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Homogeneous Dispersion of Yttrium oxiDe particles in nickel-BaseD superalloY  
BY HigH pressure Homogenizing anD Ball milling metHoD

An optimum route to fabricate the Ni-based superalloy with homogeneous dispersion of Y2o3 particles is investigated. 
Ni-based oDS powder was prepared by high-energy ball milling of gas-atomized alloy powders and Y2o3 particles treated with 
a high-pressure homogenizer. Decrease in particle size and improvement of dispersion stability were observed by high-pressure 
homogenization of as-received Y2o3 particles, presumably by the powerful cavitation forces and by collisions of the particles. 
Microstructural analysis for the ball-milled powder mixtures reveal that Ni-based oDS powders prepared from high-pressure 
homogenization of Y2o3 particles exhibited more fine and uniform distribution of Ni and Y elements compared to the as-received 
powder. These results suggested that high-pressure homogenization process is useful for producing Ni-based superalloy with 
homogeneously dispersed oxide particles.
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1. introduction

Ni-based superalloys are promising materials for gas tur-
bines in advanced power plant and aerospace applications due 
to their excellent high temperature strength and resistance to 
degradation in corrosive or oxidizing environments [1,2]. Their 
remarkable mechanical performance is normally achieved by 
solid solution strengthening of the γ matrix phase, precipitation 
strengthening of γ´ precipitates and oxide dispersion strengthen-
ing (oDS) using the homogeneous dispersion of stable oxide 
nanoparticles into the matrix [3-5]. generally, processing of Ni-
based oDS superalloys involves mechanical alloying (MA) of 
powders, followed by pressure-assisted sintering. The MA process 
is the core step to manufacture oDS superalloys, involving that 
the elemental alloying powders or oxide compounds are subjected 
to the high energy ball milling to allow the oxide nanoparticles to 
be dispersed homogeneously throughout the matrix powders [6,7].

however, nanometer-scale refining and homogeneous dis-
persion of micro-sized oxide particles in relatively ductile matrix 
is not easily achieved in MA processes, requiring long milling 
times. in order to solve this problem, various processes have been 
developed including MA process using the nano-sized oxides as 
starting powders instead of micro-sized oxides, internal oxidation 
method, sol-gel and polymeric additive solution routes [8-10]. 

Also, a process using a high pressure homogenizer has been 
reported as a promising approach for removing aggregates of the 
nanopowder [11]. This route is typically performed by forcing 
a liquid through a narrow nozzle at high pressure and by such 
establishing high shear stress. Thus, it is possible to prepare 
a suspension with monodisperse particles from which aggregates 
have been removed through high pressure homogenization.

The aim of the present work is to investigate high pressure 
homogenization route as a potential method to fabricate the Ni-
based superalloys with homogeneously dispersed Y2o3 nanopar-
ticles. Ni-based oDS powders were prepared by high-energy ball 
milling of gas-atomized alloy powders and Y2o3 particles treated 
with a high-pressure homogenizer, and then were consolidated 
by spark plasma sintering. The microstructure and distribution 
of oxide nanoparticles were characterized.

2. experimental 

The superalloy powder having a nominal composition of 
Ni-15Cr-4.5Al-4W-2.5Ti-2Mo-2Ta-0.15Zr in wt% was manu-
factured by gas atomization. The atomized powder was supplied 
by Korea Sintered Metal Company. Two different fabrication 
processes were applied to obtain the Ni-based oDS powder 
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mixtures. The first one used atomized powder and as-received 
Y2o3 (<50 nm, Sigma-Aldrich Co., uSA) of 1.1 wt% in the final 
oDS powder mixture. The powders were high-energy ball milled 
for 15 h using horizontal ball milling machine (Simoloyer, Zoz 
gmbh, germany) with a ball-to-powder weight ratio of 15:1. in 
the second method, Y2o3 particles treated with a high-pressure 
homogenizer was used. The raw Y2o3 powder was mixed in 
ethanol for 3 min using acoustic mixer (pharmarAM™ i, 
resodyn Acoustic Mixers inc.). The slurry was passed through a 
high-pressure homogenizer (panada plus 2000, geA, germany) 
with a micro orifice module operated at 1000 bar for 3 cycles. 
The atomized powder was then mixed with the high-pressure 
homogenized Y2o3 solution and wet ball-milled for 3 h. The 
prepared mixtures were completely dried in air for 24 h and 
high-energy ball-milled for 15 h.

The superalloy powders were sintered at 1000°C for 
10 min in vacuum under a pressure of 30 Mpa using spark 
plasma sintering (SpS, Sumitomo Coal Mining Co.). The size 

of prepared powders was measured by dynamic light-scattering 
method (DLS-8000, otsuka electronics, Japan). The dispersion 
stability was measured by detecting concentration variation in 
the suspension by scanning the whole height of the sample in 
backscattering, using a Turbiscan (formulaction, france) [12]. 
The microstructure and elemental mapping were observed by 
scanning electron microscopy (SeM, JSM-6700f, JeoL Co., 
Japan) equipped with an electron probe micro-analyzer (epMA).

3. results and discussion

Typical morphology and particle size distribution of as-
received and high-pressure homogenized Y2o3 particle are shown 
in fig. 1(a) and (b), respectively. in the initial powder (fig. 1(a)), 
the large agglomerates with the mean particle size of 201 nm were 
observed. Conversely, as shown in fig. 1(b), the agglomerates 
are partially removed by the high-pressure homogenization, and 

fig. 1. Micrographs and particle size distribution of (a) as-received and (b) high-pressure homogenized Y2o3 particles

fig. 2. TSi value of the Y2o3 suspension before and after homogenization

Y2o3 with mean size of 139.6 nm exist in the form of fine parti-
cles. The high-pressure homogenizer is essentially a bottleneck 
through which the suspension passes with a high velocity, thus 
experiencing a significant pressure drop, turbulent flow condi-
tions and cavitation phenomena [13]. Therefore, it is clear that the 
high-pressure homogenization method significantly comminuted 
Y2o3 aggregates, presumably by the powerful cavitation forces 
arising from the gas bubbles and by collisions of the particles 
with each other and with the homogenizer.

for the analysis of the effect of high-pressure homogeniza-
tion on dispersion stability, Turbiscan stability index (TSi) was 
calculated based on backscattering changes in Turbiscan [14]. 
As shown in fig. 2, the TSi of the homogenized suspension 
showed a relatively low value, that is, enhanced stability com-
pared to the raw powder. from consideration of the measured 
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particle size and TSi value, the high-pressure homogenization is 
expected to contribute to the homogeneous dispersion of Y2o3 
particles in the ball milling process by enabling the comminution 
of the agglomerates and improvement of the dispersion stability.

The typical morphologies of atomized powder and ball-
milled mixture are shown in fig. 3. The atomized powder is 
spherical, and the mean particle size was measured as 84.5 µm. 
fig. 3(b) and (c) show SeM images of Ni-based oDS powders 
prepared from ball milling using as-received and high-pressure 
homogenized Y2o3 powders, respectively. in the case of ball 

milling of atomized powder and as-received Y2o3, relatively 
large particles with the mean size of 54.3 µm were observed, 
while the powder prepared using high-pressure homogenized 
Y2o3 powders exhibited finer particle size as 30.2 µm. This 
difference in powder size could be explained by comminuted 
agglomeration and improved dispersion stability effect of ho-
mogenized Y2o3 powders in the ball milling process [15].

in order to characterize the microstructure of ball-milled 
powders, the distribution of alloy elements is analyzed by 
SeM and epMA mapping, as shown in fig. 4. Agglomerated 

fig. 3. SeM morphologies of (a) gas-atomized powder; Ni-based superalloy powder fabricated by high-energy ball milling of atomized powder 
mixed with (b) raw and (c) high-pressure homogenized Y2o3 particles

fig. 4. SeM-eDX analysis of powder mixture, ball-milled by using (a) raw and (b) high-pressure homogenized Y2o3 particles
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Y element indicated by arrows were observed in the ball-milled 
powder using as-received Y2o3, as shown in fig. 4(a). however, 
it clearly represented a more uniform distribution of Y in the 
powder mixture prepared from high-pressure homogenized Y2o3 
powders (fig. 4(b)). from this observation, it is suggested that 
high-pressure homogenization process is useful for producing 
Ni-based superalloy powders with homogeneously dispersed 
oxide particles.

The synthesized powders were sintered at 1000oC for 
10 min in vacuum under a pressure of 30 Mpa to make consoli-
dated oDS alloys. As clearly seen from fig. 5(a), the sintered 
specimen prepared from ball-milled powder using as-received 
Y2o3 exhibited inhomogeneous and large grains. however, 
the specimen using high-pressure homogenized Y2o3 powders 
showed a relatively fine microstructure due to uniform dispersion 
of fine oxide particles in powder mixture. Therefore, the high-
pressure homogenization process is one of useful approaches 
to fabricate the Ni-based oDS superalloy with homogenous 
dispersion of Y2o3 nanoparticles.

4. conclusions

The present study has focused on fabrication and disper-
sion control of Y2o3 particles by using a ball milling and high-
pressure homogenization. Two methods for the preparation of 
Ni-based oDS powders have been presented and discussed on 
the basis of microstructural characteristics. The powder mixture 
fabricated by the ball milling using atomized Ni-base powder and 
homogenized Y2o3 particles showed homogeneous distribution 
of oxide particles compared with that using as-received Y2o3 
particles, presumably by the cavitation forces and by collisions 
of the particles. This result indicated that nanoparticle powders 
with controlled dispersion can be obtained by ball milling and 
high-pressure homogenization.

acknowledgments

This study was supported by the research program funded by the SeoulTech 
(Seoul National university of Science and Technology).

refereNCeS

[1] T.M. pollock, T. Sammy, J. propul. power 22, 361 (2006).
[2] W. Betteridge, S.W.K. Shaw, Mater. Sci. Technol. 3, 682 (1987).
[3] g. Quan, Y. Zhang, p. Zhang, Y. Mai, W. Wang, Trans. Nonferrous 

Met. Soc. China 31, 438 (2021).
[4] W. Sha, h.K.D.h. Bhadeshia, Metall. Mater. Trans. A 25, 705 

(1994).
[5] g.W. Noh, Y.D. Kim, K.-A. Lee, h.-J. Kim, J. Korean powder 

Metall. inst. 27, 8 (2020).
[6] J.S. Benjamin, Metall. Trans. 1, 2943 (1970).
[7] S.K. Kang, r.C. Benn, Metall. Trans. A 16, 1285 (1985).
[8] Y.-i. Lee, e.S. Lee, S.-T. oh, J. Nanosci. Nanotechnol. 21, 4955 

(2021).
[9] J.h. Schneibel, S. Shim, Mater. Sci. eng. A 488, 134 (2008).
[10] Q.X. Sun, T. Zhang, X.p. Wang, Q.f. fang, T. hao, C.S. Liu, 

J. Nucl. Mater. 424, 279 (2012).
[11] J. Kluge, g. Muhrer, M. Mazzotti, J. Supercrit. fluids 66, 380 

(2012).
[12] o. Mengual, g. Meunier, i. Cayré, K. puech, p. Snabre, Talanta 

50, 445 (1999).
[13] W.D. pandolfe, J. Dispersion Sci. Technol. 2, 459 (1981).
[14] M. Luo, X. Qi, T. ren, Y. huang, A.A. Keller, h. Wang, B. Wu, 

h. Jin, f. Li, Colloids Surf. A 533, 9 (2017).
[15] C. Suryanarayana, prog. Mater. Sci. 46, 1 (2001).

fig. 5. SeM images of the microstructure after spark plasma sintering of powder mixture using (a) as-received and (b) high-pressure homogenized 
Y2o3 particles


	Huihun Kim￼1, Milan K. Sadan￼1, Changhyeon Kim￼1, Ga-In Choi￼2, Minjun Seong￼2, 
Kwon-Koo Cho￼2, Ki-Won Kim￼2, Jou-Hyeon Ahn￼2, Hyo-Jun Ahn￼1* 
	Electrochemical Properties of Flexible Anode with SnO2 Nanopowder 
for Sodium-Ion Batteries 

	Yong-Kwan Lee￼1,2, Jae-Jin Sim￼1,2, Jong-Soo Byeon￼1,2, Yong-Tak Lee￼1,2, 
Yeong-Woo Cho￼1,2, Hyun-Chul Kim￼1,3, Sung-Gue Heo￼1,3, 
Kee-Ahn Lee￼2, Seok-Jun Seo￼1*, Kyoung-Tae Park￼1*
	Production of High-Purity Tantalum Metal Powder for Capacitors 
Using Self-Propagating High-Temperature Synthesis

	Jin Man Jang￼1, Se-Hyun Ko￼1, Wonsik Lee￼1*
	Effects of SiC Coating of Carbon Fiber on Mechanical Properties 
in Short Carbon Fiber Reinforced Al Matrix Composite

	Sun-Ki Kim￼1*, Seong-Ho Ha￼2, Bong-Hwan Kim￼2, Young-Ok Yoon￼2, 
Hyun-Kyu Lim￼2, Shae K. Kim￼2, Young-Jig Kim￼1
	Microstructure Formation of Al-5 mass%Mg Alloy Melts by Interaction with Silica

	Hyunseok Yang￼1,2, Woo-chul Jung￼1, 
Man-Sik Kong1*, Changhee Lee2
	A Study on Drilling Machinability of γ-TiAl Alloy

	Ju-Young Cho￼1,2, Myung-Suk Song￼1, Yong-Ho Choa￼2, Taek-Soo Kim￼1,3*
	Effect of Deformation Temperature on the Magnetic Properties 
of PrFeB Alloy Fabricated by Gas Atomization 

	Seong-Ho Ha￼1*, Young-Chul Shin￼1, Bong-Hwan Kim￼1, Young-Ok Yoon￼1, 
Hyun-Kyu Lim￼1, Sung-Hwan Lim￼2, Shae K. Kim￼1
	Characterization of Ca Precipitation in Al-Mg Alloys Containing 
a Trace of Ca During Homogenization

	Seok Jun Kang￼1, Sung Hwa Bae￼2*, Injoon Son￼1*
	Sn-Pd-Ni Electroplating on Bi2Te3-Based Thermoelectric Elements for Direct Thermocompression Bonding and Creation of a Reliable Bonding Interface

	SuBin Kim￼1, Sung Hwa Bae￼2*, Injoon Son￼1*
	Effect of the ENEPIG Process on the Bonding Strength of BiTe-based Thermoelectric Elements

	Jin Man Jang￼1,2, Wonsik Lee￼1*, Se-Hyun Ko￼1
	The Effects of Grain Boundary Structures on Mechanical Properties 
in Nanocrystalline Al Alloy

	Keunhyuk Ryu1, Myungsuk Kim1, Jaeseok Roh1, Kun-Jae Lee1*
	Dissolution Behavior of Metal Impurities and Improvement of Reclaimed Semiconductor 
Wafer Cleaning by Addition of Chelating Agent

	Tae Boong Moon￼1,2, Chulwoong Han￼2, Soong Keun Hyun￼1, Sung Cheol Park￼2, 
Seong Ho Son￼2, Man Seung Lee￼3, Yong Hwan Kim￼2*
	Study on Recovery of Valuable Metals in Spent Lithium-Ion Batteries 
by Al2O3-SiO2-CaO-Fe2O3 Slag System

	Hang-Chul Jung￼1, Deokhyun Han￼1, Dae-Weon Kim￼1, Byungmin Ahn￼2*
	Synthesis of the Nickel-Cobalt-Manganese Cathode Material Using Recycled Nickel 
as Precursors from Secondary Batteries

	Namhun Kwon￼1, Seyoung Lee￼1, Jaeseok Roh￼1, Kun-Jae Lee￼1*
	Synthesis and Characterization of MoO3 Nano Particle by Controlling Various 
Growth Conditions in Solution Combustion Method 

	Hyun-Kuk-Park￼1, Ik-Hyun-Oh￼1, Ju-Hun-Kim￼1,2, Sung-Kil-Hong￼2, Jeong-Han Lee￼1,2*
	Consolidation and Oxidation of Ultra Fine WC-Co-HfB2 Hard Materials 
by Spark Plasma Sintering 

	Mohammad Zarar Rasheed￼1,2, Sun-Woo Nam￼2, Sang-Hoon Lee￼2, 
Sang-Min Park￼2, Ju-Young Cho￼2, Taek-Soo Kim￼1,2*
	Phase Evolution During Extraction and Recovery of Pure Nd from Magnet

	Young-Chul Yoon￼1, Sang-Gyu Kim￼1, Sang-Hyeok Lee￼1, Byoungchul Hwang￼1*
	Influence of Al, Cu and Ni Additions on Mechanical Properties 
of Hot-Rolled Fe-9Mn-0.2C Medium-Manganese Steels

	Seung Y. Yang1,2, Bong H. Kim1*, Da B. Lee1, Kweon H. Choi1, Nam S. Kim1, 
Seong H. Ha1, Young O. Yoon1, Hyun K. Lim1, Shae Kim1, Young J. Kim2
	Warm Tensile Deformation Behavior and Constitutive Equation of 
Supersaturated Solid-Solutionized Al-9Mg Extruded Alloy

	Seok-Woo Ko1, Hyeonwoo Park2, Il Yoo3, Hansoo Kim2, 
Joonho Lee2*, Byoungchul Hwang1*
	In-situ Observation of High-Temperature Fracture Behaviour of 347 Stainless Steel Subjected 
to Simulated Welding Process

	Chulwoong Han1, Yong Hwan Kim1*, Dae Geun Kim2, Man seung Lee3
	Effect of Flux on the Recovery Behavior of Valuable Metals during 
the Melting Process of Aluminum Can Scrap

	Jeong-Han Lee1, Ik-Hyun-Oh1, Hyun-Kuk-Park1*
	Effects of Transition Metal Carbides on Microstructure and Mechanical Properties of 
Ultrafine Tungsten Carbide Via Spark Plasma Sintering

	Cheol-Woo Kim1, Hyo-Sang Yoo1, Jae-Yeol Jeon1, 
Kyun-Taek Cho1, Se-Weon Choi1*
	Study on Improvement of Surface Properties of Low Carbon Steel 
Using Laser Cladding

	Byungjoo Choi1†, Yongjun Choi1†, Moon-Gu Lee1, 
Jung Sup Kim2, Sang Won Lee2, Yongho Jeon1*
	Defect Detection Using Deep Learning-Based YOLOv3 in Cross-Sectional Image 
of Additive Manufacturing

	Ki-Hwan Kim1*, Seong-Jun Ha1,2, Sang-Gyu Park1, 
Seoung-Woo Kuk1, Jeong-Yong Park1
	Preliminary Study of Frequency-Variable Vibration Packing Fabrication 
for Atomized Metallic Particulate Fuel Using Surrogate Spherical Powder 

	Yeong Seong Eom1,2, Kyung Tae Kim1*, Dong Won Kim1, Ji Hun Yu1, 
Chul Yong Sim3, Seung Jun An3 Yong-Ha Park4, Injoon Son2*
	Heat Treatment Effect on Physical Properties of Stainless Steel / Inconel Bonded 
by Directed Energy Deposition

	Jong Min Byun1, Young-In Lee1, Sung-Tag Oh1#
	Homogeneous Dispersion of Yttrium Oxide Particles in Nickel-Based Superalloy 
by High Pressure Homogenizing and Ball Milling Method


