions TiN has been observed [52, 106]. Lastly, as an alloying element it is important to note 

that titanium helps stabilize ferrite [107].  

1.2.4 Effect of Zirconium Additions 

 Zirconium is added to the ODS steel composition to modify precipitates that form. 

Among liquid based consolidation techniques, zirconium additions lead to the formation of 

Y4Zr3O12 in ODS steel produced via LPBF [54] and LENS [92]. Within the as-printed material, 

LENS consolidation resulted in the formation of appendage oxides containing Al2O3 and 

Y4Zr3O12 [92]. For current additive manufacturing studies, powder preparation for Zr-containing 

ODS steels has involved the dielectrophoretic deposition of laser ablation ZrO2 particles, [108], 

electrostatic absorption of Y4Zr3O12 nanoparticles prepared by sol-gel [54] and the more 

traditional route of mechanical alloying [92]. When cast, zirconium additions supported the 

formation of micron inclusions consisting of Y-Zr-O-S and Y-Ti-Zr-O-S, as well as sub-micron 

Y-Zr-O-S precipitation [68]. In the absence of oxygen, zirconium still precipitates out in the form 

of intermetallic. When cast with iron alone, Fe-Zr intermetallic forms, and the crystal structure 

varies with thermal history, as heat treatments changed the ratio of ZrFe2 to Zr6Fe23 [109]. 

Additionally, studies performed on the Y-Zr-Fe ternary diagram has shown that Y-Zr-Fe 

intermetallic phases form at elevated temperatures [110], and casting an Al-Fe-Zr has led to the 

formation of Al3Zr [111]. In the case of solid state ODS steel production, the addition of 

zirconium to an ODS steel containing yttrium, oxygen and tungsten supported the formation of 

Y4Zr3O12 over Y-Ti oxides, increasing the volumetric density of oxides, reducing oxide sizes, 

reducing grain size, and improving strength at both room temperature and elevated temperatures 

[112]. While these results are promising, further experiments with liquid-based processes would 

be needed to determine if zirconium provides the same benefits with liquid based additive 
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manufacturing of ODS steels. Variations in precipitation as a function of consolidation type has 

been observed in Fe-Cr-Al-Ti-Y-Zr alloys. Through hot extrusion, Y-Zr-O primarily forms, 

followed by Y-Ti-O, Y-Al-O, and ZrO2 [113]. Meanwhile, in a printed steel with the same types 

of additions, Y4Zr3O12-Al2O3 appendage structures and Y-Ti rich oxides with low amounts of Zr, 

in the Y2Ti2O7 crystal structure formed. A heat treatment at 1373K for 1 hour lead to the 

consistent formation of Y4Zr3O12 oxides evidencing sensitivity to consolidation parameters [92]. 

Thus, through liquid based consolidation, zirconium can support the formation of oxides to 

strengthen the steel, and in environments with low oxygen availability, zirconium forms 

intermetallic. 

1.2.5 Effect of Aluminum Additions 

 While this study does not focus on aluminum additions to ODS steels, it is important to 

discuss its effects as a popular addition to ODS steels. In ODS steels consolidated via solid state 

processes, a thin passive oxide layer of Ŭ-Al2O3 forms on the surface [114-116]. Increasing 

aluminum additions has been shown to reduce internal oxidation of the ODS steel [114], and 

improve corrosion resistance in comparison to ODS steel without aluminum additions [117]. In 

the case of a liquid based process, casting, growing the alumina layer through a gaseous pre-

oxidation treatment increases corrosion resistance against high temperature hydrogenated water 

[118]. In addition to surface oxidation, aluminum additions support the formation of Y-Al oxides 

[55, 81, 93, 94], Al rich oxides [80, 92, 101], Al-N [80], and AlN-O [80] precipitation within the 

matrix across ODS steels consolidated via liquid based processes. Exact stoichiometry of heat 

treated LPBF consolidated steel, Y4Al2O9 precipitation was identified within the matrix and 

Al2O3 has been identified in LENS consolidated ODS steel [92]. In an ODS steel prepared by 

LPBF in a nitrogen atmosphere, aluminum nitrides had an average diameter of 33nm, while 

aluminum oxides had an average diameter of 49nm, evidencing that precipitate type can play a 

role in the size distribution of dispersoids [80]. Micron scale Y-Al oxides have been observed in 

multiple studies [55, 93, 103] which results in less oxygen, yttrium and aluminum available for 

the formation of nanoscale oxides needed for dispersion strengthening. The growth of coarse Y-

Al oxides is sensitive to LPBF printing atmosphere conditions, as printing in argon+1%O2 

increased the amount of these oxides [93]. Additionally, when increasing the laser power in a 
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FeCrAl ODS alloy, Y-Ti-O oxidation became favorable over Y-Al-O, as available aluminum 

within the melt pool depletes when aluminumôs boiling temperature is reached [81]. 

1.2.6 Effect of Oxygen Content 

 One crucial element needed for the synthesis of ODS alloys is oxygen. Oxygen has been 

incorporated into ODS steels during powder consolidation. Another factor to consider is surface 

oxidation present on as-atomized powder particles [119, 120]. It has been determined that the use 

of water atomization over gas atomization increases the oxygen content within the powder [120]. 

Increasing oxygen content within the printing atmosphere has been shown to increase the 

number of oxides present within ODS steels consolidated via LPBF [93, 99, 101]. However, 

oxygen additions to the printing chamber can influence porosity, as balling has been observed in 

the printing of tungsten, due to oxygen affecting the surface tension gradient within melt pools 

[121]. Experiment and simulation results on LPBF consolidation of metals also demonstrate that 

oxygen incorporation in the alloy can alter flow patterns via the Marangoni effect [122]. 

Meanwhile, a balling effect in printed ODS steel was attributed to the limited wettability of yttria 

[123, 124]. In the case of LPBF consolidated oxidized 316 SS powder, it was determined that the 

oxide layer that forms increased laser absorptivity and decreased thermal conductivity within the 

powder bed, resulting in a wider bead width and improved part density [57].  

1.2.7 Effect of Nitrogen and Argon 

Other gases present during synthesis of powder and printed materials may influence the 

microstructure. The use of a nitrogen printing atmosphere in place of argon has supported the 

formation of nanoscale nitrides within the material, contributing to dispersion strengthening of 

the steel matrix [80]. Additionally, both oxygen content and nitrogen content were sensitive to 

LPBF printing parameters, and oxygen content was lower in the metal after consolidation [80]. 

Argon present during atomization and mechanical alloying processes can become entrapped 

within the powder [125], resulting in argon becoming entrapped within the consolidated part 

[126, 127]. In a study performed by G.M. Janowski, it was determined that the use of nitrogen as 

a backfill gas during gas atomization greatly reduces the amount of hollow particles [128] and 

the use of nitrogen atomized 304L powder over argon atomized 304L powder increased the 

strength of LPBF consolidated steels [129]. In comparison to gas atomization (the use of 

nitrogen or argon), water atomized powders have a lower packing density and irregular 
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morphology which has led to lower bead heights when steel has been consolidated via LPBF 

[88]. 

1.2.8 Effects from Additional Alloying Elements 

 Tungsten and chromium are both known to form a solid solution with steel, but 

chromium forms a passive surface oxidation that can improve corrosion resistance. However, the 

consolidation of ODS steels via liquid based processes can lead to the formation of precipitates 

with these elements, based on consolidation parameters and the alloy chemistry. It is also 

important to note that increasing chromium content within the alloy increases the powderôs 

ability to absorb nitrogen during nitrogen atomization [128]. Tungsten is added to many ODS 

steels to further strengthen the material, which has been shown to be effective in hot extruded 

ODS steels, but excessive amounts of tungsten will support the formation of the Laves phase in 

steels [20]. 

 Common commercial austenitic stainless steels contain additional elements, including 

nickel as an austenite stabilizer [130], silicon, manganese, phosphorus, sulfur, carbon, [56, 57] 

[131] and molybdenum in 316 steel [57, 131]. In a 304L ODS alloy consolidated via LPBF, yttria 

additions led to the formation of Y-Si oxides, in place of the typical Y2O3. In both 316 

consolidated via LPBF with oxidized 316L powder and DED with regular powder an MoCr rich 

segregation can be observed as an intragranular cell structure caused by rapid solidification [57, 

131]. In multiple studies on printed ODS steels, nanoscale oxides have been found along the 

dislocation rich cellular structure [81, 132], and have been shown to increase the thermal stability 

of this structure [132]. It is important to note that the elemental segregation along this cellular 

structure has been shown to diffuse away from these cell structures with heat treatment [56]. 

1.2.9 Powder Size Effects Observed in Additively Manufactured Steels 

 While chemistry type has a large effect on the printed ODS steels, powder size are also a 

major feedstock characteristic that is tested in this study. For iron powder, literature has shown 

that laser absorptivity decreases with larger powder particles [133] and that the type of medium 

used, as well as printing parameters can influence laser absorptivity of the feedstock [134]. 

Furthermore, laser deposition of an RAFM steel and a laser powder bed fusion studies on ODS 

steel production using mechanically alloyed powder show that a larger amount of energy is 
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required to prevent porosity when using larger powder particles [58, 135]. Lastly, variations in 

GARS powder sizes used for ODS steel production via hot isostatic pressing had strong 

influences on the precipitation that formed. The use of finer powder led to the formation of finer 

oxides, which was attributed to more oxide forming elements being trapped in solution within 

the fine powder [87]. 

1.3 Remaining Questions about Feedstock Effects on ODS Steel Consolidated via Laser 

Powder Bed Fusion 

 Studies across additive manufacturing and casting techniques provide a clear picture with 

regards to the types of precipitation that occur in liquid-based processing of ODS steels as the 

powder chemistry is adjusted. Additionally, a select few studies have observed microstructural 

changes in additively manufactured steels as powder preparation route was altered, or as powder 

size was changed. However, no current studies have documented the effects that varying GARS 

feedstock has on the precipitation within ODS steels consolidated via laser powder bed fusion. 

Below is a list of questions addressed in this thesis. 

(1) How does the GARS powder microstructure vary between batches with different 

chemistries and processing conditions? 

While trends in microstructure have been well documented in previous studies on GARS 

powder processed with different conditions and chemistries [87, 136, 137], this study aims to add 

more context to this subject. In Chapters 4 and 7, GARS steel and nickel powder feedstock with 

varying chemistries and produced with different atomization conditions were characterized via 

high resolution x-ray diffraction and transmission electron microscopy to identify and quantify 

nanoscale features present. 

(2) How does GARS powder microstructure vary across sizes within the same batch?  

Similarly to the question above, studies have been performed to address this question [87, 

136, 137]. However, high resolution x-ray diffraction and transmission electron microscopy of 

phases present within steel GARS feedstock of varying sizes in Chapter 3 provides additional 

insight into the effects of powder size. 
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(3) How do variations in the yttrium, titanium, oxygen, and zirconium contents of GARS 

powder influence the microstructure of ODS alloys consolidated via LPBF? 

While previous studies have involved the production of ODS steel via LPBF using GARS 

powder [48, 99], none have directly compared the effects of powder chemistry while keeping 

processing conditions the same. In Chapter 4, precipitation across prints consolidated in argon 

from four different types of feedstock have been identified and quantified to determine effects of 

feedstock chemistry. In addition to ODS steel, Chapter 6 goes into depth on the effects that 

variations in yttrium, titanium, oxygen content have on nickel alloys consolidated via LPBF. 

(4) How do variations in GARS powder size influence the microstructure of ODS alloys 

consolidated via LPBF 

In current literature, only one study was found to study the effects of powder size on ODS 

steel consolidated via LPBF, and the feedstock was not produced via GARS [58]. In Chapter 5, 

ODS steels were produced via LPBF under identical conditions in inert and reactive atmospheres 

using fine, medium, and coarse powder particles. All powder used was produced in the same 

atomization batch. Observations of the porosity in each sample was used to describe build 

quality as a function of powder size. Nanoscale precipitation in each print was identified and 

quantified to determine how GARS powder size influences the precipitation. Across chemistry 

and powder size changes, variations in oxide content are correlated with the size distribution of 

precipitation. 
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CHAPTER 2. Materials and Methods 

 The objective of this chapter is to describe the production methods for both the powder 

and printed materials and describe how they were characterized. Since this study focuses on 

feedstock conditions, all printing parameters besides printing atmosphere was held constant 

across all experiments 

2.1 GARS Powder Feedstock 

 Four batches of GARS feedstock of varying chemistries were provided by Ames National 

Laboratory. High purity (99.9%) alloy components in the form of either pure elements or as-cast 

master alloys (Fe-Cr, Fe-W, Fe-Y, Fe-Ti, and Fe-Ti-Zr) were loaded into a zirconia crucible 

within a gas atomizer. Table 3 below shows the vendors used for producing each raw material. 

The Fe-Cr alloy was produced via bottom-pour chill casting, while Fe-Ti, Fe-Y and Fe ingots 

were produced through arc casting. Fe-W ingots were produced through plasma melting.  

Table 3. Source of raw materials for GARS powder synthesis 

 
 1-81  1-87  1-89   1-95 

Fe Tophet Corp Electrolytic Fe Flake 

W REMBAR Co. ASTM F288 Bar Stock 

Ti Fine Metals Corp 99.9994% COA 

Y Ames Lab Refined Y 

Cr 

Atlantic Equip. Eng. Chrome flake 

CR-120, 99.99% 

Prealloyed Fe-Cr supplied by Sophisticated 

Alloys 

Zr   

ATI Speciality Alloys, Reactor Grade 

Sponge 

 

Once the components were melted under argon, the melt was bottom poured through a 

zirconia tube, leading to a close-coupled atomization gas die in the atomizer spray chamber. 

When the molten metal reaches the chamber, it is dispersed by a pressurized argon gas, which 

contains a controlled amount of oxygen. Metal droplets solidify while falling through the 

chamber, resulting in spherical steel powder with an oxidized surface. Table 4 shows the 

processing parameters used for each powder batch, as well as the elements in each powder batch. 
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Table 4. Powder batch annotation, oxygen content in atomization gas, and elements in alloy 

Powder Batch Alloy Elements Oxygen Content in 

Atomization Gas 

(ppm) 

Melt Orifice 

Diameter (in) 

Atomizing 

Temperature 

(ÁC) 

1-81 Fe, Cr, W, Y, Ti, 

O 

1760 0.109 1750 

1-87 Fe, Cr, W, Y, Ti, 

O 

2000 0.117 1850 

1-89 Fe, Cr, W, Y, Ti, 

O 

1000 0.125 1800 

1-95 Fe, Cr, W, Y, Ti, 

Zr, O 

1000 0.140 1775 

 

Batch 1-81 was based on the 14YWT composition, which has been known to produce 

high strength steel alloys via hot extrusion [21, 138]. 1-87 was intentionally produced with more 

yttrium and oxygen to see if more of these additions results in a higher number of nanoscale 

oxides upon consolidation. 1-89 is the same composition as 1-81 with a lower oxygen content in 

the atomization gas, in order to observe effects of reduced contributions from the GARS process. 

1-95 was created to observe effects of zirconium additions, and half of the titanium atoms were 

substituted for zirconium. The atomization conditions for 1-95 are the same as 1-89. 

The composition of each powder batch was measured via inductively coupled plasma 

mass spectrometry (ICP-MS) and is shown in Table 5 below. Powder was sieved into batches of 

varying sizes for evaluation of oxygen content. Three inert gas fusion measurements were 

obtained per size range for each chemistry to understand the oxygen content as a function of 

batch (chemistry) and powder size. The results of these measurements are shown in Figure 2, 

where each curve is a chemistry, each point is the midpoint diameter in each sieved batch, and 

the horizontal bars represent the full-size range of each batch. These specific sieved batches are 

narrower ranges in size than those used for laser powder bed fusion consolidation and were used 

to provide more data points on the oxygen content within the powder. These results show that the 

oxygen content is significantly higher in finer powder particles. The atomization gas also plays a 
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strong role in the oxygen content within the powder. As shown in the bottom two curves, the 

substitution of half the titanium for zirconium results in the powder absorbing less oxygen from 

the atomization gas.  

Table 5. Chemistry of each powder batch measured via ICP-MS in weight percent 

Sample 

ID 

Powder 

Size 

Chromium Tungsten Yttrium Titanium Zirconium Iron 

1-81 -150 Õm 14.03 3.06 0.35 0.40 N/A Bal 

1-87 -150 Õm 13.20 3.01 0.47 0.39 N/A Bal 

1-89 -150 Õm 13.30 2.86 0.33 0.40 N/A Bal 

1-95 -150 Õm 13.19 2.96 0.37 0.18 0.42 Bal 

 

 

Figure 2. Oxygen content measured via inert gas fusion for each powder batch as a function of 

powder size 
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Additional ICP-MS measurements were performed on the 1-81 (original composition) 

powder sieved to batches of varying sizes to see if other chemistry changes besides oxygen are 

present as a function of powder size. Table 6 below shows that no significant variations in 

chemistry are present in the GARS batch as a function of powder size, besides oxygen. 

Table 6. Chemistry of 1-81 powder batch of different powder sizes in weight percent 

Powder 

Size 

Chromium Tungsten Yttrium Titanium Carbon Iron 

-15 Õm 13.94 2.97 0.40 0.37 0.005 Bal 

-45+15Õm 14.11 2.97 0.34 0.36 0.003 Bal 

-53+45Õm 14.00 2.99 0.34 0.35 0.002 Bal 

 

2.2 Laser Powder Bed Fusion Consolidation 

The primary focus of this study is observing the effects of using different GARS 

feedstock on the microstructure of printed ODS steels. Consolidation occurs through selectively 

melting a 15mmĬ7.5mm cross section of spread powder over a build plate via a laser. 

Subsequent layers are then spread and melted, bonded to the previous layers to form a printed 

block. It is important to choose appropriate printing parameters, as this will directly influence the 

density of the printed material. The goal for each print was to print a block 4mm or taller. Table 7 

below shows the printing parameters used to produce samples, based on results from a previous 

study [48]. This set of parameters was used to consolidate 1-81 (original composition) powder 

with a powder size of 20-53ɛm in argon and achieved an optical relative density of 99.6%. While 

this density may not be replicated across all feedstock, it is important to use identical printing 

conditions, and based on density values, these parameters were determined to be appropriate for 

steel production.  
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Table 7. Printing parameters used to produce all ODS steel samples in this study 

Printing Parameter Value 

Laser Powder [W] 95 

Scan Speed [mm/s] 507 

Hatch Spacing [mm] 0.08 

Layer Thickness [mm] 0.025 

 

2.3 Sample Preparation and Characterization Methods 

2.3.1 Inductively coupled plasma mass spectrometry (ICP-MS) 

Inductively coupled plasma mass spectrometry is a technique that utilizes plasma to 

ionize atoms within a material. With the use of a spectrometer, ions can then be identified by 

their charge to mass ratio to determine the proportions of each element in the material. However, 

this technique cannot be used to reliably determine carbon, oxygen or nitrogen content. As one of 

the two main variables in this study, it is crucial to determine the chemistry of the batches that 

are being used to produce ODS steels and thus required ICP-MS characterization. ICP-MS 

measurements were performed at NSL Analytical as well as Laboratory Testing Inc. 

2.3.2 Inert gas fusion - LECO 

 Inert gas fusion measurements are obtained via the production of gases. By melting steel 

samples in an inert atmosphere with specific additions, elements such as carbon, oxygen and 

nitrogen react to form a gas. An infrared light source and detector are both present within the 

system. Gases interfere with the ability for the light source to reach the detector, and this 

interference is used to determine the concentration of gases and thus, the proportion of each gas 

forming element. These types of measurements were primarily used to obtain oxygen contents of 

each powder batch, as the oxygen content can influence the type of precipitation that forms, and 

potentially their dimensions. However, in some circumstances carbon content was also measured 

via inert gas fusion measurements and noted. These types of measurements were obtained at 

AMES National Laboratory, CAMAL facilities at NC State University, and through Laboratory 

Testing Inc. 
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2.3.3 Particle Size Analysis 

A Microtrac S3500 laser diffraction particle analyzer was used to determine the powder 

particle size distribution. The powder particle size distribution can influence the spreadability of 

the powder. Uneven spreading of powder can lead to defects in the powder, especially swelling 

in regions where less powder is present. Additionally, depending on the size of the melt pool, 

larger powder particles can lead to unmelted regions. For powder size distribution analysis, small 

quantities of powder on the scale of several grams are added to the particle size analyzer 

machine, as well as a surfactant called Triton X100. The machine aims multiple laser sources at 

the powder in solution. Based on the diffraction of the laser, the machine is able to identify the 

volume of individual powder particles and generate a size distribution. For this study, Microtrac 

was used to measure size distributions of powder of varying chemistries, as well as powder of 

the same chemistry but sieved to different size ranges. 

2.3.4 SEM Imaging and Relative Density 

 Scanning electron microscopy was primarily performed during focused ion beam sample 

preparation on the Quanta FEG. SEM images of the powder were obtained to understand the 

morphology of the powder and verify Microtrac observations on size distribution. SEM images 

of cross sectioned and polished prints were obtained to describe the type of porosity present 

within samples if applicable. Since the contrast within the pores varied based on the contours and 

interior features, porosity was traced by hand and evaluated in ImageJ. Elemental maps were 

obtained from two samples using scanning electron microscopy ï energy dispersive X-ray 

spectroscopy SEM-EDS, in which a focused electron beam scans the surface, and x-rays emitted 

from the surface are detected. This was performed on the Quanta FEG and the Field Emission 

Scanning Electron Microscope ï Hitachi SU8700 at the Analytical Instrumentation Facility. 

2.3.5 High Resolution X-Ray Diffraction 

 High resolution X-ray diffraction (HR-XRD) patterns were recorded for powder of 

varying sizes and chemistries on beamline 11-BM at the Advanced Photon Source (APS) at 

Argonne National Lab. Sample powders were coated onto the outside of 1mm Kapton capillaries 

with the use of Dow Corning vacuum grease, in order to reduce absorption and maximize 

measured diffraction signals. The data collection was carried out in transmission mode using a 
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wavelength of 0.46 ¡, and the data were collected from 3Á to 49.996Á2ɗ with a step-size of 

0.001Á and 0.1 second per step. Diffraction patterns were opened in Excel and peaks were 

identified by comparison to d-spacings of various phases on the PDF 4+/5+ and Materials 

Project databases. GSAS-II Rietveld refinement software [139] was used to quantify the phases 

present in each size range of powder. This data not only confirms the precipitation that is 

observed in TEM, it also verifies that these phases are present on a bulk scale. Data acquisition at 

Argonne National Laboratory was performed by Dr. Saul Lapidus, and Rietveld refinement was 

performed by Dr. Jenny Forrester. 

2.3.6 Focused Ion Beam Sample Preparation and Transmission Electron Microscopy 

 An FEI Quanta field emission gun (FEG) with a focused ion beam was used to prepare 

samples for transmission electron microscopy. An electron beam is used for imaging and 

depositing damage-free layers of thin platinum, while a gallium ion beam is used to deposit thick 

layers of protective platinum, and mill material. Material removal occurs when ions bombard the 

sample. In order for deposition to occur, a gas is released over the sample, and electrons or ions 

are sent towards the sample to implant the platinum. Through a series of steps shown in Figure 3 

below, a panel of material is removed from the bulk sample, attached to a grid, and thinned to 

approximately 100nm, at which point 200-300KeV electrons are able to pass through the sample. 

This form of sample preparation was used to prepare both powder particles and printed material 

for TEM characterization and examples of the process for each are shown in Figures 3 and 4 

below. Prior to FIB sample preparation, printed samples cross sectioned with a precision saw and 

polished to 1200 grit. The lift-out was taken from the center of the cross section. Taking a lift-out 

from the center of the sample ensures that no potential effects from the edge of the print are 

observed in TEM, and polishing helps remove or reduce cold work damage that could be seen in 

the TEM lift-out. 
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Figure 3. FIB Sample Preparation for 33 um powder from batch (1-81), showing (a) platinum 

deposition on surface, (b-c) material hog-out and (c) J-cut around sample perimeter, (d-e) sample 

after transfer to copper grid, and (f) sample after thinning 

 

Figure 4. FIB sample preparation for ODS steel printed with 1-95 powder in argon, showing (a) 

platinum deposition on surface, (b-c) material hog-out and J-cut around sample perimeter, (d-e) 

sample after transfer to copper grid, and (f) sample after thinning 
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 Transmission electron microscopy was utilized in this study to obtain several types of 

data. The two TEMôs used include a ThermoFisher Talos F200X and a Titan 80-30. For this 

technique, electrons pass through the thinned sample and interact with the material resulting in a 

2-dimensional image of phases present throughout the sample. The first type of data collected is 

bright field imaging, in which the least amount of electron diffraction (as a result of material 

composition, thickness, and crystallographic orientation) results in the most signal, resulting in 

brighter features. This enables observations of phases, grains, bending, and thickness variations 

in samples. When adding a selected aperture and entering diffraction mode, a small region of the 

sample is targeted with the electron beam, generating a pattern of diffracted electrons. This 

pattern can be indexed to identify the exact crystal structure of the phase, as well as the 

orientation of the crystal within the sample. Crystallographic Information and powder diffraction 

files were obtained from both the Materials Project and PDF 4+ (ICDD). The spacing of 

diffracted planes in reciprocal space was measured via ImageJ, then converted into d-spacing 

which was compared to PDF entries (crystallographic data). Single Crystal 5, a part of 

CrystalMaker software, was then used to identify the zone axis for each pattern. This technique, 

known as selected area electron diffraction, was used to verify that the matrix of the steel is 

ferritic and identify the exact stoichiometry of phases present in the powder and prints. 

 Scanning transmission electron microscopy performed on the Talos F200x was used to 

identify the types of precipitation on a larger scale than SAED. In this technique, a high intensity 

of electrons is scanned across the material surface, and electrons are collected by a high angle 

annular dark field detector when diffracted, or bright field detector when transmitted through the 

material. X-rays emitted from this process can be collected and used to generate elemental maps 

for each image, known as energy dispersive x-rap spectroscopy mapping (EDS). Throughout this 

study, STEM-EDS maps have been brightened to improve visibility. Spherical precipitates were 

identified using EDS, and the dimensions of the precipitate were measured on the HAADF 

image using ImageJ. With this data, a precipitate size distribution for each sample can be 

measured. Since images are generated via transmission through the material, precipitates on the 

nanoscale can be accurately measured. In contrast to this, imaging via optical microscopy or 

SEM displays a picture of just the surface, which just provides the dimensions at the specific 

point in which the precipitate was cross sectioned. 
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 Energy filtered transmission electron microscopy (EFTEM) was used on all printed 

sample lift-outs. This technique involves measuring the energy loss of electrons passing through 

the sample. An example of a thickness map is located in Appendix A as Figure A1. The local 

thickness of EDS maps within the lift-out was calculated from the output mean free path of the 

EELS data and the known composition of the material (determined via ICP-MS) through the use 

of a Digital Micrograph script developed by Malis et al., which has an expected error of ~10%  

[140]. Dividing the total number of precipitates within the maps by the total volume across maps 

results in a precipitate or oxide density, which can be used to assess the quality of the ODS 

steels. ODS steels with a higher number of oxides and finer oxides are expected to have greater 

strength and creep resistance via dispersion strengthening. 

 In order to remove bias, EDS maps used to determine the size distribution of precipitation 

were systematically performed. Except for the measurements taken from the print with medium 

size 1-81 powder in argon, reported in a previous study [48] all size distributions were measured 

from three 793 nm field of view EDS maps taken from the center top, center middle, and center 

bottom of each lift-out. Figure 5 shows a schematic of these regions. In the case of the medium 

1-81 powder print in argon, three 793 nm field of view maps taken from the top, middle, and 

bottom of the lift-out, and a 2242 nm field of view map were used to generate an oxide size 

distribution and was used for a previous study [48]. EDS mapping for all other samples as well 

as STEM images with measurements are located in Appendix A as Figures A2 through A17. 

Various precipitate types were observed in EDS, and SAED was used to determine exact 

stoichiometries of different precipitates. Measurements were taken directly on STEM bright field 

or high angle annular dark fields, when possible, as these forms of images had a higher 

resolution of the precipitation boundaries than the elemental maps. During measurements 

yttrium, titanium, oxygen and zirconium (when applicable) maps were overlayed onto the STEM 

image and marked in PowerPoint to determine which features were precipitates. 
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Figure 5. Regions characterized via STEM-EDS for size distribution measurements of 

precipitates 

Lastly, high resolution transmission electron microscopy was performed on a select few 

samples. After finely tuning the transmission electron microscope and tilting to a major zone 

axis, it is possible to reach atomic resolution for phases present within TEM lift-outs. 

Additionally, the full thickness of the imaged region must be the same crystallographic direction 

and primarily the same phase in order to reach atomic resolution. Based on diffraction from the 

planes associated with the major zone axis, a pattern in the form of a fast fourier transform (FFT) 

can be generated and collected. Similar to a diffraction pattern, the FFT can be indexed to 

identify the phase imaged, as well as its crystallographic orientation 

2.3.7 Focused Ion Beam Sample Preparation and Atom Probe Tomography 

Atom probe tomography (APT) was performed on printed samples to determine if there 

were finer precipitation than what was observed via TEM. Lift-outs were taken from the surface 

of cross sectioned and polished prints using an FEI Quanta field emission gun (FEG) with a 

focused ion beam. These lift-outs were 30 ɛm wide and only a few microns tall. Lift-outs were 
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sectioned into smaller pieces while being attached to posts on an APT grid via platinum 

deposition. These sectioned wedges were then shaped into cylinders with the gallium ion beam 

and then shaped into a cylinder. The cylinder is then shaped into a needle with a 50 nm diameter 

point. It is important to sharpen the needle until the protective platinum cap is removed. When 

ready for APT testing, the coupon is placed in a chamber and pumped to vacuum. A laser is then 

directed at the needle and ionized the atoms. These ions leave the needle and are directed 

towards a spectrometer which determines their mass to charge ratio. With this ratio, the signal 

can be identified as specific isotopes. By combining this identification with the time of flight, the 

needle is able to be reconstructed digitally using AP Suite software, resulting in a 3-dimensional 

view of the microstructure inside the needle.  

 For this process, samples were either shaped into cylinders and sent to the Center for 

Advanced Energy Studies (CAES) or fully processed at Oxford University. Dr. Jana Howard 

helped sharpen needles received at CAES, while Dr. Yaqiao Wu, Dr. Yu Lu, and Dr. Mukesh 

Bachhav were responsible for APT testing, and provided support during the reconstruction 

process. Meanwhile Dr. Megan Carter and Dr. David Armstrong were responsible for sample 

preparation from bulk samples, APT testing, and full APT analysis at Oxford University. 

2.3.8 Transmission Kikuchi Diffraction 

Transmission Kikuchi diffraction was performed on one powder lift-out at the Low 

Activation Materials Development and Analysis facility at Oak Ridge National Laboratory, with 

guidance from Dr. Chad Parish. Through electron backscatter detection of an electron transparent 

sample (TEM lift-out) it is possible to map the grain structure within a lift-out with resolutions 

on the nanoscale [141]. Similar to EBSD the sample is tilted 70 degrees, and the EBSD detector 

is inserted adjacent to the sample. Signal is then collected in the form diffraction patterns, and 

Kikuchi bands within the pattern are indexed based on known phases to generate a grain map. 
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CHAPTER 3. Variations in Powder Microstructure across GARS Steel Feedstock 

3.1 Surface Oxidation Characterization 

In order to understand why GARS feedstock variations influence the printed ODS steel, it 

is important to understand what is different across the batches of powder. The first step of this is 

to observe and measure changes in surface oxidation that is produced through the GARS process. 

STEMïEDS was used to observe surface oxidation across sixteen lift-outs across the four 

chemistry batches. Figures 6 through 9 show the EDS mapping of each surface at identical 

magnifications. All sets of figures show that the oxide layer thickness as well as spherical 

titanium rich oxides grow with powder particle size. The thickness of the oxide layer was 

measured using the EDS maps in two ways: one through the EDS line scans, and the other 

through measuring the enriched regions via ImageJ. An example of these measurements taken in 

equidistant spacing across the maps shown in Figures 6 to 9 are shown in Appendix B Figure B1. 

Plots of oxide layer thickness for each method are shown in Appendix B Figure B2. The ImageJ 

approach resulted in more conservative thickness values and was used for determining a volume 

percent of oxidation. ImageJ was also used to measure the diameter of the spherical titanium rich 

oxides. Two perpendicular measurements were taken from each oxide and were used to 

determine the area of the ellipse. An effective diameter was then calculated by finding the 

diameter of a circle with the same area as the ellipse. For all of these measurements, a fifth data 

point is present in the 1-81 (original) batch, which was measured from the TEM characterization 

found in a previous study [48]. 
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Figure 6. STEM bright field and EDS mapping of the surface of powder particles of varying 

diameters (left column) from the 1-81 (original composition) batch 
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Figure 7. STEM bright field and EDS mapping of the surface of powder particles of varying 

diameters (left column) from the 1-87 (more yttrium and oxygen) batch 
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Figure 8. STEM bright field and EDS mapping of the surface of powder particles of varying 

diameters (left column) from the 1-89 (less oxygen) batch 
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Figure 9. STEM bright field and EDS mapping of the surface of powder particles of varying 

diameters (left column) from the 1-95 (zirconium addition) batch 

 Plotted in Figure 10 below is the volume percent of oxidation within each powder batch 

as a function of powder size and chemistry. As powder diameter increases, the volume percent of 

oxidation decreases. Similar to the inert gas fusion measurements reported in Figure 2 oxidation 

plots show a reciprocal behavior between powder diameter and oxygen content. Since surface 

oxidation is dependent on available surface area, and the amount of oxidation is important with 

regards to the volume of the powder particles, the plots are similar in shape to the ratio of surface 

area to volume of a sphere, 3/r, where r is the radius of the sphere. 
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Figure 10. Volume percent of powder that is oxide shell across powder chemistries and particle 

sizes, calculated from average surface oxidation thickness measured via ImageJ 

 Shown in Figure 11 is the measurements of the spherical titanium rich oxides observed 

below the layer of surface oxidation. The overall trend across powder batches is a linear increase 

in titanium oxide diameter as the powder diameter increases. This is a result of a slower 

solidification rate in larger powder particles, which enables longer periods of diffusion to occur. 

SAED analysis shown in Figure 12 below was used to determine that the spherical titanium rich 

oxidation is rutile (TiO2). 
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Figure 11. Average titanium oxide diameter beneath surface oxidation in powder of varying 

chemistries and particle sizes 

 

Figure 12. SAED analysis of 75 nm diameter TiO2 precipitation beneath surface oxidation of 

105ɛm powder particle in 1-81 (original composition) powder particle 

 Additional regions on the surface where there was surface oxidation penetrating into the 

powder matrix were occasionally observed but not taken into account for volume percent 
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calculations. Figure 13 below shows two examples of Y-Ti-O and Y-Ti-Cr-O precipitation 

attached to the layer of surface oxidation. 

 

 

Figure 13. EDS elemental maps of oxidation from the surface penetrating into the matrix in 1-87 

96 Õm powder particle (top) and 1-87 46 Õm powder particle (bottom) 

Lastly, there were significant variations in the surface oxidation itself. Figures 14 through 

16 show three examples of this variation. A majority of surface oxidation observations are 

similar to what is shown in Figure 14, which shows two distinct layers of oxidation-one rich in 

chromium and the other rich in yttrium and titanium. However, as shown in Figures 15 and 16 

the elements can separate into more layers, or there are some regions where it is only chromium 

rich oxidation. 
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Figure 14. High magnification EDS maps of the surface of 1-89 95 Õm powder particle  

 

Figure 15. High magnification EDS maps of the surface of 1-95 102 Õm powder particle 
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Figure 16. EDS elemental maps of chromium oxide formation in 1-89 95Õm powder particle 

 As shown in Figure 17 below, the chromium rich oxidation was identified as CrO2 using 

SAED. However, half of the reflections present in the CrO2 diffraction pattern also match the d-

spacing and angles for Cr2O3 eskolaite in the [ςςρ] zone axis, which means the oxide layer may 

also consist of Cr2O3. 

 

Figure 17. SAED analysis of chromium rich oxidation on surface of 1-89 (less oxygen) 95ɛm 

diameter powder particle 
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3.2 Powder Matrix Characterization 

3.2.1 High Resolution X-Ray Diffraction 

 Synchrotron x-ray diffraction data was obtained on powder from the 1-81 (original), 1-87 

(more yttrium and oxygen) and 1-89 (less oxygen) batches. Peaks were identified for Ŭ-Fe and 

Y2Fe17 and are shown in Figure 18.   

 

Figure 18. (a) HR-XRD patterns showing the planes of the major phase, Ŭ-Fe, (b) magnified 

regions showing the identified planes of the secondary phase, Y2Fe17 

 Dr. Jennifer Forrester used XRD data on each of these phases supplied by the PDF 4+ 

software for Rietveld refinement, by fitting the spectrums to the experimental data. An example 

of a calculated pattern superimposed on the experimental data is shown in Figure 19, and the 

results of refinement are shown in Table 8. Results show that the intermetallic content increases 

with yttrium in the composition, as well as powder size. The other types of phases in the powder, 

such as the surface oxidation, were too low of a volume percent for identification and 

quantification. 
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Figure 19. An example Rietveld refinement, with a magnified region of a Rietveld refinement 

showing the fit to the Y2Fe17 phase 
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Table 8. Results of Rietveld refinement, showing lattice parameters of each phase, proportions of 

each phase in weight percent, and the Rp values for each fit 

Chemistry Powder 

Size 

BCC Fe 

Unit Cell 

(¡) 

Y2Fe17 Unit Cell (¡) Rp Phase 

Proportion 

BCC Fe 

(wt%) 

Phase 

Proportion 

Y2Fe17 

(wt%) 

1-81 

(original) 

0-20 Õm 2.876876(8) 8.506(2),8.403(5) 9.75 99.27(6) 0.73(2) 

1-81 

(original) 

20-45 Õm 2.876715(2) 8.484(1), 8.316(7) 9.94 98.06(2) 1.94(3) 

1-81 

(original) 

45-106 Õm 2.876833(6) 8.513(3), 8.424(7) 9.00 97.54(2) 2.46(7) 

1-87 

(more Y 

and O) 

0-20 Õm 2.876669(6) 8.519(2), 8.423(5) 9.11 98.65(2) 1.35(6) 

1-87 

(more Y 

and O) 

20-45 Õm 2.87661(5) 8.491(2), 8.440(4) 8.68 97.51(3) 2.49(3) 

1-87 

(more Y 

and O) 

45-106 Õm 2.876559(2) 8.4896(5),8.3146(9) 8.59 96.20(4) 3.80(4) 

1-89 (less 

O) 

0-20 Õm 2.876697(5) 8.509(2), 8.407(4) 8.33 98.97(1) 1.03(2) 

1-89 (less 

O) 

20-45 Õm 2.876580(3) 8.501(6), 8.327(1) 8.86 98.64(1) 1.36(2) 

1-89 (less 

O) 

45-106 Õm 2.876601(3) 8.492(7), 8.314(1) 10.42 96.30(4) 3.70(5) 

 

3.2.2 Transmission Electron Microscopy ï EDS Mapping and SAED 

 Characterization of phases within the matrix via STEM-EDS and SAED was necessary 

for determining the size and morphology of all phases in the matrix, as well as for identifying 

minor phases in the material that was not identified via HR-XRD. Features within the matrix of 

each powder batch varied with powder size, and various types of morphologies was identified in 
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each powder particle so STEM-EDS of multiple regions within each powder particle was needed. 

Low magnification TEM imaging of each powder lift-out, as well as STEM-EDS maps within 

each liftout across sixteen powder particles are shown in Figures 20 through 23. A majority of 

the precipitation observed across powder particles is Y-Fe rich intermetallic, except in the case of 

the 1-95 (zirconium addition) powder, which has Y-Zr-Fe rich intermetallic. However, the 

intermetallic size and morphology is dependent upon powder size. Coarse features and 

precipitation along grain boundaries is observed in coarser powder particles. In finer powder 

particles, yttrium rich intermetallic is observed a smaller spherical precipitates and coarser 

intermetallic along cell structures or interdenrtic regions. In addition to intermetallic, yttrium rich 

oxides and nitrides were observed in the coarser powder particles. Additional features were 

observed once and is shown in Appendix C Figures C1 and C2. In one instance, a Y-Ti oxide was 

observed beneath the powder surface oxidation in the 1-87 33ɛm powder particle, and a bubble, 

presumably containing argon [128] was observed during focused ion beam sample preparation. 

Additionally, a Y-Ti rich precipitate lacking oxygen singal was observed in the 1-87 33ɛm 

powder particle. 
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Figure 20. TEM micrographs, STEM bright field and EDS mapping of matrix features across 1-

81 (original composition) powder lift-outs. Additional elements are shown in Appendix D Figure 

D1. 
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Figure 21. TEM micrographs, STEM bright field and EDS mapping of matrix features across 1-

87 (more yttrium and oxygen) powder lift-outs. Additional elements are shown in Appendix D 

Figure D2. 
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Figure 22. TEM micrographs, STEM bright field and EDS mapping of matrix features across 1-

89 (less oxygen) powder lift-outs. Additional elements are shown in Appendix D Figure D3. 
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Figure 23. TEM micrographs, STEM bright field and EDS maps of matrix features of 1-95 

(zirconium addition) powder lift-outs. Additional elements are shown in Appendix D Figure D4. 
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 SAED analysis shown in Figure 24 below was used to identify various phases within the 

matrix of the GARS powder particles. A majority of the Y-Fe rich intermetallic along grain 

boundaries, as spherical nanosclae precipitation, and as coarse precipitates was identified as 

Y1.76Fe16.98. However, in one instrance, a columna Y-Fe rich precipitate was identified as YFe5. 

Both intermetallic precipitates are similar, as they are composed of the same elements are both 

HCP structures. One yttrium rich nitride was identified as YN.   

 

 

Figure 24. SAED analysis of precipitates of varying compositions, morphologies and sizes across 

powder lift-outs, with matrix planes labelled in blue, precipitate planes labelled in white, and 

precipitate absence planes labelled in orange. 
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3.2.3 Transmission Kikuchi Diffraction 

 TKD was performed on one fine powder particle with columnar precipitation to 

determine if precipitation was produced along interdendritic regions, or if the precipitation 

formed a sa result of diffusion towards grain boundaries. Figure 25 shows TKD taken from the 1-

95 10 Õm powder particle, which was used to determine that the matrix within the lift-out 

consists of a singler ferritic grain. 

 

Figure 25. TKD of the 1-95 (zirconium addition) 10 Õm powder with image of powder on the 

left, map of Ŭ iron in the center, and a color map of crystallographic direction on the right 

 

3.3 Discussion 

 Variations in surface oxidation on powder surfaces was directly correlated to 

characteristics in the powder feedstock. The surface oxidation is thicker in larger powder 

particles, due to the slower solidification and cooling rate. The slower rates enable longer 

amounts of time for oxygen to diffuse into the powder from the atomization gas. However, 

overall oxide content within the powder is reduced with powder size, since the ratio of powder 

surface area to powder volume decreases as powder size increases. ICP-MS measurements of 1-

81 powder of varying sizes shows that all elements besides oxygen do not vary significantly with 

powder size. 



ΠΥ 
 

Inert gas fusion measurements and STEM-EDS measurements show that the powder 

containing more yttrium and was produced with a higher oxygen content in the atomization gas 

(1-87) has the largest volume percent of oxidation and oxygen content at a given powder size. 

Inert gas fusion measurements on 1-81 and 1-89 show that the oxygen content within the 

atomization gas ahas a strong influnece on the oxygen content within the powder. When 

substituting half of the titanium atoms for zirconium atoms, 1-89 vs, 1-95 powder, a reduction in 

oxygen was observed in the powder. 

Powder particle size had significant effects on the quantity of intermetallic and other 

precipitates within the powder matrix. HR-XRD was used to determine that coarser powder 

particles have a higher Y2Fe17 content. A slower solidification and cooling rate in coarse powder 

particles enables more uneven concentrations of yttrium solute in solution and higher periods of 

diffusion during cooling. This also enables the formation of other precipitation such as yttrium 

nitried and oxides within the matrix. Additionally, more yttrium rich precipitation within the 

matrix of coarse powder particles is favorable, as the volume percentage of oxidation containing 

yttrium on the powder surface decreases with powder diameter, leaving more yttrium availability 

in the matrix. With respect to powder processing, no trends related to the rutile beneath the 

surface, nor presence of intermetallic, nitrides and oxides in the matrix appear to be related to the 

variations in the atomization gas used (1000-2000ppm oxygen in argon). 

The morphology of intermetallic varied significantly with powder particle size. Fine 

powder particles are expected to solidify and cool the fastest, and evidence of this can be seen in 

the intermetallic that has precipitated. During solidification, yttrium is ejected as a solute from 

the solid regions into the molten metal. The last of the regions to solidify, interdendritic regions, 

have a higher solute concentration, which has led to the precipitation of intermetallic. As the 

solidification front advances, the interdendritic regions grow in the same direction, resulting in 

elongated intermetallic precipitation, shown in Figure 26. Aside from these features, yttrium and 

zirconium (when applicable) within the matrix form spherical nanoscale intermetallic features. 

The fast cooling rate suppreses diffusion and oswald ripening, enabling fine intermetallic 

precipitation within close proximity of each other. TKD characterization was necessary to verify 

that this elongated precipitation is not a product of diffusion towards grain boundaries. 
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Figure 26. Expected point of nucleation (red circle), and direction of solidification (red arrow) 

based on direction of elongated grains in the 1-87 10 Õm powder particle (left) 1-95 10 Õm 

powder particle (middle) and 1-81 20 Õm powder particle (right) taken from Figures 20, 21 and 

23 

 In the case of fine and medium powder particles, the solidification rate results in solute 

rejection forming along a cellular structure. In this case, coarse Y-Fe intermetallic precipitate 

along cell boundaries, and during cooling, smaller spherical nanoscale Y-Fe intermetallic 

precipitate within the cells [87]. The high levels of yttrium rich precipitation in two different 

stages can be attributed to the solubility of yttrium in iron. At high temperatures on the scale of 

1593K, yttrium has a maximum solubility in the Fe-Cr system of 0.15wt%, while the melting 

point of the alloy itself is between 1740 K and 1771 K [142]. An exponential relationship exists 

between the solubility of yttrium in iron with respect to temperature [95, 96], which means the 

higher concentrations of yttrium solute along cell structures should precipitate out, and as 

cooling occurs, subsequent precipitation of yttrium left in the matrix should precipitate out. Two 

examples of this combination of precipitation is shown in Figure 27. 
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Figure 27. Bright field micrographs of cellular yttrium intermetallic structure with patches of 

finer precipitates within in the 1-81 33 Õm powder (left) and 1-87 10 Õm powder (right) 

 Lastly, medium and coarse powder particle have intermetallic features that evidence 

slower cooling and solidification rates. Yttrium intermetallic is present either in the form of large 

precipitation, or along grain or cell boundaries. Occasional nanoscale precipitation was observed 

in the powder, but EDS suggests that is a different composition than the coarse Y-Fe or Y-Zr-Fe 

precipitates. Figure 28 depicts these types of features observed across coarse powder particles. 

 

Figure 28. Bright field STEM images of coarse intermetallic precipitates, intermetallic 

precipitation along grain boundaries, and smaller Y-rich precipitates (outlined in blue) 
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EDS maping of these intermetallic rich boundaries shown in Figure 29 show that 

additional yttrium rich precipitation, such as oxides and nitrides, can act as an end point.  

 

 

 

 

Figure 29. EDS elemental maps of end points in cellular structure in 1-89 95 Õm powder particle 

(top) and 1-87 46 Õm powder particle (bottom) observed within elemental maps in Figures 21 

and 22 

3.4 Summary of Powder Characterization Results 

 Four batches of powder with varying chemistries was produced via gas atomization 

reaction synthesis for ODS steel production. It was determined that the oxygen content within 
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powder particles increases as powder size decreases and as a higher oxygen content is used in the 

atomization gas. Increasing the oxygen content in the atomization gas results in a thicker 

oxidation shell for a  given powder size. Finer powder particles have a thinner surface oxidation 

but have a higher volume of oxidation, since the ratio of surface area to volume is lower in 

smaller powder particles. Additionally, the use of zirconium in place of titanium resulted in a 

lower oxygen content within the powder. It is important to note that the rest of the chemistry 

remains relatively consistent across powder sizes.  

The observations listed above are all relevant for laser powder bed fusion consolidation, 

as the thickness of surface oxidation, and the oxygen content in the powder can influence the 

thermal behavior of the material as well as what precipitation forms upon consolidation. Laser 

powder bed fusion studies with surface oxidation on powder have observed losses in yttria 

content upon consolidation [143], as well as increased laser absorptivity, increased flowability, 

and reduced thermal conductivity in the powder bed [57] which may be related to the volume 

percent of oxidation on the powder surface. 

Additional observations, such as the precipitation of spherical titanium oxides, spherical 

yttrium nitrides, spherical yttrium oxides, and yttrium rich intermetallic with varying 

morphologies and sizes are important for low temperature sintering processes for GARS powder. 

The primary observations made, were that yttrium nitrides and oxides can form in large powder 

particles, and that the yttrium rich intermetallic precipitation is strongly influenced by the 

solidification rate of the powder, which varies with powder size. Friction consolidated GARS 

powder in regions of low plastic deformation contained undissolved surface oxidation [144]. 

Meanwhile in hot isostatically pressed ODS steels, intermetallic was still present within the 

material, and additional heat treratments were performed to support the formation of oxides [87]. 

In circumstances where the powder is not melted, parts of the powder microstructure may stay 

within the ODS steel, at which point finer powder particles which contain finer spherical yttrium 

intermetallic and titanium oxides would be preferred for dispersion strengthening. In the case of 

laser powder bed fusion, the prior microstructure is expected to completely be dissolved. By 

characterizing the prior microstructure and the microstructure after printing (in the following 

chapters), it has been determined that the powder microstructure is eliminated upon printing. 
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CHAPTER 4. Effect of GARS Powder Feedstock on ODS Steels Fabricated via Laser 

Powder Bed Fusion 

4.1 Experimental Method 

The fist sample that is a part of this series of experiments was produced for a previous study 

[48] focused on achieving fully dense samples by altering hatch spacing and scan speed. This 

sample was produced using 1-81 (original composition) GARS powder sieved to 20-53 ɛm, in an 

argon atmosphere. Following this experiment, prints with the same pprocessing parameters 

occurred using 1-87 (more yttrium and oxygen), 1-89 (less oxygen) and 1-95 (zirconium 

addition) powder sieved to 20-45 ɛm. All prints resulted in fully dense parts which were 

characterized via TEM. One additievly manufactured samples was also characterized via atom 

probe tomography to determine if finer precipitates than the ones observed via TEM are present 

within the sample. 

4.2 Results 

4.2.1 Powder Characterization 

 Microstructural observations on the four different as-atomized GARS feedstock batches 

used for ODS steel production has been discussed in Chapter 3. Shown in Table 9 is the 

composition of these batches in weight percent, measured via ICP-MS. The oxygen content was 

obtained via inert gas fusion measurements. 

  

Table 9. Powder chemistry in weight percent across various batches of GARS powders 

Name of Batch 1-81 (original 

composition) 

1-87 (more 

yttrium and 

oxygen) 

1-89 (less 

oxygen) 

1-95 (zirconium 

addition) 

Chromium 14.03 13.20 13.30 13.19 

Tungsten 3.06 3.01 2.86 2.96 

Titanium 0.40 0.39 0.40 0.18 

Yttrium 0.35 0.47 0.33 0.37 

Oxygen 0.10 0.14 0.08 0.08 

Zirconium N/A N/A N/A 0.42 

Iron* 82.06 82.79 83.03 82.80 

*Value determined by remaining weight percent 
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 Volumetric and numeric powder size distributions of each batch are shown in Figure 30 

below, and verify that the powder size distributions are relatively similar. The 1-81 batch was 

sieved from a -270 mesh/+625 mesh while all other batches were sieved to a -325/+635 mesh. 

Volumetric size distributions of the 1-81 and and 1-89 powder batches are unimodal, while 1-87 

and 1-95 have additional fine powder particles present within the batch. This small percentage of 

additional fine powder may be due to screening errors that may occur due to humidity or 

agglometeraion, and was not intended. 

 

 

Figure 30. Powder size distribution across chemistries 

 The percentiles for each powder batch used is reporterd in Table 10 below. This table 

reflects trends observed in the plots, as 1-87 and 1-95 batches have slightly lower powder sizes at 

each percentile in comparison to the other two batches.  

 

Table 10. Volumetric powder size distribution in percentiles 

Volumetric 

Percentile 

Medium 1-81 

(Previous Work 

[48]) 

Medium 1-87 Medium 1-89 Medium 1-95 

D10 26 ɛm 10 ɛm 23 ɛm 13 ɛm 

D50 35 ɛm 23 ɛm 33 ɛm 27 ɛm 

D90 51 ɛm 35 ɛm 47 ɛm 44 ɛm 
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 In addition to powder size distribution, the morphology of each powder batch was 

observed via SEM and is shown in Figure 31 below. All four batches contain spherical powder, 

which occasional powder particles that are elongated or irregular in shape. The purpose of 

powder particle size and morphology analysis for this set of experiments is to verify that powder 

characteristics besides chemistry (and microstructural effects of chemistry) are consistent. While 

there are slight variations in the amount of fine powder contained in each sieved batch, the 

overall size distribution and morphology of all four powder batches is relatively similar. 

 

 

Figure 31. SEM of GARS powder from medium 1-81 (original composition) (a), medium 1-87 

(more yttrium and oxygen) (b), medium 1-89 (less oxygen) (c), and medium 1-95 (zirconium 

additions) (d) powder batches 
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4.2.2 Microstructure of Additively Manufactured ODS Steel produced with Varying 

Powder Chemistries 

4.2.2.1 Precipitation in Medium 1-81 (Fe-14.03Cr-3.06W-0.40Ti-0.35Y-0.10O) Powder Print 

 EDS mapping of precipitation within the 1-81 (medium, originial composition) powder 

print is shown in Figures 32 and 33 below and reveal two types of oxides. The first oxide type 

observed is a titanium rich oxide, which occasionally was surrrounded by a Y-Ti rich oxide shell. 

The other type of precipitate observed is Y-Ti rich oxides, which is expected to form when 

yttrium, oxygen and titanium are readily available.  

 

Figure 32. STEM-EDS mapping of oxides (a) with line scan of coe-shell structure (b) as well as 

EDS spectra of core (yellow) and shell (black) in print with medium size 1-81 (original 

composition) powder 


