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Iron oxide (ε-Fe2O3) is emerging as a promising electromagnetic material due to its unique magnetic 
and electronic properties. This review focuses on the intrinsic properties of ε-Fe2O3, particularly its high 
coercivity, comparable to that of rare-earth magnets, which is attributed to its significant magnetic 
anisotropy. These properties render it highly suitable for applications in millimeter wave absorption 
and high-density magnetic storage media. Furthermore, its semiconducting behavior offers potential 
applications in photocatalytic hydrogen production. The review also explores various synthesis meth-
ods for fabricating ε-Fe2O3 as nanoparticles or thin films, emphasizing the optimization of purity and 
stability. By exploring and harnessing the properties of ε-Fe2O3, this study aims to contribute to the 
advancement of next-generation electromagnetic materials with potential applications in 6G wireless 
telecommunications, spintronics, high-density data storage, and energy technologies.

Keywords: Epsilon iron oxide; Permanent magnet; Millimeter wave absorption; Magnetic recording; 
Photocatalyst
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1. Introduction

Iron oxide (Fe2O3) exists in a variety of structural poly-
morphs, each of which is utilized in a wide range of applica-
tions due to its distinct physical and chemical properties[1–6]. 
Representative polymorphs of Fe2O3, include the alpha (α), beta 
(β), gamma (γ), and epsilon (ε) phases, with their distinctive 
properties summarized in Table 1 [4, 5, 7–10]. α-Fe2O3 (hema-
tite), the most thermodynamically stable phase, has a corun-
dum structure (space group =  R3̄c) and is widely utilized in 
pigments and photocatalysts. β-Fe2O3, a metastable phase with 
a bixbyite structure (space group =  Ia3̄), has potential applica-
tions in advanced energy materials [11, 12] and environmental 
technologies[13, 14]. γ-Fe2O3 (maghemite), which adopts a spi-
nel structure (space group =  P412121), is primarily utilized in 
the form of nanoparticles as a soft magnetic material for mag-
netic recording media and biomedical applications. Among the 
polymorphs, epsilon iron oxide (ε-Fe2O3) is distinguished by its 
orthorhombic structure (space group =  Pna21) and its entirely 

unique electromagnetic properties, which recently garnered 
significant attention as a potential electromagnetic functional 
material (Fig. 1) [3, 5].

ε-Fe2O3 exhibits unique magnetic and electronic properties 
including extremely high magnetic anisotropy and coercivity 
(Hc) comparable to or exceeding rare earth-based magnets [6, 
15]. These properties enable the utilization of ε-Fe2O3 in ad-
vanced magnetic applications such as millimeter-wave absorb-
ers, high-density magnetic recording media, and spintronics [3, 
16, 17]. Additionally, ε-Fe2O3 also exhibits semiconductor 
properties with a bandgap that allows it to absorb visible light, 
suggesting its potential as a photocatalyst for hydrogen produc-
tion [9]. These characteristics suggest that ε-Fe2O3 is a versatile 
material capable of performing various functions beyond sim-
ple magnetic materials. However, to maximize the electromag-
netic functionality of the iron oxides, it is essential to it is essen-
tial to synthesize high purity ε phase. As ε-Fe2O3 is an interme-
diate phase between α-Fe2O3 and γ-Fe2O3, it is only appears in 
the form of nanoparticles with diameters ranging from 8 to 50 
nm, which requires more demanding synthesis conditions than 
other polymorphs [6]. Recent advances in wet/dry powder 
preparation and advanced deposition techniques have enabled 
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Fig. 1. (a) Graphical representations of the crystal structures of α-Fe2O3, ε-Fe2O3, and γ-Fe2O3. Adapted with 

permission from [5] Copyright 2009 American Chemical Society. (b) Crystallographic structure of the ε-Fe2O3 

phase represented by the cation polyhedral. Adapted with permission from [3] Copyright 2010 American 

Chemical Society.

(a)

(b)
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Table 1. Physical and magnetic properties of various polymorphs of iron oxide [4,5,7-10]

Properties
Iron Oxide Molecular Formula

α-Fe2O3 β-Fe2O3 γ-Fe2O3 ε-Fe2O3

Structural type Corundum structure Bixbyite structure Spinel structure Orthorhombic structure
Space group R3̄c Ia3̄ P4332 (cubic), P412121 

(tetragonal)
Pna21

Transition temperature TC =  956 K TN =  119 K TC =  820-986 K TC =  495 K
Type of magnetism Weak ferromagnetic or anti-

ferromagnetic
Antiferromagnetic Ferrimagnetic Ferrimagnetic

Density (g/cm3) 5.26 - 4.87 4.78
Crystallographic system Rhombohedral, hexagonal Cubic Cubic or tetrahedral Orthorhombic
Lattice parameter (Å) aRh = 5.427, a= 9.393 aCubic = 8.3474, a= 5.095,

aHex = 5.034, aTetra = 8.347, b= 8.789,
cHex = 13.75 cTetra = 25.01 c= 7.437

Fe site - FeA site, FeA site, FeA site,
FeB site FeB site FeB site,

FeC site,
FeD site

Particle size ≥  50 nm ≤  50nm ≤  8nm ≤  50nm
Band gap 2.0 – 2.2 eV 1.7 – 1.9 eV 2.3 eV 1.6 – 1.9 eV  

Fig. 1. (a) Graphical representations of the crystal structures of α-Fe2O3, ε-Fe2O3, and γ-Fe2O3. Adapted with permission from [5] Copyright 
2009 American Chemical Society. (b) Crystallographic structure of the ε-Fe2O3 phase represented by the cation polyhedral. Adapted with 
permission from [3] Copyright 2010 American Chemical Society.
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ε-Fe2O3 materials to be stably prepared not only as nanoparti-
cles but also as nanofilms, greatly expanding their potential for 
electromagnetic applications [18, 19].

In this paper, we will discuss the electromagnetic properties 
of ε-Fe2O3 among the many polymorphs of Fe2O3, and review 
the latest synthesis methods and applications to fully utilize its 
properties. Through this, we will revisit the scientific and tech-
nological significance of ε-Fe2O3 and investigate its potential as 
a next-generation electromagnetic functional material.

2. Properties and Synthesis of ε-Fe2O3

2.1. Structure and Properties of ε-Fe2O3

Among the polymorphs of iron oxide, ε-Fe2O3 exhibits dis-
tinct structural and magnetic properties that set it apart as a 
promising material for advanced applications. Notably, ε-Fe2O3 
is characterized by its unique orthorhombic crystal structure, 
where Fe ions have four sites: three octahedral sites (FeAO6, 
FeBO6, FeCO6) and one tetrahedral site (FeDO4) located at the 
center of the crystal, with a spin of S= 5/2 [5].

Molecular-field theory calculations suggest that the magne-
tism of ε-Fe2O3 at room temperature arises from super-ex-
change interactions between Fe ions mediated by O. The spins 
of FeB and FeC are aligned upward along the a-axis, while FeA 
and FeD exhibit Neel P-type ferrimagnetism, with their spins 
aligned downward along the a-axis [3, 20]. ε-Fe2O3 exhibits a 
coercivity (Hc) of over 2 T at room temperature[6], which is 
fourfold greater than of conventional M-type ferrites and near-
ly twice that of NdFeB. This ultra-high coercivity can be ex-
plained by two factors. First, ε-Fe2O3 is only formed in a specif-
ic range of particle size conditions (8 nm to 50 nm), which cor-
responds to the single magnetic domain particle size that ex-
hibits the maximum coercivity [5]. The actual iron oxide crystal 
phase undergoes a phase transition in the sequence of γ → ε → β 
→ α phase depending on the size of the powder. This transition 
is driven by the relationship of the free energies of the nano-
powders as shown in (Eq. 1).

(1)

Where G(i) is the free energy of the nanopowder, GB(i) is the 
free energy of the bulk state, Vm is the molar volume, d is the 
diameter of the nanopowder, GS(i) is the surface free energy, 
and i represents the phase type. Since the magnitudes of bulk 
and surface free energies vary across different crystalline phases 

(GB(γ) > GB(ε) > GB(β) > GB(α), GS(γ) < GS(ε) < GS(β) < GS(α), the 
relationship between the free energy G(i) of the nanopowder 
and the diameter (d) of the powder is given by (Fig. 2) [3]. Spe-
cifically, within a certain particle size range, the free energy 
G(ε) of the ε crystalline phase is the lowest, indicating that the 
ε-phase forms with high purity in the single magnetic domain 
particle size range (8 nm to 50 nm). Furthermore, the high co-
ercivity of ε-Fe2O3 is attributed to its magnetic anisotropy fields 
(Ha). Ha is proportional to the crystal magnetic anisotropy con-
stant (K1) and inversely proportional to the saturation magneti-
zation (Ms) value as expressed in (Eq. 2).

(2)

π

The crystal magnetic anisotropy constant is a physical pa-
rameter that quantifies the anisotropy of energy in the magne-
tization direction, which depends on the crystal structure of the 
material. A higher value indicates greater stability of the mag-
netization direction. The crystal magnetic anisotropy constant 
(K1) of epsilon iron oxide is calculated to be 2 × 106 erg/cm3, 
which is significantly larger than the K1 value of γ-Fe2O3 (~ 104 
erg/cm3) and the K1 value of α-Fe2O3 (~ 105 erg/cm3) [5]. This 
large K1 of ε-Fe2O3 has been reported to be due to the strong 
orbital hybridization of Fe and O [20]. Generally, Fe3+ has a d5 
electron configuration, resulting in zero orbital angular mo-
mentum (L). However, in the case of ε-Fe2O3, the orbital hy-

Fig. 2. Stability of individual polymorphs of Fe2O3 based on the 
calculated dependence of the free energy per volume (i.e., G/V) 
on the size (d) of the iron(III) oxide nanoparticles of a particular 
polymorph. Reproduced with permission from [3] Copyright 2010 
American Chemical Society.

Fig. 2. Stability of individual polymorphs of Fe2O3 based on the calculated dependence of the free 

energy per volume (i.e., G/V) on the size (d) of the iron(III) oxide nanoparticles of a particular 

polymorph. Reproduced with permission from [3] Copyright 2010 American Chemical Society.
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Fig. 3. (a) Density of states (DOS) of ε-Fe2O3, with the total DOS (black), iron DOS (red), and oxygen 

DOS (blue). Adapted with permission from [21] Copyright 2020 American Chemical Society, (b) 

Schematic diagram of band bending and the charge flow at the interface of ε-Fe₂O₃ and α-Fe₂O₃ 

heterostructure after connection. Adapted with permission from [22] Copyright 2015 Royal Society of 

Chemistry.

J Powder Mater 2024;31(6):465-479468

bridization of Fe and O alters the Fe ion’s electron configuration 
to d5+q, instead of the standard d5 electron configuration. This 
increases the orbital angular momentum of Fe, leading to 
stronger spin-orbit coupling and consequently, a high coercive 
force [21].

Similar to other iron oxide polymorphs ε-Fe2O3 exhibits dis-
tinct band gap characteristics and semiconductor properties. 
The valence band in ε-Fe2O3 primarily consists of O2p orbitals, 
while the conduction band is dominated by Fe3d orbitals. Den-
sity of states (DOS) analysis from previous studies[21] shows 
that in ε-Fe2O3, the occupied Fe3d band located between -8.3 
and -6.6 eV, the O2p band spans from -6.3 to -0.8 eV, and the 
unoccupied Fe3d band extends from +0.7 to +3.2 eV relative to 
the Fermi level (Fig. 3(a)) [21]. The resulting band gap is esti-
mated to be 1.6-1.9 eV for ε-Fe2O3, compared to the 2.0 to 2.2 
eV band gap of α-Fe2O3, as shown in Table 1. This band struc-
ture characterizes ε-Fe2O3 as a charge-transfer insulator, where 
electronic transitions involve electron transfer from O2p to 
Fe3d states [21, 22]. Such charge-transfer transitions enable ef-
ficient electron excitation under visible light, making ε-Fe2O3 
suitable for photocatalytic applications. Density functional the-
ory (DFT) calculations further reveal that the heterostructure 
of ε-Fe2O3 and α-Fe2O3 forms a type-III broken band-gap align-
ment, with the band edges of α-Fe2O3 positioned higher in en-
ergy than those of ε-Fe2O3 [22]. This alignment facilitates spon-
taneous spatial separation of photogenerated charge carriers, 
with electrons transferring from α-Fe2O3 to ε-Fe2O3 and holes 
moving in the opposite direction (Fig. 3(b)) [22]. Such charge 

separation reduces electron-hole recombination, enhancing 
photocatalytic efficiency compared to using a single material. 
These electronic and magnetic properties highlight the poten-
tial of ε-Fe2O3 as a multifunctional material. Its tunable electro-
magnetic properties enable diverse applications, as explored in 
subsequent sections.

2.2. Fabrication Methods for ε-Fe₂O3

The unique crystal structure and excellent electromagnetic 
properties of ε-Fe2O3 show that it has significant potential as an 
electromagnetic functional material. However, unlike α-Fe2O3, 
which is abundant in nature, and γ-Fe2O3, which is easily syn-
thesized, ε-Fe2O3 is strongly influenced by the surface free ener-
gy, and the ε crystalline phase is only forms under conditions 
that maintain a particle morphology with diameters in tens of 
nanometers. In 2004, high purity epsilon iron oxide was artifi-
cially synthesized by the Ohkoshi group using the reverse mi-
celle sol-gel method [6]. In this process, surfactants such as cet-
yltrimethylammonium bromide (CTAB) and cetyltrimeth-
ylammonium chloride (CTAC) were used above the critical 
micelle concentration to create reverse micelles in oil. Then, a 
water-soluble iron salt solution was added to trap Fe ions in the 
micelles and disperse them in a lipophilic solvent, followed by 
the addition of silica precursors to initiate a sol-gel reaction [17, 
23, 24]. This process involved emulsifying Fe ions with surfac-
tants, trapping them in a silica matrix, which restricted the 
growth of iron oxide particles during subsequent heat treat-
ment, leading to the formation of nanometer-sized ε crystalline 

Fig. 3. (a) Density of states (DOS) of ε-Fe2O3, with the total DOS (black), iron DOS (red), and oxygen DOS (blue). Adapted with permission 
from [21] Copyright 2012 American Chemical Society, (b) Schematic diagram of band bending and the charge flow at the interface of ε-Fe2O3 
and α-Fe2O3 heterostructure after connection. Adapted with permission from [22] Copyright 2020 Royal Society of Chemistry.
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phases. However, the use of surfactants and oils to create re-
verse micelle, combined with 12-hour sol-gel reaction is ineffi-
cient in terms of yield and cost. Accordingly, efforts have been 
made to reduce the overall reaction time of the silica sol-gel re-
action to 2 hours, though a multi-step batch process [15]. Ad-
ditionally, studies have been conducted on synthesizing ε-Fe2O3 
using cost-effective raw materials and scalable production 
methods. The clay mineral nontronite, an iron-rich silicate, is 
inexpensive, readily available, and requires no additional pre-

treatment, facilitating its use in low-cost synthesis [25]. Similar-
ly, the ball milling process, a scalable mechanochemical tech-
nique for producing fine powders, has been utilized to synthe-
size ε-Fe2O3 [26]. While both methods effectively produce the 
ε-Fe2O3, they may have limitations related to secondary phase 
formation and elemental substitution for Fe.

Recently, a study reported the continuous preparation of 
ε-Fe2O3 nanoparticles using a spray-drying method although 
this method only produced micrometer-sized powders (Fig. 4) 

Fig. 4. (a) Schematic illustration of the preparation of ε-Fe2O3 nanoparticles via spray drying. (b) and (c) Scanning electron microscopy (SEM) 
images of as-spray-dried precursor particles with a precursor molar ratio (Fe/Si) of 0.4:1. (d) and (e) Field-emission transmission electron 
microscopy (FE-TEM) images of ε-Fe2O3 nanoparticles embedded in SiO2 particles after annealing at 1180°C for 4 h. (f) and (g) TEM images 
of the corresponding ε-Fe2O3 NPs after SiO2 removal. Reproduced with permission from [27] Copyright 2022 Royal Society of Chemistry.

Fig. 4. (a) Schematic illustration of the preparation of ε-Fe2O3 nanoparticles via spray drying. (b) and (c) 

Scanning electron microscopy (SEM) images of as-spray-dried precursor particles with a precursor 

molar ratio (Fe/Si) of 0.4 : 1. (d) and (e) Field-emission transmission electron microscopy (FE-TEM) 

images of ε-Fe2O3 nanoparticles embedded in SiO2 particles after annealing at 1180°C for 4 h. (f) and (g) 

TEM images of the corresponding ε-Fe2O3 NPs after SiO2 removal. Reproduced with permission from 

[28] Copyright 2022 Royal Society of Chemistry.
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Scanning electron microscopy (SEM) images of as-spray-dried precursor particles with a precursor 

molar ratio (Fe/Si) of 0.4 : 1. (d) and (e) Field-emission transmission electron microscopy (FE-TEM) 

images of ε-Fe2O3 nanoparticles embedded in SiO2 particles after annealing at 1180°C for 4 h. (f) and (g) 

TEM images of the corresponding ε-Fe2O3 NPs after SiO2 removal. Reproduced with permission from 

[28] Copyright 2022 Royal Society of Chemistry.
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[27]. In this approach, a water-soluble iron salt and silica pre-
cursor are homogeneously mixed to form a clear solution, 
which is continuously injected through a nozzle, and atomized 
in a high-temperature reactor. As the solution dries instanta-
neously, the silica forms a micrometer-sized xerogels, within 
which the Fe precursor is trapped, resulting in a composite 
powder. During subsequent heat treatment, when Fe ions in-
side the silica xerogel combine with oxygen to transition to the 
iron oxide crystalline phase. The silica matrix restricts particle 
growth, allowing the final particle size to be reduced 50 nm or 
less, leading to high purity (92.7%) formation of the ε crystal-
line phase. The aerosol method has been a widely used contin-
uous manufacturing process that has been widely used in the 
industrial preparation of fine powders for pharmaceuticals, 
food, and chemicals, can produce powders in a single step 
without additional washing. Moreover, the method is versatile 
in combining different compounds into particles and allows 
the synthesis of composites containing dispersed Fe and Si ele-
ments without the use of surfactants. Therefore, it is expected 
that a commercialized technology capable of producing pure 
ε-phase at high yields will soon be realized. These advance-
ments in cost-effective and scalable synthesis methods for 
ε-Fe2O3 hold significant potential for applications requiring 
ferromagnetic nanoparticles with high magnetic anisotropy. In 
particular, these nanoparticles are anticipated to find extensive 
use in fields such as magnetic recording media and electro-
magnetic wave absorbers, as further detailed in the following 
sections.

The ε-Fe2O3 crystalline phase, which occurs on the scale of a 
few to several tens of nanometers, has recently actively re-
searched for the fabrication of thin films and their application 
in spintronic devices [28]. Spintronics devices, such as spin 
valves, magnetic tunnel junctions, and spin current devices, are 
integral to magnetoresistive random access memory (MRAM), 
a spintronic memory based on these devices, has been utilized 
as a non-volatile memory [29–32]. The operation principle of 
MRAMs is based on the tunnel magnetoresistance (TMR) ef-
fect, where the spin of electrons tunnels through an insulating 
layer located between two ferromagnetic layers, causing a 
change in electrical resistance depending on magnetization di-
rection of the two layers. The change in resistance is used to 
store data as 0 and 1, and the magnetization direction is re-
tained even when the power is turned off, ensuring non-volatil-
ity. One of the ferromagnetic layers has a fixed magnetization 
direction, requiring an anisotropic material, while the other is 
composed of a soft magnetic material to allow its magnetiza-

tion direction to change in response to an external magnetic 
field or current[30]. In addition, to improve data stability and 
the efficiency of reading and writing, thin film fabricated in the 
form of single crystal rather than polycrystals, where magneti-
zation directions may be distributed in multiple directions are 
more suitable for application in magnetic recording device.

Although ε-Fe2O3 exhibits high magnetic anisotropy, its crys-
talline phase, which only appears in nanoparticle form, has not 
been suitable for application in substrate-based devices. In pre-
vious studies, researchers attempted to immobilize a mixture of 
ε-Fe2O3 nanorods composites onto wafers using chemical vapor 
deposition (CVD) [33], but a significant reduction in magnetic 
properties was observed compared to the nanoparticle form. 
This reduction was speculated to result from decreased order-
ing of the crystal structure [18]. Therefore, it is crucial to study 
the preparation of ε-Fe2O3 in thin film form while preserving 
its unique magnetic properties, and various preparation meth-
ods have been tried. Gich group used pulsed laser deposition 
(PLD) to form single crystal thin films, stabilizing the ε crystal-
line phase through epitaxial modification on SrTiO3 single 
crystal substrates, or by using a GaFeO3 buffer layer with the 
same structure as ε-Fe2O3 to promote the growth of ε-Fe2O3 
thin films. These thin film exhibited a coercivity of about 8 kOe 
[34]. Also, in 2017, Corbellini group successfully achieved the 
growth of (001)-oriented ε-Fe2O3 epitaxial thin films on single 
crystal zirconia (YSZ) (100) substrates using PLD (Fig. 5) [18]. 
This study is the result of growing ε-Fe2O3 thin films directly 
on the YSZ substrate, which are commonly used to grow oxides 
on silicon wafers in the (100) orientation. This suggests the po-
tential for directly growth of ε-Fe2O3 thin films on silicon wa-
fers, an important milestone for expanding applications to 
large-area devices. The Curie temperature of the prepared thin 
film was 460 K, showed a similar level to the Curie temperature 
observed in the nanoparticle form (approximately 490 K). 
However, the PLD has limitations, including the needs for high 
deposition temperature (700-900 K) and lattice-matched sub-
strate. For the practical application of ε-Fe2O3 thin films, it is 
essential to develop methods that can form thin films at lower 
temperatures or to explore new fabrication technique compati-
ble with a wider range of substrates.

Recently, a method for fabricating high-purity ε-Fe2O3 thin 
films without a lattice-matched substrate at a low temperature 
of 280°C using the atomic layer deposition (ALD) has been 
devised [19]. ALD is a chemical vapor deposition method that 
uses chemical precursors under relatively low vacuum (10−2 to 
10 mbar) and low temperature ( <  400 °C), enabling atomically 
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Fig. 5. (a) STEM image of an approximately 100-nm-thick film of ε-Fe2O3 on YSZ (100) highlighting the formation of pillar-like twins, (b) 
details of the interface between the substrate and the film, evidencing the formation of “bubbles” of a foreign phase (most likely Fe3O4) at the 
interface. Reproduced with permission from [18] Copyright 2017 Nature.Fig. 5. (a) STEM image of an approximately 100 nm thick film of ε-Fe2O3 on YSZ (100) 

highlighting the formation of pillar-like twins, (b) detail of the interface between the substrate 

and the film, evidencing the formation of “bubbles” of a foreign phase (most likely Fe3O4) at 

the interface. Reproduced with permission from [18] Copyright 2017 Nature.

precise thickness control and fine composition control. The 
iron oxide thin films prepared by ALD are ε crystalline phase, 
with only 2.5% α crystalline phase impurities. As shown in the 
M-H curve (Fig. 6) [35], there was no kink resulting from soft 
magnetic phase (typically γ-Fe2O3) admixture, confirming the 
formation of high-purity ε-Fe2O3 thin films. Furthermore, 57Fe 
Mössbauer measurements identified the four distinct Fe sites 
inherent to the ε crystalline phase. While the low-temperature 
transition observed in nanoparticles between 110 K and 150 K 
was shifted to the higher temperature range in the thin film, 
the transition was still present. This shift in transition tem-
perature, characteristic of the thin film, was attributed to grain 
boundaries and substrate-induced strain. The use of ALD for 
ε-Fe2O3 thin film holds significant potential for broader appli-
cations, as it does not require a lattice-matched substrate. The 
development represents an advancement in expanding the ap-
plication range of ε-Fe2O3. Furthermore, it is expected to play 

a critical role in advanced technological applications, such as 
photocatalytic devices that require its semiconducting proper-
ties and efficient charge carrier transport, as discussed in sub-
sequent sections.

3. Applications of ε-Fe2O3

3.1. Millimeter-Wave Absorption Applications
The high magnetic anisotropy of ε-Fe2O3 has attracted atten-

tion for its potential application as a millimeter wave (30-300 
GHz) absorber and is currently under active investigation. 
Electromagnetic wave absorbers are classified into conduction 
loss, dielectric loss, and magnetic loss materials, which attenu-
ate the incident electromagnetic waves. Among these, magnetic 
loss materials offer the advantage of more effective electromag-
netic wave absorption in high frequency bands, due to magnet-
ic loss caused by the imaginary component of permeability, al-

(a) (b)
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lowing them to selectively absorb electromagnetic signals in 
specific frequency bands. This phenomenon is attributed to the 
ferromagnetic resonance of magnetic materials, where ferro-
magnetic materials in a magnetic field selectively absorb specif-
ic frequencies. When a ferromagnet is exposed to electromag-
netic waves, its spins precess around the magnetization axis, 
absorbing electromagnetic waves at a frequency that matches 
the precession. The natural resonance frequency (fr) is propor-
tional to the anisotropic field (Ha) as shown in the equation (3) 
below [35], where v is the gyromagnetic constant.

(3)

Therefore, to adjust the frequency band to be absorbed, the 
magnetic anisotropy of the magnetic material must be adjusted, 
which can be achieved through control of the material compo-
sition. ε-Fe2O3 has been reported to exhibit ferromagnetic reso-
nance absorption at approximately 180 GHz due to its high Ha 
[17]. The crystalline magnetic anisotropy of ε-Fe2O3 can also be 
controlled by substituting transition metal element at the Fe 
sites, and studies have been conducted to adjust the absorption 
band accordingly (Fig. 7(a)-(b)) [17, 36]. It has been reported 
that substitution Fe3+ (S =  5/2) with non-magnetic ion such as 
Ga3+ and Al3+ (S =  0) can modulate fr over a wide range by sub-
stituting FeD or FeA sites. When substituted with Ga (ε-Gax-

Fe2-xO3) and Al (ε-AlxFe2-xO3), it has been reported that fr can be 
adjusted from 35 GHz (x =  0.67) to 147 GHz (x =  0.10)[17] 
and from 182 GHz (x =  0.04) to 112 GHz (x =  0.4), respec-
tively, depending on the content (x =  0.10 ~ 0.67) and (x =  
0.04 ~ 0.4)[36]. Conversely, fr was found to increase when the 

spin-orbit interaction was enhanced by substituting Rh3+, 
which has a larger orbital angular momentum than Fe3+ [37]. 
With Rh substitution, Hc increased up to 3.5 T [16], and for 
ε-Rh0.14Fe1.86O3, a Hc of 2.7 T and fr of 209 GHz were observed 
(Fig. 7(c)) [37].

In addition, complex substitution of various elements on 
ε-Fe2O3 is also being actively studied. A representative example 
is the co-substitution of Co2+(S= 3/2), Ti4+ and Ga3+ (ε-GaxTiy-

CoyFe2-x-yO3). This combination is notable because the large 
magnetic anisotropy in the a-axis direction, caused by the or-
bital angular momentum of Fe3+ at the FeB site, is counteracted 
by the magnetic anisotropy of Co2+, which substitutes for FeD 
along the c-axis direction (Fig. 7(d)-(e)) [38]. As a result, the 
crystalline magnetic anisotropy is significantly reduced, lower-
ing the coercivity to below 3 kOe [38]. In addition, to utilize 
this material as a more efficient millimeter-wave absorber, a 
study was conducted in which ceramic nanopowders with high 
conductivity (Ti4O7) were applied to achieve both dielectric loss 
and magnetic loss effect [16, 38]. This resulted in a high dielec-
tric constant, as electron transfer on the Ti4O7 surface was 
blocked at the iron oxide nanoparticle interface, inhibiting the 
current flow. When prepared as a thin film (216 µm), it exhibit-
ed 99.8% absorption capacity (RL =  -27.2 dB) at 80 GHz with 
a broadband width of 16.2 GHz (Fig. 8) [39]. ε-Fe2O3 can serve 
as an effective absorber in the millimeter-wave band due to a 
large magnetic anisotropy, and the absorption band can be 
tuned by controlling the substitutional composition. This 
demonstrates its potential as a multifunctional absorber capa-
ble of responding to wide band of electromagnetic waves, mak-
ing it suitable for 6G mobile communication applications.

Fig. 6. (a) Magnetization hysteresis loop at 300 K of ε-Fe2O3/AlFeO3//Nb:STO(111). (b) Ferroelectric hysteresis loop measured at 300 K and 
10 Hz with 100 ms of delay time. Reproduced with permission from [34] Copyright 2014 Wiley-VCH.Fig. 6. (a) Magnetization hysteresis loop at 300 K of ε-Fe2O3/AlFeO3//Nb:STO(111). (b) 

Ferroelectric hysteresis loop measured at 300 K and 10 Hz with 100 ms of delay time. 

Reproduced with permission from [35] Copyright 2014 Wiley-VCH.
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Fig. 7. Absorption spectra of Absorption spectra of (a) ε-GaxFe2-xO3. Adapted with permission from [17]. Copyright 2007 Wiley-VCH. (b)  
ε-AlxFe2-xO3. Adapted with permission from [36]. Copyright 2008 American Chemical Society. (c) ε-RhxFe2-xO3. Adapted with permission 
from [37]. Copyright 2012 Nature. Magnetic structure of (d) ε-Fe2O3 and (e, left) ε -Ga0.31Ti0.05Co0.05Fe1.59O3. Red and blue arrows denote the 
sublattice magnetizations of Fe3+ and Co2+, respectively. Black arrows show the total magnetization. (e, Right) The direction of the single-ion 
anisotropies (K, red and blue arrows) for Fe3+ at the B site along a-axis and Co2+ at the D site along c-axis. Adapted with permission from [38] 
Copyright 2016 Wiley-VCH.

Fig. 8. (a) Schematic illustration of phase matching for absorption, (b) photograph, and (c) observed RL spectrum of the flexible millimeter-
wave–absorbing ultrathin film composed of the Ti4O7@ε-Ga0.21Ti0.05Co0.05Fe1.69O3 composite and acrylic acid ester polymer on a copper foil. 
Adapted with permission from [39] Copyright 2021 Wiley-VCH.

Fig. 7. Absorption spectra of (a) ε-AlxFe2-xO3. Adapted with permission from [38]. Copyright 2009 

American Chemical Society. (b) ε-GaxFe2-xO3. Adapted with permission from [17]. Copyright 2007 

Wiley-VCH. (c) ε-RhxFe2-xO3. Adapted with permission from [38]. Copyright 2012 Nature. Magnetic 

structure of (d) ε-Fe2O3 and (e, left) ε -Ga0.31Ti0.05Co0.05Fe1.59O3. Red and blue arrows denote the 

sublattice magnetizations of Fe3+and Co2+, respectively. Black arrows show the total magnetization. (e, 

Right) The direction of the single-ion anisotropies (K, red and blue arrows) for Fe3+at the B site along 

a-axis and Co2+at the D site along c-axis. Adapted with permission from [39] Copyright 2016 Wiley-

VCH.

Fig. 8. (a) Schematic illustration of phase matching for absorption, (b) photograph, and (c) 

observed RL spectrum of the flexible millimeter-wave–absorbing ultrathin film composed of 

the Ti4O7@ε-Ga0.21Ti0.05Co0.05Fe1.69O3 composite and acrylic acid ester polymer on a copper foil. 

Adapted with permission from [40] Copyright 2014 Wiley -VCH.
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3.2. High-Density Magnetic Recording Media Applications
In the era of big data, the need for high-density magnetic re-

cording media capable of reliably storing and managing large 
amounts of data over long periods become increasingly im-
portant [40–43]. Currently, magnetic recording tapes are 
mainly composed of magnetic materials such as spindle Co-Fe 
alloy nanoparticles or barium ferrite, which play an crucial 
role in long-term data storage across various fields such as in-
surance, finance, broadcasting, and web services [44–47]. To 
achieve high-density recording, it is essential to reduce the size 
of the magnetic filler particles used in these tapes. However, 
the reduction in size lead to several side effects. In the case of 
metallic alloys, a decrease in particle size increases the surface 
area, which raises the potential for oxidation and can result in 
pyrophoric character. On the other hand, iron oxides such as 
barium ferrite and magnetite do not exhibit pyrophoric char-
acter, but as their particle size decreases, they may lose mag-
netic ordering, potentially leading to a transition to superpara-
magnetism. As a solution to this issue, ε-Fe2O3 particles have 
been found to have a superparamagnetic limit at a particle size 
of 7.5 nm, allowing them to maintain a smaller size compared 
to barium ferrite (20-25 nm) [48]. This indicates that ε-Fe2O3 
has significant potential as an ultra-high-density magnetic re-
cording media.

Furthermore, magnetic particles in the form of multiple 
magnetic domains, rather than single magnetic domain are 
likely to have their spins only partially aligned due to their 
magnetic anisotropy. While this partial alignment does not af-
fect data playback but it raises concerns about potential noise 
generation. Therefore, ε-Fe2O3 with its low superparamagnetic 
limit, well-maintained magnetic arrangement can be synthe-
sized with single magnetic domain sphere sizes ranging from 8 
to 30 nm, making it a suitable candidate for ultra-high-density 
magnetic recording media. However, ε-Fe2O3 exhibits a high 
coercivity of more than 20 kOe at room temperature, which 
can decrease the efficiency of information storage if used in its 
original form. To address this issue, research has been conduct-
ed to adjust the coercivity by substituting Fe with transition 
metal elements. Since magnetic fillers suitable for magnetic re-
cording media typically require a coercivity of around 3 kOe, 
the Ohkoshi group has worked on modifying the coercivity by 
substituting element such as Ga, Ti and Co [16, 38, 49, 50].

In particular, the Ga0.31Ti0.05Co0.05Fe1.59O3 case exhibits a mag-
netization value of 23.4 emu/g at 7 T, which represents a 44% 
increase from the original ε-Fe2O3 value of 16.2 emu/g. This in-
crease is attributed to the substitution of Fe3+ ions (S =  5/2) 

with Ga3+ (S =  0), Ti4+ (S =  0), and Co2+ (S =  3/2) at rates of 
48%, 10%, and 10%, respectively. The total magnetization of 
ε-Fe2O3 is determined by the sum of the positive sublattice 
magnetization (MB, MC >  0) at the FeB and FeC sites and the 
negative sublattice magnetization (MA, MD <  0) at the FeA and 
FeD sites. Ga substitution reduces the negative sublattice mag-
netization at FeD, thereby increasing the overall magnetization 
value. Furthermore, the coercivity (Hc) was adjusted to below 
2.69 kOe through element substitution. This reduction in Hc is 
attributed to the compensating effect of the single-ion magnetic 
anisotropy of Fe3+ and Co2+. First-principles calculations indi-
cate the ε-Fe2O3 crystal phase originally exhibits a strong mag-
netic anisotropy along the a-axis, which arises from the orbital 
angular momentum resulting from the hybridization between 
Fe3+ and O2–ions at the FeB site. However, the substitution of 
Co2+ ions at FeD sites introduces magnetic anisotropy along the 
c-axis, which appears to offset the magnetic anisotropy along 
the a-axis, thereby reducing the coercivity to below 3 kOe [38]. 
The resulting ε-Fe2O3 nanoparticles were dispersed in a ure-
thane resin and vinyl chloride polymer and then coated on a 
non-magnetic polyethylene (PE) film while an external mag-
netic field was applied (Fig. 9) [38]. During this process, the 
ε-Fe2O3 nanoparticles were oriented vertically, forming a coated 
magnetic tape. Compared to commercial CoFe alloys from 
Dowa Electric Materials, the magnetic recording tape produced 
exhibited a sharper power spectrum and a higher signal-to-
noise ratio (S/N) than existing commercial products. This indi-
cates the high potential of ε-Fe2O3 nanoparticles as a magnetic 
recording media. This study demonstrates that magnetic re-
cording media utilizing the properties of ε-Fe2O3 can outper-
form current commercial materials, highlighting its potential 
application as a next-generation high-density magnetic record-
ing media.

3.3. Visible light catalytic Applications
Solar hydrogen production is an environmentally friendly 

method to produce hydrogen by utilizing clean, renewable en-
ergy sources. It has gained significant attention as a key tech-
nology for building a sustainable hydrogen economy. The 
main approaches include photoelectrochemical (PEC) water 
splitting, photocatalytic water splitting, and photo-reforming 
using oxygenated organic compounds (OOCs), all of which 
aim to minimize greenhouse gas emissions and maximize en-
ergy efficiency. Recently, research has focused on the potential 
of ε-Fe2O3, which can absorb visible light.

Currently, PEC water splitting has attracted considerable at-
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tention from researchers, and it has been found that ferroelec-
tric materials can play an important role as PEC catalysts. This 
is due to the internal electric field induced by their spontaneous 
electric polarization, which can enhance the separation of elec-
tron-hole pairs generated by sunlight[51-53]. Conventional fer-
roelectrics such as BaTiO3 and Pb(Zrx,Ti1-x)O3 have bandgaps 
greater than 3 eV, making them unsuitable for use in the visible 
light range. In contrast, BiFeO3 possesses a relatively narrow 
bandgap (≈2.2–2.8 eV) and exhibits the largest spontaneous 
polarization (100 μC cm-2) [54]. However, the solar energy con-
version efficiency of BiFeO3 remains limited due to the rapid 
recombination rate of photoexcited charge carriers[50]. On the 
other hand, Fe2O3 is a well-known photocatalyst for solar hy-
drogen production due to its visible light absorption (bandgap 
≈ 2.1 eV), non-toxicity, and low cost [55-58]. However, its pri-
mary drawbacks low electrical conductivity, hole diffusion 
length of 2-4 nm, and low absorption coefficient have resulted 
in solar-to-hydrogen conversion values that are lower than the-
oretically predicted, with photocurrent reaching up to 12 mA 

cm-2 [59, 60]. To overcome the limitations of these single pho-
tocatalysts and enhance solar energy conversion efficiency, a 
study on nanocomposite photocatalysts based on heterojunc-
tion of ε-Fe2O3 and BiFeO3 was published[61]. In this study, a 
photoelectrode for solar water splitting was fabricated based on 
a heterostructure in which BiFeO3 nanopillars were vertically 
embedded into an ε-Fe2O3 matrix thin film using the PLD (Fig. 
10) [61]. By optimizing the photodegradation performance 
through the adjustment of the ratio between the two materials, 
the BiFeO3-ε-Fe2O3 photoelectrode containing 9% ε-Fe2O3 ex-
hibited more than double the photocurrent (0.19 mA cm-2) 
compared to the single-material sample. Additionally, it main-
tained high stability under continuous light irradiation for 25 
hours. This result can be explained by the charge separation ef-
fect caused by band-bending between the two materials. When 
the two materials are contacted, free charge carriers are redis-
tributed across the interface until equilibrium is achieved, lead-
ing to the realignment of the Fermi (Fig. 10(g)-(h)) [61]. Since 
the work function of BiFeO3 (approximately 4.95 eV) is smaller 

Fig. 9. (a) Photograph of the manufactured magnetic recording tape composed of ε-Ga0.31Ti0.05Co0.05Fe1.59O3. (b) Schematic illustration 
of the LTO-3 AMR head. (c) Cross-section SEM image of the manufactured magnetic tape. (d) Power spectrum of the signal of the 
ε-Ga0.31Ti0.05Co0.05Fe1.59O3 tape (red line) and cobalt–iron alloy tape (gray line) measured with the LTO-3 AMR head. Reproduced with 
permission from [38] Copyright 2016 Wiley-VCH.Fig. 9. (a) Photograph of the manufactured magnetic recording tape composed of ε-

Ga0.31Ti0.05Co0.05Fe1.59O3. (b) Schematic illustration of the LTO-3 AMR head. (c) Cross-section 

SEM image of the manufactured magnetic tape. (d) Power spectrum of the signal of the ε-

Ga0.31Ti0.05Co0.05Fe1.59O3 tape (red line) and cobalt–iron alloy tape (gray line) measured with 

the LTO-3 AMR head. Reproduced with permission from [39] Copyright 2016 Wiley-VCH.
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than that of ε-Fe2O3 (approximately 5.72 eV) [61-63], electrons 
migrate from BiFeO3 to ε-Fe2O3. This migration forms a charge 
region at the heterointerface and induces band-bending, which 
results in hole accumulation (electron deficiency) at the BiFeO3 
interface. Due to this band-bending, photoexcited electrons can 
easily migrate from BiFeO3 to ε-Fe2O3, while holes can migrate 
from ε-Fe2O3 to BiFeO3, significantly inhibiting electron-hole 
recombination. In other words, ε-Fe2O3, with a bandgap corre-

sponding to visible light, can be utilized as a photocatalytic ma-
terial. Furthermore, it is a promising material for enhancing 
photocurrent by inducing charge separation when combined 
with existing materials.

ε-Fe2O3 has also been actively studied as a photocatalyst for 
the photoreforming of oxygen-containing organic compounds 
such as ethanol, glycerol, and glucose [9]. This approach to hy-
drogen production via biomass photoreforming offers signifi-

Fig. 10. (a) Cross-sectional TEM image of BFO-FO heterostructures on STO substrate. (b) 

High-resolution TEM image showing the interfaces between films and STO substrates. 

The corresponding FFT patterns of (c) BFO and (d) ε-FO. (e) Top view. (f) Schematic of 

the self-assembled BFO-FO vertical heterostructures with BFO pillars embedded in the ε-

FO matrix. (g), (h) Schematic diagrams illustrating the energy band alignment and the 

expected charge flow at the BFO-FO heterojunction under light excitation. Adapted with 

permission from [61] Copyright 2016 Wiley-VCH.

Fig. 10. (a) Cross-sectional TEM image of BFO-FO heterostructures on STO substrate. (b) High-resolution TEM image showing the 
interfaces between films and STO substrates. The corresponding FFT patterns of (c) BFO and (d) ε-FO. (e) Top view. (f) Schematic of the 
self-assembled BFO-FO vertical heterostructures with BFO pillars embedded in the ε-FO matrix. (g), (h) Schematic diagrams illustrating the 
energy band alignment and the expected charge flow at the BFO-FO heterojunction under light excitation. Adapted with permission from [61] 
Copyright 2016 Wiley-VCH.
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cant environmental benefits by simultaneously removing pol-
lutants and processing waste from the biomass industry [64-
66]. Although α-Fe2O3 has traditionally been used as visible 
light catalyst due to its low fabrication cost and ease of process-
ing into various nanostructures, its performance has been con-
strained by factors such as a low absorption coefficient, high 
recombination losses of charge carriers, and a short diffusion 
length of charge carriers [2, 67]. To retain the advantages of 
α-Fe2O3 while overcoming its disadvantages, ε-Fe2O3 and 
β-Fe2O3 polymorphs of Fe2O3 were prepared by chemical vapor 
deposition (CVD) and their performance was compared in this 
study. The catalytic activity of the Fe2O3 polymorphs increased 
in the order of α-Fe2O3 <  ε-Fe2O3 <  β-Fe2O3 with the average 
hydrogen production rate of ε-Fe2O3 reaching 125 mmol h-1 m-

2, which was significantly higher than that of α-Fe2O3 [9]. Addi-
tionally, ε-Fe2O3 demonstrated better photocorrosion resistance 
than α-Fe2O3, indicating its ability to maintain photocatalytic 
activity over an extended period. Stable hydrogen generation 
was observed for at least 20 hours of continuous irradiation, 
demonstrating the robustness and reliability of ε-Fe2O3 as a 
photocatalyst. This study shows that ε-Fe2O3 is a promising al-
ternative material that can overcome the limitations of α-Fe2O3 
and make an important contribution to the development of 
high-performance photocatalysts.

4. Summary

Epsilon iron oxide (ε-Fe2O3) has attracted attention for vari-
ous advanced applications, including millimeter-wave absorb-
ers, high-density magnetic storage media, and photocatalysis, 
due to its unique magnetic and electronic properties. Specifi-
cally, its high magnetic anisotropy and coercivity set ε-Fe2O3 
apart from conventional magnetic materials, enhancing its po-
tential as an electromagnetic wave absorber in the millime-
ter-wave band and as a high-density magnetic storage media. 
In addition, its semiconducting property of visible light absorp-
tion suggests potential applications as a catalyst for solar hydro-
gen production. To maximize the electromagnetic functionality 
of ε-Fe2O3, it is crucial to synthesize it in high purity and stable 
form. Various synthesis methods have been developed, success-
fully yielding nanoparticles and thin films. Advances in the 
continuous manufacturing process of ε phase nanoparticles, 
which are particularly challenging to prepare, are expected to 
further promote the practical applications of ε-Fe2O3 across 
various applications.

Future research will need to focus on optimizing the proper-

ties of ε-Fe2O3 for each application and developing structural 
design and fabrication techniques to enhance performance. For 
example, magnetic property optimization and composite struc-
turing to enhance absorption in high-frequency band, control 
of thin film structure for spintronics device applications, and 
design of heterostructure to improve efficiency as photocata-
lysts will become a key area of research. With continued re-
search, ε-Fe2O3 is expected to become a core material in various 
industries including 6G wireless communication, spintronic 
devices, high-density magnetic storage, and hydrogen produc-
tion, serving as a next-generation electromagnetic functional 
material.
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High-entropy alloys (HEAs) represent a revolutionary class of materials characterized by their 
multi-principal element compositions and exceptional mechanical properties. Powder metallurgy, a 
versatile and cost-effective manufacturing process, offers significant advantages for the development 
of HEAs, including precise control over their composition, microstructure, and mechanical properties. 
This review explores innovative approaches integrating powder metallurgy techniques in the synthesis 
and optimization of HEAs. Key advances in powder production, sintering methods, and additive manu-
facturing are examined, highlighting their roles in improving the performance, advancement, and ap-
plicability of HEAs. The review also discusses the mechanical properties, potential industrial applica-
tions, and future trends in the field, providing a comprehensive overview of the current state and fu-
ture prospects of HEA development using powder metallurgy.
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1. Introduction

High-entropy alloys (HEAs) have emerged as a groundbreak-
ing class of materials with unique properties and diverse poten-
tial applications. Unlike traditional alloys, which typically con-
sist of one or two principal elements, HEAs are composed of 
multiple principal elements (usually five or more) in near-equi-
atomic ratios [1–4]. This complex composition results in a high 
configurational entropy, which stabilizes the formation of sim-
ple solid solution phases and imparts exceptional mechanical 
and physical properties. HEAs are known for their superior 
strength [5], excellent wear [6] and corrosion resistance [7], 
and remarkable high-temperature stability [8], making them 
highly attractive for advanced engineering applications in in-
dustries such as aerospace, automotive, and energy [9, 10].

Despite their promising attributes, the development and 
commercialization of HEAs face significant challenges, primar-

ily due to the difficulties associated with their fabrication. Con-
ventional manufacturing techniques often fall short in produc-
ing HEAs with consistent quality and desirable properties. This 
is where powder metallurgy (PM) techniques come into play. 
PM offers a versatile and cost-effective approach to producing 
HEAs, allowing for precise control over composition and mi-
crostructure. The inherent advantages of PM, such as the ability 
to produce fine and uniform powders, complex shapes, and 
high-performance materials, make it an ideal method for HEA 
fabrication [11–13]. In addition, HEAs typically consist of mul-
tiple elements in near-equiatomic proportions, leading to a 
high degree of atomic mixing. This randomness in atomic ar-
rangement increases configurational entropy, which stabilizes 
the solid solution phase because the system prefers higher en-
tropy for thermodynamic stability.

Configurational entropy discourages the formation of inter-
metallic compounds because these ordered structures have 
lower entropy. Intermetallic compounds are more rigid, with 
specific atomic arrangements, which reduce the system's 
overall entropy. In contrast, solid solutions allow for more 
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atomic disorder, leading to higher entropy and thus more sta-
bility at elevated temperatures. This stabilization mechanism 
contributes to the unique properties of HEAs, such as im-
proved mechanical strength, corrosion resistance, and ther-
mal stability, making them superior for various high-perfor-
mance applications.

When comparing PM with conventional alloy production 
methods, several distinct differences and advantages emerge. 
Conventional methods typically involve significant material 
waste due to machining and cutting processes, whereas PM of-
fers near-net shape capabilities, resulting in minimal material 
waste. Conventional methods often require multiple steps and 
extensive machining to achieve complex geometries, while PM 
can produce intricate shapes directly from the powder, reduc-
ing the need for additional machining [14, 15]. Microstructural 
control is another area where PM excels; conventional methods 
may result in inhomogeneous microstructures due to the melt-
ing and solidification processes, whereas PM provides better 
control and uniformity through controlled powder production 
and sintering processes. In terms of processing temperature 
and energy consumption, conventional methods typically in-
volve high temperatures for melting and casting, leading to 
higher energy consumption, whereas PM often operates at low-
er temperatures, particularly in sintering and consolidation 
steps, resulting in energy savings [16]. Mechanical properties 
are also enhanced in PM, which can achieve superior proper-
ties through uniform microstructures, enhanced diffusion 
bonding, and advanced consolidation techniques like hot iso-
static pressing (HIP) and spark plasma sintering (SPS) [15, 17–
19]. PM offers greater flexibility in alloy design, enabling the 
development of novel alloys, including HEAs, with unique 
properties, whereas conventional methods are limited in the 
range of compositions that can be processed due to melting 
point differences and segregation issues. While conventional 
methods are generally more cost-effective for high-volume 
production of standard alloys, PM can be more cost-effective 
for producing specialized, high-performance alloys and com-
ponents, especially in lower volumes or for complex shapes. In 
conclusion, powder metallurgy provides a versatile and efficient 
approach to alloy development, offering significant advantages 
in terms of material utilization, complexity of shapes, micro-
structural control, and energy consumption. These benefits 
make PM an attractive option for developing advanced materi-
als like high-entropy alloys, which require precise control over 
composition and properties [11, 12, 20, 21].

In advancement, machine learning (ML) is transforming 

powder metallurgy in the production of HEAs by accelerating 
the discovery, optimization, and processing of these complex 
materials with improved material efficiency. In HEAs, where 
numerous elements combine in near-equiatomic proportions, 
the vast design space makes traditional trial-and-error ap-
proaches time-consuming and cost-prohibitive. ML algorithms 
can efficiently analyze and predict optimal compositions, pow-
der processing parameters, and sintering conditions by learning 
from extensive datasets on composition, microstructure, and 
performance metrics. For instance, ML models can predict how 
variations in milling speed, time, or temperature will influence 
microstructure homogeneity, grain size, and phase stability. 
Additionally, ML can aid in identifying ideal parameters for 
high-energy ball milling and sintering to maximize chemical 
uniformity and mechanical properties. By enhancing process 
control and material characterization, ML in powder metallur-
gy improves the efficiency and precision of HEA development, 
leading to faster innovations and superior performance of these 
advanced alloys [22, 23].

Here, presenting a comprehensive overview of advancements 
in powder production, sintering methods, and additive manu-
facturing. Unlike previous reviews, it emphasizes PM’s unique 
ability to finely control HEA composition and microstructure, 
which is essential for tailoring mechanical properties and en-
hancing performance. Additionally, this review extends beyond 
technical discussions to address current and emerging industri-
al applications for PM-processed HEAs, providing valuable in-
sights into future trends and the evolving landscape of HEA re-
search. By integrating detailed analyses of PM process innova-
tions and their impact on HEA mechanical properties, this re-
view serves as a critical resource for researchers and industry 
professionals seeking to leverage PM techniques for specific 
HEA applications. Thus, this paper aims to explore the revolu-
tionary impact of powder metallurgy techniques on the devel-
opment of high-entropy alloys. It will discuss the various PM 
processes, including atomization, mechanical alloying, and ad-
vanced sintering techniques, and how they contribute to the 
optimization of HEAs. Furthermore, the paper will delve into 
the applications of HEAs produced through PM, highlighting 
their superior properties and potential industrial uses. By ex-
amining the latest advancements and future trends in this field, 
this review seeks to provide a comprehensive understanding of 
how PM is transforming the landscape of high-entropy alloy 
development and paving the way for next-generation materials.
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2. Fundamentals and background of High-
Entropy Alloys

HEAs represent a novel class of materials characterized by 
their unique composition and exceptional properties. Unlike 
traditional alloys, which typically consist of one or two princi-
pal elements, HEAs are composed of five or more elements in 
near-equiatomic proportions [24–26]. This unconventional ap-
proach to alloy design leads to a variety of beneficial character-
istics, making HEAs a subject of intense research and interest 
in materials science. A brief fundamental has been present in 
Fig. 1.

HEAs were first introduced in the early 2000s as researchers 
sought to explore the untapped potential of multi-component 
systems. Unlike traditional alloy design, which focuses on a 
principal element with minor additions. Initial studies revealed 
that HEAs could form stable, single-phase structures despite 
their complex compositions, attributed to the high entropy of 
mixing, which stabilizes disordered solid solutions over inter-
metallic compounds. The field of HEAs has rapidly expanded, 
with ongoing research into various element combinations to 
tailor properties for specific applications. Advances in compu-
tational methods and high-throughput experimental tech-
niques have accelerated HEA development, promising signifi-
cant impacts across industries such as aerospace, automotive, 
biomedical, and energy. Despite developmental challenges, the 
unique properties of HEAs continue to drive innovation and 
interest in this groundbreaking field of alloy design [28–30].

2.1. Constituents of Elements and Structure
HEAs are a novel class of materials defined by their unique 

compositional complexity. Unlike conventional alloys, which 
typically consist of one or two primary elements with minor 
additions, HEAs are composed of five or more principal ele-
ments in near-equiatomic ratios. This high configurational en-
tropy leads to the stabilization of simple solid solution phases 
rather than complex intermetallic compounds.
I.  Multi-Principal Element Composition: HEAs are designed 

with multiple elements, each contributing significantly to the 
overall composition. This multi-element approach increases 
the entropy of mixing, which promotes the formation of sim-
ple structures like face-centered cubic (FCC), body-centered 
cubic (BCC), or hexagonal close-packed (HCP) phases, rath-
er than multiple complex phases [31].

II.  Solid Solution Phases: The high entropy effect favors the for-
mation of solid solutions where different atoms are random-
ly distributed on the lattice sites. This random mixing can 
occur in FCC, BCC, or HCP structures, resulting in high 
configurational entropy that stabilizes these phases at high 
temperatures.[32, 33].

III.  Microstructure: The microstructure of HEAs can be highly 
varied and is influenced by the specific elemental composi-
tion and processing conditions. Typically, HEAs exhibit a 
single-phase or dual-phase microstructure with a mix of 
FCC and BCC phases. The presence of multiple principal 
elements can lead to lattice distortion, which plays a signifi-
cant role in the mechanical properties of HEAs [34].

2.2. Exceptional Properties of HEAs
The distinctive composition and structure of HEAs impart 

several unique properties that distinguish them from tradition-
al alloys.
I.  Mechanical Strength: HEAs exhibit remarkable mechanical 

strength due to the combined effects of solid solution 
strengthening, lattice distortion, and the presence of multiple 
phases. These factors contribute to high yield strength and 
tensile strength [14].

II.  Wear and Corrosion Resistance: The random distribution of 
different atoms can lead to enhanced wear and corrosion re-
sistance. The multiple elements can form a passive oxide lay-
er that protects the alloy from aggressive environments [35, 
36].

III.  High-Temperature Stability: HEAs maintain their structur-
al integrity and mechanical properties at high temperatures. 
The high entropy stabilizes simple solid solution phases 

Fig. 1. Fundamental aspects of high-entropy alloys (permission will 
be obtained after acceptance) [27].
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even at elevated temperatures, making them suitable for 
high-temperature applications.

IV.  Thermal Stability and Creep Resistance: HEAs exhibit ex-
cellent thermal stability and resistance to creep deformation, 
which is critical for applications in harsh thermal environ-
ments [37, 38].

V.  Magnetic and Electrical Properties: Depending on the con-
stituent elements, HEAs can exhibit a range of magnetic and 
electrical properties, making them versatile for various appli-
cations, from structural components to functional materials 
[39].
Thus, high-entropy alloys represent a paradigm shift in alloy 

design, offering a range of exceptional properties due to their 
unique compositional and structural characteristics. However, 
their development is hindered by several challenges that need 
to be addressed through continued research and innovation in 
materials science and engineering.

3. Powder Metallurgy Processes

Powder metallurgy (PM) is a manufacturing process that in-
volves producing components from powdered materials 
through compaction and sintering. It offers a high degree of 
control over the final material properties and allows for the cre-
ation of complex shapes and unique material compositions. 
Fundamental steps are shown in Fig. 2.

3.1. Powder Production
Atomization: Atomization is the most common method for 

producing metal powders, where molten metal is dispersed 
into fine droplets and solidified rapidly. Techniques include gas 
atomization, water atomization, and centrifugal atomization 
[40, 41].

Mechanical Alloying: This process involves repeated fractur-
ing, welding, and re-welding of a blend of powders to create al-
loy powders. It is particularly useful for creating composite 
powders and nanostructured materials. A detailed illustration 
of the material synthesized through the mechanical alloying is 
presented in Fig. 3.

Chemical Methods: These include reduction of metal oxides, 
electrolysis, and chemical vapor deposition (CVD). These 
methods can produce high-purity powders with controlled 
particle sizes.

Atomization: Atomization is a primary method for produc-
ing metal powders in powder metallurgy (PM). It involves dis-
integrating molten metal into fine droplets, which then solidify 
into powder particles. This technique is crucial for creating 
powders with controlled particle sizes and shapes, essential for 
high-quality PM processes. The main atomization methods are 
gas atomization, water atomization, and plasma atomization, 
each with unique characteristics and applications. Different 
types of atomization methods are widely used for the produc-
tion of alloy powder, some important methods are described in 
Table 1.

Fig. 2. Basic steps of powder production. Fig. 3. Different materials synthesized through mechanical alloying 
(permission will be obtained after acceptance) [27].

Steps of powder production

Sheetal Kumar Dewangan et al., Advances in powder metallurgy for HEAs



Sheetal Kumar Dewangan et al., Advances in powder metallurgy for HEAs

J Powder Mater 2024;31(6):480-492484

Table 1. Different atomization methods and respective advantages and applications [11–13, 42, 43]
Methods Process Description Advantages Applications
Gas  
atomization

Molten metal stream Melted in crucible and poured through nozzle Spherical particles 
Controlled particle 
size High purity

Aerospace and 
automotive 
Additive 
manufacturing

Gas stream High-pressure gas jets break molten stream into droplets
Cooling and solidification Droplets rapidly solidify in atomization chamber, forming 

fine powder.
Water  
atomization

Molten metal Stream Metal is melted and poured through a tundish into water-
cooled chamber.

Cost-effective High 
production rates 
Diverse particle 
shapes

Structural 
components Hard 
materialsWater jets High-pressure water jets break molten stream into droplets.

Cooling and solidification Droplets solidify quickly due to high cooling rate from 
water.

Plasma  
atomization

Plasma torch Plasma torch melts metal feedstock (wire or rod) at high 
temperatures.

High-purity spherical 
particles Fine 
powders

Aerospace and 
biomedical Additive 
manufacturingInert gas stream Inert gas (argon) atomizes molten metal into fine droplets.

Cooling and solidification Droplets solidify in atomization chamber, forming fine 
powder particles.

3.2. Sintering and Consolidation Methods in Powder 
Metallurgy

Sintering and consolidation are critical processes in PM that 
transform compacted metal powders into solid, dense materials 
with enhanced mechanical properties. These processes involve 
heating the powder compact to promote bonding between par-
ticles, eliminate porosity, and achieve the desired microstruc-
ture and properties [44, 45]. Various sintering and consolida-
tion methods are employed, each offering distinct advantages 
for different applications. Various types of processes have been 
used to consolidate the powder which are described in Table 2.

3.3. Advantages of PM in Alloy Development
Powder metallurgy (PM) offers several significant advantages 

over traditional metallurgical processes, particularly in the de-
velopment of advanced alloys such as HEAs. One of the most 
notable benefits is material efficiency. PM minimizes waste, as 
nearly all the powder can be utilized in the final product, mak-
ing the process highly efficient in terms of material usage. This 
contrasts with conventional methods, which often involve sub-
stantial material loss due to machining and cutting [50].

The ability to produce complex shapes and near-net shapes is 
another key advantage of PM. This capability reduces the need 
for extensive machining and post-processing, saving both time 
and resources. PM processes can create intricate geometries di-
rectly from the powder, allowing for greater design flexibility 
and the production of components that would be challenging 
or impossible to achieve with traditional methods. In addition, 
Uniform microstructure is a critical factor in determining the 
mechanical properties and performance of an alloy. PM excels 

in this area by producing materials with highly uniform micro-
structures. This uniformity enhances the mechanical proper-
ties, such as strength and durability, leading to superior perfor-
mance in the final product. In addition, PM allows for precise 
control over the alloy composition, enabling the development 
of new alloys with tailored properties. This level of control is 
particularly beneficial for creating HEAs, which require specific 
elemental combinations to achieve their unique characteristics 
[11, 13, 51, 52]. In addition, chemical homogeneity is crucial 
for HEAs as it ensures uniform mechanical properties, corro-
sion resistance, and thermal stability by preventing localized 
weaknesses from elemental segregation. Powder metallurgy 
techniques like high-energy ball milling and homogeneous sin-
tering are particularly effective in achieving this uniformity. 
High-energy ball milling breaks down segregated phases by re-
peatedly fracturing and cold-welding particles, promoting 
atomic-level mixing of elements. Homogeneous sintering then 
densifies the milled powders without melting, allowing con-
trolled atomic diffusion for even elemental distribution. To-
gether, these methods create a chemically homogeneous alloy 
microstructure, which significantly enhances HEA perfor-
mance.

Enhanced properties are another major advantage of PM. 
Processes such as mechanical alloying and SPS can significantly 
improve the mechanical properties of the material, including 
hardness, strength, and wear resistance. These enhancements 
are crucial for applications that demand high-performance ma-
terials capable of withstanding extreme conditions. Further, 
scalability is also a strength of PM. The process is suitable for 
both small-scale production of specialized components and 
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large-scale industrial manufacturing, providing versatility in 
production volumes. This scalability makes PM an attractive 
option for various industries, from aerospace to biomedical, 
where both precision and volume production are required [11, 
20].

3.4. Comparison with Other Processing Routes
In comparison with conventional alloy production methods, 

PM stands out for its ability to efficiently utilize materials, pro-
duce complex shapes, ensure uniform microstructures, offer al-
loy design flexibility, enhance material properties, and scale 
production to meet diverse needs. These advantages make 
powder metallurgy a powerful and versatile tool in the devel-
opment of advanced materials like high-entropy alloys, driving 

innovation and performance across multiple fields. Thus, a 
comparison has been made in Table 3.

High-entropy alloys prepared by powder metallurgy exhibit 
outstanding mechanical and thermal properties, including high 
strength, hardness, toughness, wear resistance, and thermal sta-
bility. The PM process offers superior control over microstruc-
ture and composition compared to traditional casting and ad-
ditive manufacturing. This results in materials with enhanced 
performance, particularly in high-temperature and demanding 
environments. As research and technology in powder metallur-
gy advance, the potential for HEAs in various high-perfor-
mance applications continues to grow, highlighting the signifi-
cance of this fabrication method in the development of ad-
vanced materials.

Table 2. Different atomization methods and respective advantages and applications
Methods Process Description Advantages Applications
Conventional 

sintering
Heating Green compact is gradually heated to sin-

tering temperature.
Simplicity Structural components,

Soaking Held at sintering temperature for a specif-
ic duration to enable diffusion and 
bonding.

Cost-effectiveness Hard materials

Cooling Material is cooled at controlled rate to 
prevent thermal stresses.

Hot isostatic 
pressing (HIP)

Encapsulation Powder compact is encapsulated in a gas-
tight container.

High density Aerospace components

Pressurization and heating Encapsulated compact is subjected to 
high pressure and temperature in an au-
toclave using inert gas.

Isotropic properties Biomedical implants

Densification Pressure and heat induce particle bonding 
and densification.

Spark plasma 
sintering (SPS)

Electric pulses Pulsed electric current generates internal 
heat in the compact.

Fast processing Nanomaterials

Pressure application Uniaxial pressure applied simultaneously 
to promote densification.

Fine microstructures Functionally graded 
materials

Rapid sintering Process is rapid, often completed in min-
utes.

Microwave sintering 
[46, 47]

Microwave energy Microwaves generate heat, ensuring uni-
form temperature distribution.

Energy efficiency Ceramics and composites

Sintering Material is sintered via dielectric heating Uniform heating Low-temperature 
sintering

Hot pressing [48, 49] Compaction and heating Powder is compacted and heated simulta-
neously in a die

High density and strength Tool materials

Densification Pressure and heat promote densification 
and grain growth.

Dimensional control Refractory metals

Cold isostatic 
pressing (CIP)

Encapsulation Powder compact is placed in a flexible 
mold.

Uniform pressure Preforms for sintering

Pressure application Mold is placed in a pressure vessel; uni-
form pressure is applied using a liquid 
medium.

Shape flexibility Large components

Pre-sintering densification Compact is densified before sintering 
process
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4. Mechanical and Thermal Properties of 
HEAs

HEAs synthesized by PM followed by milling and sintering 
exhibit remarkable mechanical properties due to their unique 
multi-component composition and refined microstructure. 
The PM process, particularly through high-energy ball milling, 
ensures a homogeneous distribution of elements at the atomic 
level, resulting in a fine and uniform microstructure. This leads 
to high strength and hardness as the multiple principal ele-
ments create lattice distortions that impede dislocation move-
ment. Thus, in Fig. 4 and Fig. 5 (a & b), the mechanical proper-
ties of some reported HEAs have been compared and presented 
as a bar chart.

Additionally, the enhanced toughness is attributed to the ef-
fective energy dissipation facilitated by the high-entropy effect, 
reducing the risk of brittle fracture. The superior hardness and 
toughness also translate into excellent wear resistance, making 
these HEAs suitable for abrasive environments. Furthermore, 
the uniform and fine-grained microstructure enhances fatigue 
resistance, enabling the alloys to endure cyclic loading condi-
tions without premature failure. Overall, the mechanical prop-
erties of HEAs synthesized by PM followed by milling and sin-
tering make them highly suitable for demanding applications 
that require a combination of high strength, toughness, and du-
rability. In addition, Fig. 6 (a & b) presents the thermal proper-
ties of different high-entropy alloys.

HEAs are distinguished by their unique multi-element com-
position, which imparts exceptional thermal properties. These 

alloys exhibit remarkable thermal stability, maintaining phase 
integrity and resisting phase transformations at elevated tem-
peratures due to high configurational entropy. Their thermal 
conductivity is generally moderate to low, a result of phonon 
scattering by diverse atomic sizes and mass differences. This 
property, along with a reduced coefficient of thermal expan-
sion, helps mitigate thermal stress and reduces thermal distor-
tion. HEAs also demonstrate excellent thermal shock resis-
tance, distributing thermal stress evenly and enhancing dura-
bility in environments with rapid temperature changes. Their 
high melting points extend their operational range in extreme 
thermal conditions, while superior oxidation resistance, facili-
tated by the formation of stable protective oxide layers, and 
good corrosion resistance at high temperatures ensure robust 
performance in harsh chemical environments. Furthermore, 
HEAs exhibit significant resistance to thermal fatigue, main-
taining their properties through repeated heating and cooling 
cycles, which enhances the lifespan and reliability of compo-
nents made from these materials. In addition, Table 4 and 5 
shows the microstructure and their properties of different high 
entropy alloys.

5. Applications of HEAs Produced by 
Powder Metallurgy

HEAs produced by powder metallurgy have diverse and 
promising applications due to their unique properties, such as 
high thermal stability, mechanical strength, and corrosion re-
sistance. The versatility and enhanced properties of HEAs pro-

Table 3. Comparison of different processing routes with powder metallurgy process
Casting [53] Powder metallurgy [11, 12] Additive manufacturing [54]

Microstructural control Produces larger grain sizes and may lead 
to segregation of elements due to the 
slow cooling rates, resulting in inho-
mogeneous microstructures.

Achieves finer grain sizes and more uni-
form element distribution due to con-
trolled powder production and sinter-
ing.

Can achieve complex geometries and 
near-net shapes with fine microstruc-
tures, but may suffer from anisotropy 
and residual stresses.

Produces uniform and isotropic proper-
ties with better control over porosity 
and grain size.

Mechanical properties Typically yields materials with lower 
strength and hardness compared to 
powder metallurgy due to the pres-
ence of casting defects such as porosity 
and segregation.

Produces materials with higher strength, 
hardness, and improved toughness 
due to better microstructural control.

Offers high strength and hardness, but 
properties can vary depending on the 
build direction and process parame-
ters.Delivers consistent mechanical proper-

ties due to uniform microstructure 
and controlled processing conditions.

Thermal properties Can result in lower thermal stability due 
to the potential for coarse intermetallic 
phases.

Provides higher thermal stability and 
oxidation resistance due to the homo-
geneous microstructure.

Exhibits good thermal properties, but 
residual stresses and anisotropy can 
affect performance at high tempera-
tures.
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Fig. 4. Mechanical properties of some reported high-entropy alloys for sintering temperature and yield stress [55]. (permission will be 
obtained after acceptance).

duced by powder metallurgy make them suitable for a wide 
range of advanced engineering applications. A schematic pre-
sentation has been shown in Fig. 7.

Aerospace industry: The aerospace industry has traditionally 
relied on superalloys and single-crystal alloys for components. 
However, the discovery of HEAs is shifting this narrative. HEAs 
offer high thermal stability and strength at elevated tempera-
tures, making them ideal replacements for conventional alloys 
in jet engine components such as turbine blades, compressors, 
and combustors. For instance, GE Aviation has developed a 
NbMoTaW HEA to replace ferritic steel in rotors, offering supe-
rior properties like temperature resistance above 800°C, high 
strength, corrosion resistance, and sound creep resistance. Ad-
ditionally, HEAs in other jet engine parts exhibit enhanced re-
sistance to wear, corrosion, oxidation, fatigue, and creep com-
pared to traditional superalloys and single-crystal alloys [55, 57].

Automotive industry: HEAs are emerging as novel materials 
for the automotive industry due to their high strength and duc-
tility. These properties make HEAs ideal for robust automotive 
components such as engine valves, gears, brake calipers, shafts, 
connecting rods, engine pistons, and ball joints. HEAs also of-
fer resistance to fatigue, corrosion, wear, and impact loads, 
which are essential for automotive applications. For example, 
the AlCoCrFeNi HEA is lightweight, with a high yield strength 
of 1263 MPa at 773 K, ultimate compressive strength (UCS) of 
1702 MPa, and plasticity of 19.9% up to 773 K. These charac-
teristics make it suitable for structural and high-temperature 
applications like gears, engine pistons, and valves [58, 59].

Marine industry: HEAs are becoming valuable in the nauti-
cal and maritime industry due to their high strength-to-weight 
ratio and excellent corrosion resistance. These properties are 
crucial for submarine machines and other maritime devices 
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Fig. 5. Mechanical properties of some reported high-entropy alloys (HEAs). (a) Hardness; (b) plasticity of HEAs [55]. (permission will be 
obtained after acceptance).

Fig. 6. Properties of some reported high-entropy alloys. (a) Plot of thermal diffusivity of pure Al, Al0.5CrFe1.5MnNi0.5 and 
Al0.3CrFe1.5MnNi0.5Mo0.1 alloys; (b) Variation of electron thermal conductivity (Ke) and phonon thermal conductivity (Kp) of 
Al0.3CoCrFeNi with temperature and their ratio [55]. (Permission will be obtained after acceptance).

that are in constant contact with salt water, which is highly cor-
rosive. Components for these applications require superior cor-
rosion resistance and low density. One such HEA, MAR-M247 
(NiCr16Co11Mo4), is a nickel-based alloy recognized for its ef-
fectiveness in constructing maritime ships and boats, offering 
enhanced durability and performance in harsh marine environ-
ments [60, 61].

Biomedical industries: HEAs show great promise in biomed-
ical applications, particularly for implants. Popescu et al. devel-
oped TiZrNbTaFe HEA, which exhibits superior corrosion re-
sistance compared to the conventional Ti6Al4V alloy due to its 
single β phase and the presence of Ta, which forms a protective 
Ta2O5 film. This HEA has proven to be more biocompatible 
than Ti6Al4V, making it suitable for orthopedic implants like 
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Table 4. Microstructures and their effects on different high-entropy alloys

HEA Observed phase(s) through different 
processing route(s) Effects on mechanical properties

Composition Melting and casting MA SPS AM Melting and casting MA SPS AM
CoCrFeNiMn FCC FCC FCC + BCC Compressive strength: 1987 

MPa
Tensile strength: 

601 MPa
Hardness: 646 HV

CoCrFeNiAl03 FCC FCC + BCC FCC UTS: 528 MPa Compressive strength: 1907 
MPa

YS: 730 MPa

YTS: 275 MPa Hardness: 625 HV UTS: 896 MPa
CoCrFeNi FCC + Cr7C3 FCC Hardness: 580 HV
AICoCrCuFeNi FCC + BCC FCC + BCC BCC Hardness: 515.5 HV (5.056 

GPa) Compressive 
strength: 1.82 GPa

Hardness: 8.13 GPa
Elastic modulus: 172 GPa

TiZrNbMon3 V0.3 BCC FCC BCC Yield strength: 1312 MPa 
and 50% increase in 
plastic strain

Ni155015CrFeT105 FCC FCC YS: 896 MPa Compressive 
strength:1502 MPa 
Hardness: 515 HV

Hardness: 442 HV 0.3 
Tensile strength: 1384 MPa
Elastic modulus:216 GPa

hip and knee replacements, as well as dental implants. CoCrF-
eMnNi HEA has shown superior performance in hip and knee 
replacements, while CoCrFeNiMnMo HEA has excelled in 
dental applications due to its corrosion resistance, biocompati-
bility, and strength. Additionally, HEAs are being explored as 
substitutes for conventional synthetic drugs [62–66].

Energy industries: HEAs are emerging as superior materials 
for hydrogen energy storage, surpassing traditional metal hy-
drides like MgH2 and NaAlH4, which have a maximum hydro-
gen-to-metal (H/M) ratio of 2. Research indicates that HEAs 
can achieve an H/M ratio of 2.5 or more [67]. For instance, 
TiVZrNbHf HEA can store more hydrogen than its individual 
elements due to the large lattice strain in the alloy. This strain 
creates an environment conducive to absorbing hydrogen in 
both tetrahedral and octahedral interstitial sites, enhancing its 
storage capacity [68, 69].

Defense Industries: HEAs are crucial in the military sector, 
particularly for military vehicles, protective shields, and armor-
ies. Their high strength, hardness, corrosion and wear resis-
tance, impact strength, and fatigue resistance make them ideal 
for these applications. For instance, AerMet 100 (NiCoFeVMo) 
is used in ammunition casings due to its excellent wear and im-
pact resistance. Research by Tang and Li using molecular dy-
namics simulations revealed that the ballistic performance of 
CrMnFeCoNi and CrFeCoNi HEAs is influenced by their dis-
location dynamics under strain. CrFeCoNi HEA, with stronger 
atomic bonds and higher dislocation densities, exhibits superi-

or strain-hardening and toughness, while CrMnFeCoNi, with 
weaker bonds and lower dislocation densities, is more suscepti-
ble to failure under ballistic impact. Thus, the presence of Mn 
reduces the impact energy of ballistic-resistant HEAs [70, 71].

6. Conclusions and Challenges in HEA 
Development

Despite their promising properties, the development and 
commercialization of HEAs face several significant challenges.
(1)  Complexity in Alloy Design: Designing HEAs involves se-

lecting appropriate combinations of elements from a vast 
compositional space. The interactions between multiple ele-
ments are complex and not fully understood, making it 
challenging to predict the resulting phases and properties.

(2)  Manufacturing Difficulties: Traditional casting and process-
ing methods may not be suitable for HEAs due to their 
compositional complexity. Achieving a homogeneous dis-
tribution of elements and preventing segregation during so-
lidification are major challenges.

(3)  Characterization and Testing: The characterization of HEAs 
requires advanced techniques to accurately determine their 
phase composition, microstructure, and properties. High- 
throughput experimental methods and computational model-
ing are often necessary to understand the behavior of HEAs.

(4)  Cost and Scalability: The high cost of raw materials and the 
complexity of processing can make HEAs expensive to pro-
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duce. Developing cost-effective and scalable manufacturing 
processes is crucial for their widespread adoption.

(5)  Limited Understanding of Properties: While HEAs exhibit 
unique properties, there is still limited understanding of 
how these properties change with different compositions 
and processing conditions. More research is needed to fully 
exploit the potential of HEAs.

(6)  In conclusion, the advancement of HEAs through powder 
metallurgy techniques marks a significant breakthrough in 
materials science. Powder metallurgy allows for precise con-
trol over composition and microstructure, leading to HEAs 
with superior mechanical properties, thermal stability, and 
corrosion resistance. This innovative approach not only en-
hances the performance and durability of HEAs but also 
broadens their application range across industries such as 

Fig. 7. Potential applications of high-entropy alloys.

Table 5. Microstructure, process and properties of various high-entropy alloys [56]
Alloys Processing Density (g/cm3) Phases Yield strength
Ti0.5VNbMoTa MA+SPS 9.99 BCC 2563
Ti1VNbMoTa MA+SPS 9.45 BCC 2208
Ti1.5VNbMoTa MA+SPS 9.08 BCC+FCC 2696
Ti2VNbMoTa MA+SPS 8.75 BCC+FCC 2824
NbMoTaWVCr MA+SPS 11.06 BCC+Laves+Oxide 3410
NbMoTaWVCr MA+SPS 11.16 BCC+Laves+Oxide 3416
MoNbTaTiV MA+SPS 9.45 BCC 2208
NbMoTaWVTi MA+SPS 10.6 BCC+TiO 2709
CrNbVMo MA+SPS 8.03 BCC+NbO0.7 2743
Al0.5CrNbVMo MA+SPS 7.53 BCC+Al2O3 2497
Al1CrNbVMo MA+SPS 7.05 BCC+Al2O3 2326
(W35Ta35Mo15Nb15)95Ni5 MA+SPS 14.55 BCC+Nb5.7Ni4Ta2.3O2 2128
NbTaWMo MA+SPS 13.44 BCC+Silicide 1217
NbTaWMoSi0.25 MA+SPS 12.92 BCC+Silicide 1826
NbTaWMoSi0.5 MA+SPS 12.65 BCC+Silicide 1883
NbTaWMoSi0.75 MA+SPS 12.23 BCC+Silicide 2483
Al0.1CrMoNbV MA+SPS 7.97 BCC+Al2O3 2544
Al0.1CrMoNbVB0.015 MA+SPS 7.97 BCC+Al2O3 2933
TiNbTa0.5Zr Sintering 7.6 BCC 1310
TiNbTa0.5ZrAl0.2 Sintering – BCC 1500
TiNbTa0.5ZrAl0.5 Sintering 7.3 BCC 1740
W0.3(TaTiCrV)0.7 SPS 13.4 BCC 2265
W0.4(TaTiCrV)0.6 SPS 13.6 BCC 2314
W0.5(TaTiCrV)0.5 SPS 14.5 BCC 2144
W0.6(TaTiCrV)0.4 SPS 14.9 BCC 2187
W0.7(TaTiCrV)0.3 SPS 15.7 BCC 1473
W0.8(TaTiCrV)0.2 SPS 16.5 BCC 1208
W0.9(TaTiCrV)0.1 SPS 16.5 BCC 1206
V0.5Nb0.5ZrTi SLM 6.5 BCC 1450
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aerospace, automotive, medical, and energy. The synergy 
between HEA development and powder metallurgy tech-
niques paves the way for the creation of next-generation 
materials that meet the stringent demands of modern engi-
neering challenges. As research and technology continue to 
evolve, the potential of HEAs produced via powder metal-
lurgy promises to revolutionize material design and applica-
tion, driving forward industrial innovation and efficiency.
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This study investigated whether calcium (Ca) addition improved the recovery of neodymium (Nd) and 
dysprosium (Dy) from Nd-Fe-B magnet scrap using magnesium (Mg)-based liquid metal extraction 
(LME). Traditional LME processes are limited to temperatures up to 850 °C due to oxidation issues, re-
ducing the efficiency of rare earth element (REE) recovery, especially for Dy. By adding 10 wt.% Ca to 
Mg and increasing the processing temperature to 1,000 °C, we achieved nearly 100% Nd and approxi-
mately 38% Dy recovery, compared to 91% and 28%, respectively, with pure Mg at 850 °C. However, 
excessive Ca addition (20 wt.%) decreased the recovery efficiency due to the formation of stable inter-
metallic compounds. These results highlight the critical role of Ca in optimizing REE recycling from 
Nd-Fe-B magnet scrap.
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1. Introduction

Rare earth elements (REEs), particularly neodymium (Nd) 
and dysprosium (Dy), are essential components in Nd-Fe-B 
permanent magnets due to their exceptional magnetic proper-
ties [1–4]. These magnets are crucial in technologies such as 
electric vehicles, wind turbines, medical devices, and electronic 
equipment [5]. The global demand for Nd-Fe-B magnets is in-
creasing rapidly, with an estimated annual growth rate of 
8–12%, driven by clean energy initiatives and the proliferation 
of high-tech devices [6, 7]. This surge intensifies pressure on 
REE supply chains, which are vulnerable due to geopolitical 
factors and the environmental impact of primary mining oper-
ations.

Recycling Nd-Fe-B magnet scrap offers a sustainable alterna-
tive to primary mining, providing a secondary source of REEs 
while mitigating environmental degradation. However, efficient 
REE recovery from scrap poses significant challenges. Recy-
cling methods are mainly hydrometallurgical or pyrometallur-
gical [8-11]. Hydrometallurgical techniques like acid leaching 

[9] and solvent extraction [11] are effective but involve complex 
processing steps, high operational costs, and generate hazard-
ous waste requiring careful disposal. Pyrometallurgical ap-
proaches such as molten salt electrolysis [12, 13] and gas-phase 
extraction [14, 15] offer faster processing and simpler operation 
but are energy-intensive and may face scalability issues due to 
equipment and energy requirements.

Liquid metal extraction (LME) has emerged as a promising 
pyrometallurgical method for recycling Nd-Fe-B scrap [16, 17]. 
In LME, molten metals like magnesium (Mg) selectively extract 
REEs based on their solubility and affinity compared to other 
elements like iron (Fe) and boron (B). This method benefits 
from operational simplicity and potential for continuous pro-
cessing, making it attractive for industrial applications. Howev-
er, while Mg effectively extracts light REEs (LREEs) like Nd, 
extraction of heavy REEs (HREEs) such as Dy remains ineffi-
cient due to Dy's lower solubility and tendency to form stable 
oxides, which hinder its recovery during the LME process [18-
22].

Enhancing Dy extraction is challenged by the formation of 
thermodynamically stable oxides like Dy2O3 at elevated tem-
peratures [23], acting as diffusion barriers and impeding Dy 
dissolution into molten Mg. To mitigate oxidation, traditional 



J Powder Mater 2024;31(6):493-499494

Hyoseop Kim Effect of Ca addition on high-temp Nd, Dy recovery

LME operates below 850 °C, which is suboptimal for REE dif-
fusion kinetics [24]. Recent studies have explored adding calci-
um (Ca) to molten Mg to address this issue [25, 26]. Ca can re-
duce REE oxides to their metallic forms, forming CaO as a by-
product that does not hinder the extraction process. This ap-
proach enables higher-temperature operations, improving the 
kinetics of REE extraction, particularly for HREEs like Dy. 
However, optimal conditions for Ca-assisted LME, including 
precise Ca content and the effects of high-temperature process-
ing on Nd and Dy recovery, are not fully understood. Addition-
ally, the impact of intermetallic compounds formed at higher 
Ca concentrations on REE solubility and extraction efficiency 
requires thorough investigation.

This study aims to address these challenges by systematically 
investigating the effect of Ca addition and high-temperature 
processing on the extraction efficiencies of Nd and Dy from 
Nd-Fe-B magnet scrap using Mg-based extractants. By varying 
Ca content (0 wt.%, 10 wt.%, and 20 wt.%), processing tem-
peratures (850 °C and 1,000 °C), and holding times (1 to 3 
hours), we seek to determine the optimal conditions that maxi-
mize REE recovery without adverse effects from intermetallic 
compound formation. Understanding the thermodynamic and 
kinetic mechanisms by which Ca enhances the reduction of 
REE oxides and facilitates their diffusion into the molten alloy 
will contribute to optimizing the LME process for efficient re-
cycling of Nd-Fe-B magnet scrap. Improving the recovery of 
HREEs like Dy is crucial due to their limited availability and 
significant role in enhancing the performance of Nd-Fe-B mag-
nets, thereby supporting the advancement of clean energy tech-
nologies and electronic devices.

2. Experimental Procedure

2.1. Materials
The Nd-Fe-B magnet scrap used in this study was sourced 

from industrial waste generated during the production of per-
manent magnets. The chemical composition of the scrap was 
determined using micro–X-ray fluorescence (μ-XRF) analysis, 
revealing approximately 23.84 wt.% neodymium (Nd), 8.57 
wt.% dysprosium (Dy), 64.60 wt.% iron (Fe), 0.89 wt.% boron 
(B), along with minor amounts of cobalt (Co), aluminum (Al), 
and copper (Cu). The detailed composition is presented in Ta-
ble 1.

High-purity magnesium (Mg, ≥ 99.9%) and calcium (Ca, 
≥ 99.9%) were used as extractant materials. Mg–Ca alloys were 
prepared with Ca concentrations of 0 wt.%, 10 wt.%, and 20 

wt.% to evaluate the effect of Ca addition on REE extraction ef-
ficiency.

2.2. Sample Preparation
The Nd-Fe-B magnet scrap was mechanically crushed using 

a jaw crusher to reduce the particle size, enhancing reaction ki-
netics during extraction. The crushed material was then sieved 
to obtain particles ranging from 1 mm to 2 mm. Approximately 
200 g of the sieved magnet scrap was used for each experimen-
tal run.

The prepared magnet scrap was placed into a stainless steel 
(SS) mesh container with a mesh size of 0.8 mm to retain the 
particles during the extraction process and allow efficient con-
tact with the molten extractant.

2.3. Liquid Metal Extraction
Extraction experiments were conducted using an induction 

furnace capable of reaching 1,100 °C. A crucible with an inner 
diameter of 100 mm and a height of 150 mm, featuring a sealed 
10 mm bottom orifice, was used to hold the extractant metal. 
For each experiment, 200 g of Mg or Mg–Ca alloy (0 wt.%, 10 
wt.%, or 20 wt.% Ca) was placed into the crucible. The magnet 
scrap, contained in a stainless steel (SS) mesh container, was 
positioned above the extractant metal within the crucible.

Prior to heating, the assembly was placed inside a quartz 
chamber, evacuated to approximately 1 ×  10–2 Pa to remove air 
and moisture, and purged with high-purity argon gas. This vac-
uum-purge cycle was repeated three times to minimize oxygen 
presence and reduce oxidation risk during heating.

The furnace heated the crucible to target temperatures of 850 
°C or 1,000 °C at a controlled rate of 10 °C/min. Temperature 
was monitored using a calibrated Type-K thermocouple near 
the crucible bottom. Once the target temperature was reached, 
the system was held isothermally for 1 to 3 hours, depending 
on the experimental conditions in Table 2.

After the holding time, the system was cooled to approxi-
mately 800 °C to reduce the vapor pressures of Mg and Ca. The 
stopper rod sealing the crucible's bottom orifice was removed, 
allowing the molten alloy to flow into a preheated graphite 

Table 1. Detailed chemical composition of the Nd-Fe-B magnet 
scrap used in this study (wt.%)
Elements Nd Dy Fe B Co Al Cu
Concentration 

(wt.%)
23.84 8.57 64.60 0.89 1.92 0.06 0.12
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mold beneath the crucible, which minimized thermal shock 
and facilitated alloy removal. During pouring, the stainless-steel 
mesh container holding the residual magnet scrap was gently 
agitated to ensure maximum drainage of the molten alloy and 
prevent entrapment of liquid metal among the scrap particles. 
The entire operation was conducted under continuous argon 
gas flow to maintain an inert atmosphere and prevent oxida-
tion. After solidification in the mold under argon atmosphere, 
the alloy ingot and residual magnet scrap were cooled to room 
temperature and collected separately for analysis.

2.4. Sample Analysis
The collected alloy ingots were sectioned using a diamond 

saw to obtain representative samples for analysis. The chemical 
compositions of both the alloy and the residual magnet scrap 
were determined using micro–X-ray fluorescence (μ-XRF).

The extraction efficiency of Nd and Dy was calculated using 
the following equation:

(1)

Where RREE is the extraction efficiency of the REE (Nd or 
Dy), wREEresidue is the mass fraction (wt.%) of the REE remain-

ing in the residual magnet scrap after extraction, and wREEscrap 
is the mass fraction (wt.%) of the REE in the original magnet 
scrap before extraction.

3. Results and Discussion

3.1. REE Extraction with Mg and Mg-Ca Alloys
The chemical compositions of the alloys obtained from the 

liquid metal extraction (LME) experiments at 850 °C are sum-
marized in Table 3.

Fig. 1 illustrates the extraction efficiencies of Nd and Dy as a 
function of Ca addition at 850 °C. When pure magnesium (Mg) 
was used as the extractant (Exp. 1), the extraction efficiencies 
for Nd and Dy were approximately 91% and 28%, respectively. 
The high recovery of Nd aligns with Mg's known effectiveness 
in extracting light rare earth elements (LREEs) due to favorable 
thermodynamics and kinetics [18-22]. The lower recovery of 
Dy, a heavy rare earth element (HREE), is attributed to its high-
er thermodynamic stability in oxide form and lower diffusion 
rate in molten Mg [27].

Adding 10 wt.% Ca to Mg (Exp. 2) significantly improved the 
extraction efficiency of Nd to nearly 100% and modestly in-
creased Dy recovery to approximately 30%. This enhancement 
is primarily due to Ca's higher affinity for oxygen, enabling it to 

Table 2. Experimental conditions for liquid metal extraction, including temperature, holding time, Nd-Fe-B scrap mass, and extractant 
composition

Experiment Number Temperature (˚C) Holding Time (h) NdFeB Scrap (g)
Extractant

Mg (g) Ca (g)
Exp. 1 850 1 200 200 -
Exp. 2 850 1 200 180 20
Exp. 3 850 1 200 160 40
Exp. 4 850 3 200 180 20
Exp. 5 1,000 1 200 180 20
Exp. 6 1,000 3 200 180 20

Table 3. Chemical compositions (wt.%) of alloys obtained after liquid metal extraction under various experimental conditions

Experiment Number
Chemical composition (wt.%)

Mg to Ca Ratio
Nd Dy Mg Ca Fe

Exp. 1 16.05 1.84 82.09 - 0.02 -
Exp. 2 17.95 1.88 70.16 10.00 0.00 7.02
Exp. 3 10.11 1.15 66.56 22.16 0.03 3.00
Exp. 4 20.08 1.98 67.44 10.51 0.00 6.42
Exp. 5 21.11 2.45 64.52 11.73 0.19 5.50
Exp. 6 24.28 2.22 60.11 13.21 0.18 4.55
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Fig. 1. Effect of calcium addition on the efficiency of Nd and Dy 
extraction at 850 °C.
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reduce stable REE oxides like Nd2O3 and Dy2O3 more effective-
ly than Mg alone.

The thermodynamic favorability of the reduction reactions 
can be quantified by the standard Gibbs free energy changes 
(ΔG°). At 850 °C, the reduction of Nd2O3 and Dy2O3 by Ca has 
ΔG° values of approximately –370 kJ/mol and –360 kJ/mol, re-
spectively [18, 19]. These highly negative values indicate spon-
taneous reactions. In contrast, the corresponding reductions by 
Mg have less negative ΔG° values (approximately –180 kJ/mol 
for Nd2O3 and –170 kJ/mol for Dy2O3) [20], making them less 

favorable. The ability of Ca to reduce these oxides enhances the 
availability of metallic REEs for dissolution into the molten al-
loy.

However, increasing the Ca content to 20 wt.% (Exp. 3) re-
sulted in decreased extraction efficiencies for both Nd (approx-
imately 66%) and Dy (approximately 18%). This decrease can 
be attributed to the formation of stable intermetallic com-
pounds at higher Ca concentrations, such as Ca3Nd and 
Ca5Dy3, which have been reported in the literature [23, 25]. 
These compounds have low solubility in the Mg–Ca melt and 
tend to precipitate out, reducing the concentration of free REEs 
available for extraction.

The formation of intermetallic phases not only consumes 
REEs but also alters the melt's properties, hindering mass trans-
fer and diffusion processes. Previous studies have indicated that 
excessive Ca can lead to the formation of such intermetallic 
compounds, negatively impacting the extraction process [26]. 
These findings highlight the importance of optimizing Ca con-
tent to balance the benefits of oxide reduction against the draw-
backs of intermetallic compound formation.

3.2. Effect of Temperature and Holding Time
The impact of temperature and holding time on the ex-

traction efficiencies of Nd and Dy was evaluated using Mg–10 
wt.% Ca alloy. The results are presented in Fig. 2. At 850 °C 
with a holding time of 1 hour (Exp. 2), Nd extraction efficiency 
was nearly 100%, while Dy recovery was approximately 30%. 
Extending the holding time to 3 hours at the same temperature 

Fig. 2. Efficiency of Nd and Dy extraction as a function of temperature and holding time using Mg–10 wt.% Ca alloy.
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(Exp. 4) had a minimal effect on Nd recovery but slightly im-
proved Dy extraction to about 32%. This suggests that Nd ex-
traction is kinetically fast once the oxide barrier is reduced, 
whereas Dy extraction is diffusion-limited.

Raising the temperature to 1,000 °C significantly enhanced 
Dy extraction efficiency to approximately 38% after 1 hour 
(Exp. 5). However, extending the holding time to 3 hours at 
1,000 °C (Exp. 6) resulted in a decrease in Dy recovery to about 
35%, indicating that prolonged exposure at high temperatures 
may adversely affect Dy extraction.

The decrease in Dy recovery with extended holding time can 
be attributed to several factors. One possible explanation is the 
formation of stable intermetallic compounds between Dy and 
Ca or Mg, such as Ca5Dy3 or Mg3Dy, which have low solubility 
in the molten alloy and tend to precipitate out, reducing the 
amount of free Dy available for extraction [23, 25]. Additional-
ly, prolonged high-temperature exposure can increase the va-
porization of Mg and Ca due to their high vapor pressures, al-
tering the composition of the extractant and reducing its effec-
tiveness [26]. Despite maintaining an inert atmosphere, trace 
amounts of oxygen could lead to re-oxidation of Dy over ex-
tended periods, forming Dy2O3 and diminishing extraction ef-
ficiency.

Despite the thermodynamic favorability of Dy reduction at 
higher temperatures, these factors can counteract the benefits, 
leading to decreased Dy extraction with prolonged holding 
times. Dy extraction remains lower than Nd due to kinetic lim-
itations and its higher tendency to form stable compounds. Dy 
has a higher melting point (1,412 °C) and a smaller atomic ra-
dius, contributing to slower diffusion rates in the molten alloy 
[27]. Additionally, Dy2O3 is more thermodynamically stable 

than Nd2O3, requiring higher activation energy for reduction.

3.3. Mechanism of REE Oxide Reduction by Calcium
Ellingham diagrams (Fig. 3) were used to compare the stabil-

ity of oxides and the tendency of different elements to form ox-
ides. Ca has a more negative standard free energy of formation 
for its oxide (CaO) compared to Nd2O3 and Dy2O3, indicating 
that Ca can effectively reduce these REE oxides. The reduction 
reactions are thermodynamically favorable across the tempera-
ture range studied, with the driving force increasing at higher 
temperatures.

The reduction reactions can be represented as:
(2)

Nd2O3 + 3Ca → 2Nd + 3CaO (ΔG°= −370 kJ/mol at 850°C)

(3)
Dy2O3 + 3Ca → 2Dy + 3CaO (ΔG°= −360 kJ/mol at 850°C)

The Ca–Nd–O ternary phase diagrams at 1,000 °C (Fig. 4) il-
lustrate the phase equilibria and confirm the formation of CaO 
and metallic REEs upon reduction of REE oxides by Ca. These 
diagrams also show that excessive Ca can lead to the formation 
of intermetallic compounds (e.g., Ca3Nd, CaNd, Ca5Dy3), 
which correspond with the decreased extraction efficiencies 
observed at higher Ca concentrations.

The mechanism of REE oxide reduction by Ca involves the 
following steps:

Fig. 3. Ellingham diagram illustrating the thermodynamic 
favorability of calcium reducing Nd2O3 and Dy2O3 compared to 
CaO formation [18, 19].

Fig. 4. Calculated Ca–Nd–O ternary phase diagram at 1,000 °C, 
illustrating the formation of intermetallic compounds affecting REE 
extraction efficiency.
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(1)  Reduction of REE Oxides: Calcium reduces Nd2O3 and 
Dy2O3 to metals, forming CaO.

(2)  Dissolution into Molten Alloy: The reduced REEs dissolve 
into the molten Mg–Ca alloy.

(3)  Formation of CaO: CaO forms and may precipitate from 
the melt due to its high melting point.

The overall reaction can be simplified as:
(4)

REE2O3 + 3Ca → 2REE (in Mg–Ca alloy) + 3CaO 

Where REE represents Nd or Dy.
The removal of oxygen enhances the solubility of REEs in the 

molten alloy. However, Dy's propensity to form stable interme-
tallic compounds at higher Ca concentrations limits its solubili-
ty. This underscores the necessity of optimizing Ca content to 
prevent excessive formation of such compounds.

3.4. Comparison with Previous Studies
The findings of this study demonstrate an improved Dy ex-

traction efficiency (~38%) compared to previous reports, which 
typically achieved Dy recoveries of 20–30% using pure Mg at 
lower temperatures. The use of Ca as a reducing agent and the 
increase in processing temperature to 1,000 °C effectively en-
hanced the reduction of Dy2O3, facilitating greater Dy recovery. 
Furthermore, identifying an optimal Ca content (~10 wt.%) 
aligns with the need to balance oxide reduction benefits against 
the formation of undesirable intermetallic compounds. This 
balance was not thoroughly explored in prior studies, high-
lighting the contribution of this research to advancing the un-
derstanding of Ca-assisted LME processes.

Incorporating Ca into the LME process at controlled concen-
trations can significantly enhance REE recovery from Nd-Fe-B 
magnet scrap, particularly for HREEs like Dy. Operating at 
higher temperatures (up to 1,000 °C) is feasible with Ca addi-
tion, as it mitigates oxidation concerns. However, careful con-
trol of Ca content is essential to prevent the formation of inter-
metallic compounds that reduce extraction efficiency.

3.5. Implications and Future Work
This study highlights the pivotal role of Ca in overcoming 

oxidation barriers and optimizing the LME process for REE re-
cycling. The optimized addition of Ca at around 10 wt.% to 
Mg-based extractants, combined with high-temperature pro-
cessing at 1,000 °C, significantly enhances the recovery of both 
Nd and Dy from Nd-Fe-B magnet scrap. These findings pro-
vide valuable insights into the thermodynamic and kinetic fac-

tors governing the LME process and emphasize the importance 
of precise Ca content control.

Future research should focus on further improving Dy recov-
ery by exploring alternative reducing agents or alloying ele-
ments that facilitate Dy extraction without forming undesirable 
intermetallic compounds. Additionally, optimizing process pa-
rameters such as holding time, temperature profiles, and atmo-
sphere control could lead to even more efficient extraction pro-
cesses. Assessing the scalability of this method for industrial 
applications is also crucial for advancing sustainable recycling 
practices for critical rare earth elements.

4. Conclusion

Adding 10 wt.% calcium (Ca) to magnesium (Mg)-based ex-
tractants significantly enhanced the extraction of neodymium 
(Nd) and dysprosium (Dy) from Nd-Fe-B magnet scrap at ele-
vated temperatures. At 1,000 °C, Nd extraction efficiency 
reached nearly 100%, and Dy recovery improved to approxi-
mately 38%. This improvement is due to Ca's strong affinity for 
oxygen, effectively reducing stable REE oxides like Nd2O3 and 
Dy2O3, which facilitates the release and diffusion of metallic 
REEs into the molten Mg–Ca alloy.

However, increasing Ca content to 20 wt.% decreased ex-
traction efficiencies for both Nd and Dy because of the forma-
tion of stable intermetallic compounds like Ca3Nd and Ca5Dy3. 
These compounds have low solubility in the Mg–Ca melt, re-
ducing the availability of free REEs. Optimizing Ca content is 
therefore crucial to balance oxide reduction benefits against in-
termetallic compound formation.

Operating at higher temperatures enhanced reaction kinetics 
and thermodynamic favorability, further improving Dy recov-
ery. However, prolonged holding times at high temperatures 
slightly decreased Dy extraction efficiency, likely due to addi-
tional intermetallic formation, increased vaporization losses of 
Mg and Ca, and potential re-oxidation of Dy.

This research advances the understanding of Ca-assisted liq-
uid metal extraction (LME) for REE recycling. By optimizing 
Ca content and processing conditions, oxidation barriers can 
be overcome, enhancing the recovery of both light and heavy 
REEs from Nd-Fe-B scrap. These findings have significant im-
plications for developing efficient, scalable recycling methods, 
reducing reliance on primary REE mining, and supporting sus-
tainable supply chains.

Future work should focus on further enhancing Dy recovery 
by exploring alternative reducing agents or alloying elements 
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that prevent undesirable intermetallic compounds while main-
taining effective oxide reduction. Refining process parameters 
and assessing the scalability and economic feasibility of this 
method are essential for potential industrial application.
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This study developed conductive inks composed of carbon black (CB) and silver nanowires (Ag NWs) 
for cost-effective screen-printing on fabrics. The Ag NW density within the CB matrix was precisely 
controlled, achieving tunable electrical conductivity with minimal Ag NW usage. The resulting inks 
were successfully patterned into shapes such as square grids and circles on textile surfaces, demon-
strating excellent conductivity and fidelity. Adding 19.9 wt% Ag NWs reduced sheet resistance by 
~92% compared to CB-only inks, highlighting the effectiveness and potential of this hybrid approach 
for cost-effective, high-performance textile-based electronics. The one-dimensional morphology of Ag 
NWs facilitated the formation of conductive percolation networks, creating efficient electron path-
ways within the CB matrix even at low loadings. This work advances the field of CB-based conductive 
inks and provides a scalable and practical method for producing functional, patterned electronic tex-
tiles.
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1. Introduction

The development of flexible, fabric-based electronics has at-
tracted significant interest due to their potential applications in 
wearable technology, smart textiles, and integrated sensors [1]. 
Solution-based conductive inks play a crucial role in realizing 
these applications, enabling direct circuit printing onto fabric 
substrates with advantages such as low cost, ease of patterning, 
and compatibility with existing manufacturing processes for 
flexible electronics [2]. Printing techniques like screen printing, 
inkjet, and gravure are essential for efficiently depositing con-
ductive materials onto textiles, each offering unique benefits 
[3]. Screen printing, in particular, is well-suited for fabric-based 
electronics due to its adaptability, cost-effectiveness, and suit-
ability for large-scale production with precise control over ink 
thickness and pattern [4].

Conductive inks typically contain conductive filers, solvents, 
binders, dispersants, and additives. The formulation of these 
inks significantly influences their electrical conductivity, me-
chanical durability, chemical stability, patterning precision, and 
compatibility with coating methods [5]. A primary challenge in 
the field is the high cost of conductive inks, largely driven by 
the cost of conductive fillers, typically including materials like 
CNT, graphene, and metals (Ag, Au, etc.) [6]. Carbon-based 
conductive fillers, such as graphene and CNT, exhibit high car-
rier mobility, thermal conductivity, tensile strength, and resis-
tance to electromigration, making them suitable for flexible 
electronics [7]. However, their high cost and dispersion issues 
remain unresolved [8]. Metal-based fillers, such as Ag nanopar-
ticles, offer high conductivity and stability but are relatively ex-
pensive, which limits their use in large-scale or disposable ap-
plications. More affordable alternatives, like Cu nanoparticles, 
are susceptible to oxidation, requiring protective measures such 
as inert processing conditions and surface coatings [9]. Con-
ductive polymers, including polyaniline (PANI), polypyrrole 
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(PPy), poly(3,4-ethylenedioxythiophene) (PEDOT), and poly 
(3,4-ethylenedioxythiophene)/poly (styrene sulfonate) 
(PEDPT/PSS), have also been explored. Still, their environmen-
tal sensitivity, lower conductivity, and complex synthesis pro-
cesses limit their broader application in durable electronics 
[10].

Given these cost constraints, carbon black (CB) serves as an 
effective, low-cost, and environmentally stable conductive fill-
er with a high surface area [11]. However, its relatively lower 
conductivity and higher loading requirements in ink formula-
tions remain challenging [12]. The use of hybrid ink formula-
tions to enhance conductivity has been consistently proposed 
[13]. To address these issues, this study develops a cost-effec-
tive CB-based conductive ink incorporating a small amount of 
Ag nanowires (Ag NWs). By carefully controlling the density 
of Ag NWs within the CB matrix, we achieve stable, tunable 
conductivity at a fraction of the cost of pure silver inks. The 
one-dimensional (1D), high-aspect-ratio structure of Ag NWs 
facilitates electron flow, enhancing conductivity at low load-
ings. Screen printing enables precise pattering of these inks on 
fabric, offering a promising approach for high-resolution, scal-
able textile-based electronics. This research advances CB-
based conductive inks as a cost-effective, scalable, and 
high-performance solution for fabric-compatible electronics. 
Additionally, comparing the prices of conductive materials, 
which constitute the majority of conductive inks, highlights 
the economic advantages of the ink proposed in this study. 
Traditional silver nanoparticle-based inks typically contain 
10–90% silver nanoparticles, whereas our developed carbon 
black-based ink contains approximately 15%. According to 
market data, silver nanoparticles are priced at approximately 
$1,000 per kg (based on LT-Metal, South Korea), while the 
carbon black powder we used is priced at $140 per kg. Even at 
the same weight percentage, this results in a cost difference of 
over seven times, demonstrating that carbon black-based inks 
can provide significant economic advantages. This cost-effi-
ciency further underscores the potential of our ink formula-
tion for practical applications.

2. Experimental Section

2.1. Materials
The chemicals used in this study included carbon black (Dae 

Myung Chemical), AgNO3 (Sigma Aldrich, 99.0%), poly(vin-
ylpyrrolidone) (PVP, Sigma Aldrich, Mw= 55000 g/mol), pro-
pylene glycol (PG, Dae Jung, 99%), 1-butyl-3-methylimidazoli-

um chloride (BMIM-Cl, Sigma-Aldrich), polymeric binder 
(BNMR-215-40, BN Chemical), dimethyl glutarate (DG, Sigma 
Aldrich), and ethyl carbitol acetate (ECA, Dae Jung). DI-water 
was obtained using an 18-MQ (SHRO-plus DI) system. Poly-
urethane-coated fabrics were provided by INNO CHEM.

2.2. Preparation of Carbon Black-Based Ink
Carbon black-based conductive inks were prepared by 

ball-milling a mixture of DG (10 mL), ECA (10 mL), polymeric 
binder (10 mL), and carbon black at different weight percent-
ages (15 wt%, 20 wt%, and 25 wt%). The specific amounts of 
carbon black used for each formulation were 5.3 g, 7.5 g, and 
10 g, respectively. The prepared CB-based inks were denoted as 
CB15, CB20, and CB25, corresponding to their respective CB 
weight percentages.

2.3. Synthesis of Ag Nanowires
Ag nanowires were synthesized by modifying the method re-

ported previously [14].  A solution of PVP (4.17 g) and BMIM-
Cl (0.13 g) was dissolved in 440 mL of PG and heated to 90 °C 
under magnetic stirring. Separately, a solution of AgNO3 (3.56 
g) in 21 mL of PG was prepared. Once the PVP/BMIM-Cl 
solution reached a stable temperature, the AgNO3 solution was 
rapidly injected, resulting in a color change from transparent to 
yellow, orange, and finally gray-green. The reaction proceeded 
at 90 °C for 24 h, followed by cooling to 25 °C. Ag nanowires 
were collected by centrifugation at 4000 rpm for 10 min and 
washed twice with ethyl alcohol and acetone to remove unre-
acted chemicals.

2.4. Preparation of Inks with Carbon Black and Ag 
Nanowires

CB15 inks were mixed with Ag nanowires at varying weight 
percentages (7.7, 14.2, and 19.9 wt%) using an overhead stirrer 
at 250 rpm for 4 h. The resulting mixture inks were labeled 
CB92.3Ag7.7, CB85.8Ag14.2, and CB80.1Ag19.9, correspond-
ing to the weight percentages of Ag nanowires.

2.5. Screen Printing of Conductive Inks on Fabrics
Polyurethane-coated fabrics (50 denier) were cut into 10 cm 

x 10 cm squares. The as-prepared CB-based and mixed CB/Ag 
NWs inks were screen-printed onto fabric surfaces using a 
stainless steel screen with a mech density of 325. After printing, 
the fabrics were dried at 150 °C for 10 min. Two pattern types 
were printed: grids with a line width of 0.5 mm and 9 mm 
spacing, and circles with a diameter of 10 mm.
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2.6. Characterization
The morphologies of carbon black powders, Ag nanowires, 

and films were investigated using a JSM-IT700HR (JEOL) 
scanning electron microscope (SEM). Energy-dispersive X-ray 
spectroscopy (EDS) elemental mapping images were acquired 
using an EDS spectrometer attached to the SEM. X-ray diffrac-
tion (XRD) analysis was performed using a Rigaku MiniFlex 
600 instrument with Cu Kα radiation (λ =  0.1542 nm) to ex-
amine the crystal structures. The sheet resistances of the print-
ed patterns were measured using a four-point probe method 
with an ARMS 200C sheet resistance measurement system 
(DASOLENG Co., Korea). Ink viscosities were measured with 
an MCR702 rheometer (Anton Paar).

3. Results and Discussion

Fig. 1 illustrates the experimental procedure, detailing the 
steps from preparing conductive inks to screen-printing them 
onto fabric substrates. Carbon black (CB)-based inks were pre-
pared by ball-milling a mixture of solvents, polymer binders, 
and CB powders at weight percentages of 15 wt%, 20 wt%, and 

25 wt%. To enhance conductivity, Ag NWs, synthesized via the 
polyol method, were incorporated into the CB-based inks at 
weight percentages of 7.7 wt%, 14.2 wt%, and 19.9 wt% and 
thoroughly mixed by overhead stirring. The CB-based and 
mixed CB/Ag NW inks were then screen-printed onto fabrics 
using grid and circular pattern masks (see Experimental Sec-
tion). Ball-milling was essential for achieving a homogeneous 
dispersion of CB powders within the ink and high CB loadings. 
However, ball-milling is unsuitable for mixing CB-based inks 
with Ag NWs, as it can damage the one-dimensional structures 
of the nanowires, leading to short nanorods or particles. The 
mixing methods adopted in this study offer a simple, scalable 
approach for the large-scale production of conductive inks. 
However, maintaining uniform dispersion of carbon black and 
Ag NWs in large-scale production is crucial to preserve the 
ink’s conductivity and performance. Therefore, advanced dis-
persion technologies will be required to address this challenge, 
especially for scaled-up production effectively.

To determine the optimal loading conditions for carbon 
black, ink stability and the sheet resistance of films were evalu-
ated across various CB concentrations. Fig. 2(a) presents digital 

Fig. 1. Schematic illustration of the experimental procedure from conductive ink formulation to screen printing on fabrics.

Fig. 2. (a) Digital photo images of CB-based inks prepared at different CB loadings (15, 20, and 25 wt%) and (b) their corresponding sheet 
resistance values. The sheet resistance of CB25 ink could not be measured due to its high agglomeration and viscous properties. CB, carbon 
black.
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photo images of as-prepared CB inks with different CB load-
ings: CB15, CB20, and CB25. The CB25 ink exhibited highly 
viscous, slurry-like behavior with visible CB agglomerates, ren-
dering it unsuitable for screen printing. Consequently, the sheet 
resistance of films prepared with CB25 ink could not be mea-
sured. Although CB20 ink exhibited lower sheet resistance 
compared to the other formulations, it failed to produce uni-
form patterns when combined with Ag NWs, resulting in 
cracking through the printed patterns on fabrics (not shown 
here). In contrast, CB15 ink demonstrated uniform dispersion 
and moderate sheet resistance (~1900 Ω/□), as illustrated in 
Fig. 2(b). Based on these observations, CB15 ink was selected 
for further formulation with Ag NWs, as its sheet resistance re-
mains too high for practical applications, requiring further en-
hancement in electrical conductivity.

To address this issue, Ag NWs were incorporated as a 
co-conductive filler, contributing to conductivity improvement 
through their unique one-dimensional morphology and con-
ductive percolation network formation, even at low concentra-

tions. Fig. 3 exhibits the as-synthesized Ag NWs with average 
dimensions of 29.7 μm in length and 65 nm in diameter. The 
inset of Fig. 3(a) highlights the pentagonal edge structure, 
which serves as a seed for the growth of 1D Ag NW as reported 
in previous studies [15]. The high-aspect-ratio structure of Ag 
NWs promotes efficient electron pathways within the ink ma-
trix, reducing resistance within the conductive network. Even 
in small amounts, Ag NWs in the CB matrix establish a con-
ductive percolation network, significantly enhancing conduc-
tivity with minimal NW content.

The crystal structures of CB powders, Ag NWs, and their 
mixtures in the CB80.1Ag19.9 ink were analyzed by XRD (Fig. 
4 (a)). The XRD pattern of CB powders (black pattern) exhibits 
two broad peaks at around 24° and 44° of 2θ, corresponding to 
the (002) and (100) Bragg peaks, which signify an amorphous 
nature or the presence of randomly oriented small graphitic 
zones [16] On the other hand, Ag NWs showed strong, narrow 
peaks (red pattern) at around 36.5°, 42.3°, 63.7°, 76.6°, and 82° 
of 2θ, corresponding to the (111), (200), (220), (311), and (222) 

Seokhwan Kim et al., Conductive inks for screen-printing on fabrics

Fig. 3. (a) Low-magnification and (b) high-magnification scanning electron microscopy (SEM) images of as-synthesized Ag nanowires along 
with (c) their average length and (d) diameter measured by analyzing 100 nanowires. The inset in (a) shows a high-resolution SEM image 
highlighting the pentagonal edge of an Ag nanowire.
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Fig. 4. (a) X-ray diffraction patterns of CB powders (black), Ag NWs (red), and CB80.1Ag19.9 mixed powders (blue). (b,c) Scanning electron 
microscopy image and corresponding energy-dispersive X-ray spectroscopy elemental mapping image of (b) CB powders and (c) Ag NWs. 
CB, carbon black; NWs, nanowires.

Fig. 5. (a) Schematic illustrations depicting the size, dimensions, and shapes of square grid and circular patterns. (b,c) Digital photo images of 
screen-printed (b) square grid and (c) circular patterns on fabrics using different conductive inks.

J Powder Mater 2024;31(6):500-507504

planes of metallic Ag with an FCC structure [17]. In 
CB80.1Ag19.9 (blue pattern) as a representative mixed ink, the 
amorphous nature of CB powders and the FCC structure of Ag 
NWs were evident, although Ag NW peaks had lower relative 
intensities due to their smaller loading. SEM images and corre-
sponding EDS mappings for elemental C and Ag (Fig. 4 (b)-
(c)), confirmed the spherical shape of CB powders, the 1D 
morphology of Ag NWs, and the spatial elemental distribution 

of both within the nanostructures.
Three different formulations of mixed CB/Ag NW inks were 

prepared by adding various Ag NW percentages to the CB15 
inks such as CB100Ag0 (no Ag NWs), CB92.3Ag7.7, 
CB85.8Ag14.2, and CB80.1Ag19.9. These mixed inks were 
screen-printed onto fabric squares (15 cm ×  15 cm) in grid 
patterns (0.5 mm line width, 9 mm spacing) and circular pat-
terns (10 mm diameter, 10 mm spacing) (Fig. 5). All patterns 
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showed dense coverage, with grid patterns exhibiting clear con-
nections, demonstrating the suitability of mixed inks for form-
ing various screen-printed patterns. Top-view SEM images of 
circular patterns reveal increased Ag NW density and connec-
tivity with higher Ag NW content (Fig. 6). In particular, the Ag 
NWs were uniformly dispersed and embedded in the 
CB80.1Ag19.9 sample, leading to a continuous conducting net-
work, which potentially reduces the sheet resistance.

The resulting sheet resistance (Rs) of four patterns was mea-
sured using a four-point probe method as shown in Fig. 7 (a). 
As expected, the Rs values dramatically decreased with increas-
ing Ag NW content in the mixed inks. Notably, the Rs of 
CB80.1Ag19.9 samples decreased by approximately 92%, 86%, 
and 78% compared to those of CB100Ag0, CB92.3Ag07.7, and 
CB85.8Ag14.2 samples, respectively. The dramatic decrease in 
Rs can be understood by a percolation model for randomly dis-
tributed nanowires. The Rs of a nanowire film has the following 
relation to the nanowire density (N):

Where Nc is the critical nanowire density required for con-
duction, and α is a critical exponent, with values of 1.33 for 2D 
networks and 1.94 for 3D networks [18-21] Based on this rela-
tionship,  Rs decreases significantly with increasing nanowires 
density. The quantities of Ag NW were estimated by dividing 
the total Ag weight in each ink by each nanowire’s weight (Fig. 

7 (b)). The weight of each nanowire was calculated using the 
density and volume of each nanowire based on the measured 
average diameter and length. Although the effect of the CB ma-
trix is not directly included in this percolation model, it likely 
has minimal impact due to its spherical shape and lower con-
ductivity. The Nc of nanowires with a length of l can be estimat-
ed as follows [21]:

Using the equation and the average length of 29.7 μm, the 
value of Nc was determined to be approximately 0.0065/μm2. 
Based on the circular pattern area and the concentration of Ag 
NWs in each ink, the calculated N values increased from 
0.068, 0.15, and 0.22/μm2 for CB92.3Ag7.7, CB85.8Ag14.2, 
and CB80.1Ag19.9 samples, respectively. Consequently, the 
sheet resistance decreased as the conductive percolation net-
works expanded with higher Ag loading. The Ag NWs net-
work forms as the NWs overlap and connect, creating contin-
uous conductive paths across the printed ink layer (Fig. 7 (c)). 
In particular, this percolation effect reduces the need for high 
Ag NWs content while achieving significant conductivity en-
hancement of the CB matrix. The result is a stable, low-resis-
tance network that effectively bridges gaps within the CB ma-
trix. It should be noted that increasing the amounts of Ag 
nanowires can further reduce the Rs values, but it also increas-
es the viscosity of the inks, as observed with the CB-based ink 
at higher CB loadings (CB25). This can lead to difficulties in 

Fig. 6. (a-h) Top-view low-magnification (first line) and high-magnification (second line) scanning electron microscopy images of 
circular patterns on fabric fabricated with different ink formulations: (a,b): CB100Ag0, (c,d): CB92.3Ag7.7, (e,f) CB85.8Ag14.2, and (g,h) 
CB80.1Ag19.9. CB, carbon black.
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screen printing and non-uniform film formation. Fig. 7(d) 
shows the viscosity increase in mixed inks as Ag NW content 
rises. Therefore, a balance between conductivity and printabil-
ity must be carefully controlled, along with considerations 
such as cost and scalability.

4. Conclusion

This study presents the development of cost-effective, CB-
based conductive inks incorporating small amounts of Ag 
nanowires (Ag NWs) for patternable screen-printing on fab-
rics. The CB matrix provides a stable, low-cost conductive base, 
while the addition of Ag NWs significantly enhances conduc-
tivity due to their one-dimensional morphology and high as-
pect ratio, which facilitate effective electron pathways through 
percolation. By controlling Ag NW content, the inks achieve 
tunable conductivity without compromising cost-efficiency. 
Screen printing enabled precise patterning of these inks into 

Fig. 7. (a) Variations in sheet resistance values measured from the circular patterns prepared with different conductive inks. (b) Estimated 
quantities of Ag NWs in each mixed ink depending on the Ag NW weight percentage. (c) SEM image showing the conductive percolation 
network of Ag NWs within the CB matrix. (d) Change in ink viscosity as a function of shear rates. CB, carbon black; NW, nanowire.

grid and circular forms on polyurethane-coated fabric, demon-
strating high-resolution, scalable applications for flexible and 
wearable electronics. The CB80.1Ag19.9 ink formulation, with 
optimal Ag NW loading, achieved a dramatic reduction in 
sheet resistance, establishing continuous conductive networks 
within the CB matrix. This conductive percolation network ef-
ficiently bridges gaps in the CB structure, resulting in low-resis-
tance, durable patterns suitable for practical applications. While 
increasing Ag NW content can further reduce sheet resistance, 
it also raises ink viscosity, potentially impacting print quality. 
This balance between conductivity and printability underscores 
the utility of CB/Ag NW inks for flexible electronics. Overall, 
this work advances the potential of CB-based inks for fab-
ric-compatible electronics by addressing key challenges of cost, 
conductivity, and scalability, offering a promising pathway for 
the large-scale production of conductive fabrics for wearable 
technologies and smart textiles.
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Infrared radiation accounts for approximately 50% of the solar spectrum. Specifically, the near-infra-
red (NIR) spectrum, ranging from 760 nm to 2500 nm, is primarily responsible for solar heat gain, in-
creasing indoor temperatures and reducing heating and cooling efficiency. To address this issue, we 
developed a highly transparent thermo-shielding flexible film that maintains a high transmittance of 
the visible region (T = 80%) while reducing the transmittance of the NIR region (T ≈ 0%). NIR-absorb-
ing indium tin oxide (ITO) nanocrystals were coated onto polyethylene terephthalate (PET) films, and 
both films were sandwiched to improve the NIR absorption properties and protect the nanocrystal film 
layer. The fabricated films were applied to a model house and decreased the indoor temperature by 
approximately 8°C. Our study demonstrates that energy consumption can be reduced by ITO nanocrys-
tal-coated flexible films, with potential implications for the smart window and mobility markets.
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1. Introduction

오늘날 많은 건물들은 유리창을 도입하고 있으며, 이를 통해 날

씨와 계절의 변화와는 큰 관계없이 가시광선과 적외선이 지속적으

로 유입되고 있다. 특히, 지구온난화로 인하여 여름철이 길어지고 

있는 현 시점에서 쾌적한 실내 온도를 유지하기 위해 냉난방 시스

템의 사용 증가로 전 세계 에너지 소비량의 약 50 %는 건물에서 소

모되고 있다[1, 2]. 이러한 냉난방에 관련된 에너지 소비를 최소화

하고자 하는 연구가 지속되고 있다. 예로써, 가시광선 영역 (Vis, 
400-760 nm)의 투과율은 높이고 실내로 들어오는 열 복사와 연관

된 근적외선 영역 (NIR, 760-2500 nm)의 투과율은 낮추는 것은 

자연 채광의 효과를 높이고, 열 차단 효과를 갖게 됨으로써 그 적용 

분야가 크다고 할 수 있다. 이를 통해 조명 및 냉난방 에너지 시스

템에 대한 의존도를 줄일 수 있을 것이라 기대한다[3]. 미래의 건축

물 및 모빌리티의 경우, 투명 창의 사용량이 증가할 것으로 예측되

며, 따라서 관련 분야의 연구가 필요하다.

최근 연구에서 근적외선을 흡수할 수 있는 콜로이드 반도체 나

노입자를 이용한 기술들이 주목받고 있다[4, 5]. 나노미터 크기의 

금속 산화물 콜로이드 반도체 나노입자는 원자 단위의 도핑 조절

을 통하여 국소적으로 빛과 강하게 상호작용함으로써 국소 표면 

플라즈몬 공명(LSPR, Localized Surface Plasmon Resonance)을 

일으킨다[6, 7]. 이는 특정 파장 영역에서 빛에 의해 자유 전자가 

집단적으로 진동하여 가시광선 및 근적외선 영역에서 흡수 및 산

란이 극대화된다[8-10]. LSPR에 의한 흡수 파장 및 세기는 반도

체 나노입자의 크기, 형태, 물질 조성 및 주변 환경을 통해 조절할 

수 있다[11].

콜로이드 반도체 나노입자 중 ITO (tin-doped indium oxide)
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의 LSPR 흡수는 약 1600 nm부터 2200 nm까지의 근적외선 영역

에서 tin의 도핑 농도에 따라 조절될 수 있어 적외선의 투과도를 낮

추어 차열을 하는 데에 유리하다[12, 13]. 또한, 콜로이드 ITO 나노

입자는 가시광선 영역에서 우수한 광학적 투명도를 가짐과 동시에 

높은 결정성, 형태적 균일함, 고분산성을 가져 넓은 면적에 투명 박

막으로 적용할 수 있다[14].

기존의 콜로이드 나노입자 필름 제작에서는 주로 스핀 코팅 기

술이 사용되었으나, 이 기술은 일괄 처리 공정으로 연속 공정을 필

요로 하는 대규모 생산에는 한계가 있다[15]. 이러한 문제를 해결

하기 위해 blade coating 방법을 도입하면 큰 면적의 유연 필름에 

입자의 균일한 코팅과 연속 공정이 동시에 가능해져 산업적 응용에 

실용적인 방안을 제시할 수 있다[16, 17].

본 연구에서는 blade coating 방법을 이용하여 콜로이드 ITO 반

도체 나노입자를 비교적 큰 면적의 PET (polyethyleneterephthal-
ate) 유연 필름에 코팅하였고, 이를 통해 가시광선에서는 투과율이 

높고 근적외선을 효과적으로 차단할 수 있음을 확인하였다. 또한, 
열차단의 기능을 모델 하우스에 적용하여 온도 저감의 효과를 확인

하였고, 이러한 본 연구는 추후 다양한 분야에 적용 가능성이 높을 

것으로 예상된다.

2. Experimental

콜로이드 ITO 반도체 나노입자는 보고된 연구를 따라 Schlenk 

라인을 사용하여 질소 분위기에서 합성하였다[6, 18]. Tin이 1% 도

핑된 ITO를 합성하기 위해, 0.061 g의 tin(Ⅱ) acetate와 7.5 g의 

indium(Ⅲ) acetate를 60 ml의 oleylamine 에 혼합하고, 120 °C에

서 진공 상태로 1시간 동안 degassing한 후 나노입자의 형성과 성

장을 위해 질소 환경에서 230 °C로 가열하여 1시간 동안 유지하였

다. 반응이 끝난 후 각 튜브의 용액에 5 ml의 hexane으로 희석하

고 2 ml의 oleic acid를 넣어 분산시킨 후, 알코올을 사용한 침전, 
원심분리, hexane 재분산의 과정을 다섯 번 반복하여 회수하고 정

제하였다. 본 합성법을 활용하여, tin의 도핑 비율을 1 %, 3 %, 5 %, 
7 %, 10 %로 다양하게 조절하여 용액을 각각 합성했다.

얻어진 나노입자가 분산된 용액을 blade coater를 사용하여 10 

× 10 cm 크기의 PET기판에 도포하였다[16]. 용액의 도포 두께는 

35 μm로 설정하였으며, 도포 전에 PET 기판은 acetone, isopropyl 
alcohol, hexane을 이용하여 순차적으로 세척하였다. 인도어 테스

트는 20 × 25 × 30 cm 크기의 스티로폼에서 진행하였다. Sam-
ple 이외의 공간에서의 효과를 모두 제거하기 위해 외벽은 알루미

늄 호일로 둘러쌌으며, 적외선 램프는 모델 하우스와 20 cm 떨어

진 거리에서 실험을 수행하였다. 총 측정 시간은 40분이며 30초 간

격으로 온도를 확인하였다[19].

콜로이드 ITO 반도체 나노입자의 형태는 투과 전자 현미경

(Transmission Electron Microscopy, TEM, JEOL JEM-2010)을 

이용하여 분석하였다. ITO 나노입자의 용액과 필름의 흡광도 및 

투과도 데이터는 UV-Vis-NIR 분광기(UV-Vis-NIR spectrome-

ter, JASCO V-770)를 이용하여 분석하였다.

3. Results and Discussion

3.1. Tin 도핑 농도에 따른 콜로이드 ITO 반도체 나노입자의 특성

그림 1(a)와 같이 합성된 ITO 나노입자는 모든 도핑 농도에서 콜

로이드 형태로 톨루엔, 헥산 등 유기용매에 고분산성을 보여주었

고, 이는 합성 나노입자 잉크가 용액 공정을 통해 기판에 박막 형태

로 균일하게 코팅이 될 수 있음을 시사한다. 그림 1(b)는 합성한 콜

로이드 ITO 반도체 나노입자 (7%-doped)의 TEM 분석 결과를 보

여준다. 고분산성의 콜로이드 용액은 TEM 분석으로도 확인할 수 

있는데, 나노입자가 뭉침이 없이 고르게 분산된 형태로 이미지를 

확인할 수 있음으로써 콜로이드 용액의 고분산성을 간접적으로 확

인할 수 있었다. 이미지 분석 결과 ITO 나노입자들의 평균 입자 크

기는 약 6.3 nm, 입자 직경은 주로 4 nm에서 8 nm 사이에 분포하

는 것으로 확인되었다. 이는 합성된 ITO 나노입자들이 비교적 균

일한 크기를 가지고 있음을 나타내며, 이전 연구에서 보고된 결과

와 일치한다[18].

그림 1(c)는 tin 도핑 농도에 따른 ITO 나노입자의 광 흡수 특성

을 UV-Vis-NIR 분광기로 분석한 결과를 보여준다. 도핑 농도가 

증가함에 따라 LSPR 흡수 피크가 근적외선(NIR) 영역으로 blue-
shift되는 경향을 보였다[20]. 이는 tin이 도핑되면서 ITO 나노입

자의 자유 전자 농도의 증가로 플라즈몬 공명 주파수를 더 높은 에

너지 영역으로 이동시키는 것에 대한 결과이다[5, 15, 21]. 그러나 

도핑 농도가 7%를 초과하면 LSPR 흡수 피크가 red-shift되는 현

상이 나타났다. 그 원인 7% 이상에서는 tin이 산소와 결합하여 tin 

복합체가 형성되는데, 이 복합체는 전자 농도의 증가를 억제하여 

플라즈몬 공명 주파수가 다시 낮은 에너지로 이동하기 때문이다

[20]. 이러한 결과로 도핑 농도가 7%일 때 전자 농도가 최대치에 

도달하고 LSPR 특성이 뚜렷하게 관찰되어 7%가 ITO 나노입자의 

최적의 도핑 농도임을 확인할 수 있었다.

이와 같이 ITO 나노입자의 도핑 농도가 광학적 특성에 미치는 

영향을 확인한 후, 이를 유연 기판 PET에 코팅하여 필름 상태에서

의 특성을 분석하였다(그림 1(d)). 필름은 가시광선 영역에서 약 

95 %의 매우 높은 투과도를 보였고 적외선 차단 성능은 7% 도핑 

농도에서 최적의 효과를 나타내어 근적외선 영역에서 약 20%의 

낮은 투과도를 보였다. 이러한 결과는 필름에서 가시광 영역에서 

투명도를 유지하면서 근적외선 차단 성능을 극대화할 수 있음을 

보여준다.

3.2. 콜로이드 ITO 반도체 나노입자가 코팅된 단일 및 이중 필름 비교

ITO 나노입자가 PET 기판에 코팅되었을 때, 20%의 낮은 투과

도를 보였음에도 불구하고, 다음과 같은 사항을 고려해야할 것이

다. 먼저, 코팅된 나노입자 층이 외부 환경에 노출된다면, 나노입자 

층의 박리 및 손상이 야기될 가능성이 있다. 또한, 20% 보다 더 낮

은 투과도를 달성한다면 더욱 효과적으로 열을 차단시킬 수 있을 
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것이다. 하지만, 더 낮은 투과도를 달성하기 위해서는 나노입자 박

막의 두께를 더 두껍게 코팅해야하고, 이에 따라 나노 입자 층의 박

리 등의 문제가 야기될 가능성이 있다.

이러한 문제를 해결하기 위해 tin이 7% 도핑된 ITO 나노입자를 

PET 기판에 코팅한 후, 나노입자의 박리, 이중층 구조의 단열 효

과, 외부 환경으로부터의 보호를 고려하여 코팅된 두 개의 단일 필

름을 마주 보도록 겹쳐 이중 필름을 제작했다(그림 2(a))[16]. 완성

한 이중 필름을 UV-Vis-NIR 분광기로 측정한 결과, 가시광선 투

과율을 약 80%로 유지하는 동시에 1750 nm 이상의 근적외선 투

과율은 거의 0%에 수렴하는 것을 확인할 수 있었다 (그림 2(b)). 이

는 단일 필름보다 더 우수한 근적외선 차단 특성을 보이며, 또한, 
이중 필름으로 제작 시 비록 가시광선의 투과도가 80%까지 내려

가긴 했지만, 제작된 이중 필름은 그림 2(c)에서처럼, 필름 뒷면의 

마크를 확인할 수 있음을 통해서 가시광선 영역에서 투명함을 유지

함을 확인할 수 있었다. ITO 나노입자가 코팅된 이중 필름이 투명

도를 유지하면서 단일 필름보다 근적외선을 효과적으로 차단하는 

것을 통해 이중으로 제작하는 것이 열 차단의 효과를 극대화 할 수 

있을 것이라고 예상하였다.

3.3. 모델 하우스 적용을 통한 나노입자 유연 필름 열 차단 성능 평가

ITO 나노입자가 코팅된 이중 필름의 열 차단 효과를 확인하기 

위해, 모델 하우스를 제작하여 모델 하우스 내부의 온도 변화 테스

트를 진행하였다 (그림 3(a)). PET 단일 필름은 시간이 지남에 따라 

빠르게 온도가 상승해 최대 38 °C까지 도달한 반면, ITO 나노입자

가 코팅된 이중 필름은 온도 상승 속도가 상대적으로 느리며 최대 

30 ℃까지 상승하는 것을 확인할 수 있었다 (그림 3(b)). 이는 필름

에 코팅된 ITO 나노입자가 근적외선 범위의 빛을 흡수하여 실내로 

전달되는 열을 효과적으로 차단했기 때문이며, 그 결과 나노입자가 

코팅되지 않은 PET 단일 필름과 나노입자가 코팅된 이중 필름 간

의 온도 차이는 최대 8 °C에 이르렀다. 이는 ITO 나노입자가 코팅

된 단일 필름의 경우 약 35 °C까지 상승한 점을 고려할 때, 이중 필

름의 경우 단일 필름보다 약 5 °C의 저감 효과를 기록하였다. 이를 

통해 이중 필름 구조의 효용성을 확인할 수 있었다.

Fig. 1. Colloidal indium tin oxide (ITO) semiconductor nanocrystals. (a) Optical images of 1%, 3%, 5%, 7%, and 10%-doped ITO nanocrystal 
solution dispersed in hexane. (b) Transmission electron microscopy image of 7% doped ITO nanocrystals. (c) Normalized absorbance of ITO 
nanocrystal solution dispersed in tetrachloroethylene with varying tin concentration. (d) Transmittance spectra of ITO nanocrystals coated 
on PET films.

(a)

(c)

(b)

(d)
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Fig. 2. Single and sandwiched films coated with colloidal indium tin oxide (ITO) semiconductor nanocrystals. (a) Schematic of sandwiched 
film fabrication. (b) UV-Vis-NIR spectra of single and sandwiched film coated with 7% ITO nanocrystals. (c) An optical image of sandwiched 
film coated with 7% ITO nanocrystals. UV, ultraviolet; Vis, visible; NIR, near-infrared.

Fig. 3. Model house experiment. (a) Schematic of the thermo-shielding effect experiment using a model house. (b) Temperature versus time 
curves in the model house for different films.
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4. Conclusion

본 연구에서는 PET 유연 기판에 콜로이드 ITO 반도체 나노입

자를 용액 공정인 블레이드 코터로 코팅하고, 이를 이중 필름으로 

제작하여 높은 투명도를 유지하면서도 외부로부터 유입되는 빛에 

의한 실내 온도 상승을 효과적으로 억제할 수 있음을 입증하였다. 

모델 하우스에 이중 필름을 부착하여 테스트를 진행함으로써 ITO 

나노입자가 코팅된 이중 필름이 나노입자가 코팅되지 않은 단일 필

름보다 실내 온도 상승 속도가 낮으며 8℃의 차이가 난다는 것으로 

근적외선 영역에서 태양빛의 유입을 차단하여 실내 온도가 낮게 유

지됨을 보였다. 또한 가시광선 영역에서 약 80%의 높은 투과도를 

기록하여, 고투명성을 가진 열 차단이 가능한 기능성 윈도우로 적

용 가능함을 확인하였다. 이러한 연구 결과는 미래에 투명 창문의 

비율이 증가할 것으로 예상되는 건축 및 모빌리티 시장에 중요한 

기여를 할 수 있을 것으로 기대된다.
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Ceramic materials have become essential due to their high durability, chemical stability, and excellent 
thermal stability in various advanced industries such as aerospace, automotive, and semiconductor. 
However, high-performance ceramic materials face limitations in commercialization due to the high 
cost of raw materials and complex manufacturing processes. Aluminum borate (Al₁₈B₄O₃₃) has 
emerged as a promising alternative due to its superior mechanical strength and thermal stability, de-
spite its simple manufacturing process and low production cost. In this study, we propose a method for 
producing Al₁₈B₄O₃₃ spherical powder with increased uniformity and high flowability by controlling 
the particle size of B₂O₃. The content ratio of the manufactured Al18B4O33 spherical powder was Al2O3: 
B2O3 = 87:13, and it exhibited a 17% reduction in the Hausner ratio (1.04) and a 29% decrease in the 
angle of repose (23.9°) compared to pre-milling conditions, demonstrating excellent flowability.
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1. Introduction

최근 항공 우주, 자동차, 반도체 등의 첨단 산업들이 발전함에 따

라 우수한 내구성과 열 안정성을 가지는 소재에 대한 개발 요구가 

급격히 증가하고 있다[1, 2]. 세라믹 소재는 높은 내구성과 화학적 

안정성 및 열 안정성이라는 우수한 특성으로 인해 위 첨단 산업 분

야에 필수적으로 사용된다[3, 4]. 항공 우주 산업에서 초음속 항공

기 및 고압의 터빈 블레이드 개발로 높은 내구성과 고온 안정성이 

요구되는 핵심 부품에 Si3N4 와 SiC 등이 활용되며, 더 높은 종횡비

와 초미세 공정을 요구하는 반도체 식각 공정에서 플라즈마에 의한 

식각을 방지하고 교체 주기를 향상시키기 위해 Y2O3와 YF3 등 이 

활용된다[5-8]. 이러한 우수한 특성의 세라믹 소재를 활용해 기계

적, 열적, 화학적 손상을 방지하여 내구성을 향상시키고 있지만, 고
물성의 세라믹 소재들은 높은 원재료 단가와 더불어 높은 공정 단

가라는 단점으로 상용화에 한계가 있다. 알루미늄 보레이트 (Al-
18B4O33)는 쉬운 제조 공정과 낮은 제조 단가에 비해 기계적 강도 

(8,000 GPa) 및 열 안정성 (4.5 ppm/℃)이 우수하므로 미래 산업

에서 기존 고가 세라믹 소재를 대체할 훌륭한 대안 중 하나로 부각

되고 있다[9-11]. 현재까지 Al18B4O33는 금속 복합재료의 강화제로 

주로 주목받아 왔으며 세라믹 단일재료로서는 많이 연구되지 않은 

상황이다[12].

Al18B4O33 소재를 포함한 세라믹 소재를 이용하여 고부가가치 

세라믹 제품을 구현하기 위해서는 고유동도 구형 분말화 기술이 가

장 핵심이다. 예를 들어 구형 세라믹 분말은 입자간 충진도를 높일 

수 있으므로 고밀도 세라믹 성형체를 제작할 수 있으며 높은 유동

도에 따라 균일한 피딩 (Feeding) 속도를 보장하여 균일한 세라믹 

용사 코팅을 가능하게 한다[13-17]. 졸 겔 공정 (Sol gel), 열 플라즈
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마 구형화 공정 (Thermal plasma spraying), 제트밀 공정 (Jet 
mill), 등 구형 분말을 제작하는 다양한 기술들이 제시되었지만 제

작 공정이 복잡하고 비싸며 많은 시간이 소요되어 대량 생산의 제

한으로 실제 양산에 접목이 어렵다는 한계를 나타낸다[18-20]. 이

에 반해 분무건조 공정 (Spray drying)은 상대적으로 제작 공정이 

쉬우며 일정하고 균일한 형태의 구형 분말을 대량으로 제작 가능하

다는 장점이 있다[21]. 특히, 분무건조 공정은Al18B4O33와 같이 이

종 원료 분말의 혼합을 통한 다양한 조성의 분말 제작에 가장 적합

한 구형화 기술이다[22]. 이종 분말의 구형화는 각 분말의 입자, 형
태, 분포 및 슬러리 내 분산도에 따라 생성되는 구형 분말의 상 균

일도, 구형화율, 유동도에 큰 영향을 받으므로 정밀한 분말 제어 기

술이 필요하다[23, 24]. 본 연구에서 B2O3 입자의 크기 및 분포 제

어를 통한 향상된 균일성과 유동성을 가지는 Al18B4O33 구형 분말 

제조 방법을 제시한다. B2O3 원료 분말은 3D 믹서를 통해 크기 및 

분포를 정밀히 제어하여 Al2O3 원료 분말과 균일 혼합한 슬러리 제

조 후 분무건조 공정을 통해 구형의 이종 혼합 과립으로 제작했다. 

입자의 크기를 균일하게 제어하기 위한 공정 중 3D 믹서 밀링 방

법은 볼을 3차원으로 회전시켜 큰 에너지로 분쇄할 수 있으며 한 

번에 많은 양을 처리할 수 있는 장점으로 인해 적용하게 되었다. 

Al2O3와 크기 및 분포 형태가 제어된 B2O3 구형 과립은 열처리를 

통해 최종적으로 Al18B4O33 구형 분말로 제작했다. 3D 믹서를 통한 

입자 제어는 구형 분말의 치밀성을 향상시켰으며, 결과적으로 유동

성을 높이는 효과를 발현했다. B2O3의 입자 크기는 3D 믹서 12시

간 밀링 공정에서 가장 작았으며, Al2O3에 첨가 후 구형 과립으로 

제작했을 때 가장 향상된 치밀성을 나타내며 결과적으로 12시간 

밀링 공정을 통해 제작된 Al18B4O33 구형 분말은 밀링 전 대비 17 

% 감소된 하우스너 비율 (1.041)과 29 %로 낮아진 안식각 (23.87 

°)를 나타낸다. 본 연구를 통해 유동도가 향상된 Al18B4O33 구형 분

말은 항공우주, 반도체 산업에서 고성능 세라믹 소재로 활용될 가

능성을 내포하며, 다양한 이종 혼합 분말을 제조하는 공정으로 확

장 가능할 것으로 기대된다.

2. Experimental

2.1 Al2O3/B2O3 혼합 슬러리 제작

Al2O3/B2O3 혼합 구형 분말을 제작하기 앞서, B2O3 (Boron ox-
ide, Daejung Chemicals, Co. Ltd, South Korea)의 입자 크기를 제

어하기 위해 3D 믹서 (KMC-T2 3D mixer)에 B2O3 분말을 넣고 

고형분 대비 50 vol% 지르코니아 볼 (3 Φ)을 함께 넣어 100 RPM
에서 12시간 동안 밀링을 진행했다. Al2O3 (Aluminum oxide, Su-
mitomo Chemical, Co. Ltd, Japan) 1047 g과 B2O3 153g 혼합 후 

증류수 (Deionized water) 1800 g을 첨가했으며, 분말을 분산시키

기 위해 NH4OH (Ammonium hydroxide, Daejung Chemicals, 
Co. Ltd, South Korea) 15.3 g을 첨가해 슬러리를 제작했다. 균일

한 혼합을 위해 슬러리의 50 vol% 비율로 알루미나 볼 (5 Φ)을 첨

가하여 볼 밀링을 150 RPM으로 24 시간 동안 진행했다.

2.2 Al18B4O33 구형 분말 제작

제작된 슬러리에 바인더인 HS-BD 14.4 g을 첨가하였고, 모터 

교반기 (Overhead Motor Stirrer)를 이용해 100 RPM으로 1 시간 

동안 교반 진행했다. 완성된 슬러리는 분무 건조기 (Spray dryer, 
Dongjin Eng, Co. Ltd, South Korea)를 이용해 구형의 과립 형태

로 제작했다. 분무 건조 후 제작된 Al2O3/B2O3 혼합 과립은 Al-
18B4O33 구형 분말로 제작하기 위해 박스 칸탈로 (Box furnace)에
서 1 °C/min의 승온 속도로 600 °C까지 승온 후, 3시간 동안 유지

하여 하소를 진행했다. 이후, 소결을 위해 3 °C/min의 속도로 

1450 °C까지 승온 후, 3 시간 동안 유지하며 최종 Al18B4O33 구형 

분말을 제작했다.

2.3 B2O3, Al2O3/B2O3 혼합 과립, Al18B4O33 구형 분말의 물성 분석

B2O3 입자 크기를 측정하기 위해 입도 분석기 (Particle size an-
alyzer, BeVision D2, Bettersize, China)를 사용했다. 분말의 미세

구조 분석은 전계 방출 주사 전자 현미경 (JSM 7610F, Jeol)을 통해 

관찰했다. Al18B4O33 구형 분말의 결정 구조는 X-선 회절 분석기 

(XRD, D/max 2500, Rigaku)를 통해 10 °/min의 속도로 10 ° ~ 

80 ° 범위에서 측정했다. 구형 분말의 유동성을 측정하기 위해 자

동 분체 특성 측정기 (BT-1001, Bettersize, China)을 이용하여 탭 

밀도와 안식각을 측정했다.

3. Results and discussion

그림 1(a)는 균일한 구형의 Al18B4O33분말을 제작하는 과정을 나

타낸 전체적인 개략도를 보여준다. B2O3의 입자 크기를 균일하게 

감소시켜 Al2O3와 혼합하여 슬러리를 제조했으며 균일한 형태의 

과립으로 제작 후 열 처리를 통해 최종적으로 Al18B4O33분말을 제

작하는 과정이다. 본 연구에서 B2O3의 입자를 균일하고 정밀하게 

제어하며 크기를 줄이기 위해 3D믹서를 이용한 밀링 방법을 고안

했다. 일반적으로 사용되는 밀링 방법으로는 볼밀 (ball mill) 공정

과 플레너터리 밀 (planetary mill) 공정이 있지만 볼밀 공정은 단

방향으로 회전하여 상대적으로 낮은 에너지로 미세한 입자로의 분

쇄에는 제한이 있으며, 플레너터리 밀 공정은 고속으로 회전하여 

상대적으로 짧은 시간에 공정이 진행되지만 한번의 공정으로 분쇄

가능한 분말의 양이 적다는 단점이 있다[25, 26]. 그에 반해 3D 믹

서를 이용한 공정은 입자를 3차원으로 회전시켜 볼이 떨어지는 중

력 에너지와 회전하는 통의 원심력 에너지가 더해져 큰 에너지로 

미세하게 분말을 분쇄할 수 있으며, 한 번에 많은 양을 처리할 수 

있는 장점이 있다(그림 1b) [27]. 이렇게 입자 크기를 감소시킨 

B2O3 와 Al2O3원료 분말을 혼합하여 슬러리를 제작한 후 분무건조 

공정을 통해 구형의 이종 혼합 과립으로 제작한다(그림 1c). 분무 

건조 공정은 혼합 슬러리를 고속으로 회전하는 디스크에 의해 미세

한 물방울 형태로 고온 챔버에 분사되면 용액들이 일정한 크기로 

고온의 챔버 내에서 회전하며 건조되어 구형의 과립형태로 제작되

는 공정이다. 이때 슬러리 내부의 바인더에 의해 B2O3와 Al2O3 가 
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Fig. 1.  (a) Schematic diagram of the formation of Al18B4O33 spherical powders. (b) A 3D mixer used to reduce the particle size of B2O3; (c) A 
spray dryer used for granule formation; (d) A heat treatment process at 1450 °C for granule sintering.

혼합되어 응집해 과립으로 형성 이후 최종적으로 1450 °C 에서 열

처리를 통해 Al18B4O33 구형 분말을 제작한다(그림 1d).

B2O3의 입자 크기 및 분포를 제어하기 위해 3D 믹서를 통해 시

간 변수로 나눠서 실험을 진행했다. 그림 2(a)의 밀링 전 원소재인 

B2O3 입자 형태는 등방성 보단 이방성에 가까운 복잡한 형태이다. 

이러한 B2O3 입자를 4시간부터 16시간까지 4시간 단위로 밀링 했

을 때, 4시간 밀링 과정에서 일부B2O3 입자는 분쇄되어 크기가 감

소했지만 전체 영역에 균일한 에너지를 전달하기에 부족한 시간으

로 인해 분쇄되지 못한 큰 입자들이 많이 분포했다. 밀링 전 B2O3 

원소재와 크기 차이가 많이 나지 않는 것을 확인할 수 있다(그림 

2b). 그림 2(c)와 그림 2(d)에서 8시간과 12시간 밀링 후 입자의 형

상은 등방성의 일정한 형상을 띄고 있으며, 1μm보다 작은 입자 분

포가 증가한 것을 확인할 수 있다. 하지만 그림 2(e)의 16시간 밀링 

후 B2O3 입자는 오히려 이방성의 모난 형상을 띄며 입자 평균 크기

가 1.14 μm로 커진 것을 확인할 수 있는데 이는 과도한 밀링으로 

인해 열이 발생하였고 열에 민감한 B2O3 입자가 응집된 것을 의미

한다[28]. 그림 2(f)에서 볼 수 있듯, 3D 믹서로 12시간 밀링을 진

행했을 때 입자의 평균 크기는 0.77 μm로 가장 작은 크기를 나타

냈다. 누적 백분율 50 %에 해당하는 입도 분포인 D50 값이 밀링 전 

B2O3 대비 52 % 감소하여 가장 작고 균일하게 분쇄된 것을 확인할 

수 있다.

분무건조 공정에서 혼합물이 회전하며 건조될 때 비슷한 입자 

크기를 가지면 구형 과립 내 입자의 분포가 균일해지지만, 입자의 

크기가 다를 때 밀도 차이로 인해 다른 관성 에너지를 가져 큰 입자

가 표면에 위치하게 되면서 층을 이루게 된다[29, 30]. 따라서 본 

연구에서 분무건조 공정 후 제작된 과립에 균일하게 B2O3 와 

Al2O3 가 분포해 있어야 열처리 후 구형화율이 높은 Al18B4O33가 

형성될 수 있을 것으로 예상했으며, 정확한 Al18B4O33의 형상을 제

작하고자 B2O3의 크기 변수에 따라 Al2O3와 혼합해 각각의 슬러리

를 분무건조 공정을 통해 구형 과립으로 제작했다. 그림 3(a)는 시

간 변수에 따라 제작된 B2O3/Al2O3 슬러리를 분무 건조 공정 후 제

작한 과립의 이미지이며, B2O3의 입자크기가 클수록 구형 분말의 

표면에 위치하는 것을 볼 수 있다. Al2O3와 가장 유사한입자 크기

를 갖는 12시간 조건의 구형 과립 표면 B2O3 입자 분포가 줄어든 

것을 확인할 수 있다. 과립 내부에 B2O3 입자 분포를 확인하기 위

해 과립의 단면을 확인해보았을 때, 4시간 밀링 공정을 진행한 

B2O3 분말을 이용한 B2O3/Al2O3 혼합 과립 내부보다 표면에 B2O3 

입자가 대부분 분포한 것을 확인할 수 있다(그림 3b). 그림 3(e)의 

EDS mapping 이미지를 통해서도 4시간 밀링 공정을 진행한 구형 

과립의 표면에 B2O3 가 분포해 있는 것을 확인할 수 있다. 반면 상

대적으로 작은 B2O3일수록 제작된 과립의 단면은 내부에 균일하게 

분포하고 있는 것을 확인할 수 있으며, 이는 Al2O와 B2O3가 크기

가 비슷할 때 균일하게 분포된다는 것을 의미한다. 그림 3(c)는 제

작된 구형 과립을 열처리하여 최종적으로 제작한 Al18B4O33 구형 

a

b c d
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Fig. 2. Scanning electron microscopy images of milled B2O3 with milling times of (a) 0 h, (b) 4 h, (c) 8 h, (d) 12 h, and (e) 16 h. (f) Graph of 
particle size of B2O3 as a function of milling time.

분말의 표면 이미지이다. 0시간과 4시간, 16시간으로 밀링 공정을 

진행한 상대적으로 입자 크기가 큰 B2O3로 제작된 구형 과립은 열

처리 후 표면에 많은 기공이 발생했다. 이는 표면에 많이 응집되어 

있는B2O3입자가 열처리 시 Al18B4O33로 결합되지 못해 B2O3입자 

탈락이 발생해 빈 공간이 생긴 것을 의미한다. 그에 반해 상대적으

로 작은 입자인 8시간과 12 시간 밀링 공정을 진행한 B2O3 분말을 

이용한 과립은 열처리 후에도 표면이 매끄럽고 균일하게 소결된 것

을 확인할 수 있다. 또한 열처리 후 구형 분말의 단면을 확인해 보

았을 때, 0시간과 4시간, 8시간, 16시간 밀링 공정에서 내부에 빈공

간이 확인할 수 있는데, 이는 단면으로 표면 연마 과정에서 내부에 

존재하는 반응하지 못한 B2O3의 입자가 탈락되어 내부 기공처럼 

보이게 된다(그림 3d). 이러한 빈 공간의 크기는 B2O3의 입자 크기

에 비례해서 각각 2.11 μm, 1.98 μm, 1.60 μm, 1.73 μm으로 측정

이 되었다. 반면 12시간 밀링 공정을 진행한 B2O3를 이용한 구형 

분말의 단면에서 가장 작고 (1.23 μm), 적은 기공이 발생한 것을 

통해 크기가 작고 입자 분포도가 좁은 B2O3의 입자가 Al2O3와 가

장 균일하게 분포하여 우수한 구형화가 가능했음을 확인하였다.

본 연구에서 가장 중요한 것은 분말의 구형을 유지하며 균일한 

Al18B4O33 결정 구조를 갖는 것이다. 밀링 공정 변수에 따라 제작된 

과립을 열처리한 구형 분말의 XRD 결정구조를 분석한 결과 공통

적으로 Al18B4O33 구조에 잔류 Al2O3가 존재하는 것을 확인할 수 

있다(그림 4a). 이는 12시간 밀링 공정을 제외한 표면에 상대적으

로 큰 B2O3 입자가 분포한 구형 이종 분말에서 열처리 시 주변 

Al2O3 입자와 충분히 반응하지 않고 B2O3 입자가 탈락되어 균일한 

a
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Fig. 3. Scanning electron microscopy images of (a) the surface and (b) the cross-section of synthesized granules, as well as (c) the sintered 
granules and (d) cross-section of the sintered granules with different milling times. Energy-dispersive X-ray spectroscopy mapping images of 
granules after 4 hours of milling.

합성이 이루어지지 못해 잔류 Al2O3가 존재하는 것을 의미한다. 그

에 반해 비교적 B2O3 입자가 Al2O3 입자와 균일하게 혼합된 12시

간 밀링 공정 후 제작한 구형 분말에서 가장 낮은 Al2O3피크를 나

타내었다. 균일한 Al18B4O33제조 정도를 정량화하기 위해 잔류 

Al2O3의 가장 높은 intensity를 나타내는 (113)면 피크의 intensity
를 측정해 비교했다(그림 4b). 밀링을 진행하지 않은 B2O3를 이용

해 제작한 구형 분말의 Al2O3 (113) 면 피크를 기준 (100 %)으로 

설정 후, 상대비를 정리한 결과 B2O3 입자의 크기가 가장 작고 균

일했던 B2O3를 12 시간 밀링 진행 후 제작한 구형 분말에서의 

Al2O3비율이 5.7 %로 가장 낮게 나타났다. 이는 Al2O3와 가장 유

사한 입자크기를 갖는 B2O3 입자의 탈락이 가장 적어 대부분 Al-
18B4O33 형성으로 반응이 진행된 것을 의미한다. 하지만 16시간 밀

링 후 열 응집으로 오히려 B2O3의 크기가 커졌기 때문에 반응하지 

못한 Al2O3로 인해 Al2O3 비율이 증가한 결과를 보였다.

그림 5(a)의 그래프는 B2O3 밀링 공정 시간에 따라 제작된 Al-
18B4O33 구형 분말의 크기 (D10, D50, D90)를 나타낸다. DX분말 재료

의 평균 입도를 나타내는 데 사용되는 누적 백분율이다. 예를 들어 

D50 100 μm는 100 μm보다 큰 50 % 입자와 100 μm보다 작은 50 

% 입자가 있음을 의미합니다. 16시간까지 B2O3 밀링 공정 시간 변

화에도 구형 분말 크기는 일정한 것을 확인할 수 있다. 이는 밀링 

공정을 통해 B2O3의 입자 크기와 분포를 조절하는 것은 소결 균일

성에 영향을 미치지만 구형 분말 크기에는 영향을 주지 않는 것을 

의미한다. 열처리한 구형 분말의 유동성을 확인하기 위해 자동 분

체 특성 측정기를 통해 겉보기 밀도 및 탭 밀도를 측정하여 하우스
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너 비율 (Hausner ratio)을 분석했다(그림 5b) [31]. 하우스너 비율

은 탭 밀도를 겉보기 밀도로 나눈 값으로, 1에 가까울수록 구형 분

말의 유동성이 높은 것을 의미한다. 겉보기 밀도는 구형 분말을 용

기에 채운 후 공극을 포함한 전체 부피를 기준으로 측정한 밀도이

며, 탭 밀도는 구형 분말을 용기에 채운 후 일정 시간 동안 진동으

로 분말이 충진 시킨 후 부피가 최소화될 때의 밀도이다[32]. 따라

서 충진 되는 비율은 구형 분말의 유동성과 연관이 있으며, 비교적

으로 큰 B2O3 입자로 제작된 구형 분말일수록 하우스너비가 큰 결

과를 나타낸다. 0시간부터 4시간, 8시간, 12시간, 16시간 밀링 공정

에 따라 탭밀도는 1.56 g/cm3, 1.59 g/cm3, 1.68 g/cm3, 1.73 g/

cm3, 1.67 g/cm3의 결과를 나타냈으며, 12시간 밀링 공정에서 가

장 높은 밀도를 확인할 수 있다. 결과적으로 12 시간 밀링 공정을 

통해 균일한 B2O3를 이용하여 제작된 이종 과립을 열처리한 구형 

분말의 하우스너비가 1.04로 밀링을 진행하지 않은 B2O3를 이용했

을 때보다 17 % 감소되어 향상된 유동성의 결과를 나타낸다. 또한 

분말의 유동 특성은 수평면 위에 분말을 수직방향으로 자유낙하 시

켰을 때 원뿔 형태로 유지되는 기울기 경사각인 안식각으로도 분석 

가능하다[33]. 유동성이 높을수록 원뿔 형태의 높이는 낮게 유지된

다. 밀링을 하지 않은 B2O3를 사용한 구형 분말의 안식각은 33.7도

인 반면, 12 시간 밀링 공정으로 제작된 구형 분말은 23.9도로 29 

% 낮아진 안식각을 통해 높은 유동성을 나타낸다. 결과적으로 3D 

믹서를 이용한 B2O3의 밀링 공정을 통해 입자를 Al2O3와 유사한 

크기로 감소시키면 내부까지 균일 혼합된 이종 과립이 형성되며, 
열처리 후 매끈한 구형 형태와 균일한 Al18B4O33 결정상을 가짐에 

따라 향상된 유동성을 구현할 수 있다는 것을 확인할 수 있다. 본 

연구를 통해 제시한 고 유동성의 Al18B4O33 세라믹 소재는 우수한 

내구성이 필요한 반도체, 우주항공 산업 분야에서 활용 가능할 것

으로 기대된다.

Fig. 4. (a) X-ray diffraction patterns of Al18B4O33 spherical powder according to milling times. (b) Normalized ratio of Al2O3 (113) peaks 
according to milling times.

Fig. 5. Graphs of (a) particle size, (b) the Hausner ratio, and (c) the angle of repose (inset: optical image of the angle of repose) of Al18B4O33 
powders according to milling times.

a

a b c

b
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4. Conclusion

본 연구에서는 반도체, 우주항공을 포함한 다양한 산업에 적용 

가능한 고 유동성 특성의 Al18B4O33 구형 분말의 제작 방법을 개발

했다. 3D 믹서를 통해 B2O3의 입자의 크기를 균일하게 제어할 수 

있으며 B2O3의 밀링 공정을 통해 입자를 Al2O3와 동일하게 크기로 

감소시켰을 때 내부까지 치밀한 이종 혼합 과립을 형성할 수 있다

는 것을 증명했다. 열처리 후 향상된 Al18B4O33 결정상을 나타냈다. 

이러한 밀링 공정을 통해 치밀화 된 Al18B4O33 구형 분말은 밀링을 

진행하지 않은 B2O3 분말을 사용한 구형 분말에 비해 18 % 감소한 

하우스너비 (1.04)와 29% 감소한 안식각 (23.9)을 가짐으로 향상된 

유동성 특성을 나타낸다. 본 연구에서 개발한 Al18B4O33의 고유동

화 기술은 높은 유동 특성을 요구하는 반도체, 이차전지, 항공우주 

등의 차세대 산업에서 세라믹 코팅 공정 및 고밀도 소결체 제조 공

정에 다양하게 적용될 수 있을 것이라 기대된다.
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Light-weight ceramic insulation materials and high-emissivity coatings were fabricated for reusable 
thermal protection systems (TPS). Alumina-silica fibers and boric acid were used to fabricate the insu-
lation, which was heat treated at 1250 °C. High-emissivity coating of borosilicate glass modified with 
TaSi2, MoSi2, and SiB6 was applied via dip-and-spray coating methods and heat-treated at 1100°C. 
Testing in a high-velocity oxygen fuel environment at temperatures over 1100 °C for 120 seconds 
showed that the rigid structures withstood the flame robustly. The coating effectively infiltrated into 
the fibers, confirmed by scanning electron microscopy, energy-dispersive X-ray spectroscopy, and X-ray 
diffraction analyses. Although some oxidation of TaSi2 occurred, thereby increasing the Ta2O5 and SiO2 
phases, no significant phase changes or performance degradation were observed. These results demon-
strate the potential of these materials for reusable TPS applications in extreme thermal environments.
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1. Introduction

열보호시스템(Thermal Protection System, TPS)은 우주비행체

의 재진입(Re-entry) 환경 혹은 극초음속(Hypersonic) 비행체에서 

발생하는 공력가열(Aerodynamic heating)로부터 비행체와 내부

를 보호하는 필수적인 요소이다[1]. 비행체와 공기의 마찰로 인해 

발생하는 공력가열은 대류현상에 의해 발생되고 이를 효과적으로 

보호하기 위한 TPS에는 시스템적인 전도, 복사 열전달과 소재의 

화학박응이 중요하게 작용한다. 공력가열의 양상은 재진입궤도, 속
도나 선단부(Leading edge) 형상에 따라 달라지며 따라서 TPS 또

한 적용되는 온도와 형상에 따라 그 소재와 특성이 결정된다[2]. 

TPS는 공력가열로 발생하는 열유속 환경에 따라 재사용과 삭마형 

TPS로 구분된다. 재진입의 열유속이 1 MW/m2 이하인 지구 저궤

도(Low Earth Orbit, LEO) 임무를 수행하는 우주비행체가 재진입

하는 경우 낮은 열전도도를 갖는 단열소재(Insulation)와 표면의 열
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을 견디는 내열소재(Refractory materials)로 구성된 재사용(Reus-
able) TPS로 비행체를 보호할 수 있다. 반면 그 이상의 열유속 환경

에서 재진입하는 경우에는 열분해(pyrolysis)를 통해 기체상을 형성

하는 삭마형(Ablative) TPS를 통해 비행체를 보호해야 한다[1].

재사용 TPS가 적용되는 우주비행체의 선단부는 열분산 구조를 

갖는 무딘 선단부(Blunt edge)와 고속 비행시의 열집중 구조를 갖

는 예리한 선단부(Sharp edge) 두 가지 형상으로 크게 나뉜다[3]. 

우주왕복선 등에 적용된 무딘 선단부는 공력가열로 발생하는 열의 

대부분을 복사를 통해 방출하고 내부로의 열전달은 단열소재를 통

해 최소화시킨다. 반면 극초음속 비행체는 예리한 선단부를 갖는데 

비행체의 기동이나 안정성을 향상시키며 공력가열로 발생하는 열

을 집중시킨다. 따라서 녹는점이 높고 내열 특성이 좋은 초고온세

라믹스(Ultra-high Temperature Ceramics, UHTC) 등의 소재가 

TPS로 적용된다[4, 5].

우주비행체 선단부를 통해 기체 내부로 전달되는 열을 막기 위

해 다양한 소재와 형상의 재사용 TPS가 NASA ARC(Ames Re-
search Center)와 GRC(Glenn Research Center)에서 개발되었다

[6]. RCC(Reinforced Carbon-Carbon)를 제외한 RSI(Reusable 
Surface Insulation)는 세라믹 섬유를 활용한 다공체로 제조되었으

며 LI(Lockheed Insulation) 등의 실리카(SiO2) 섬유를 활용한 단

열소재와 FRCI(Fibrous Refractory Composite Insulation), 
AETB(Alumina Enhanced Thermal Barrier), BRI(Boeing Rigid 

Insulation)등의 실리카와 알루미나(Al2O3) 섬유가 혼합된 단열소

재 등 그 제조 방식, 소재, 사용온도 측면에서 다양한 종류의 TPS
가 개발되었다[6-8]. 초기에 개발된 LI 단열소재는 실리카 섬유를 

실리카 나노분말과 열처리하여 결합한 소재로 낮은 밀도와 열전도

도를 갖지만 강도가 낮고 고온안정성이 떨어지는 단점을 지닌다. 

이를 보완하기 위해 알루미나 섬유를 첨가하여 강도와 고온안정성

을 높인 FRCI 나 AETB 등의 단열소재가 개발되었고, Boro-alu-
minosilicate섬유를 결합재로 사용하는 방식으로 제조되었다. 이후

에 BRI로 제조방식이 개선되어 흡습성이 높은 B2O3 대신 B4C 분

말과 각각의 실리카, 알루미나 섬유를 혼합하여 단열소재를 제조하

였다. 이러한 산화물계 세라믹 섬유 단열소재는 후술될 다층구조 

TPS인 TUFROC(Toughened Uni-piece Fibrous Reinforced 

Oxidation-resistant Composite)의 단열소재 파트로 응용될 수 있

다[9, 10].

TUFROC은 NASA에서 개발되어 X-37B 우주비행기에 처음 

적용된 다층구조 재사용 TPS의 명칭이다. TUFROC은 표면에서 

내부까지 내열온도가 다른 3층의 소재가 하나의 부품(Uni-piece)
으로 물리, 화학적으로 결합된 TPS다. TUFROC이 적용된 X-37B
는 현재 여러 번의 지구 저궤도 임무와 재진입을 수행하며 재사용 

TPS의 성공적인 사례를 보여주고 있다. 이러한 TUFROC을 벤치

마킹하여 한국세라믹기술원과 한국항공우주연구원이 함께 국내에

서 확보가능한 소재를 활용하여 한국형 TPS 소재 및 시스템의 개

발을 진행하고 있다.

본 연구에서는 선행 연구를 통해 개발한 한국형 재사용 TPS의 

산화물 경량 고온 단열소재의 품질 향상을 위해 유리형성제 변경과 

열처리 온도 변경을 통해 공정을 개선하였다. 또한 HETC(High 

Efficiency Tantalum-based Ceramic Composite)[11] 코팅을 벤

치마킹하여 제조한 고방사율 코팅을 적용하여 시편을 제조하였고, 
이를 HVOF(High Velocity Oxygen Fuel)를 이용한 모사환경 평

가를 진행하여 재사용 가능성을 평가하였다. 평가된 소재는 미세구

조, 결정구조 등의 분석을 통해 모사환경 평가 이후 미세구조적 파

손, 박리, 균열 등의 흔적이나 결정구조적 변화를 분석하여 재사용 

TPS 적용 가능성을 제시하였다.

2. Experimental procedure

경량 단열소재의 제조는 Al2O3-SiO2 조성의 세라믹 섬유인 세라

크울(Cerak Wool, 1300 Bulk, KCC Corp., Korea)을 사용한다. 

섬유간 결합을 위한 유리형성제는 붕산(Boric acid, Daejung 

Chemicals & Metals co., ltd., Korea)분말을 사용하였다. 섬유와 

유리형성제는 표 1의 조성에 따라 증류수 용매 내에서 overhead 

mixer와 metal impeller를 이용하여 2 시간 동안 400 rpm으로 분

쇄, 혼합, 분산된다. 제조된 슬러리는 60Ø 아크릴 몰드 내에 장입

되어 증류수를 제거하며 일정 크기로 성형하는 탈수성형 공정을 통

해 일정 형태로 성형된다. 성형된 섬유는 대기 분위기의 박스로 내

에 장입하고 1250°C 온도에서 1.5 h 동안 열처리하여 단열소재로 

제조된다.

고방사율 유리 코팅층의 원료는 분쇄된 붕규산 유리(Borosili-
cate glass, low form, Duran®, Schott, Germany)를 사용한다. 이

에 HETC를 벤치마킹하여 내열성과 방사율을 향상시킨 원료로 

TaSi2(KOJUNDO KOREA co., ltd., Korea), MoSi2(KOJUNDO 

KOREA co., ltd., Korea), 그리고 SiB6(KOJUNDO KOREA co., 
ltd., Korea)를 함께 사용하였다. 코팅을 위한 슬러리는 표 2의 조

성에 따라 가소제인 methylcellulose(Methocel®, A4M, Sig-
ma-Aldrich, USA)를 일정 비율 첨가하여 10 Ø ZrO2 볼과 함께 

무수에탄올 용매에서 24 시간 동안 습식혼합 및 분쇄공정을 거쳐 

제조된다.

제조된 유리코팅 슬러리는 내부 침투 코팅을 위한 딥(Dip) 코팅

과 표면 코팅을 위한 스프레이(Spray) 코팅법을 통해 단열소재에 코

팅한다. 딥 코팅은 ZrO2 볼을 걸러낸 코팅 슬러리에 단열소재를 담

가 15 초 동안 코팅 소재의 단열재 내부로 함침한다. 단열재를 80°

C 오븐에서 10 분 동안 건조하여 에탄올을 증발시킨 후 0.5 MPa 

압력의 공압에 연결된 스프레이 건에 담아 단열재에 각 면당 10 초 

Table 1. Light-weight insulation batch compositions used in this 
study
Process B4C Boric acid
Fiber (wt.%) 4.2 5.8
Glass former (wt.%) 0.4 1.9
DIW (wt.%) 95.4 92.3
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동안 분사하여 스프레이 코팅을 진행하고 건조하는 과정을 5회 반

복한다. 코팅을 완료한 단열소재는 대기 분위기의 박스로 내에 장

입하고 1100°C 온도에서 1 h 동안 열처리하여 코팅층을 제조한다.

고온내구성 평가는 HVOF용사 장비를 이용하여 제조된 시편에 

직접적으로 고온 고속 화염을 분사하여 평가를 진행하였다. 평가는 

대기 분위기에서 진행되었으며 180 mm 분사 거리에서 총 120 초 

동안 평가를 진행하였다. 평가 진행 중 IR pyrometer를 통해 분사 

표면 온도를 측정하였다. 자세한 HVOF 평가 조건을 표 3에 나타

내었다.

HVOF 평가 이후 코팅소재의 결정구조는 Cu(λ =  1.5406 Å) 타
겟을 사용한 X-선 회절 분석기(D/MAX-2500-PC, Rigaku Corp., 
Japan)를 통해 1°/min 스캔 속도로 2θ =  10–60° 범위에서 40 kV, 
100 mA 조건으로 측정하여 평가하였다.

단열소재의 미세구조 및 조성분석은 전계방출형 주사 전자 현미

경(FE-SEM, JSM-7610F+, JEOL Ltd., Japan)과 에너지 분산형 

분광분석법(EDS, Ultim Max 100, Oxford Instruments, UK)을 

통해 평가되었다. 단열소재의 단면과 표면에 대한 미세구조와 조성 

분석을 통해 재사용 TPS로의 활용 가능성을 평가하였다.

3. Results and discussion

3-1. 경량 고온 세라믹 단열소재의 제조 및 공정개선

그림 1(a), (b)는 선행연구[12]의 공정을 통해 제조된 세라믹 단열

소재를 보여주며 그림 1(c), (d)는 공정 개선을 통해 본 연구에서 제

조된 세라믹 단열소재의 형상을 보여준다. 좌측에 위치한 백색 시

편은 열처리 직후의 단열소재 형상이며, 우측에 위치한 흑색 시편

은 코팅 공정이 적용된 이후의 단열소재 형상이다. 그림 1(a), (c)는 

Table 2. HETC-like high emissivity coating batch compositions 
used in this study
Materials Weight ratio (%)
Anhydrous ethanol 57.5
Glass frit 15.9
TaSi2 10.6
MoSi2 6.2
SiB6 0.9
Thickener 8.9

Table 3. HVOF conditions tested in this study
HVOF test conditions
Gun distance 180 mm
Calculated heat flux 1.8MW/m2

Exposure time 120 s
Max surface temperature 1153.5°C
HVOF, high-velocity oxygen fuel.

각 공정에 따른 시편의 평면도를 나타내며, 그림 1(b), (d)는 정면도

를 나타낸다. 본 연구를 통해 개선된 공정은 유리형성제 변경과 열

처리 온도 변경 2가지 개선점을 갖는다. 기존 공정은 boron source
인 유리형성제로 B4C를 사용하여 섬유 내에 입자 분산 형태의 슬

러리를 제조하였다. 반면 개선된 공정은 유리형성제로 수용성을 갖

는 붕산을 사용하여 용액 형태의 분산 방식을 사용하여 더 균질한

(Homogeneous) 유리형성제 분산 슬러리를 제조하였다. 또한 과

도한 소결 방지를 위하여 열처리 공정을 1400°C, 1 h 에서 1250°

C, 1.5 h 로 변경하였다.

그림 1(a), (b)에서 관찰되는 B4C를 이용해 제조한 단열소재는 측

면이 휘어지는(bending) 형상을 보인다. 이는 유리형성제로 사용

된 입자 분산 형태인 B4C의 불균질(Heterogeneous) 분산의 결과

로 보인다. 성형 공정을 통해 원기둥(Cylinder) 형태로 성형된 단

열소재는 열처리 공정을 통해 유리형성제의 산화를 통한 B2O3 형

성과, 유리질 형성을 통한 섬유간 결합을 통해 제조된다. 반면 그림

상에서 관찰되는 휘어지는 형상은 치밀화와 수축을 동반하는 소결

의 결과로 보이며, 등방성 수축이 아닌 이방성 수축을 보이며 과소

결의 결과로 관찰된다.

반면에 그림 1(c), (d)에 붕산을 유리형성제로 사용하여 제조된 

시편은 B4C를 사용해 제조한 시편과 달리 휘어지는 현상이 관찰되

지 않는다. 이는 유리형성제의 용매 및 섬유 내 분산 차이로 인해 

발생하는 결과로 보인다. B4C는 용매와 섬유 내에 입자 형태의 분

산을 통해 유리형성제로 작용하며 고온 산화 분위기에서 B2O3로 

산화되어 섬유간 결합을 해주는 역할을 한다. 결합 정도와 유리질 

분포는 B4C 입자의 분산 정도에 따라 큰 영향을 받게 된다. 표 1에 

나타난 공정 배치에서는 분산제 첨가나 극성 조절을 통한 화학적 

분산 방법 없이 혼합에 의한 물리적인 분산 방법만 사용하기 때문

에 균질한 B4C 입자의 분산을 기대하기 어렵다. 반면 붕산은 용매

에 완전히 용해되어 입자상 분산이 아닌 용액상태로 균질하게 분산

되고, 고온에서 마찬가지로 B2O3 로 분해되어 유리형성제로 작용

한다. 용액 상태의 분산이기 때문에 모든 섬유에 동일하게 분산되

며 시편 내에서 균일한 분포를 갖게 된다. 따라서 그림 1(c), (d)에 

나타난 시편의 형상에서 휘어지는 현상 없이 모든 방향에서 균일한 

시편이 제조되었다.

그림 2(a), (b)에 나타난 미세구조는 각각 B4C 와 붕산 분말을 유

리형성제로 사용해 제조한 시편의 미세구조를 보여준다. 서로 다른 

유리 형성제를 이용하였지만 섬유 각각의 결합 형태는 큰 차이를 

보이지 않는다. 일반적으로 동일한 몰수의 붕산보다 B4C 가 4배 더 

많은 boron source를 갖기 때문에 이를 맞추기 위해 배치 공정 상

에서 B4C 대비 붕산 분말을 4배 더 많이 사용하였다. 따라서 유리

형성제로 사용된 boron 원소 총량은 두 공정에서 같으며 미세구조

적 특징에서 이 차이가 크게 관찰되지 않는다. 섬유간 끝단을 유리

상이 발생하며 결합해주는 유사한 미세구조가 관찰되고 있으며, 미
세구조적으로 유사한 구조 내에서도 붕산 분말을 사용한 시편이 외

관적인 측면에서 더 나은 균일성을 보임을 그림 1, 2를 통해 확인

하였다.
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Fig. 1. Sample pictures of light-weight high-temperature insulation and high-emissivity coated samples: (a) and (b) B4C is used as the glass 
former. (c) and (d) Boric acid is used as the glass former.

Fig. 2. Scanning electron microscopy micrographs of light-weight high-temperature insulations used in this study: (a) B4C powder is used as 
glass former. (b) Boric acid is used as glass former.
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Fig. 3. Cross-sectional scanning electron microscopy–energy-dispersive X-ray spectroscopy results of manufactured light-weight high-
temperature insulation samples coated by high emissivity glass composite coating.
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3-2. 고방사율 코팅소재의 제조

재사용 TPS 개발 초기 NASA ARC에서 개발된 표면 코팅인 

RCG(Reaction-Cured Glass)[13] 코팅은 다공성 단열재가 습윤환

경에 노출되어 생기는 문제를 막기 위해 불투수성(waterproof)을 

위한 유리 코팅에 추가적으로 공력가열에 의한 열을 복사로 방출하

는 높은 방사율(emissivity)을 갖는 소재(SiB4)를 첨가하여 스프레

이 코팅을 통해 표면에 적용한다[12, 14]. 이때 적용된 코팅은 단열

재 표면 위로 적용되는 코팅이며 개기공이 없는 표면 상태로 

FOD(Foreign Object Damage)등에 의한 파손 및 탈락에 취약한 

특징을 갖는다. 이를 보완하기 위한 코팅 방법이 TUFI(Tough-
ened Uni-piece Fibrous Insulation)[1, 15]나 HETC 등에 적용된 

침투 코팅(penetration coating) 방식이다. 코팅 슬러리를 딥 코팅

을 통해 단열재에 직접적으로 함침하여 침투된 코팅소재가 단열재 

섬유와 직접적인 결합을 유도하고, 후술될 기공형성제로 인한 표면 

기공이 균열전파를 막아 FOD 에도 쉽게 탈락되지 않도록 하는 원

리로 적용된다[1].

단열재에 적용되는 고방사율 코팅의 원료로 사용되는 다양한 소

재는 고온에서 유리 기지와 반응하여 2차상을 생성하거나, 결정화

를 일으키지 않는 붕화물(Boride) 이나 규화물(Silicide) 계열의 소

재들이 선정되었다. 초기의 표면 코팅인 RCG 코팅에는 기지(ma-
trix) 역할을 하는 붕규산 유리와 방사율을 높이는 emittance agent 
로 사용되는 SiB4 가 원료로 사용되었다[13]. 이후 침투 코팅인 

TUFI 코팅에는 붕규산 유리 기지 내에 온도수용성과 방사율을 높

이는 소재로 MoSi2 가 사용되었고, 그에 따라서 높아진 열처리 공

정 온도를 낮추기 위한 processing aid 와 기공형성제 로 SiB6 소재

가 함께 사용되었다[15]. SiB6 첨가로 인해 발생한 표면의 기공은 

FOD로 인한 파손시 균열의 전파를 막아 코팅의 수명 연장의 역할

을 수행한다. 본 연구에서 벤치마킹한 HETC 코팅은 TUFI 원료에 

보다 높은 사용온도를 위해 TaSi2 원료가 추가되었다. HETC 코팅

에서 각각의 원료는 TaSi2: 1차 emittance agent, 조성에 따른 기지, 
MoSi2: 2차 emittance agent, 산소 게터(Oxygen getter), SiB6: 

processing aid, 기공형성제, 붕규산유리: 기지, boron source의 역

할을 수행한다[11].

그림 3은 고방사율 코팅소재를 표면에 적용한 단열재 시편의 단

면 미세구조를 나타낸다. HETC 코팅을 벤치마킹하여 제조한 코

팅은 단열재 내부로 침투하는 타입의 코팅 구조를 갖는다. 그림 3
에서 관찰되는 단면의 미세구조와 EDS map 상에서도 Mo map 

과 Ta map 결과를 통해 표면에 형성된 유리 코팅층이 관찰되며 단

열재 내부로 침투하여 섬유와 결합한 침투 코팅층도 함께 관찰된

다. 따라서 본 연구를 통해 제조된 시편의 코팅은 충분히 단열재 내

부로 침투하여 코팅을 형성하였으며 이에 FOD 등의 요인으로 인

한 파손으로부터 우수한 내구성을 갖는 코팅층으로 제조되었다.

3-3. 고온내구성 평가

코팅까지 완료하여 제조된 단열소재 시편은 HVOF 시험을 통해 

고온내구성 평가가 진행되었다. 시편의 형상은 그림 4(a)에서 관찰

되는 형상처럼 고정용 흑연 지그에 장착되어 고정되었고, 시편의 

정중앙에 HVOF 화염을 노출시켰다. 평가는 180 mm 거리에서 
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Fig. 4. Before and after test photographs of the mounted sample for high-velocity oxygen fuel testing. (a) Before testing, (b) after testing, and (c) 
identification of the flame-exposed surface for subsequent analysis.

Fig. 5. Time-temperature graph of surfaces exposed to high-
velocity oxygen fuel flame recorded by an infrared pyrometer.
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120 초 동안 진행되었고 평가기관을 통해 계산된 모사환경의 열 유

속은 1.8 MW/m2 로 계산되었다. 평가 중 IR pyrometer를 통해 

측정된 표면의 최고 온도는 1153.5°C 로 측정되었다. 그림 5에 

HVOF 화염 노출 시간에 따른 표면 온도 변화 그래프가 나타나 있

으며 모든 시간에서 평균적으로 1100°C 이상의 고온에 노출되었

음을 확인할 수 있다. 그림 4(b)에 나타난 평가 이후 시편 표면의 

형상에서 직접적으로 HVOF 화염 분사에 노출되어 코팅 표면의 

색상이 변한 부분이 관찰되며 시편의 가장자리 부분은 색상이 변하

지 않았음이 관찰된다. 코팅층 색상 변화에 대한 평가를 위해 그림 

4(c)에 나타낸 방식으로 HVOF 화염 분사에 직접적으로 노출된 노

출 표면과 비노출 표면으로 시편을 구분하였으며 해당 두 부분에 

대한 분석을 진행하였다.

그림 6은 HVOF 평가 이후 시편의 단면 미세구조를 보여주며 

그림 6(a)는 노출 단면 그림 6(b)는 비노출 단면이다. 직접적인 화

염 노출 단면과 비노출 단면 모두 미세구조적으로 비교되는 특별한 

차이를 보이지 않는다. 그림 6(a), (b)에 나타난 코팅층의 두께는 미

세구조 내에서 위치별로 10 회 측정하여 평균값을 사용하였으며 

각각 185 μm, 199 μm 으로 비슷한 코팅 두께를 보이고 있다. 노출 

단면에서 관찰되는 코팅층과 섬유 단열소재 층 모두 화염 분사 노

출에 의한 파손의 흔적이 관찰되지 않으며 120 초 동안의 HVOF 

시험이 코팅층과 단열소재에 영향을 미치지 않음을 확인하였다.

그림 7은 HVOF 평가 이후 시편의 표면 코팅층의 미세구조와 

EDS 분석 결과를 보여주며 그림 7(a)는 노출 표면 그림 7(b)는 비

노출 표면이다. EDS map 결과에서 노출 표면과 비노출 표면은 큰 

차이가 나타나지 않으며 구성 원소들의 비슷한 분포를 보이고 있

다. 표 4에 나타난 EDS point 분석 결과 또한 두 표면의 성분이 큰 

차이를 보이지 않으며 HVOF 화염 분사에 직접적으로 노출되어도 

구성 성분의 큰 변화가 없음을 보이고 있다. 표면 미세구조 특징은 

그림 7(a)의 노출 표면에서 보이는 기공의 크기가 그림 7(b)의 비노

출 표면에서 보이는 기공보다 작은 크기를 갖는다. 앞서 서술한 것
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Fig. 6. Cross-section scanning electron microscopy micrographs of a high-velocity oxygen fuel–tested specimens. (a) High-velocity oxygen 
fuel flame–exposed cross-section, and (b) non-exposed cross-section.

Fig. 7. Scanning electron microscopy–energy-dispersive X-ray spectroscopy results of coating surfaces of tested specimens. (a) High-velocity 
oxygen fuel flame–exposed surface, and (b) non-exposed surface.

Table 4. EDS point analysis results as average of five measurements 
of the coating surface shown in Figure 7

Elements Exposed surface 
(wt.%)

Non-exposed surface 
(wt.%)

Mo 6.1 6.4
Ta 10.7 11.2
Si 33.8 31.3
Al 1.3 1.1

O 48.0 50.0

EDS, energy-dispersive X-ray spectroscopy.
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처럼 HETC나 TUFI같은 표면과 침투 코팅 개념이 복합적으로 적

용된 코팅층은 기존의 RCG와 달리 FOD로부터 취약한 문제를 해

결하기 위해 개기공을 포함한 표면 미세구조를 갖도록 설계되었다

[1, 11, 15]. 따라서 본 연구에 적용된 코팅 또한 표면에 개기공을 

포함한 구조로 관찰되며 이는 추가로 노출되는 온도에 따라 치밀화 

현상을 보일 수 있다. HVOF 시험 중 노출 표면은 화염 분사를 통

한 직접적인 가열로 인해 가장 높은 온도에 노출되었고 비노출 표

면은 화염에 직접적인 노출보단 표면 온도 상승에 따른 전도열에 

의한 가열이 더 큰 영향을 미쳤을 것이며 더 낮은 온도에 도달했을 

것이다. 이러한 온도 차이로 인해 표면에서 관찰되는 기공의 크기

가 다르며 그림 7(a)의 표면이 더 높은 온도에 노출되어 치밀화 현

상으로 인해 기공 크기가 감소하는 결과가 관찰된다.
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Fig. 8. X-ray diffraction patterns of as-coated and high-velocity 
oxygen fuel–tested specimens measured by the different locations 
of the coating surface.
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그림 8은 평가 전후 시편 표면 코팅층의 평가전과 평가후 서로 

다른 위치에 따른 XRD 측정 결과 그래프를 나타낸다. 평가전 표면

과 평가후 노출 표면과 비노출 표면 모두 공통적인 산화물(Ta2O5, 
MoO2, SiO2)과 규화물(TaSi2, MoSi2, Mo5Si3) 결정상이 관찰되며 

화염 노출로 인해 특별히 다른 결정상이 나타나지 않음을 보이고 

있다. 원료로 사용된 규화물 원료 대비 산화물 결정상이 관찰되는 

현상은 코팅 직후 표면 XRD 결과에서도 비슷한 강도로 관찰된다. 

특히 Tao et. al.에 따르면 TaSi2 결정상은 코팅 소재 내의 산소나 

붕소 원료와 쉽게 반응하여 산화되기 때문에[16] 본 연구 결과에서 

Ta2O5 결정상이 등장하는 산화 반응은 코팅 공정 중 대부분 발생하

는 것으로 확인된다. 평가후 코팅층은 상대적으로 노출 표면에서 

더 높은 산화물 결정상의 강도가 나타나고 있으며 특히 Ta2O5 와 

SiO2 결정상의 강도가 높게 증가한다. 화염 노출에 의한 고온 산화 

분위기가 형성됨에 따라 코팅층에 포함된 TaSi2 결정상의 산화로 

인하여 Ta2O5 와 SiO2 결정상이 추가로 형성되어 더 높은 회절강도

를 보이게 된다. 따라서 그림 4(b), (c)에서 관찰되는 노출 표면의 

코팅층 색상 변화는 산화의 영향으로 확인된다. 하지만 그림 5에 

나타난 시편의 표면 온도 변화는 동일한 열유속 환경의 지속적인 

화염 노출에도 온도가 더 증가하지 않고 유지되거나 감소하는 경향

을 보인다. 이로 인해 표면 코팅층의 일부 산화는 코팅의 방사율과 

성능저하에 큰 영향을 미치지 않는 것으로 관찰된다. 따라서 제조

한 시편은 진행된 모사환경 평가의 열유속 환경과 120 초 동안의 

평가 진행 시간 동안 치명적인 성능 저하나 파손 없이 재사용 TPS
로의 사용 가능성을 확인하였다.

4. Conclusion

본 연구에서는 재사용 TPS 개발을 위해 세라믹 섬유를 이용한 

경량 고온 단열소재와 표면의 고방사율 유리 코팅을 제조하였다. 

국내에서 수급 가능한 Al2O3-SiO2 계 상용 세라믹 섬유와 유리형

성제인 붕산을 이용하여 타일 형태로 제조하였고 균일한 형상을 갖

는 단열소재 제조가 가능하였다. 제조된 단열소재는 표면에 고방사

율 유리 코팅을 적용하여 마무리되었고 HVOF 모사 환경 평가에 

노출되어 성능을 평가하였다. 모사 환경 평가는 HVOF 화염에 시

편을 120 초 동안 노출시켜 진행되었고 IR pyrometer로 측정된 시

편의 표면 온도는 평균 1100°C 이상으로 나타났다. 평가 후 시편

은 미세구조, EDS, XRD를 통해 분석하였고 HVOF 평가를 통한 

높은 열유속 환경에 노출된 이후에도 시편의 파손이나 변형 등 품

질 저하 없이 재사용 TPS로의 사용 가능성을 확인하였다.
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This study presents a cost-effective wet chemical coating process for fabricating a boron nitride (BN) 
interphase on silicon carbide (SiC) fibers, increasing the oxidation resistance and performance of SiCf/
SiC ceramic matrix composites. Using urea as a precursor, optimal nitriding conditions were deter-
mined by adjusting the composition, concentration, and immersion time. X-ray diffraction analysis re-
vealed distinct BN phase formation at 1300°C and 1500°C, while a mixture of BN and B2O3 was ob-
served at 1200°C. HF treatment improved coating uniformity by removing SiO2 layers formed during 
the de-sizing process. Optimization of the boric acid-to-urea molar ratio resulted in a uniform, 
130-nm-thick BN layer. This study demonstrates that the wet coating process offers a viable and eco-
nomical alternative to chemical vapor deposition for fabricating high-performance BN interphases in 
SiCf/SiC composites that are suitable for high-temperature applications.
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1. Introduction

첨단 산업 분야에서의 기술 발전은 고온, 고압 등의 극한 환경에

서도 성능을 유지할 수 있는 새로운 소재의 필요성을 지속적으로 

증가시키고 있다. Ceramic Matrix Composites (CMCs)는 이러한 

요구를 충족하기 위한 핵심 소재로 주목받고 있다. 특히 CMCs는 

초내열 합금에 비해 30%정도로 경량성이 뛰어나며, 우수한 내열

성, 내산화성, 내크립성을 제공하여, 가스터빈, 항공 엔진, 자동차 

부품과 같은 고온 작업 환경에서 높은 성능을 발휘한다. 이로 인해 

항공우주, 에너지, 방위산업 등에서 CMCs의 응용 가능성이 급격

히 확대되고 있다[1-3]. CMCs의 성능을 결정짓는 중요한 요소 중 

하나는 섬유상(fiber)과 기지상(matrix) 사이의 계면(interphase)이
다. CMCs는 본질적으로 섬유상 재료와 기지상 재료가 복합적으로 

결합된 구조를 가지며, 섬유는 높은 인장강도를 통해 복합재의 기

계적 성능을 보강한다[4, 5]. 하지만 섬유상과 기지상 간의 결합력

이 지나치게 강하면, 기지에서 발생한 균열이 섬유로 직접적으로 

전파되어 섬유 손상을 유발하고, 결과적으로 복합재의 파괴로 이어

질 수 있다[6, 7]. 따라서, 섬유상과 기지상 사이에 약한 계면을 형

성하여 균열이 섬유로 직접 전달되지 않도록 하는 계면(inter-
phase)의 buffer 역할이 매우 중요하다. 계면은 섬유가 파괴되지 

않고 효과적으로 기능할 수 있도록 보호하며, 섬유상과 기지상 간

의 결합 강도를 적절히 조절하여 균열의 우회를 유도한다 [8-11]. 

이로 인해 CMCs의 내구성이 크게 향상되며, 계면은 열충격, 산화, 
기계적 응력 등 다양한 외부 환경으로부터 섬유를 보호하는 중요한 

역할을 한다. 현재 CMCs 제조에 사용되는 대표적인 계면의 재료

로는 Pyrolytic carbon (PyC)와 Boron nitride (BN)가 있다[12-

14]. 특히 BN은 높은 내열성과 산화 저항성을 바탕으로 항공우주

와 같은 고온 환경에서의 적용에 매우 적합한 재료로 알려져 있다. 

BN 계면은 주로 Chemical vapor deposition (CVD)법을 통해 제
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조된다[15, 16]. CVD법은 고온에서 전구체 가스를 사용해 균일한 

BN 코팅층을 형성할 수 있지만, 고가의 장비와 전구체 사용, 그리

고 복잡한 공정으로 인해 상업적 적용에는 한계가 있다. 이를 극복

하기 위해 최근에는 보다 저렴하고 간단한 습식 화학 코팅법이 주

목받고 있으며, 이는 기존의 CVD 방식보다 비용 효율적이며 안전

한 공정을 제공한다. 그러나 습식 코팅법의 경우, 코팅층의 균일성

과 두께 조절이 중요한 도전 과제로 남아 있으며, 이러한 문제를 해

결하기 위한 다양한 연구가 진행 중이다[17–20].

본 연구에서는 비용 효율적이고 공정이 간단한 습식 화학 코팅

법을 이용해 SiCf/SiC 복합재에 BN 계면을 형성하는 기술을 개발

하고자 하였다. CVD 방식에 비해 상대적으로 저비용의 공정임에

도 불구하고, 고성능의 계면을 구현할 수 있는 방법을 모색하는 데 

중점을 두었다. 특히, 습식법을 통해 BN계면을 형성할 경우 코팅

층의 균일성과 두께 제어가 중요한 과제로 제기되므로, 이를 해결

하기 위해 다양한 공정 조건을 설정하고 평가하였다. BN 계면을 

형성하기 위해 Boric acid와 Urea를 전구체로 사용하였으며, 이를 

기반으로 최적의 질화 조건을 도출하였다. 구체적으로, Boric acid
와 Urea의 비율, 전구체 용액의 농도, 침지 시간 등 주요 변수를 체

계적으로 조절하여, 최적의 코팅 성능을 확보하고자 하였다.

2. Experimental Section

코팅 작업에 앞서, SiC fabric에 포함된 sizing agent를 제거하는 

탈사이징(de-sizing) 처리를 진행하였다. 이 과정은 약 1000°C에

서 2시간 동안 진행되었으며, 열처리 과정에서 SiC 섬유 표면에 

SiO2막이 형성되었다. 이 SiO2막은 hydrogen fluoride (HF) 용액

을 사용하여 제거하였다. HF는 0.1 mol/L 농도로 준비되었으며, 
SiC fabric을 30초간 담가 산화막을 제거하였다. SiO2 막을 제거한 

후, SiC fabric에 BN 계면 코팅을 적용하기 위한 습식 코팅 공정을 

진행하였다. 전구체 용액은 Boric acid (H3BO3, ≥99.5%, Sig-
ma-Aldrich, USA)와 Urea (CH4N2O, 99.0-100.5%, Sigma-Al-
drich, USA)를 혼합하여 제조하였으며, 메탄올과 증류수를 3:1의 

부피비로 혼합한 용매를 사용하였다. 전구체로 사용된 Boric acid 

와 Urea의 몰비는 2:1, 3:1, 4:1로 각각 설정하였으며, 전구체 용액

의 농도는 0.5 mol/L와 2 mol/L로 준비하였다. (표1) 이를 위해 

Boric acid 와 Urea를 50°C에서 가열하면서 교반기로 용매에 완전

히 용해시키는 과정을 거쳤다.

코팅 공정은 SiC fabric을 준비된 전구체 용액에 약 10분간 담가 

균일하게 코팅이 이루어지도록 하였다. 이 과정에서 코팅층의 두께

와 균일성을 확보하기 위해, 용액 내에서 SiC fabric을 일정한 시간 

동안 담그고 서서히 꺼내는 방식을 사용하였다. 코팅이 완료된 SiC 

fabric은 80°C의 오븐에서 2시간 이상 건조시켜 남아 있는 용매를 

제거하고, 전구체가 섬유 표면에 안정적으로 부착되도록 하였다. 

질화처리는 알루미나 튜브로에서 H2 4%-N2 96% 혼합가스가 1 

L/min의 유량으로 공급되었다. BN상 합성을 위해 5°C /min의 

승온 속도로 1200°C, 1300°C, 1500°C에서 진행되었으며, 이후 

1300°C에서 10, 15, 20시간으로 유지 시간의 변화를 주어 XRD 

(D/MAX2500VL/PC, Rigaku, Japan, at 40 kV, 100 Ma from 

10-80°)분석을 이용하여 BN상 합성을 확인하였다. 이후 최적 조

건을 선택하여 질화 처리를 완료하였다. 마지막으로, BN 코팅층의 

균일도와 두께를 확인하기 위해 FE-SEM (JSM6701F, JEOL, Ja-
pan)을 사용하여 SiC 섬유의 표면 미세구조를 분석하였다.

3. Results and Discussion

BN 상 합성이 이루어지는 최적의 온도를 확인하기 위해 1200°

C, 1300°C, 1500°C에서 실험을 진행하였다. 그림 1에 나타난 

XRD 분석 결과에 따르면, 1500°C와 1300°C에서 BN 상이 명확

하게 형성된 반면, 1200°C에서는 BN과 B2O3가 혼합된 상이 관찰

되었다. 이는 1200°C에서는 열처리 온도가 낮아 BN 상이 완전히 

형성되지 못하고, B2O3가 잔존함을 의미한다. 이와 같은 결과는 

BN 상의 형성을 위해 최소한 1300°C 이상의 고온이 필요함을 시

사한다.

또한, 열처리 시간에 따른 BN 상 형성의 영향을 조사하기 위해, 
1300°C에서 10시간, 15시간, 20시간의 열처리 조건을 적용한 결

과, 10시간과 15시간 동안의 열처리에서는 BN 상의 형성된 것으

로 나타났다(그림 2). 그러나 1300°C 이상의 온도에서도 여전히 

B2O3 상이 주로 관찰되었으며, 이는 22°의 회절 각(2θ)에서 나타난 

넓은 피크에 의해 확인되었다. 이는 비정질 형태의 B2O3가 존재함

을 시사하며, BN으로 완전히 합성되지 않은 중간 상의 B2O3가 비

정질 상태로 존재하고 있으며, 동시에 BN 결정 상이 일부 형성되

었음을 의미하기도 한다. 이와 같은 결과는 열처리 시간이 길어질

수록 BN 상이 보다 명확하게 형성되지만, 1300°C 이상의 고온에

서도 B2O3가 완전히 제거되지 않고 일부 남아있을 수 있음을 시사

한다. 이를 통해 BN 상 합성을 위해서는 적절한 열처리 시간과 온

도를 동시에 최적화해야 할 필요성이 있음을 알 수 있다.

실제 복합재 제조 공정에서 전구체를 섬유 표면에 코팅한 경우, 
코팅 두께는 일반적으로 수십 나노미터 수준에 불과하므로 B2O3가 

BN으로 완전히 변환될 가능성이 크다[21]. 이러한 결과는 복합재

의 성능을 극대화하기 위해 BN 상 형성과 중간 상 변환이 열처리 

온도 및 시간에 크게 의존함을 보여주며, 향후 복합재 제조 공정에

Table 1. Ratio of boric acid to urea in the precursor and the 
precursor concentration

Condition Composition 
(Boric acid : Urea) Concentration

1 2:1 0.5 mol/L
2 2:1 2 mol/L
3 3:1 0.5 mol/L
4 3:1 2 mol/L
5 4:1 0.5 mol/L
6 4:1 2 mol/L
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Fig. 1. X-ray diffraction peak of BN phase formation according to 
the temperature of heat treatment.

Fig. 3. Surface image of a silicon carbide fiber: (a) before de-sizing, (b) after de-sizing.

Fig. 2. X-ray diffraction peak of BN phase formation according to 
the holding time of heat treatment.

서 최적의 조건을 도출하는 데 중요한 기준을 제공한다.

SiC 섬유는 섬유 간의 결합력과 접착력을 강화하기 위해 제조 과

정에서 sizing agent 가 도포되어 있다(그림 3(a)). 이러한 sizing 

agent 로 인해 다양한 불순물과 불필요한 물질들이 섬유 표면에 존

재하게 된다. 이 불순물들은 코팅 공정에 영향을 미칠 수 있기 때문

에, 코팅을 진행하기 전에 불순물을 제거하는 de-sizing 공정이 필

수적이다. 그림 3(b)는 de-sizing이 진행된 후 불순물과 불필요한 

물질이 제거된 깨끗한 표면을 보여준다. 그러나 SiC 섬유는 

de-sizing 공정 중 산화 분위기에서 열처리를 받는 동안 공기 중에 

노출되어 SiO2 산화막이 쉽게 형성되는 경향이 있다. 이처럼 SiO2 

막이 표면에 존재할 경우 균일한 코팅 형성을 저해하여, 코팅막이 

불 균일하게 형성될 수 있는 문제를 야기한다(그림 4). 이를 해결하

기 위해, de-sizing 공정 후 HF용액을 사용하여 SiO2 막을 제거하

는 추가적인 표면 처리를 진행하였다. HF 처리는 0.1 mol/L 농도

의 용액을 사용하여 30초간 SiC 섬유를 담그는 방식으로 수행되었

으며, 이를 통해 SiO2 막을 효과적으로 제거할 수 있었다. 이후 HF 

처리된 SiC 섬유는 미리 준비된 Boric acid : Urea 용액에 담가 10
분간 습식 코팅을 진행하였다.

그림 5는 HF 처리 후 SiC fabric에 전구체를 적용한 후의 BN 계

면 코팅 결과를 보여준다. Boric acid 와 Urea의 비율에 따른 코팅 

특성을 관찰하기 위해, 표 1에 정리된 바와 같이 Boric acid 와 

Urea의 몰비를 2:1, 3:1, 4:1로 설정하였다. 모든 전구체 용액의 농

도는 2 mol/L로 고정하여 제조하였으며, 코팅 후 질화처리를 진행

하였다. Boric acid의 비율이 증가함에 따라(2:1, 3:1, 4:1) 그림 5

(a) (b)
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Fig. 4. SiCf/BN interphase without removing the SiO2 oxide film; 
boric acid-to-urea ratio 3:1, concentration 2 mol/L.

Fig. 5. Coating changes of BN on silicon carbide fibers as a function of the ratio of boric acid to urea in the precursor solution (a) condition 2, 
2:1, 2 mol/L; (b) condition 4, 3:1, 2 mol/L; (c) condition 6, 4:1, 2 mol/L.

에서 확인할 수 있듯이, 세 가지 조건 모두에서 과도한 코팅 층이 

형성되고 유사한 코팅 구조가 관찰되었다. 이는 전구체 용액의 농

도(2 mol/L)와 깊은 관련이 있는 결과로 보인다. 2 mol/L라는 높

은 농도는 Boric acid와 Urea 간의 반응을 섬유 표면에서 과도하게 

촉진시켜, BN 코팅 두께가 일정 수준 이상으로 성장하게 만든 것

으로 해석된다. 또한, 높은 농도는 전구체 용액 내에서 과포화 상태

를 유발해 섬유 표면에서 BN 입자가 고르게 분산되지 못하고 응집

되는 원인이 되었다. 특히, 2 mol/L 농도에서는 섬유 간 결합 부위

와 표면에서 국소적으로 과도한 반응이 유발되며, 균일한 코팅 대

신 불균일한 두께와 아일랜드 형태의 입자 응집이 발생하였다. 일

부 영역에서는 과도한 액상이 잔존하였으며, 섬유 표면에서 균일하

지 않은 두께와 함께 아일랜드 형태의 입자 성장이 뚜렷하게 관찰

되었다. 이는 2 mol/L 농도의 전구체 용액이 과도한 농도로 인해 

균일한 코팅층을 형성한 이후에도 잔류 반응물이 고르게 분산되지 

못하고 응집되어 추가적인 입자 성장이 유발된 결과로 해석된다. 

(a)

(b)

(c)
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따라서 전구체 농도가 코팅 반응의 균일성과 두께 제어에 중요한 

역할을 하며, 2 mol/L 이상의 높은 농도는 오히려 비효율적인 코

팅 구조를 초래할 수 있음을 보여준다.

반면, 그림 4와 동일한 조건에서 진행된 그림 5(b)와 비교해 보

면, 그림 4에서는 부분적으로 코팅이 진행된 반면, 그림 5(b)에서는 

전체적으로 코팅층이 형성된 것을 확인할 수 있다. 이러한 차이는 

HF 처리를 통해 SiO2 산화막을 제거한 결과, SiC 섬유 표면의 젖

음성(wettability)이 개선되었기 때문으로 해석된다. SiO2 산화막은 

전구체 용액의 확산과 섬유 표면에서의 반응성을 저하시켜 불균일

한 코팅을 초래할 수 있지만 HF 처리를 통해 산화막이 제거되면서 

전구체 용액이 섬유 표면에 고르게 분산되고 균일한 코팅이 유도된 

것으로 보인다. 이러한 결과는 HF를 이용한 SiO2 산화막 제거가 

SiC 섬유 코팅 공정에서 균일성과 품질을 확보하는 데 매우 효과적

인 방법임을 보여준다.

그림 6은 BN 계면 코팅 공정에서 Boric acid와 Urea의 비율을 

2:1, 3:1, 4:1로 설정하고, 전구체 농도를 0.5 mol/L로 조절한 후 

SiC fabric의 미세구조를 관찰한 결과를 보여준다. 그림 6(c)에 나

타난 바와 같이, 전구체 농도를 0.5 mol/L로 낮췄음에도 불구하고, 
표 1의 condition 5에 해당하는 경우, 여전히 2 mol/L 농도에서 관

찰된 것과 유사한 형태의 두꺼운 코팅 층과 비정상적으로 성장한 

입자 구조가 확인되었다. 이는 전구체 농도를 낮추는 것만으로는 

과도한 코팅 형성을 효과적으로 억제하기 어렵다는 것을 보여준

다. 반면, 표 1의 condition 1에서는 condition 5와는 완전히 다른 

결과가 관찰되었다. 섬유 표면 전체에 균일한 코팅이 형성되지 않

고, 국부적으로 물방울 형태의 비균일한 코팅이 분포하였다(그림 

6(a)). 이는 전구체 용액이 섬유 표면에 충분히 퍼지지 못하고, 특정 

위치에서만 코팅 반응이 진행되었음을 나타낸다. 이는 전구체 용액

의 점도, 표면 장력, 또는 코팅 공정 조건이 섬유 표면과의 상호작

용에 영향을 미친 결과로 해석된다. 마지막으로 표 1의 condition 

3에서는 condition 1과 condition 5에서 나타난 비균일한 양상과 

Fig. 6. Coating changes of BN on silicon carbide fibers as a function of the ratio of boric acid to urea in the precursor solution (a) condition 1, 
2:1, 0.5 mol/L; (b) condition 3, 3:1, 0.5 mol/L; (c) condition 5, 4:1, 0.5 mol/L.

(a)

(b)

(c)
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달리, 섬유 표면 전체에 걸쳐 비교적 균일하고 매끄러운 코팅이 형

성되었다(그림 6(b)). 이러한 결과는 Boric acid와 Urea의 비율을 

조정함으로써 전구체의 확산성과 반응 균일성을 개선할 수 있음을 

보여준다.

기존 carbon 섬유에 BN 계면 코팅을 진행한 연구와는 다르게 

본 연구에서는 Boric acid 와 Urea의 비율을 조절하고 전구체의 농

도를 줄였음에도 불구하고, 한 번의 Dip 코팅 공정만으로도 탄소 

섬유에 비해 더 두꺼운 약 130 nm의 BN코팅층을 형성할 수 있었

다(그림 7). 이는 기존 CVD 방식보다 상대적으로 간단한 습식 코

팅 공정을 통해 두꺼운 BN 계면 코팅층을 형성할 수 있음을 보여

준다. 이러한 결과는, BN 계면 코팅을 형성하는 새로운 방법으로 

습식 공정이 충분히 실용적일 수 있음을 보여주며, 고온 산화 환경

에서의 성능 향상을 위한 신규 코팅 기술의 가능성을 제시한다.

4. Conclusion

본 연구에서는 SiC 섬유에 BN 계면 코팅을 적용하여 고온 산화 

저항성을 개선하고, 복합재의 성능을 극대화하기 위한 습식 코팅 

공정을 제안하였다. 실험을 통해 Boric acid 과 Urea를 전구체로 

사용하여 다양한 농도와 몰비를 조절한 코팅 조건을 평가하였다.

BN 상의 합성 온도 최적화 실험을 통해 1300°C 이상의 온도에

서 BN 상이 명확하게 형성됨을 확인하였며, 1200°C에서는 BN 상

과 함께 B2O3가 혼합된 상이 관찰되었다. BN 상을 안정적으로 형

성하기 위해서는 1500°C에서 가장 좋은 결과를 얻을 수 있었다. 

이는 BN 상의 형성을 위해 적절한 열처리 온도가 필요함을 시사한

다. 또한, 질화처리 시간과 온도에 따른 상 변화 실험에서 1300°C
에서 10시간, 15시간, 20시간의 질화처리 조건을 적용한 결과, 15
시간 이상의 처리 시간에서 안정적인 BN 상이 형성되었음을 확인

하였다. 하지만 여전히 일부 B2O3 상이 잔존하였으며, 이는 질화처

리 시간이 열처리 결과에 중요한 변수임을 의미한다.

SiC 섬유 표면의 SiO2 산화막을 제거하기 위해 HF 처리를 적용

한 결과, 코팅층의 균일성이 크게 개선되었다. SiO2 산화막을 제거

함으로써 SiC 섬유 표면의 젖음성이 향상되었고, 이를 통해 균일한 

BN 코팅층을 형성할 수 있었다. 이는 SiO2 산화막 제거가 습식 코

팅 공정의 필수적인 단계임을 확인시켜 주었다.

Boric acid와 Urea의 몰비 및 전구체 농도를 조절한 결과, 전구

체 농도를 0.5 mol/L로 낮추는 것이 균일한 코팅층을 형성하는 데 

유리하였다. 특히, 2:1, 3:1, 4:1의 Boric acid 와Urea 몰비를 조절

한 실험에서, 전구체 농도와 몰비가 과도하지 않으면 아일랜드 형

태의 입자 성장 없이 균일한 코팅층을 형성할 수 있음을 확인하였

다. 이를 통해 기존 본 연구에서 제시한 습식 코팅 공정은 상대적으

로 간단한 공정으로도 약 130 nm의 BN 계면 코팅층을 형성할 수 

있었다.

결론적으로, 본 연구에서는 CVD에 비해 공정이 간단한 습식 화

학 코팅법을 통해 SiC 섬유에 BN 계면을 성공적으로 형성할 수 있

음을 확인하였다. 특히, 전구체 농도와 Boric acid 와Urea 몰비 조

절, SiO2 산화막 제거 등의 변수를 최적화함으로써 균일하고 두꺼

운 BN 코팅층을 형성할 수 있었으며, 이는 복합재의 고온 성능을 

크게 향상시킬 수 있는 기술적 가능성을 제시하였다. 향후 연구에

서는 이 공정을 다양한 고온 환경에 적용하여 실질적인 성능 향상 

효과를 검증하는 것이 필요하다.
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Additive manufacturing makes it possible to improve the mechanical properties of alloys through seg-
regation engineering of specific alloying elements into the dislocation cell structure. In this study, we 
investigated the mechanical and microstructural characteristics of CoNi-based medium-entropy alloys 
(MEAs), including the refractory alloying element Mo with a large atomic radius, manufactured via la-
ser-powder bed fusion (L-PBF). In an analysis of the printability depending on the processing parame-
ters, we achieved a high compressive yield strength up to 653 MPa in L-PBF for (CoNi)85Mo15 MEAs. 
However, severe residual stress remained at high-angle grain boundaries, and a brittle µ phase was 
precipitated at Mo-segregated dislocation cells. These resulted in hot-cracking behaviors in (CoNi)-
85Mo15 MEAs during L-PBF. These findings highlight the need for further research to adjust the Mo 
content and processing techniques to mitigate cracking behaviors in L-PBF-manufactured (CoNi)85Mo15 
MEAs.

Keywords: Powder bed fusion; Medium-entropy alloys; Hot-cracking; Dislocation cells; Mo segrega-
tion
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1. Introduction

Since the concept of high-/medium-entropy alloys (H/

MEAs) has been suggested, metallic materials have been al-
lowed to open a new chapter with the freedom in composi-
tional tailoring from multiple principal alloying elements [1, 2]. 

Based on CrCoFeNiMn [3] and CrCoNi [4] alloys, which ex-
hibit a single solid-solution phase with a face-centered cubic 
(FCC) structure, various alloy systems have been explored 

through compositional tailoring and adding alloying elements, 
such as Al, Ti, and Si. This approach overcomes the limitation 

in mechanical properties of conventional alloys by strengthen-
ing the contribution of second-phase precipitation (i.e., L12, 

Sigma, Laves phases) [5–7]. Furthermore, understanding the 
specific roles of each alloying element enables a more system-
atic selection and addition of alloying elements to improve ma-
terial properties. In this aspect, the addition of alloying ele-
ments with larger atomic radius has been proposed to induce 
severe lattice distortion into alloys, resulting in the significant 
effects of not only solid-solution hardening but also 

grain-boundaries strengthening due to increasing atomic size 
differences [8–10]. For instance, VCoNi MEAs have been re-
ported to exhibit yield strength of near 1 GPa with exceptional 
ductility of 38% through the increase in atomic bond distance 
fluctuation caused by V addition [8]. Recent research has in-
vestigated the impact of adding the refractory element Mo [9]; 

Mo atom tended to segregate at grain boundaries in CoNi-
Mo-based MEAs owing to the large difference in atomic radi-
us, leading to the excellent properties due to the high Hall-
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Petch coefficient [11].

On the other hand, HEAs and MEAs have inherent cost is-
sues because of the high prices of alloying elements. In order 
to reduce the losses caused by subtractive manufacturing, re-
search has focused on laser-based additive manufacturing 

(AM), including laser-powder bed fusion (L-PBF) and la-
ser-direct energy deposition (L-DED). AM offers significant 
advancements in near-net shape production as well as micro-
structural aspects and resultant mechanical properties [12–16]. 

For instance, AMed CrCoNi MEAs [17, 18] and CrCoFeNiMn 

HEAs [19–22] have overcome their inherent weakness of rela-
tively low yield strengths through the formation of refined dis-
location cells. Moreover, adding Si into CrCoNi MEAs success-
fully enhanced the strength by introducing multiscale defects 
induced by AM processing [23]. Adding C to CrCoFeNiMn 

has also improved strengths by inducing back stress at the dis-
location cells through C atom segregation within the cell struc-
ture [24, 25]. Consequently, the segregation of specific elements 
into the dislocation cell structure formed during AM can be 
utilized as a strengthening strategy, which is not feasible 
through conventional processing approaches. Given that the 

strengthening mechanism of CoNiMo MEAs primarily relies 
on the Hall-Petch effect, adopting AM processes, particularly 

L-PBF, offers significant potential for enhancing mechanical 
properties, wherein the rapid cooling rates of L-PBF enable to 

accelerate the formation of Mo-segregated dislocation-cell 
boundaries.

Thus, we investigated the mechanical properties and micro-
structural characteristics of (CoNi)85Mo15 MEAs produced via 

L-PBF. After exploring their printability, optimal processing 

parameters were determined, and compressive tests were con-
ducted on blocks printed under successful conditions. Al-
though the specimens exhibited attractive mechanical perop-
erteis, the results of microstructural analysis revealed cracks in 

L-PBF (CoNi)85Mo15 MEAs. Therefore, this study focused on 

the underlying the cracking behavior.

2. Experimental procedure

(CoNi)85Mo15 powders were supplied by Eloi Materials Lab 

(EML) via gas atomization under argon atmosphere. Fig. 1(a) 

presents a scanning electron microscopy (SEM) image of the 

Fig. 1. (a) Scanning electron microscopy image and (b) powder size distribution of gas-atomized Mo15(CoNi)85 powders. Fig. 1(c) presents the 
schematic description of scanning strategy and processing parameters for laser-powder bed fusion.
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powders, showing the spherical morphology with minor den-
dritic structures on the surface owing to the rapid cooling of 
the powder fabrication process. Moreover, when the powder 
size distribution measured by particle size analyzer (PSA 1090, 
Anton Paar), as shown in Fig. 1(b), the powder size was ranged 

between 15 and 53 μm, which falls within the optimized size 
for L-PBF. In detail, the powder shows d10 of 18.8 um, d50 of 
26.3 um, and d90 of 40.0 um with a mean size volume of 28.1 

um. The terms d10, d50, and d90 stand for the particle size value, 
when the cumulative distribution percentage from the smallest 
to largest, reach 10 %, 50 %, and 90 %, respectively [26, 27]. 

The powder was used to print blocks of 13 × 13 × 13 mm3 

on 316L stainless steel substrates through L-PBF machine of 
Mlab (GE additive). As described in Fig. 1(c), 90° rotation after 
each layer was applied to minimize the discrepancy according 

to the sample direction [28, 29]. The detailed processing pa-
rameters are also summarized in Fig. 1(c); the printability of 
L-PBF (CoNi)85Mo15 MEAs was investigated under the laser 
power of 75, 80, and 85 W, scan speed of 500, 550, 600, and 

650 mm/s, and the fixed hatch spacing and layer thickness of 
77 and 55 um, respectively.

After the removal of the printed blocks from the substrate, 

the cross-section was polished using SiC papers (to 4000 grit), 
a diamond suspension of 1 μm, and a colloidal silica for 0.5h. 

The cross-sectional surface of L-PBF (CoNi)85Mo15 MEAs was 
observed using optical microscopy (OM, Imager D1m, ZEISS). 

Phase identification was carried out by using X-ray diffrac-
tometer (XRD, D/max2500, Rigaku). SEM (Quanta FEG 250, 
FEI) and electron backscatter diffraction (EBSD, S-4300SE, Hi-
tachi) were used to observe the microstructures. The na-
no-scale microstructures were carefully investigated using a 

high-resolution transmission electron microscopy (HR-TEM, 
Titan G3, FEI) system. The TEM specimen was prepared using 

a dual-beam focused ion beam-SEM (FIB-SEM, Helios Nano-
Lab 650, FEI). Finally, compression tests were conducted at a 

strain rate of 10−4 s−1 using an Instron-type apparatus (RB 301 

UNITECH-M, R&B) to measure the yield strength of L-PBF 

(CoNi)85Mo15 MEAs with dimensions of 2 × 2 × 3 mm3 [30].

3. Results and Discussion

The printability of (CoNi)85Mo15 MEAs was investigated de-
pending on the laser power and scan speed of the L-PBF sys-
tem. Fig. 2 presents the optical images showing the cross-sec-

Fig. 2. Summary of optical images for laser-powder bed fusion–manufactured (CoNi)85Mo15 depending on processing parameters.
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Fig. 3. Porosity contour map for laser-powder bed fusion–
manufactured (CoNi)85Mo15 depending on processing parameters.

Fig. 4. (a) Engineering stress–strain curves of laser-powder bed fusion–manufactured (CoNi)85Mo15 and (b) comparison of yield strength 
among additive-manufacturing–produced high-entropy allows and medium-entropy allows [21, 32-34, 39, 40].
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tion of L-PBF (CoNi)85Mo15 MEAs produced with varied pro-
cessing parameters. While the printed blocks with the relatively 

low laser power of 75 W revealed a lack of fusion-based de-
fects, the defects tended to disappear with increasing laser 
power. Furthermore, the porosity of the blocks was quantita-
tively calculated using Image J software from the images (Fig. 2) 

[31]. Fig. 3 shows the contour map of the porosity depending 

on the laser power and scan speed. While the highest value 
was measured in the block with the low laser power of 75 W 

and low scan speed of 500 mm/s, the porosity was reduced to 

under 1% with increasing laser power and scan speed. Thus, 
we determined the candidate for optimal processing parame-
ters as 85 W in laser power and 550, 600, and 650 mm/s in 

scan speed.

To evaluate the yield strength of L-PBF (CoNi)85Mo15 MEAs, 
we performed compressive tests on the blocks printed with 

scanning speeds of 550, 600, and 650 mm/s at the laser power 
of 85 W. Fig. 4(a) reveals their engineering strain-engineering 

stress curves, and the yield strength of the alloys was measured 

to be 620, 653, and 635 MPa, respectively. Moreover, the 
strength was compared to the values of AMed HEAs and 

MEAs reported in the literature. When DED CoCrFeMnNi 
was reported to have a yield strength of 346 MPa [21], DED 

Al0.3CoCrFeNi [32], DED AlCoCrFeNi2.1 [33], and PBF 

Fe40Mn20Co20Cr15Si5 [34] revealed higher values of 477, 508, 
and 530 MPa, respectively.

While the major strengthening mechanism of equiatomic 
CoCrFeMnNi HEAs can be considered solid-solution strength-
ening, the addition of alloying elements (i.e., Al, Si, or N) re-
sults in additional strengthening by second phases [35–37]. 

Furthermore, VCoNi MEA was reported to have the largest 
atomic size difference among equi-atomic HEAs and MEAs 
with a single solid-solution phase [8, 38]. The severe lattice 
distortion resulted in a high yield strength of 670 MPa in DED 

VCoNi [39]. Similarly, PBF CrCoNi presented a high value of 
692 MPa because Cr atoms could increase the lattice distortion 

[40]. Additionally, despite the larger atomic radius of V (164 

pm) compared to Cr (128 pm), the strength of PBF CrCoNi 
was slightly higher than that of DED VCoNi. It might be be-

(a) (b)
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cause the cooling rate of PBF is faster, leading to a higher dis-
location density and finer microstructure [41–43]. This indi-
cates that dislocation strengthening could also be involved in 

PBF CrCoNi. Consequently, L-PBF (CoNi)85Mo15 MEAs (85 W 

– 600 mm/s) achieved a high yield strength value of 653 MPa 

in this study due to the Mo alloying element with a larger 
atomic radius (141 pm), even compared to V or Cr.The micro-
structural characteristics of L-PBF (CoNi)85Mo15 MEAs were 
investigated and summarized in Fig. 5. Fig. 5(a) exhibits the 
XRD pattern of the (CoNi)85Mo15, showing a single solid-solu-
tion FCC phase. One notable observation is that the peak in-
tensity of (200) is relatively higher than (111), caused by the 
preferred orientation formation toward the direction of heat 
flux during the L-PBF. Moreover, Figure 5(b) reveals EBSD in-
verse pole figure (IPF) map observed at vertical direction to 

building direction, presenting the repeated melt pool formed 

during the L-PBF. The width of the melt pool was measured 

as approximately 75 µm. The elongated grains are aligned 

along the building direction from the centerline of the melt 
pool. The fine dislocation cell structures are presented in the 
cross-sectional backscattered electron (BSE) image of Fig. 5(c). 
The dislocation cells could be formed by the rapid solidifica-
tion and aligned with a regular mean distance (~ 500 nm) and 

pattern in L-PBF (CoNi)85Mo15 MEAs.
Furthermore, the dislocation cell structure is closely ob-

served by TEM analyses. Fig. 5(d) exhibits a scanning TEM 

high-angle annular dark-field (STEM-HAADF) image and the 
corresponding elemental chemical maps of Co (blue), Ni 
(green), and Mo (red). It clearly shows that Mo atoms are seg-
regated at the dislocation cells, and Mo-rich particles are pre-
cipitated at the triple junctions, as marked by white arrows. 
Fig. 5(e) displays a HR-TEM image, showing the precipitate. 

Fig. 5. (a) X-ray diffraction pattern, (b) electron backscatter diffraction-inverse pole figure map and (c) high-magnification scanning electron 
microscopy image of laser-powder bed fusion–manufactured (CoNi)85Mo15. Fig. 5(d) presents a scanning transmission electron microscopy 
high-angle annular dark-field image and the corresponding energy-dispersive X-ray spectroscopy chemical elemental maps, indicating Mo-
segregation as marked by white arrows, and the transmission electron microscopy image is shown in Fig. 5(e).

(a)

(d)

(b) (c)

(e)
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To identify the particle, the inserted fast Fourier transforma-
tion (FFT) pattern was obtained from the area marked by a 

white square. When the spots marked by white and red circles 
correspond to the matrix and particle, respectively, it indicates 
that the image is the projection for the (111) plane of the ma-
trix with an FCC structure. Moreover, Mo-rich particles are 
considered to be a topologically-closed-packed (TCP) µ phase, 
wherein spots corresponding to the particle represent a (011) 

plane of the rhombohedral lattice (R-3m space group). Thus, 
we can conclude that the Mo-rich µ phase was precipitated in 

L-PBF (CoNi)85Mo15 MEAs owing to the Mo segregation at the 
dislocation cells.

However, the enlarged EBSD analysis reveals that severe 
cracks are observed on the L-PBF (CoNi)85Mo15 MEAs, as 
shown in Fig. 6, which includes (a, d) EBSD-IPF and (b, e) 

Kernel average misorientation (KAM) maps obtained in the 
vertical and parallel directions to the building direction, re-

spectively. Moreover, Fig. 6(c, f) presents the profile of misore-
intation degree along the traces as marked by yellow arrows in 

Fig. 6(a, d). The black squares and red circles represent the 
misorientation degrees between adjacent points (i.e., Point-to-

point) and the initial point (i.e., Point-to-origin) at each loca-
tion. According to the EBSD results, the cracks propagated 

through the high-angle boundaries, where severe residual 
stress remained. In general, hot cracking occurs along high-an-
gle grain boundaries, where the solidification directions of ad-
jacent dendrite regions belonging to different grains diverge. 

As solidification progresses, solute atoms are rejected, and the 
liquid remaining at the boundaries undergoes tensile stress 
owing to the varied solidification directions of the surrounding 

matrix. This tensile stress causes the vulnerable liquid to be 
pulled apart, resulting in the hot-cracking phenomenon [44–
46]. The presence of severe residual stress at high-angle grain 

boundaries, as shown in the KAM maps in Fig. 6, plays a cru-

Fig. 6. High magnification (a,d) electron backscatter diffraction-inverse pole figure and (b,e) kernel average misorientation maps for laser-
powder bed fusion–manufactured (CoNi)85Mo15 observed at parallel and vertical directions to the building direction. Fig. 6(c,f) presents the 
misorientation degree.

(a)

(d)

(b)

(e)

(c)

(f)



Seungjin Nam et al., Hot-cracking in CoNiMo MEAs manufactured by PBF

J Powder Mater 2024;31(6):537-545 543

cial role in the initiation and propagation of hot cracks. Resid-
ual stress arises from the rapid thermal cycles inherent to the 
L-PBF process, accumulating at grain boundaries, particularly 

high-angle boundaries. Consequently, these high-angle bound-
aries become preferential sites for crack initiation under the 
rapid thermal cycles inherent to the L-PBF process.

On the other hand, the segregation of alloying elements, 
such as Mo, during the rapid solidification of the L-PBF pro-
cess can lead to localized regions with different features [47, 
48]. Fig. 7 exhibits a STEM-HAADF image and the corre-
sponding EDS elemental maps near cracks, clearly showing 

that Mo-segregation and Mo-rich precipitates are observed 

along the crack. Similarly, several studies have indicated that 
hot-cracking behaviors in Mo-containing alloys, such as Ni-
based superalloys, are attributable to the formation of Mo-rich 

carbides at grain boundaries during the L-PBF process [49, 
50]. During the L-PBF of Mo-containing alloys, the segrega-
tion of Mo at dislocation cells could be driven by two key fac-
tors of the differences in atomic radius and diffusion rates be-
tween Mo and other alloying elements. The larger atomic radi-
us of Mo enhances its compatibility with the strained lattice 
surrounding dislocation cells, energetically favoring its segrega-
tion. Additionally, the lower diffusivity of Mo compared to Co 

and Ni may restrict its redistribution from the dislocation cells 
during rapid solidification. At last, Mo segregation facilitates 

the formation of brittle µ phases at dislocation cells, which fur-
ther diminishes resistance to cracking, especially at high-angle 
grain boundaries that overlap with one or more sides of the 
dislocation cells [45, 48]. Consequently, the presence of Mo 

segregation, combined with severe residual stress, significantly 

contributes to the initiation and propagation of hot cracks at 
high-angle boundaries overlapping with dislocations in L-PBF 

(CoNi)85Mo15 MEAs. To mitigate these issues, both the alloy 

design adjustment of controlling the Mo content and process 
modifications (e.g., base plate preheating) should be further 
considered [51].

4. Conclusion

This study investigated the printability, mechanical properties, 
and microstructural characteristics of (CoNi)85Mo15 MEAs man-
ufactured via L-PBF. The optimal processing parameters were 
determined to be a laser power of 85 W and scan speeds of 
550, 600, and 650 mm/s. L-PBF (CoNi)85Mo15 MEAs achieved 

a high compressive yield strength of 653 MPa, attributed to the 
strengthening effect of the Mo alloying element with a larger 
atomic radius and the refined dislocation cell structures. How-
ever, cracks were observed along the high-angle grain boundar-
ies. This cracking is attributed to the accumulation of severe 
stress at the boundaries during the L-PBF process and the local 

Fig. 7. Scanning transmission electron microscopy high-angle annular dark-field image and the corresponding energy-dispersive X-ray 
spectroscopy chemical elemental maps, showing the area near a crack in laser-powder bed fusion–manufactured (CoNi)85Mo15 medium-
entropy alloys.
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reduction in resistance to cracking owing to Mo segregation 

and µ phase precipitation. Therefore, further research is re-
quired to adjust the Mo content and modify processing tech-
niques to mitigate cracking behaviors in L-PBF (CoNi)85Mo15 

MEAs.
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Refractory materials, such as molybdenum and niobium, are potential candidates for cladding material 
due to their high melting temperatures and desirable mechanical properties at higher temperatures 
than those of zirconium alloys. However, refractory materials have low resistance to oxidation at ele-
vated temperatures. Therefore, this study examined silicide or aluminide surface coatings as protection 
against rapid oxidation of refractory materials at elevated temperatures for a potential accident-toler-
ant fuel cladding. Silicide or aluminide layers were formed on refractory metal substrates by using the 
pack cementation method. The steam oxidation behavior of both coated and uncoated samples was 
compared by thermogravimetric analysis at 1200°C. The weight changes of the coated samples were 
greatly reduced than those of uncoated samples. Microstructural analyses demonstrated that the sili-
cide and aluminide layers were oxidized to form a protective surface oxide that prevented rapid oxida-
tion of the refractory substrate at elevated temperatures.
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1. Introduction

Zirconium-based alloys have been used in nuclear reactors as 
fuel cladding for decades. They have excellent technical proper-
ties in normal operation, such as low neutron cross-section, ex-
cellent irradiation resistance, and acceptable corrosion resis-
tance. However, at high temperatures, contemporary zirconi-
um-based alloys face several challenges, such as low strength, 
relatively high rates of oxidation, and poor thermal shock resis-
tance. In case of a nuclear reactor accident, such as Loss of 
Coolant Accident (LOCA), zirconium alloys lose strength 
above 750°C and oxidation is accelerated with high-pressure 
steam with temperatures above 700°C, resulting in the genera-
tion of hydrogen gas [1]. Since the Fukushima nuclear power 
plant accident in 2011, researchers have examined the concept 
of accident-resistant fuel with desired traits such as high 
strength and oxidation resistance even in case of a severe acci-
dent. Extensive research has been conducted on fuel cladding 

with a low oxidation rate in a steam atmosphere and improved 
thermo-mechanical properties to develop accident-tolerant fuel 
cladding [2]. To improve the performance of contemporary 
cladding systems in case of accidents, new concepts of cladding 
have been suggested. Refractory metals, including niobium 
(Nb) and molybdenum (Mo), have been suggested as potential 
cladding materials because of their high-temperature strength 
than that of zirconium alloys. Refractory metals exhibit desir-
able mechanical strengths at elevated temperatures. In Table 1, 
the mechanical properties of metals and alloys currently under 
study, such as Mo, and Nb are compared with those of the cur-
rently used zirconium alloy. Compared with the zirconium al-
loy, refractory metals have higher melting points, Young’s mod-
uli, and thermal conductivities. Furthermore, refractory metals, 
have desirable high-temperature mechanical properties and ac-
ceptable neutron absorption cross-section properties because 
of which they can be considered as candidate materials for ac-
cident-resistant fuel-cladding.
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2. Materials and Methods

2.1. Refractory metals
To conduct an oxidation test, two representative refractory 

metals, Mo and Nb, were prepared. Mo has been suggested as a 
potential cladding material because of its high-temperature 
strength and high melting point, but it has relatively poor oxi-
dation resistance. Furthermore, Mo shows very destructive oxi-
dation behavior, commonly referred to as “pest oxidation,” in 
the temperature range 650–750°C. In this range, molybdenum 
trioxide (MoO3), which is volatile, is produced as an oxidation 
product. The need for coating or alloying methods has been 
suggested if Mo is to be used as a cladding material [3-5]. Nb is 
also a candidate for use as a cladding material because it retains 
its strength at high-temperatures and has a high melting point; 
however, it has weak oxidation resistance at high temperatures, 
similar to Mo [6-8].

Surface coatings are applied to mitigate the weak oxidation 
problem of Mo and Nb at elevated temperatures. The forma-
tion of continuous oxide layers has been considered an effective 
way to better oxidation resistance. The oxide layer on the speci-
men acts as a barrier for oxygen diffusion, thereby decreasing 
the oxidation rate. The silicon dioxide (SiO2) on the surface of 
metallic silicide enhances oxidation resistance. Also, aluminide 
coatings have been applied in high-temperature industries to 
improve oxidation resistance. A stable Al2O3 oxide scale can 
protect the underlying substrate from aggressive oxygen pene-
tration in an oxidizing environment. Consequently, a silicide or 
aluminide-coating method was proposed in this study to pre-
vent oxidation of underlying metal substrates [9-11].

2.2. Surface coating
Pack cementation is a favorable coating method because it is 

simple, inexpensive, and produces strong bonds between the 
coating and substrate by inter-diffusion reactions during the 
process of coating. Furthermore, the method is suitable for uni-

formly coating materials that have complex shapes because the 
method uses gaseous diffusion [11-14]. The Al-rich or Si-rich 
coating on surfaces can form a protective oxide layer after ex-
posure to a high-temperature oxidation environment. The sub-
strate is buried with a powder mixture consisting of several 
depositional materials, called the master metal, such as Si and 
Al. The powder mixture also contains a halide salt and an inert 
filler, such as Al2O3 and SiO2. The coating layers are formed by 
diffusion of the mixed elements, in their vapor form, toward 
the substrate. The metal halides decompose and release the 
depositional element on the surface.

Rod-shaped (8Φ ×  100 mm) Mo and Nb substrates were 
provided by Phillip Trading Co., Ltd. The specimens were cut 
into a 2-mm thick disc using a diamond cutter and subsequent-
ly polished using SiC abrasive papers of different grits (800, 
1200, 2000, and 4000 grades) to smooth the surface of the spec-
imen. Polished specimens were then cleaned by sonicating in 
deionized water, and dried.

Several types of powders, namely Al2O3 (as filler), silicon (Si), 
aluminum (Al), ammonium chloride (NH4Cl), and sodium 
fluoride (NaF) (activator), were prepared for the coating. The 
powder mixtures and substrates were each contained in an alu-
mina crucible. Two mixtures, Al2O3, Si, and NH4Cl (50:30:20 
wt. %), and Al2O3, Al, and NaF (50:30:20 wt. %), were used for 
the silicide and aluminide coatings, respectively. The crucible 
was installed in a tube furnace, (Fig. 1) and heat treatment was 
applied at 1200°C for the silicide coating and at 950°C for the 
aluminide coating. During the heating process, silicide and alu-
minide underwent the chemical interactions listed in Table 2. 
The crucibles were heated to the target temperatures at a rate of 
10°C/min in argon gas. Several heat treatment times for 1, 3, 5, 
15, and 20 h were used to change the thickness of silicide and 
aluminide layers.

2.3. Oxidation test
Thermogravimetric analysis (TGA) is commonly adopted to 

Table 1. Mechanical properties data (Mo, Nb, zirconium alloy)
Molybdenum Niobium Zirconium alloy

Melting point (°C) 2623 2477 1850
Density (g/cm3) 10.28 8.57 6.56
Young’s Modulus (GPa) 329 105 99.3
Thermal expansion coefficient (×  10-6/K) 5.35 7.3 6
Thermal conductivity (W/m K) 138 53.7 21.5
Neutron absorption cross-section (barns) 2.65 1.15 0.18
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analyze oxidation behavior because it provides information re-
garding the weight changes of samples as a function of time. 
Therefore, TGA was applied in this study to conduct the 
high-temperature oxidation tests. Figure 2 shows a schematic 
of the method used for conducting TGA.

The oxidation test for disc-shaped specimens was conducted 
in a steam environment at 1200°C, for up to 2000 s. The steam 
flowed with high purity argon gas at a flow rate of 0.5 ml/min. 
This process was conducted for coated specimens with differ-
ent duration heat treatments and uncoated, (bare), specimens.

2.4. Microstructural analysis before and after oxidation
The microstructures before (as-coated specimens) and after 

(post-oxidized specimens) conducting the oxidation test were 
compared with each other. The cross sections of coated speci-
mens were polished and the microstructures of silicide and alu-
minide coatings were examined. Similarly, the microstructures 
of samples were characterized after the TGA tests. Specimens 
were mounted with epoxy resin and then polished, in a direc-
tion perpendicular to the sample, with SiC abrasive paper, to 

observe the coating and the oxide layer after the TGA test. The 
morphologies of the coating and the oxide layer were examined 
by scanning electron microscopy (SEM). The chemical compo-
sitions of the coating and oxide layers were measured using en-
ergy dispersive X-ray spectroscopy (EDS). The crystalline 
structure of the coating and the oxide layers was identified us-
ing X-ray dif fraction (XRD) with Cu Kα radiation 
(k= 1.5406Å), a voltage of 40 kV and a current of 300 mA. The 
scan speed was 4 degrees/min from 20 to 90 degrees with a step 
size of 0.01 degrees.

3. Results

3.1. Microstructure
Table 3 summarizes the changes in coating thickness with 

time during the pack cementation heat treatment. The growth 
kinetics of the coated layer exhibited the following relationship 
between growth rate and time:

x= kt0.5where x is the coating thickness (μm), k is the kinet-
ics parameter, and the t is time (h). As shown in Fig. 3, the k 
values obtained from the silicide coating for Mo and Nb sam-
ples were 18.4 and 10.6 μm/h0.5, respectively. The k values cal-
culated from growth kinetics of the aluminide coating, for Mo 
and Nb samples, were 19.0 and 20.3 μm/h0.5, respectively.

SEM images demonstrated that the silicide coating deposited 
at 1200°C for 3 h was a double layer coating (Fig. 4a, 4c). The 
compositions of the silicide coating were measured as present-
ed in Table 4. The Si concentration in the outer layer was ap-
proximately 67 at. %, which corresponds to stoichiometric 
MoSi2 and NbSi2. Stable molybdenum silicide and niobium sili-
cides are Mo3Si, Mo5Si3, and MoSi2, and Nb3Si, Nb5Si3, and 

Fig. 1. A schematic illustration of the pack cementation method.

Fig. 2. A schematic illustration of thermogravimetric analysis.

Table 2. Chemical reactions experienced during the pack 
cementation process [9, 15]

Siliconizing
NH4Cl(s) → NH3(g)+ HCl(g)

2NH3(g) → N2(g) + 3H2(g)
4HCl(g) + Si(s) → SiCl4(g) + 4H

3SiCl4(g) + Si(s) →4SiCl3(g)
2SiCl3(g) + Si(s) → 3SiCl2(g)
SiCl2(g) + Si(s) → 2SiCl(g)

Si(s)+Cl2(g)+H2(g) → SiH2Cl2(g)
Aluminizing

NaF(g) + Al(s)→ AlF(g)+ Na(g)
2NaF(g) + Al(s) → AlF2(g) + 2Na(g)
3NaF(g) + Al(s) → AlF3(g) + 3Na(g)
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NbSi2, respectively. Only two types of silicides of Mo and Nb, 
Mo5Si3 and MoSi2, and Nb5Si3 and NbSi2, respectively, were de-
tected by microstructural analysis.

During the pack cementation process with Al, molybdenum 
aluminide or niobium aluminide intermetallic compounds 
were generated due to the diffusion of aluminum toward the 
substrate. The cross-sectional image of the specimen coated 
with aluminide at 950°C for 3 h was analyzed by SEM. The gray 
phase in Fig. 4b corresponded to the Mo3Al8 coating layer 
based on XRD characterization as shown in Fig. 5a. In the case 
of the Nb substrate (Fig. 4d), the NbAl3 coating layer was iden-
tified as shown in Fig. 5b.

3.2. Thermogravimetric analysis
To evaluate oxidation behavior, TGA tests were conducted at 

1200°C for 2000 s. Table 5 summarizes the weight change of the 
uncoated and coated samples after the oxidation tests. In the 
case of the uncoated Mo specimens, the weight loss was very 
large, exceeding 120 mg/cm2, due to the volatility of MoO3. For 
both silicide and aluminide-coated samples, the weight change 
after the oxidation tests was much less. Both SiO2 and Al2O3 
oxide scales provided an oxidation resistant barrier to the sub-
strate because of their low permeability to oxygen and metal 
ions. The presence of the MoSi2 and Mo3Al8 coating generated 
the protective SiO2 and Al2O3 layers during oxidation, respec-
tively. The weight changes decreased with the thickness of the 
silicide or aluminide-coating layers as shown in Fig. 6. This 
tendency means that the protectiveness of the coated layers was 
enhanced with the heat treatment time as the average thickness 
of the coating layers increased.

Unlike the Mo substrate, the bare Nb substrate exhibited 
weight gain because niobium oxide is not volatile. Meanwhile, 
silicide- and aluminide-coated Nb exhibited a similar weight 
change compared with the Mo substrate sample. The protective 
mechanism was the same as that for the coated Mo substrate. 
The presence of the NbSi2 and NbAl3 coating generated a pro-
tective SiO2 and Al2O3 layer during oxidation, respectively. The 
weight change also decreased with the thickness of silicide- and 
aluminide-coating layers as shown in Fig. 6. The minimum 
weight change of 1.12 mg/cm2 after steam oxidation at 1200°C 
for 2000 s was obtained for the Nb specimen with an aluminide 

Table 3. Average silicide and aluminide coating thickness as a 
function of the duration of heat treatment

Heat treatment 
time (h)

Average thickness (μm)
Silicide Aluminide

Mo Nb Mo Nb
1 9 7 13 13

11 8 11 14
3 35 17 36 31

38 20 35 34
5 49 25 50 51

57 29 54 53
15 60 35 66 75

70 37 75 74
20 80 47 81 88

88 51 87 87

Fig. 3. The variation of the thicknesses of (a) silicide and (b) aluminide coatings after pack cementation of Mo and Nb substrates.

(a) (b)

Woojin Lim et al., Oxidation of silicide or aluminide on Mo and Nb
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Fig. 4. Microstructures of (a) molybdenum silicide, (b) molybdenum aluminide, (c) niobium silicide, and (d) niobium aluminide coating on 
each specimen (heat treatment time: 3 h).

Table 4. Energy-dispersive X-ray spectroscopy measurement 
results of the silicide coating layers, as shown in Fig. 4

Point
Element composition (at. %)
Mo Si

Mo substrate A 32.8 67.2
B 60.8 39.2

Nb substrate C 32.0 68.0
D 60.4 39.6

(a)

(c)

(b)

(d)

layer coated by the heat treatment of 15 h.

3.3. Sample morphology after oxidation test
The SEM image of the uncoated Mo specimen after the oxi-

dation test demonstrates that the outermost oxide layer has 

peeled off (Fig. 7). The remaining outer layer corresponds to 
MoO3, and it is hypothesized that the volatile MoO3 that 
formed during oxidation at elevated temperature evaporated 
during cooling.

Figure 8 shows the oxide scales on the silicide coating of the 
specimen after it underwent oxidation at 1200°C for 2000 s un-
der a steam environment. A thin oxide scale was formed on the 
surface of each coated specimen, with thicknesses ranging be-
tween 1 and 10 μm. Table 6 summarizes the point EDS results 
of the samples used in SEM; the outermost layers (G, H) were 
composed of SiO2. Small cracks were observed in the Mo speci-
men and very large cracks were observed in the Nb specimen. 
Particularly, the delamination of the Nb5Si3 layer is remarkable 
as shown in Fig. 8b. Because the thermal expansion coefficients 
of the silicide layers and the substrate are different, this thermal 
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Fig. 5. X-ray diffraction patterns of (a) molybdenum aluminide (Mo3Al8) and (b) niobium aluminide (NbAl3) coating on each specimen.

Fig. 6. Relationship between the coating thickness and weight change of (a) silicide-coated and (b) aluminide-coated Mo and Nb substrates 
after thermogravimetric analysis tests at 1200°C for 2000 s.

Table 5. Weight change of coated specimens after thermogravimetric analysis tests at 1200°C for 2000 s

Specimen
Weight change (mg/cm2)

Silicide Aluminide
Mo Bare -121.7 -120.1 -100.7 -101.1

Heat treatment time 3 h 7.69 7.71 6.27 5.77
5 h 3.35 3.94 4.18 4.40
15 h 2.43 2.30 1.64 1.32

Nb Bare 19.7 21.3 19.7 21.3
Heat treatment time 3 h 4.05 5.54 6.16 3.21

5 h 3.07 3.01 3.24 2.90
15 h 3.24 2.99 1.23 1.12

(a)

(a)

(b)

(b)
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Fig. 7. A scanning electron microscopy image of a bare Mo 
specimen after steam oxidation.

Fig. 8. Scanning electron microscopy images after the oxidation test (silicide-coated sample) (1200°C for 2000 s) (a) Mo substrate, (b) Nb 
substrate.

Table 6. Energy-dispersive X-ray spectroscopy analysis results of 
silicide specimens after the oxidation test

Point
Element composition (at. %)

Mo Nb Si O
E 60.8 39.2
F 30.9 69.1
G 1.4 30.2 68.3
H 1.7 32.1 66.2
I 31.3 68.7
J 59.4 40.6

(a) (b)

stress may have initiated the formation of cracks along the coat-
ing layers.

Figure 9 and Fig. 10 show the microstructure of oxidized alu-
minide-coated Mo and Nb specimens treated at 1200°C for 
2000 s, respectively. When compared with the previous sili-
cide-coated Mo specimen, the coating was not retained well as 
shown in Fig. 9, although the weight change in the sili-
cide-coated specimens was similar to that in the alu-
minide-coated specimens after the oxidation test. It is hypothe-
sized that the coating of the aluminide samples has poor resis-

tance to thermal stress, low ductility, and a high thermal expan-
sion mismatch between the substrates and the aluminide layer. 
Therefore, the coating became detached during the oxidation 
test and cooling. In the SEM image of the aluminide-coated Nb 
substrate, a very large area of Al2O3 and a mixture of oxides 
were observed along the cracks as shown in Fig. 10. In sili-
cide-coated specimens, there was no oxide located along cracks, 
and this was interpreted as indicating that the crack in the sili-
cide occurred during cooling because of the mismatch of the 
thermal expansion between the silicide coating and the Nb 
substrate. However, in aluminide-coated specimens where ox-
ides were formed along the cracks, this was interpreted to mean 
that the cracks already existed during the oxidation experiment.

Table 7 shows the thermal expansion coefficients of the coat-
ings and substrates. The difference in the thermal expansion 
coefficient between Mo-Mo5Si3-MoSi2 was lower than the Nb-
Nb5Si3-NbSi2 layer. The thermal expansion coefficient of Nb5Si3 
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Fig. 9. Scanning electron microscopy images after oxidation test of aluminide-coated Mo samples (1200°C for 2000 s) (a) 3 h heat-treated Mo, 
(b) 5 h heat-treated Mo, (c) 15 h heat-treated Mo substrate.

Fig. 10. Scanning electron microscopy images after oxidation test of aluminide-coated Nb samples (1200°C for 2000 s) (a) 3 h heat-treated 
Nb, (b) 5 h heat-treated Nb, (c) 15 h heat-treated Nb substrate.

Table 7. Thermal expansion coefficients of various materials for 
each layer [16-24]
Element Thermal expansion coefficient (× 10-6/K)
Al2O3 8.2 (293-1273 K)
Mo 6.7 (293-1973 K)
Nb 8.9 (293-1973 K)
MoSi2 9.2 (298-1723 K)
Mo5Si3 5.2 (a), 11.5 (c)
NbSi2 11.7
Nb5Si3 8.638 (a), 12.359 (c) (RT-1273 K)
Nb2O5 5.9
Mo3Al8 6.7
NbAl3 15

(a)

(a)

(b)

(b)

(c)

(c)

was twice that of NbSi2 and three times larger than that of Nb. 
Therefore, large thermal mismatches occurred during cooling 
and this resulted in a large crack along the Nb5Si3 layer. Similar-

ly, the difference between Nb-NbAl3 resulted in cracks along 
the NbAl3 layer.

Nb silicide and aluminide demonstrated superior oxidation 
resistance compared to Mo silicide and aluminide, respectively. 
However, for future applications, it is important to consider 
that the larger thermal expansion mismatch of Nb silicide and 
aluminide, compared to other coatings, may result in the devel-
opment of thermal shock cracks.

4. Conclusions

Refractory materials have been considered promising mate-
rials as alloy claddings because of their high creep resistance 
and significantly higher melting points than those of contem-
porary zirconium alloy claddings. To mitigate the weak oxida-
tion behavior of refractory metals at an elevated temperature, 
protection through the formation of a surface coating was pro-
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posed. Silicide coating was selected to protect underlying met-
als against oxygen penetration because the SiO2 on the surface 
of the silicide can enhance oxidation resistance. Aluminide 
coatings have also been tested to compare the oxidation behav-
ior with that of silicide coatings.

Uncoated (bare) and coated specimens were exposed to an 
elevated temperature to analyze their oxidation resistance. Sili-
cide- and aluminide-coated specimens showed improved oxi-
dation resistance, exhibiting only a small weight change than 
that in bare specimens subjected to oxidation. Coated samples 
also exhibited lower weight gain than the current Zircaloy-4.

Microstructural analysis after oxidation demonstrated that a 
thin and continuous SiO2 was formed on the silicide-coated 
specimens. The SiO2 oxide scale provided an oxidation resistant 
barrier, preventing the penetration of oxygen toward the un-
derlying substrate. The weight change following oxidation was 
dramatically decreased in aluminide-coated specimens; the 
morphologies of oxidized aluminide-coated specimens were 
poor due to the irregular formation of Al2O3 oxide in the alu-
minide layers. Large cracks were found in both Nb substrates 
after the oxidation test due to the thermal expansion mismatch-
es during cooling.
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TEL : (031) 726-2242

https://www.ezcastech.com

주조(열유동) 및 구조 해석

아토메탈테크코리아㈜

(10049) 경기도 김포시 양촌읍 황금4로 82

TEL : (031) 986-9988 / FAX : (031) 996-2456

http://www.attometal.com/

비정질 합금 파우더

(주)버추얼랩

(04773) 서울특별시 성동구 왕십리로 38, 홍성빌딩 6층

TEL : (02) 3293-0204

https://www.virtuallab.co.kr/

디지털 소재 연구개발 플랫폼

특 별 회 원
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일진다이아몬드㈜

(27659) 충청북도 음성군 대소면 대금로 157 

Tel (043) 877-6831 / Fax (043) 882-1040

http://www.iljindiamond.co.kr

E-mail : minho.ryoo@iljin.co.kr

공업용 합성다이아몬드, PCB, NCBN, 초경합금제품 등

(주)버추얼랩

(04773) 서울특별시 성동구 왕십리로 38, 홍성빌딩 6층

TEL : (02) 3293-0204

https://www.virtuallab.co.kr/

디지털 소재 연구개발 플랫폼

특 별 회 원

케이피씨케이피씨
(41081) 대구광역시 동구 안심로 59길 8
Tel: (053) 960-1574
http://www.kpccorp.co.kr/
제조 기계부품 및 밸브/기타 비철금속 제련, 정련 및 합금제

(주)그린리소스(주)그린리소스
(22839) 인천광역시 서구 가정로37번길 39
http://www.greenresource.kr/
Tel: 070-4667-4646
희토류, 희소금속, 메탈, 세라믹파우더 등
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㈜강앤박메디컬

(28160) 충청북도 청주시 청원구 오창읍 중심상업2로 

48(양청리) 중소기업청 T-팩토리 사무동 204호

Tel (070) 7702-9983

http://www.knpmedical.com

의료용 TiNi계 형상기억 소재

경원산업㈜

(15084) 경기도 시흥시 정왕동 희망공원로 241

(시화공단 2나 205호)

Tel (031) 498-3982 / Fax (031) 498-3987

http://www.kwfi.co.kr

E-mail : kwfi@kwfi.co.kr

K/SENSOR, 마그네트

로얄초경

(21690) 인천광역시 남동구 남동동로123번길 33

(공단95블럭 3롯트)

Tel (032) 814-3612 / Fax (032) 814-3616

http://www.royaltc.co.kr

E-mail : royaltc@royaltc.co.kr

초경합금, Heavy Alloy, W-Cu Alloy, 밀링인서트

㈜삼한

(51560) 경상남도 창원시 성산구 연덕로 84

Tel (055) 285-0041 / Fax (055) 282-0144

http://www.samhanltd.co.kr

E-mail : samhan@samhan.biz

자동차부품, Stainless 계열, 연자성 계열, 고강도 부품

알란텀㈜

(13229) 경기도 성남시 중원구 둔촌대로 400

(상대원동, 스타우드 프라자 8층)

Tel (031) 737-0991 / Fax (031) 737-0980

http://www.alantum.com/kr

E-mail : info@alantum.com

배기가스 후처리 기술, 화학 촉매 기술, 산업용 특수 제품

㈜에이피엠

(43013) 대구광역시 달성군 구지면 달성2차3로 60

(달성2차 산업단지 25B-3L)

Tel (053) 611-3101 / Fax (053) 611-3117

http://www.apmworld.co.kr

E-mail : administrator@apmworld.co.kr 

오일리스베어링, 소결 기계 부품 , 금형

㈜엔젤

(46988) 부산광역시 사상구 새벽시장로 74 (감전동)

Tel (051) 326-3004 / Fax 051-322-7004

http://angel-juicer.com

E-mail : angeljuicer.web@gmail.com 

전기녹즙기, 액추에이터, 모터

㈜유승

(50566) 경남 양산시 상북면 소토4길 34-1  

Tel (055) 375-8856 / Fax (055) 375-8858

http://www.ysbiz.co.kr

E-mail : yuseung@ysbiz.co.kr

분말야금공정(자동화공정, 전자공정), 파이프공정

㈜이엔에프테크놀로지

(17084) 경기 용인시 기흥구 탑실로 35번길 14(공세동)

TEL: (031) 881-8200  / FAX: (031) 282-6855

http://www.enftech.com

Etchant, Stripper

이화다이아몬드공업㈜

(18145) 경기도 오산시 남부대로 374

Tel (031) 370-9000 / Fax (031) 370-9229

www.ehwadia.co.kr

다이아몬드공구제조

지멘스㈜

(37668) 경상북도 포항시 남구 지곡로 394 포항테크노파크 

벤처3동 PLM XDCR

Tel (054) 223-2629

http://www.siemens.co.kr

E-mail : adscs.kr@siemens.com

의료기기, 터빈, 산업용 소프트웨어

㈜펨토바이오메드

(37673) 경상북도 포항시 남구 지곡동 청암로 77  

포스텍 융합연구동 C5, 716

Tel (054) 221-6200 / Fax (054) 221-6209

http://www.smartdrop.co.kr

E-mail : office@femtobiomed.com

접촉각 측정기(Smart Drop)

특 별 회 원

https://powdermat.org560



101

특 별 회 원

한국분말야금㈜

(31435) 충청남도 아산시 인주면 인주산단로 111번지 

Tel (041) 538-3800 / Fax (041) 538-3815

http://www.korpm.co.kr

E-mail : technical@korpm.co.kr

자동자 부품, 가전기기부품, 산업 기계용 부품 제조

한국야금㈜

(28589) 충청북도 청주시 흥덕구 산단로 55

Tel (043) 262-0141 / Fax (043) 262-0146

http://www.korloy.co.kr

E-mail : korloy@korloy.com

초경합금절삭공구(코팅, 써메트, 초경 등)

한국회가내스㈜

(06654) 서울특별시 서초구 서초중앙로 41 대성빌딩 13층
Tel (02) 511-4344 / Fax (02) 548-2592

http://www.hoganas.com/korea

E-mail : korea@hoganas.com

각종 분말야금용 철분말 등

존슨일렉트릭오퍼레이션스㈜

(28122) 충청북도 청주시 청원구 오창읍 과학산업5로 101

Tel (043) 241-7114 / Fax (043) 241-7119

http://www.hallastackpole.co.kr

E-mail : bkmoon@hallastackpole.co.kr

분말야금제품, 자동차부품

㈜KAMI

(08502) 서울특별시 금천구 가산디지털1로 196, 1005호

(가산동, 에이스테크노타워10차)

Tel (02) 6670-4114 / Fax (02) 6670-4110

http://kami.biz/kami/

E-mail : info@kami.biz

부품 개발 및 생산, 기술용역, 세라믹가공기, 다이아몬드 분말

KB오토시스㈜

(31443) 충남 아산시 음봉면 아산온천로 528-24 

Tel (041) 537-5358 / Fax (041) 537-5110

https://www.kbautosys.com

E-mail : webmaster@kbautosys.com

자동차 브레이크 마찰재

승림전기(주)

(14569)경기도 부천시 조마루로385번길 72

Tel (031) 616-6336 / Fax (031) 616-6337

http://www.seunglimelec.com/

E-mail : sales@seunglimelec.com

전기차단기부품(전기접점) 제조, 전기회로 개폐, 보호 및 접속 장치

(주)MS가스

(18525) 경기도 화성시 비봉면 푸른들판로1010번길 

127-32 (청요리428-39)

Tel (031) 8047-5051~3 / Fax (031) 8047-5055

http://www.msgas.co.kr

E-mail : inquiries@msgas.co.kr

고압가스 및 가스공급설비

에스엠비코퍼레이션

(10049) 경기도 김포시 양촌읍 학운산단2로 14

TEL : (031) 983-9030 / FAX : (031) 983-9031

http://www.smbcorp.co.kr

특수금속분야, 분말

㈜엠케이

(17794) 경기도 평택시 청북읍 고렴1길, 41-50

TEL : (031) 686-5490 / FAX : (031) 696-5490

https://www.mkmetal.co.kr

금속분말(분말야금용, 적층제조용, 기타)

(주)부강특수산업

(38899) 경상북도 영천시 본촌공단길 42

Tel : (054) 335-9996

http://www.bkcoalloy.co.kr/

내열/내마모/내부식 특수합금

(주)비에스지머티리얼즈

(14521) 경기도 부천시 옥산로214번길 21, 4층
Tel : (070)7537-2527

전기자동차 2차전지용 음극 활물질

㈜에너리치㈜에너리치
(14353) 경기도 광명시 일직로 43, GIDC A 2207
TEL: (02) 898-7888
http://www.enerichs.com/
수소 제조 및 연료전지용 금속 다공체
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Full Text 
First published in April 1994, with the purpose for the revital-
ization of technical exchange between Academics & Industry in 
Powder Metallurgy related advanced studies. Journal of Powder 
Materials is currently published on a bi-monthly basis. 

The Korean Powder Metallurgy & Materials Institute has 
prepared a code of ethics for a qualitative improvement to its 
journal. We can therefore secure the ethics required for scien-
tific research through this code of ethics; and we intend to raise 
the value of our journal through the addition of originality and 
integrity to our journal. Therefore, all authors of theses, review 
committee members and editorial committee members shall 
observe this code of ethics in order to reject any dishonesty in 
the publication of theses and secure the integrity of any re-
search. 

Chapter 1. Matters to be observed by the 
author of thesis 

1. The criteria of the authorship
The Author of academic paper means a person who meets all 
of the following criteria for authorship (based on the criteria of 
International Committee of Medical Journal Editors). Those 
who are not satisfied with any of the following criteria shall be 
divided into “contributor”.

A.  Substantial contributions to the conception or design of 
the work; or the acquisition, analysis, or interpretation of 
data for the work.

B.  Drafting the work or revising it critically for important in-
tellectual content.

C. Final approval of the version to be published.
D.  Agreement to be accountable for all aspects of the work in 

ensuring that questions related to the accuracy or integrity 
of any part of the work are appropriately investigated and 
resolved.

2. The duty of the author
The author of thesis shall explain the results and discussions of 
the research which the author has performed in a concise and 

accurate manner. When submitting the research results to the 
Journal of Powder Materials, an author of a thesis shall observe 
the code of ethics of this institute and conform to the honesty, 
accuracy and integrity of the research result submitted as such. 

A.  When submitting a thesis to the Journal of Powder Mate-
rials, the author of a thesis shall abide to the code of ethics 
as outlined by the Journal of Powder Materials

B.  The author of a thesis shall reject any fabrication or falsifi-
cation of the results for conducting all activities including 
the proposal, planning and execution of the research activ-
ities.

C.  Submittal or publishing the same result to more than one 
journal simultaneously shall be regarded as an act of 
cheating and as such shall be eradicated.

D.  The author of a thesis shall not submit and publish re-
search results which were already published to this Jour-
nal.

E.  An act of submitting another researcher's results under 
his/her own name shall be deemed as unethical and unac-
ceptable.

F.  An author who has submitted a thesis shall obtain proper 
consent from all existing co-authors and shall not include 
any inappropriate authors to the thesis. Co-authors shall 
contribute to the research academically and share the re-
sponsibility and achievements for the results altogether, 
and in the case of administrative and financial support for 
research, such shall be advised to state details through an 
"Acknowledgement".

G.  An author of thesis shall obtain approval from the person 
concerned in advance with regards to submission if re-
quired, and confirm that there will be no future disputes 
of agreements and ownership.

H.  The author of the thesis shall observe the regulations as 
provided in relevant laws, norms and as stated in the code 
of ethics; and to internationally accepted principles of the 
entire process of research and submission. Also, the au-
thor of such thesis shall also secure universality including 
the respect of human rights, the observation of bioethics, 
and the preservation of biological diversity and protection 

Code of Ethics for  
the Journal of Powder 
Established: 2007. 10. 23
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for environments.
I.  In the case of an error discovered in a submitted thesis 

during the publication process, the author of such thesis 
shall be obligated to correct any mistakes or withdraw the 
thesis altogether.

Chapter 2. Matters to be observed by the 
reviewer

The journal reviewer shall review a submitted thesis in compli-
ance with this code of ethics and provide advice in regards to 
the publication of such thesis to the editorial committee mem-
bers. 

A.  The journal reviewer shall review a submitted thesis fairly 
and objectively under consistent standards regardless of 
ethnicity, gender, religion, educational environment or ac-
quaintance of the author of thesis.

B.  The journal reviewer shall be obligated to review a thesis 
requested for review faithfully within the set period as de-
termined in the review regulations.

C.  The journal reviewer shall not disclose the information of 
the research results acquired through the review process 
to any third party or misuse such information.

D.  The journal reviewer shall respect the personality of the 
author of the thesis and value the independence of intel-
lectual ability. The journal reviewer shall prepare an ami-
cable and supplementary written opinion without making 
subjective evaluations and shall avoid hostile expressions.

E.  The journal reviewer shall request the author of the thesis 
to modify any inappropriate quoted contents and lead the 
author to quote references correctly. Also, the journal re-
viewer shall strictly review the thesis to determine is such 
has any similarity with previous published manuscripts 
that were presented in other publications.

F.  The journal reviewer shall be obligated to reject review in 
the case of having any connection with the submitted the-
sis. The journal reviewer shall promptly notify such fact to 
the editorial committee members to appoint another jour-
nal reviewer.

Chapter 3. Matters to be observed by the 
editorial committee member

The editorial committee member shall retain full responsibility 
and authority to carry out the procedures to approve or reject a 

submitted thesis for publication in the journal. Each editorial 
committee member shall cooperate with the journal reviewer 
and other editorial committee members shall observe and carry 
out the following items. 

A.  The editorial committee member shall fairly evaluate the 
intellectual level of a thesis as submitted by the author re-
gardless of ethnicity, gender, religion, educational environ-
ment or acquaintance of the author of a thesis.

B.  The editorial committee member shall not delay the 
screening of a submitted thesis intentionally and shall per-
form prompt measures accordingly.

C.  The editorial committee member shall screen the submit-
ted thesis objective based on consistent standards, and the 
editorial committee member shall assume full responsibil-
ity and obligation for the required procedures.

D.  The editorial committee member shall not release infor-
mation regarding the submitted thesis to the public and 
shall not use such information for his/her own research 
purposes.

E.  The editorial committee member shall be obligated to su-
pervise any unethical behavior in a thesis submitted to the 
journal, and take any necessary measures for any wrongful 
acts. In the case of an appeal for wrongful acts, the editori-
al committee member and the review committee shall be 
obligated to investigate such matters.

F.  The editorial committee member shall be obligated to re-
ject screening in the case where editorial committee has 
written the thesis, or such has any connection with the 
submitted thesis. Another editing committee member shall 
be appointed for the screening process.

Chapter 4. Activities of the review 
committee 

A.  Clarifying integrity and responsibility of the research re-
sults – In the case where cheating has occurred, including 
plagiarism, duplicated submission or inappropriate cita-
tion is suspected, an investigation shall be carried out 
based on the editorial committee members recommenda-
tion The author of such thesis shall be responsible for any 
cheating including plagiarism, fabrication and falsification 
and duplicated presentation of the result.

B.  In the case where any cheating is suspected in the process 
of a thesis submission and review, the editorial committee 
member shall submit such to the review committee and 



request the review committee to investigate such in pri-
vate. The review committee shall then carry out an inspec-
tion in compliance with the following guidelines to ensure 
that no victim shall suffer in good faith.

1.  The review committee shall observe "the principle of pre-
sumption of innocence" until such is proven to be a wrong-
ful act.

2.  The review committee shall begin and perform such in-
spection fairly and without discrimination in private cir-
cumstances.

3.  The review committee shall prepare, arrange and store 
documents in regards to the investigation.

4.  The review committee shall suspend all process in regards 
to the thesis publication.

5.  The review committee shall carry out an investigation 
promptly to reduce any damages due to delay.

C.  The review committee shall carry out an investigation 
promptly and fairly at the editorial committee member's 
request. The investigation shall notify, carry out and finish 
based on the following guidelines.

1.  The review committee shall notify any beginning of an in-
vestigation to the person or organization concerned that is 
questionable for cheating and also inform such as to any 
postponing of the publication of such thesis until the in-
vestigation is complete.

2.  The review committee shall provide an opportunity for ex-
planation to the person or organization subject to investi-
gation within 30 days of written notice.

3.  The review committee shall acquire and investigate any in-
ternal records or other publications related with cheating.

4.  In the case of unintended mistakes or errors, the review 
committee shall finish the investigation promptly.

5.  In the case where cheating is discovered, the review com-
mittee shall supervise measures for such cheating. The re-
view committee shall return the submitted thesis to the au-
thor, notify the Institute's guideline to the author, remove 
or publish the withdrawal of the thesis in the case where 
such was already published, and restrict the author's thesis 
publication for 3 years afterwards.

6.  In the case of a duplicated submission and publication with 
a joint publisher, such actions shall be notified to the rele-
vant publisher and handled in conjunction with the rele-
vant publisher. 

7.  All cases and investigations carried out by the review com-
mittee shall be documented and stored. In cases where 
cheating is not apparent, the relevant document shall be 
sealed.

Supplementary Provision 
1.  This code of ethics shall be in effect from October 23, 

2007.
2.  This Revised code of ethics shall be in effect from March 6, 

2020.
3.  This Revised code of ethics shall be in effect from February 

10, 2022.
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Chapter 1 General Provisions

1. Purpose
The purpose of this guide is to strengthen research ethics by 
setting the standards, operation, and discipline of research

2. Ethics Committee 
①  The ethics committee of The Korean Powder Metallurgy 

& Materials Institute will be formed to deliberate and de-
cide on the regulations.

②  The chair of the Research Ethics Committee shall be the 
Editor-in-chief of The Korean Powder Metallurgy & Ma-
terials Institute Committee. The chair convenes and pre-
sides over the Research Ethics Committee when the Edi-
torial Committee proposes an issue as regards research 
misconduct.

③  The Research Ethics Committee shall consist of no more 
than five members. The committee members are appoint-
ed by the president of the society after the recommenda-
tion of the Editorial Committee.

Chapter 2 Research Misconduct

3. Subject of Research Misconduct
Research misconduct is directed to articles, documents, and 
data submitted or published to the Journal of Powder Materials.

4. Simultaneous Submission
Submitted papers may not be submitted to other domestic or 
foreign academic journals simultaneously, or as a duplicate, re-
gardless of whether it is submitted beforehand or afterwards.

5. Duplicated Publication 
①  Dissertations published in other domestic or foreign aca-

demic journals may not be duplicated.
②  When submitting a research report or a part of a doctoral 

or a master’s thesis as it is, or if it is corrected or supple-
mented, the correct description must be clearly stated.

6. Plagiarism 
①  Plagiarism is the act of deliberate description of the con-

tent of academic ideas, opinions, expressions, and re-
search results already published through all written me-
dia, including domestic or foreign journals, academic pa-
pers, research reports, master’s or doctoral dissertations, 
books, magazines, and the internet without reference to 
the source.

②  Plagiarism also applies when the researcher is the same as 
the author of the paper already published (self-plagia-
rism). However, it is not considered plagiarism if it de-
scribes widely used academic knowledge or research re-
sults without citation./td>  

Forgery and Falsification Forgery or falsification involves the 
act of intentionally expressing, among others, numerical values 
and photographs of the data or results used in the research dif-
ferently from the truth. 

1.  Forgery is the act of untruthful creation of false data or re-
search results that do not exist.

2.  Falsification refers to the act of artificial manipulation of 
research materials, equipment, processes, or distorting re-
search contents or results by modifying or deleting data ar-
bitrarily.

Chapter 3 Deliberation and Resolution 
Procedures

8. Judgment of Research Misconduct 
①  If there is a report on research misconduct within or out-

side the institute, the chair of the Editorial Committee 
must convene the committee to collect relevant data and 
confirm the credibility of the report.

②  When the chair of the Editorial Committee confirms the 
authenticity of the report, he/she will submit the docu-
ment of issue to the Research Ethics Committee.

③  The chair of the Research Ethics Committee gives the re-
searcher an opportunity to document the proposed issues 
within two weeks in advance of the hearing..

④  The Research Ethics Committee shall make a unanimous 

Journal of Powder Materials Research 
Misconduct-Related Regulations
Enacted: June 17, 2016
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decision on whether there has been a case of research 
misconduct. If there is a disagreement between the two 
parties, it shall be decided by a vote of 3/5 of the attending 
committee members.

9. Discipline and Result Processing 
①  A person who violates research ethics shall be subject to 

and notified of a disciplinary action through the following 
measures: 

1. Member expulsion
2.  Prohibition of contributing to the Journal of Powder Met-

allurgy
3.  If the article is published, the article will be deleted. Papers 

that are scheduled to be published cannot be published.
4. Relevant organizations will be notified of ethics violations.
5. Other disciplinary actions that are deemed necessary
②  The content of the violated research ethics shall be posted 

on the homepage after a two-week protest period.
③  The contents of the disciplinary action in Items 2, 3, and 5 

of Clause 1 shall be notified in the name of the edi-
tor-in-chief after the decision of the Research Ethics 
Committee. The contents of disciplinary action in Items

10. Objection 
①  A researcher who is judged for a research misconduct 

may file an objection only once within one month from 
the date of notification, if the decision of the Research 
Ethics Committee or the reason for misconduct is unrea-
sonable.

②  The Research Ethics Committee can review or revise the 
contents of the resolution by deliberating the validity of 
the objection.

Supplement

1. Amendment, Opening, and Closing of Regulations
This regulation may be amended, opened, or closed through 
the resolution of the Board of Directors.

2. Effective Date
1.  This regulation shall be effective beginning on the date of 

the Board of Directors’ approval (June 17, 2016).
2.  This Revised code of ethics shall be in effect from February 

10, 2022.
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Written Oath of Observance of 
Research Ethics

To Editor-in-chief of the Journal of Powder Materials

I, as a contributor to the Journal of Powder Materials, hereby declare that I have abided by the following Code of Research Ethics of 
The Korean Powder Metallurgy & Materials Institute while writing this article.

1.  I swear that I shall observe The Korean Powder Metallurgy & Materials Institute’s Research Ethics Code and regulations related to 
research misconduct, and have written this article through honest and rigorous research.

2.  I swear that I have not published this article elsewhere and have no plan to submit this article in other journals until the delibera-
tion is over.

3.  I swear that I have not committed any research misconducts that can be defined as a violation of Research Ethics, such as forgery 
(falsification), alteration, plagiarism, duplicate publication, etc., that compromises academic integrity.

4.  I swear that I acknowledge the legitimate efforts of participating researchers and did not make unreasonable authorship of those 
who have not contributed to the research.

5.  I swear that I shall take full responsibility for all problems and disadvantages that may arise from noncompliance with the Research 
Ethics if found guilty of any of the above-mentioned research misconducts.

All authors must sign this Written Oath of Observance of Research Ethics, but in case of necessity, the correspondent author can ob-
tain the consent of other authors and replace them.

One author on behalf of all co-authors:
“I warrant that I am authorized to execute this copyright on behalf of all the authors of the article 
referred to above.”

Article title: 

Author name:

All Authors:

Signature Date Signature Date

Signature Date Signature Date
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The Korean Powder Metallurgy & Materials Institute, found-
ed in 1994, is a research journal that primarily aims to publish 
original research papers on a bi-monthly basis.

1. Forms and contents of publication

-  Original Papers: This form of publication represents origi-
nal research articles on various aspects of powder metallur-
gy, namely fabrication, characterization, and forming of 
metal powders for advanced industrial applications.

-  Letters or Rapid Communications: Short reports of original 
researches are accepted for publication.

-  Critical Reviews or Reports : Invited or submitted review 
papers and technical reports are accepted.

The journal overall serves as a much-desired international 
platform for publications of wide researches in materials science. 
The emphasis, however, has been given on originality and quali-
ty of the paper rather than quantitative research. Short reports 
on material development, novel process or properties are also 
welcome. The following list of topics is of particular interest to 
the journal: (1) Powder fabrication techniques, (2) Characteriza-
tion, (3) Compaction and sintering methods, (4) Heat treatment 
processes in powder metallurgy, (5) Industrial application of 
powders, (6) Powder process control, (7) Particle modification, 
(8) Particle motion and rheology, and (9) Particle growth.

2. Submission of papers

1)  Manuscript should be submitted online at the KPMI home-
page (http://www.kpmi.or.kr) or e-mail to the KPMI (jour-
nal@kpmi.or.kr)

2)  File type: MS Word files according to instructions below. 
Pictures and photos should be submitted in JPG or TIFF for-
mat (300 dpi).

3)  Prior to publications: Submitted manuscript must not previ-
ously been published in a journal and it is not being simulta-
neously considered for publication elsewhere.

3. Preparation of manuscripts

1)  All papers should be written in English and SI units should 

be used throughout. Abbreviations should be defined the first 
time they occur in manuscript. Manuscripts should be typed 
on a paper of A4 format with 2.5 cm margins (right, left, top, 
bottom), and double-spaced, using Times Roman 11 font.

2) Structure of the manuscript:
The Title : The tile should be carefully chosen to indicate as clear-
ly as possible the subject of the manuscript. The first letter of 
each word should begin with a capital letter except for articles, 
conjunctions, and preparations. The first word after a hyphen 
should also be capitalized such as “Variation of Magnetic Proper-
ties of Nd-Fe-B Sintered Magnets with Compaction Conditions”.

Bylines should include all those who have made substantial 
contributions to the work. The first author should be the major 
contributor of the work. All authors' names should be written 
in full. At least one author should be designated with a sign as 
the corresponding author.

Affiliations should include the following information in the 
order of Institute, Department, City, Zip Code, and Country.

Abstract and Keywords : Each paper should include 120~200 
words abstract and five key words for use in indexing.

3) Text: Description headings should be used to divide the pa-
per into its component parts as below.

1. Introduction
2. Experimental
3. Results & Discussions
4. Conclusions
Acknowledgement (This is author's option.)
References
List of Table and Figure captions
Tables and Figures

4) References:
References should be indicated in the text by consecutive num-
bers in square parentheses, e.g. [1, 2, 5-7], as a part of the text, 
the full reference being cited at the end of the text. References 
should contain all the names of the authors together with their 
initials, the title of the journal, volume number (Bold type), 
year and the first page number as below. References to books 
should contain the names of the authors, the title (the names of 
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editors), the publisher name, location and year as below.

[1]  J. D. James, B. Wilshire and D. Cleaver: Powder Metall., 
33 (1990) 247.

[2] I. H. Moon: J. Korean Powder Metall. Inst., 1 (1991) 66.
[3]  H. E. Exner and G. Petzow: Sintering and Catalysis, G. C. 

Kuczynski (Ed.), Plenum Press, New York (1976) 279.
[4]  D. R. Dank and D. A. Koss: High Temperature Ordered 

Intermetallic Alloys, C. T. Liu (Ed.), MRS Symp. Proc. 
Vol. 133, Pittsburg, PA (1989) 561.

[5] Daido Steel: USA, US 5,193,607 (1993).
[6] M.G.Kim and J.H.Kim: Korea, KR 0041070 (2010).
[7] Germany: DIN EN ISO 11876N, Hardmetals.
[8]  ASTM B213:03, Standard Test Method for Flow Rate of 

Metal Powders.
[9]  J. C. Kim: M.S. Thesis, Title of Dissertation, Daehan Uni-

versity, Seoul (2011) 123.
[10]  J. C. Kim: Ph. D. Dissertation, Title of Dissertation, Han-

kook University, Seoul (2011) 123.

5) Tables and Figures
Tables: type each table on the separate page, number consecu-
tively in Arabic numerals and supply a heading. Figures for best 
results submit illustrations in the actual size (300 dpi) at which 
they should be published. The line drawings and the photo-
graphs should be originals and sharp images, with somewhat 
more contrast than is required in the printed version. Each fig-
ure should be typed on a separate page. The figure captions 
must be included.

6) Equations
Equations are placed must be clearly printed and numbered se-
quentially with Arabic numbers enclosed with round parenthe-
ses at the right-hand margin.

 Ex)f= f∞+(f0−f∞)exp(−γr/γ˜r) (1)

4. Peer-review

All manuscripts are treated as confidential. They are peer-re-
viewed by at least 3 anonymous reviewers selected by the editor. 
Letters to the editor are reviewed and published on the decision 
of the editor. The corresponding author is notified as soon as 
possible of the editor’s decision to accept, reject, or request revi-
sion of manuscripts. When the final revised manuscript is com-

pletely acceptable according to the KPMI format and criteria, it 
is scheduled for publication in the next available issue. Rejected 
papers will not be peer-reviewed again.

5. The accepted manuscript

1) Copyright:
Upon acceptance of a paper, the author(s) will be asked to 
transfer the copyright of the paper to the publisher, The Korean 
Powder Metallurgy & Materials Institute. This transfer will en-
sure the widest possible dissemination of the information.

2) Proofs:
Proofs will be sent to the corresponding author for checking be-
fore publication and will not be returned to the author, unless 
requested otherwise. Only typographical errors may be correct-
ed. Any substantial alterations other than these may be charged 
to the author. All joint communications must indicate the name 
and full address of the author to whom proofs should be sent.

3) Reprints:
The authors are entitled to 50 reprints or a PDF file of the article 
without additional charge, but are charged for additional reprints 
exceeding 50 in addition to the nominal publication charge.

4) Publication charge:
The publication fee is US$200 up to 6 pages, and US$30 per 
additional page regardless of a member or a non-member. Ad-
ditional fee for acknoledgement is US $100. For color printings, 
US$100 per color page is charged to authors regardless of the 
membership.

6. Code of ethics

We can secure the ethics required for scientific research 
through this code of ethics; and we intend to raise the value of 
our journal through the addition of originality and integrity to 
our journal. Therefore, all authors of theses, review committee 
members and editorial committee members shall observe this 
code of ethics in order to reject any dishonesty in the publica-
tion of theses and secure the integrity of any research. For the 
policies on the research and publication ethics not stated in this 
instructions, International standards for editors and authors 
(http://publicationethics.org/international-standards-edi-
tors-and-authors) can be applied.
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Article No:  

Article Title:  

 

By:  

It is hereby agreed that the copyright of the above article is transferred to The Korean Powder Metallurgy & Materi-
als Institute. However, the author(s) reserves the following:

1. All proprietary rights other than copyright, such as patent rights.
2. The right to reuse all or part of this article in other works.
3. The right to use the article for the author’s personal use provided the copies are not offered for sale.

One author on behalf of all co-authors:
“I warrant that I am authorized to execute this copyright on behalf of all the authors of the article referred to above.”
signaturedate  signaturedate 

This document must be signed by author(s) and be received by the production office before the article can be pro-
cessed for publication. Please mail this document to the following address:

The Korean Powder Metallurgy & Materials Institute
Unit 706, (635-4, Yeoksam-Dong) 22, 7Gil,Teheran-Ro, Gangnam-Gu, 135-703 Seoul, Korea

All Authors:

Signature DateSignature Date

Signature Date

Signature Date

Signature Date

Signature Date

Copyright transfer agreement



☐ The paper title, authors’ names, and authors’ affiliations have been confirmed to be accurate.

☐  The corresponding author has been distinguished using symbol(s), and e-mail address(es) and contact number(s) have been 

indicated accurately.

☐ The keywords have been selected from the keyword list determined by the Journal and confirmed to be accurate.

☐ The figures and their captions have been confirmed to be matched accurately.

☐ The reference materials have been drawn up accurately according to the paper guidelines of the Journal of Powder Materials.

☐ 제목과 저자명, 저자 소속을 정확하게 확인하였습니다.

☐ 교신저자를 기호로 구분되어 표기하였으며, E-mail 주소와 연락처를 정확하게 표기하였습니다.

☐ Keyword는 학회지에 규정한 Keyword list에서 선정하여 정확하게 확인하였습니다.

☐ 그림과 그림설명이 잘 매치 되었는지 정확하게 확인하였습니다.

☐ 참고문헌은 한국분말재료학회지 작성 규정에 따라 정확하게 작성되었습니다.

571https://powdermat.org

Checklist



https://powdermat.org572

112

직 위 성 명 소 속 

회장 김택수 한국생산기술연구원

수석부회장 김진천 울산대학교

대외협력부회장 이기안 인하대학교 

학술부회장 이정구 한국재료연구원

기술부회장 홍순직 공주대학교

산업체부회장 이병윤 ㈜창성

감사
김정곤  인천대학교

장시영 한국항공대학교

편집위원장 김경태 한국재료연구원

편집이사

김정한 한밭대학교

박귀일 경북대학교

양민호 단국대학교

이석재 전북대학교

최현주 국민대학교

편집간사

강정신 서울대학교

김정준  고등기술연구원

박정민  한국재료연구원

박태주  한양대학교

배재웅 국립부경대학교

변종민 서울과학기술대학교

손석수 고려대학교

신세은 순천대학교

안창의  한국세라믹기술원

양승민  한국생산기술연구원

이 빈 경희대학교

이동주 충북대학교

조승기  한국재료연구원

최병준  서울과학기술대학교

학술이사

강석훈 한국원자력연구원

공만식 고등기술연구원 

노기민 한국지질자원연구원

류호진 KAIST

백연경 한국재료연구원

이재범 충남대학교

임효령 국립부경대학교

채홍준 고등기술연구원

학술간사

김용주 국민대학교

이지운 공주대학교

정다운 한국생산기술연구원

주수현 단국대학교

2024년도 임원명단
2024년도 임원명단



113

직 위 성 명 소 속 

국제위원장 이창규 한국원자력연구원

국제이사

김범성 한국생산기술연구원

류성수 한국세라믹기술원

안병민 아주대학교

이근재 단국대학교

이정구 울산대학교

국제간사 성효경 국민대학교

기술이사

김세훈 한국자동차연구원

김영무 국방과학연구소

박지환 엠티아이지

윤중열 한국재료연구원

이성희 목포대학교

최한신 지아이텍

황병철 서울과학기술대학교

기술간사

김연철 이화다이아몬드공업㈜

김지원 고등기술연구원

김충수 한국생산기술연구원

정효연 한국생산기술연구원

차희령 한국재료연구원

대외협력이사

강민철 3D프린팅연구조합

박만호 ㈜아스플로

박진경 LG이노텍

송인혁 한국재료연구원

이찬기 고등기술연구원

천영범 한국원자력연구원

홍현선 성신여자대학교

대외협력간사

김영균 한국재료연구원

이동근 순천대학교

한준희 한국생산기술연구원

지역이사

(지부장)

권세훈 경상지부장 : 부산대학교

김경훈 강원지부장 : 한국생산기술연구원

오익현 호남지부장 : 전남테크노파크

이진규 충청지부장 : 공주대학교

현승균 경인지부장 : 인하대학교

지역간사

고원석 경인지부 : 인하대학교

김태훈 호남지부 : 전남대학교

양승민 강원지부 : 한국생산기술연구원

엄두승 제주지부 : 제주대학교

총무이사
박경태 한국생산기술연구원

이영인 서울과학기술대학교

총무간사

김태훈 한국재료연구원

이 빈 경희대학교

최상훈 고등기술연구원

최현주 국민대학교

재무이사
변종민 서울과학기술대학교

양상선 한국재료연구원

재무간사
송명석 한국생산기술연구원

정재원 한국재료연구원

573https://powdermat.org



114

제16대 평의원 명단

성 명 소 속 성 명 소 속 성 명 소 속
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김진천 울산대학교 양동열 한국재료연구원 채홍준 고등기술연구원
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김태훈 한국재료연구원 양승민 한국생산기술연구원 최병준 서울과학기술대학교
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김택수 한국생산기술연구원 오승탁 서울과학기술대학교 최준필 한국기계연구원

김형섭 포항공과대학교 오왕근 (주)양우메탈 최한신 지아이텍

김홍물 하나에이엠티 오익현 전남테크노파크 최현규 현대제철

김효섭 한국생산기술연구원 유봉영 한양대학교 최현주 국민대학교

김휘준 한국생산기술연구원 유지훈 한국재료연구원 한유동 한국재료연구원

김희수 월드인덕션 윤덕용 KAIST 현승균 인하대학교

노기민 한국지질자원연구원 윤준철 현대제철 홍순직 공주대학교

류성수 한국세라믹기술원 윤중열 한국재료연구원 홍순형 KAIST

류시완 ㈜풍산홀딩스 윤태식 대신강업㈜ 홍현선 성신여자대학교

류호진 KAIST 은광용 ㈜기술과가치 황득규 현대모비스㈜

박 준 제이피씨㈜ 이 빈 경희대학교 황병철 서울과학기술대학교

박경태 한국생산기술연구원 이 성 국방과학연구소 민군협력진흥원

본 학회지는 한국연구재단의 평가결과 등재학술지로 선정되었습니다.

“본 사업은 기획재정부의 복권기금 및 과학기술정보통신부의 과학기술진흥기금으로 추진되어 사회적 가치 실현과 국가 과학기술 발전에 

기여합니다.”
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