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Self-Assembled Monolayers in Area-Selective Atomic Layer

Deposition and Their Challenges
Si Eun Jung, Ji Woong Shin, Ye Jin Han, Byung Joon Choi’
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Area-selective atomic layer deposition (AS-ALD) is a bottom-up process that selectively deposits thin
films onto specific areas of a wafer surface. The surface reactions of AS-ALD are controlled by blocking
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the adsorption of precursors using inhibitors such as self-assembled monolayers (SAMs) or small mol-

ecule inhibitors. To increase selectivity during the AS-ALD process, the design of both the inhibitor and
the precursor is crucial. Both inhibitors and precursors vary in reactivity and size, and surface reactions
are blocked through interactions between precursor molecules and surface functional groups. Howev-
er, challenges in the conventional SAM-based AS-ALD method include thermal instability and poten-

*Corresponding author:
Byung Joon Choi

TEL: +82-2-970-6641

E-mail: bjchoi@seoultech.ac.kr

tial damage to substrates during the removal of residual SAMs after the process. To address these is-
sues, recent studies have proposed alternative inhibitors and process design strategies.

Keywords: Area selective atomic layer deposition; Self-assembled monolayer; Inhibitors; Surface de-

activation; Selectivity

1. Introduction

Atomic layer deposition (ALD) is a well-established and
widely used method to deposit a variety of thin film materials
with excellent thickness control, uniformity, and conformality.
ALD is extensively used in the production of today’s electronic
devices [1-4]. Therefore, ALD can produce highly uniform thin
films with a high aspect ratio for a wide range of materials, in-
cluding oxides, nitrides, sulfides, and pure metals, making it a
widely used deposition method in the fabrication of today’s
electronic devices [1, 4, 5].

However, ALD lacks the ability to selectively deposit thin
films on target areas. The approach of depositing materials only
on desired areas can be achieved through area selective atomic
layer deposition (AS-ALD). AS-ALD is a process that selective-
ly deposits a film only on specific substrate areas [1, 2, 5-7]. In
the deposition process, the "bottom-up" approach is utilized to
reduce additional post-processing steps, such as photolithogra-
phy and etching, thus significantly shortening the overall man-
ufacturing time. In multilayer patterning, AS-ALD facilitates

https://doi.org/10.4150/jpm.2025.00094
© 2025 The Korean Powder Metallurgy & Materials Institute

https://powdermat.org

the self-alignment of 3D structures and offers the potential for
the bottom-up fabrication of 3D materials in various nano-fab-
rication applications [9-13]. Therefore, it can meet the increas-
ing demands of semiconductor production, making it cost-ef-
fective [9, 13]. Nanopatterning using AS-ALD is expected to
facilitate the fabrication of next-generation electronic and sens-
ing devices, particularly for 2D or 3D metal/dielectric patterns
in integrated circuits, transistor backends, interconnects, and
FinFET structures. Additionally, it enables the production of
higher transistor stacks [13-15].

AS-ALD includes both surface activation and surface deacti-
vation methods [16]. This paper aims to introduce AS-ALD
through surface deactivation. The surface deactivation method
selectively blocks nucleation in the non-growth surface (NGS)
of the substrate during the ALD process, allowing materials to
be selectively deposited only in the growth surface (GS). In this
case, deactivation can be achieved by chemically passivating the
top surface of the NGS using inhibitors such as self-assembled
monolayers (SAMs) [1, 4, 5, 17]. Achieving AS-ALD using
SAMs to block ALD typically requires the starting substrates to
have significantly different chemical properties [18]. A common
reason for the loss of selectivity during deposition is the alter-
ation of surface properties in areas where deposition should not

179
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occur upon exposure to ALD chemistry.

In recent years, active research has focused on AS-ALD pro-
cesses utilizing SAMs as chemically selective masking layers to
prevent deposition on undesired surfaces [4] SAMs are used to
deactivate the surface to ALD growth [19]. The use of SAMs is
strongly related to the chemical and physical stability of thin
films. SAM is a spontaneously formed, regularly well-aligned
organic molecular thin film on the surface of a given substrate,
with the structure of SAM shown in Fig. 1(a) [20]. SAMs are
organic films composed of amphiphilic molecules, which con-
sist of three essential components. The reactive headgroup, also
referred to as the anchoring group, enables selective binding to
the substrate surface. The tail group ensures that the film re-
mains inert to ALD chemistry, while the backbone facilitates
the formation of a densely packed monolayer through van der
Waals dispersion forces [19]. SAM forms a strong molecular
film through direct chemical bonds between the molecules and
the substrate surface. Since it is not affected by the shape or size
of the substrate, it can be fabricated on substrates with complex
shapes and is also suitable for large-area applications [21].

More commonly, the substrate surface is chemically modi-
fied using SAMs [10]. Because of differences in the chemical
affinity between SAM molecules and various substrates, selec-
tive SAM formation on one surface over another has been
demonstrated and used to enable inhibition for AS-ALD [18].
ALD combined with SAMs passivation allows selective deposi-
tion on patterned substrates at the nanoscale, enabling bot-

(a)

(b)

SAMs in AS-ALD and their challenges

tom-up material fabrication for various applications [3]. SAMs
can be removed after the completion of the ALD process
through laser irradiation [20], e-beam patterning [17], sonica-
tion in ethanol [5], treatment with alcohol or acetic acid etch-
ing [28], oxidative methods [29, 30], or by using acetone and
deionized water. The appropriate method for removing residual
SAMs varies depending on the type of SAM.

Fig. 1(b) is a schematic of the self-assembly mechanism of
SAM. In process i), SAM monomers are applied to the sub-
strate and physically adsorbed. Then, in process ii), chemical
adsorption occurs due to covalent bonding between the lying
SAM molecules and the substrate, and island-preferred nucle-
ation takes place. In process iii), monomers adsorb around the
nucleus and grow in the form of islands, gradually coating the
substrate surface. As a result, in process iv), a monolayer with a
densely packed, ordered structure is formed [31].

The previous paper by Jo et al. reviewed AS-ALD for single
metal materials [16]. This paper focuses on SAMs and aims to
present the conditions for effective AS-ALD using SAMs and
precursors, as well as the issues and limitations related to the
implementation of the process.

2. Surface deactivation using SAM

This section aims to discuss the functions and requirements
of SAM structures for enhancing the selectivity of the AS-ALD
process, as well as the conditions of the precursors.

End functional group

-

o = -
9 Substrate surface

ay»y 7y

Fig. 1. (a) Structure of a self-assembled monolayer (SAM) (b) Mechanism of SAM formation. [8] (Reprinted from Mastrangelo F, Fioravanti
G, Quaresima R, Vinci R, Gherlone E, Journal of Biomaterials and Nanobiotechnology, Vol. 2, No. 5, 2011, pp. 533-543, under CC BY 4.0

license).
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2-1. Condition of head group

The head group of SAMs is the part that chemically adsorbs
onto the surface, adhering to all areas of the substrate and ulti-
mately forming a close-packed monolayer [32]. The head group
must firmly adhere to the substrate surface for subsequent pro-
cesses to proceed smoothly and for the formation of a uniform
and stable layer. In this case, the head group selectively absorbs
onto specific areas of the GS [18]. Table 1 summarizes various
studies and presents a compilation of SAM substrate applica-
tions based on the head group.

SAMs with thiol as the head group have been used to deacti-
vate substrates such as Cu, CuO, Cu,0O, and Au. SAMs with
phosphonic acid as the head group have been applied to deacti-
vate substrates such as Al,Os, Cu, CuO, Co3;04, WO3, and
RuO,. SAMs with alkyl silane as the head group have been used
to deactivate substrates like TiN and SiO,. Finally, SAMs with
carboxyl as the head group have been used to deactivate sub-
strates such as Cu and Co. SiO, is primarily used as the GS, and
the deposition temperature of the precursors in these studies
typically ranges from 100 to 200°C [18].

2-2. Condition of tail group
The blocking efficiency of ALD precursors is determined by
the packing density of the SAM, with the tail group of the SAM

SAMs in AS-ALD and their challenges

playing a key role in this function. Longer molecular chains of
SAMs result in higher packing densities, while variations in
chain length can influence their wetting performance [33, 34].
To enhance the selectivity of the process, the steric shape of the
tail group plays a critical role, as highlighted by Bent et al [33].
The packing density of SAMs depends on intermolecular van
der Waals (VDW) dispersion forces, which are proportional to
the strength of the induced dipole. As shown in Fig. 2(a), the
thickness of the SAM film increases linearly with the number
of carbon atoms in the Alkylchlorosilane. Conversely, the water
contact angle sharply increases upon the addition of the first
one or two methyl units to the alkyl chain, followed by a gradu-
al rise until it stabilizes at a plateau, with a static water contact
angle (WCA) of approximately 110°. Furthermore, the Hf atom
% of the ALD precursor in the experiment decreases inversely
with the WCA, indicating that as the length of the tail group of
the deposited SAM increases, the precursor's blocking efficien-
cy improves. The strengthening of VDW interactions with in-
creasing alkyl chain length explains this phenomenon. Longer
alkyl chains exhibit stronger VDW interactions due to the
greater number of electrons and the extended molecular struc-
ture, which allows for more extensive induced dipole interac-
tions. In contrast, shorter-chain deactivating agents experience
relatively weak interchain VDW attraction, as evidenced by

Table 1. Precursors, self-assembled monolayers (SAMs), deposition temperature, growth surface (GS), non-growth surface (NGS), and
patterning method of area-selective atomic layer deposition by surface activation organized by head groups

Head Group SAM Precursor Temperature (°C) NGS GS Reference
Thiol ODT, DDT (solution) DEZ, TIP 120 CuO SiO, [1]
UDT, ODT (solution) TDMAHf 170 CuO SiO, [2]
ODT TDMAHf 130~200 Cu, CuO, Cu,0O Sio, [3]
1-dodecanethiol TMA, DEZ 115 Au SiO, [4]
(DDT),1-octanethiol,
and ethanethiol
DDT DEZ 120 Cu Sio, [5]
Phosphonic acid ODTS,ODPA,DDPA  TMA 50~200 ALO;, Sio, (6]
PA, ODPA, OPA,EPA,  Ethylbenzyl 250 SiO,/Si, TiN/SiO,/Si, W/TiN/SiO,/ Sio, [22]
PPA (solution) (EBECHRu)c Si, line patterend TiN on SiO,
ODPA TMA, DEZ 120 Cu0, Co,0,, WO,, RuO, Sio, [7]
ODPA DEZ 150 Cu Sio, [23]
Alkyl silane DETA, FAS, TMODS, TiCl4 100, 140,150  TiN Sio, [24]
PEDA (solution)
ODTS Pb(tmhd), 160 Sio, Si [25]
ODTS Co(MeCp), 300, 350 Sio, Sio, (8]
ODTS Ti[OCH(CH,),], 150 Sio, Sio, [17]
ODTMS TMA, DEZ 200 Sio, Cu [9]
Carboxyl SA (solution) DEZ 100 SAM-treated Cu, Co Cu, Co [26]
SA (solution) DEZ 70 Cu Sio, [27]

J Powder Mater 2025;32(3):179-190
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SAMs in AS-ALD and their challenges
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Fig. 2. (a) Chain length dependence of alkylchlorosilane blocking efficiency. The figure shows the film thickness of the contact angle before
ALD, and the percentage of hafnium atoms by X-ray photoelectron spectroscopy (XPS) analysis after the ALD process. (b) Densely packed,

chain, self-assembled monolayer. (c) self-assembled monolayer with bulky tail groups (adapted with permission from [33]. Copyright 2005

American Chemical Society).

their lower packing density and reduced hydrophobicity, as in-
dicated by WCA measurements. As a result, for molecules with
the same tail group structures, longer alkyl chains enhance de-
activation efficiency.

Moreover, since molecular structure also affects the strength
of intermolecular VDW interactions, the shape of the tail group
in SAMs is a key factor in selecting effective deactivating
agents. In the case of Fig. 2(b), using a long linear chain as the
tail group effectively blocks the precursor from penetrating the
monolayer. On the other hand, in Fig. 2(c), the large volume of
the tail group leads to a lower packing density, resulting in sur-
face defects and pinholes. As a result, the precursor penetrates
the SAM, binds with the substrate surface, and decreases the
selectivity of the process [33]. To use SAM as an ALD mono-
layer resist, a thin film with high packing density is required.
Therefore, to obtain the most closely packed film, simple, linear
alkyl chain groups are necessary.

Therefore, the longer the chain length and the simpler the
linear shape of the SAM's tail group, the higher the packing
density and the better the blocking efficiency. For this reason,
linear alkyl chain groups like C,; (octadecyl group) have been
widely used in many studies.

2-3. Condition of functional group

To enhance the deactivation effect through SAMs, the design
of the functional group, also known as the end group, is crucial.
Selective deposition can be realized by manipulating, prior to
deposition, surface functional groups according to a chosen
pattern to either block or allow film growth as desired [5]. This
functional group is located on the opposite side of the part of

182

Table 2. Comparison of proton affinity, activation barrier, and
total energy for self-assembled materials SAMs with different
termination [35] (Reprinted with permission from [35]. Copyright
2002 American Chemical Society)

-OH -NH, -CH,
H+ affinity 13.90 14.89 17.85
Barrier 0.65 1.22 1.82
Total energy -1.44 -0.94 0.09

the SAM that interacts with the substrate, and in AS-ALD, it
plays a role in controlling the reactivity with the ALD precur-
sor. In other words, due to the well-ordered structural charac-
teristics of the SAM, when the terminal functional groups are
exposed to the surface, the surface properties can be controlled
at the molecular level using these groups [32]. Inhibiting sur-
face reactions with the precursor to enhance deactivation effi-
ciency leads to improved selectivity. The conditions for the
functional groups to increase deactivation efficiency are as fol-
lows.

Firstly, a SAM should be used that has no thermodynamic
driving force for the reaction and a large reaction barrier. Table
2 presents the reactivity of OTS-based SAMs with different ter-
minal groups (-OH, -NH,, -CH,) with TMA precursors [14]. A
lower proton affinity indicates that less energy is required for
the TMA reaction. The barrier energy shown in the table is the
energy barrier for the reaction between TMA and the terminal
group, and it is directly proportional to the proton affinity. The
total energy at the end reflects the calculated trend for activa-
tion energy. A negative value indicates that the state where
TMA and the terminal group are bound is stable, while a posi-
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tive value suggests that the dissociated state is more stable.

OH-terminated SAM has a very low energy barrier, so when
heat is applied, it reacts easily with TMA and becomes ad-
sorbed. The reaction path of NH,-terminated SAM with TMA
is similar to that of OH-terminated SAM with TMA; however,
for -NH,, the reaction barrier energy is higher, necessitating el-
evated temperatures for the reaction to occur. CH,-terminated
SAM has not only a very high reaction barrier energy but also
no thermodynamic driving force for adsorption. In conclusion,
within the comparison groups of this study, CH,-terminated
SAM can be considered the most efficient SAM. Therefore, to
enhance deactivation efficiency through SAMs, it is important
to design the terminal groups by considering the reaction ki-
netics with the precursor.

Additionally, this study found that the rate constant for the re-
action between the terminal groups and TMA varied with tem-
perature. Subsequently, TMA can be selectively adsorbed onto
the SAM or the exposed substrate, depending on the functional
group's affinity for TMA. Finally, ALD can be performed on the
adsorbed state to grow uniform, thin AL,O; films.

The second condition is that for SAM to be completely
well-ordered, the compatibility reaction between the chemical
functional group of the substrate surface and the terminal
group of the SAM is crucial. Fig. 3 describes the deposition of
an APDMES SAM with an NH, terminal group on a silica sur-
face [35]. Fig. 3(a) shows a schematic in which the amino-ter-
minal group forms a hydrogen bond with the silanol groups on
the SiO, surface, preventing the formation of a well-ordered
SAM. This suggests that, to achieve a well-ordered SAM, it is
important to design terminal groups that are unreactive with
the substrate.

(a) APDMES adsorbed on SiO; (b) APDMES adsorbed on EDA/SIO;

NH, NH,
C{l;
Hy
HyCome Si\/\/h‘u, i, Si..
o/ O/H HyC 0/ "CHy g,c”/ ““CHy
0
Y \ \ \
/S St 7 /S S/

Fig. 3. The surface bonds of EDA absorbed on silica and APDMES
adsorbed on (a) silica and (b) silica pretreated with EDA [35]
(Reprinted with permission from [35]. Copyright 2002 American
Chemical Society).
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However, Fig. 3(b) shows an example where a well-ordered
monolayer is formed even with a terminal group that is reactive
with the substrate. Before applying the SAM, a catalytic sub-
stance, ethylenediamine (EDA), is first attached to the surface.
This EDA modifies the silanol group at the Si surface to an
amino-propyl group, preventing the amino-terminal group of
APDMES from adsorbing onto the substrate. Additionally, the
monoethoxy head group catalyzes reactions, facilitating the
formation of a well-ordered SAM. Therefore, to achieve a
well-ordered SAM, it is crucial to design an end group that is
non-reactive with the substrate. However, if a reactive terminal
group is employed, surface treatment of the substrate can en-
able the formation of a well-ordered SAM [35].

2-4. Condition of ALD precursor in AS-ALD

The conditions of the ALD precursor during AS-ALD are
outlined below. If the precursor molecule is small, it can more
easily penetrate the SAM during the deposition process, poten-
tially affecting passivation. Additionally, both ALD and AS-
ALD processes are highly dependent on ALD chemistry. For
instance, nucleation and growth behavior vary depending on
the precursor type and process temperature during material
deposition.

The study shown in Table 3 discusses the influence of precur-
sor design on AS-ALD [36]. AL,Os was deposited on a SiO,/Si
substrate using five types of SAMs: Al(CH,),CL;, (x = 0,2, and
3) and Al(C,H,,,); (y = 1 and 2). The selectivity was evaluated
using an ODTS SAM. The five precursors used in this experi-
ment are all aluminum-based but contain different ligands. As
a result, their reactivity and molecular size vary. This study
aims to examine how the reactivity and molecular size of alu-
minum precursors influence the SAM during AS-ALD.

First, the role of Lewis acidity in the physical adsorption of
chloride precursors on SAM-passivated surfaces is investigated.
The Lewis acidity of aluminum precursors varies for each pre-
cursor. Due to the high electronegativity of the ClI ligand, the
Lewis acidity of AI(CH3),Cls_, decreases as the number of chlo-
rine ligands decreases. Consequently, an increase in chloride li-
gands leads to greater precursor adsorption on the surface, re-
ducing the effectiveness of precursor blocking. Among the alu-
minum precursors examined in this study, AlCls;, which exhib-
its the highest Lewis acidity, may lead to unintended AL, O; nu-
cleation if not sufficiently purged.

Additionally, the strong Lewis acidity of chlorine ligands fa-
cilitates precursor dimerization, resulting in a larger effective
volume (V). The increase in V4 of such chlorine-based pre-
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Table 3. Summary of AH, —TAS, AG, dissociated dimer fraction, and effective average size of the precursors at 200°C (Reprinted with

permission from [36]. Copyright 2021 American Chemical Society)

AICL, AICH,CI, Al(CH,),Cl Al(CH,), Al(C,Hs,),
AH (kJ/mol) 1134 111.8 111.7 66.6 73.4
-TAS (kJ/mol) -87.9 -93.6 -88.9 -97.5 -103.1
AG (kJ/mol) 25.6 18.3 22.9 -31.0 -29.7
Dissociated dimer fraction (x) 0.010 0.035 0.012 0.998 0.998
Effective average size (V,q, A°) 143.7 147.6 151.6 87.2 140.2

cursors enhances the blocking effect; however, due to their
strong Lewis acidity, they adsorb more readily on the surface
and require longer purge times. Therefore, precursors with
chlorine ligands cannot be considered highly effective.

Next, the study aims to investigate how precursor size and
dimerization, in addition to Lewis acidity, influence precursor
blocking during AS-ALD. To understand the thermodynamic
equilibrium of dissociation, the Gibbs free energy for the disso-
ciation of dimers to monomers of the five precursors was cal-
culated at 200°C (Table 3). According to the calculation results,
the dissociation AG of Al (CH,;), and AI(C,H,); precursors is
negative. Therefore, the dissociation reaction to a monomeric
structure occurs spontaneously, and these two precursors pre-
dominantly remain in their monomeric form. In contrast, for
the other three precursors, the dissociation AG for the decom-
position of Al dimers is positive, indicating that the dissociation
reaction to monomer is not spontaneous. As a result, they pre-
dominantly remain in their dimeric form. At the process tem-
perature of 200°C, 99% of the dimers of Al(CH;), SAM and
Al(C,H;), SAM dissociate into monomers, while only 1% of the
dimers of the remaining three SAMs dissociate into monomers.

As shown in Fig. 4(a), the VDW volume of the monomer
and dimer for the five aluminum precursors is presented. In
this case, for all precursors except Al(C,H,);, the sizes of the di-
mer and monomer are similar. AI(C,Hj;),, while predominantly
remaining in the monomeric form, has a relatively large mono-
mer size. This large volume effect prevents the precursor from
penetrating effectively during the ALD process, thereby en-
hancing selectivity.

(1)

Cmonomervmonomer + Cdimervdimer

Vs =
Cmonomer + Cdimer

Through this equation (1), considering the relative sizes of
C
the precursor molecule, V., can be calculated. This V.4 value

Camer and the precursor, the effective average size of

monomer>

represents the average size of the precursor molecule that can
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exist at 200°C and serves as an indicator of how efficiently the
AS-ALD process can be conducted through the SAM. When
the precursor size is small at the ALD process temperature, the
precursor can easily penetrate the SAM during the process, po-
tentially affecting passivation. Therefore, precursors that main-
tain a larger volume during the AS-ALD process lead to higher
selectivity.

In Table 3, the effective volumes of Al(CH3); and Al(C,H,),
are 87.2 and 140.2, respectively. These represent the precursors
with the smallest and largest molecular sizes. By comparing se-
lectivity between these two precursors, the blocking effect relat-
ed to precursor size is examined. The experimental results
show that, even with a higher number of cycles and thicker alu-
mina layers, Al(C,H;), exhibits the highest selectivity, while
Al(CH,); shows the lowest selectivity (Fig. 4(b)). This indicates
that when a larger molecular size SAM is deposited, better se-
lectivity is achieved. Additionally, during the ALD process, lon-
ger purge time and higher pressure of the Ar gas used during
purging allow for more effective blocking of the precursor.
Therefore, Al(C,H;),, with a larger molecular size compared to
Al(CH3s)s, more effectively prevents diffusion into the SAM.

II-Kwon Oh et al. explains the influence of precursor design,
including reactivity and molecular size, on the blocking effect
during AS-ALD [36]. While the size of the precursor molecule
is the most dominant factor influencing selectivity in terms of
adsorption by the SAM, the reactivity of the precursor, such as
its Lewis acidity, also plays a crucial role in determining the
blocking ability. Among the five aluminum precursors,
Al(C,H,),, which has a low Lewis acidity and relatively large
molecular size, exhibited the best blocking effect. In other
words, the blocking effect is improved when the precursor has
low Lewis acidity, large effective volume, high purge pressure,
and long purge time during the process. Therefore, when per-
forming the AS-ALD process using SAM, the design of the
precursor, including its reactivity and molecular size, must be
carefully considered.

ALD precursor choice can also negatively affect SAM stabili-
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ty depending on the SAM molecule being used. For example,
ALD precursors containing chloride ligands may reduce the
stability of SAMs adsorbed on metal oxides. This instability
arises from the generation of HCI gas as a primary by-product
when water is used as a coreactant with chloride-based precur-
sors, potentially leading to surface etching. To ensure the stabil-
ity of SAMs under ALD conditions, it is crucial that they form
strong, high-density surface bonds with the underlying sub-
strate, thereby minimizing the formation of surface defects. Ex-
tensive research on SAMs as inhibitors for AS-ALD has con-
tributed to identifying two important factors in the interaction
between precursors and inhibitors that enhance selectivity.
First, preventing the formation of access points that could
lead to defects within the inhibitor layer is essential for main-
taining its blocking performance. Second, this defect preven-
tion is most easily achieved by maximizing the areal density of
inert blocking groups at the interface between the inhibitor and
the precursor [17, 37]. Finally, the precursor should be de-
signed such that its effective volume is larger than the gap be-
tween the inhibitors at the temperature where ALD is per-
formed. Kim et al. investigated ALD using TMA and dimethyl-
aluminum isopropoxide (DMAI) precursors on substrates in-
hibited by ethanethiol (ET) [38]. They found that ET was much
more effective at inhibiting deposition when using DMAI com-
pared to TMA. This is because, at the ALD temperature, most
of DMALI exist as dimers and is easily blocked by ET, while the
majority of TMA exists as monomers, which can enter the gaps
between the ET molecules, adsorb, and initiate nucleation.

J Powder Mater 2025;32(3):179-190

3. Issues and Improvements in the
Implementation of SAM

Several issues must be addressed to implement the deactiva-
tion AS-ALD process using SAM. This section discusses vari-
ous process challenges encountered in AS-ALD through SAM

and the research aimed at improving these challenges.

3-1. Thermal Instability of SAM

Thermal stability is desirable for future molecular electronics
applications [15]. The low thermal stability of SAMs severely
limits their applicability for achieving area-selective ALD, as
most ALD processes have temperature windows in the range of
100—-400 °C [12]. As each SAM has a different stable tempera-
ture, its passivation properties degrade, leading to precursor
penetration and adsorption, which can cause film growth even
in NGS.

Choi et al. reveals the mechanism of structural changes in
SAMs caused by heat [13]. Fig. 5(a) illustrates a schematic
showing the loss of passivation functionality in ODT SAMs on
an Au substrate during AS-ALD at 80°C and 200°C. When
ALD is performed on the ODT SAM at 80°C, the terminal
groups (C,,-C,; and C,,-Cy,) of the SAM, which have relatively
weak VDW forces, begin to undergo internal rotation due to
heat. At this point, since the terminal methyl groups undergo
reversible rotation, cooling back to room temperature, as
shown in Fig. 5(b), allows for the recovery of the structure.
However, after about 50 ALD cycles, stress and heat cause the
methyl groups to undergo irreversible rotation, causing gauche
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Fig. 5. (a) Schematic illustration of the temperature-dependent deposition mechanism of Al,O, on 18 C-SAM. (b) Schematic illustration
for temperature-controlled discontinuous ALD. (c) The inhibition efficiency of SAM for ALD is plotted with respect to the number of ALD
cycles when either the continuous (blue star) or discontinuous (black star) ALD scheme was used (Reprinted with permission from [13].

Copyright 2023 American Chemical Society).

defects. While the process heat alone does not provide enough
energy to overcome the energy barrier for irreversible rotation
of the tail group, the additional stress from ALD exceeds the
threshold, resulting in gauche defects. When ALD is performed
at 200°C on the ODT SAM substrate, gauche defects due to ir-
reversible rotation occur after just five cycles, and as the process
continues, not only does the rotation of the tail group increase,
but the SAM monomer can also decompose and detach.

Choi et al. proposes the discontinuous ALD process as a
solution, in which the mechanism of SAM passivation loss due
to thermal effects is utilized to restore the molecular structure
of SAM by periodically cooling the substrate after a certain
number of ALD cycles [13]. The molecular structure of the
ODT SAM on an Au substrate undergoes reversible internal
rotation, which is recoverable by thermal effects, at tempera-
tures below 80°C for up to 50 ALD cycles. In this experiment,
the substrate was cooled to room temperature every 30 ALD
cycle to restore the SAM structure before resuming the ALD
process. As shown in Fig. 5(c), the inhibition efficiency of the
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SAM in typical ALD decreases to a low value after 60 cycles,
while in the discontinuous ALD process, the inhibition effi-
ciency remains close to 1 up to 60 cycles. Here, they showed
that the discontinuous ALD scheme is a simple and easy way to
increase the inhibition efficiency. However, this method is lim-
ited to materials that can undergo ALD at temperatures below
80°C [13].

Another effective solution to address the thermal instability
of SAMs is the correction steps. According to Mackus et al.,
when the loss of function in the ALD NG region due to heat is
inevitable, it can be restored through correction steps [12]. The
Correction Steps are divided into two methods. This leads to
the development of advanced ALD cycles by combining con-
ventional two-step ALD cycles with correction steps in multi-
step cycle and/or supercycle recipes.

The first method is repetitive functionalization. In this meth-
od, when the SAM monomer detaches to some extent due to
heat during the ALD process, SAM is replenished every certain
number of cycles to restore the detached SAM. This approach
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helps maintain the deactivation functionality even at high ALD
cycle counts. Hashemi et al. conducted AS-ALD of ZnO on a Si
substrate covered with Cu/SiO, precursors on substrates inhib-
ited by using repetitive functionalization using octadecylthiol
(ODT) and dodecylthiol (DDT) SAMs [1]. The ZnO ALD was
deposited for more than 600 cycles, with the DDT SAM under-
going a re-dosing process every 150 cycles, for a total of 4 times,
while the ODT SAM underwent a re-dosing strategy every 100
cycles, for a total of 6 times.

According to the XPS analysis results shown in Fig. 6, the
general DDT and ODT SAMs, without re-dosing, lose their
blocking effect after approximately 200 and 350 cycles, respec-
tively [1]. However, the DDT and ODT SAMs that underwent
re-dosing processes can suppress the growth of ZnO on Cu up
to 600 cycles [1].

The second method is selective etching. This approach is ap-
plicable to metal/dielectric patterning substrates. It is a method
in which the SAM regions damaged by process heat and stress
are removed through selective etching during the process, fol-
lowed by re-patterning the SAM to enable continuous AS-ALD.
The process is inherently self-correcting, because undesired
deposition can be cleanly removed in the second step, allowing
for high quality patterning. Hashemi et al. proposed a method
in which, as shown in Fig. 7(a), when the patterned SAM on
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Fig. 6. Zn concentration on Cu substrates measured by X-ray
photoelectron spectroscopy after various numbers of ZnO ALD cycle
(Reprinted with permission from [1]. Copyright 2016 American
Chemical Society).
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Cu over Si substrate is damaged through repeated process cy-
cles, a mild etchant such as acetic acid is used to selectively etch
only the copper oxide layer, thereby restoring selectivity [28].
They propose and test a combined selective deposition-selec-
tive etch approach and show that it improves the film thickness
for which selective deposition can be performed at least 10
times. This is a lift-off method in which the natural oxide of Cu
is removed, along with the SAM and precursor, simultaneously.
The lift-off process exposes the metal surface, and thereafter,
the SAM is re-adsorbed, enabling high-selectivity AS-ALD to
proceed.

As shown in Fig. 7(b, ), when ALD was performed on a Cu/
SiO, substrate for 60 and 250 cycles, selectivity was lost as seen
in Fig. 7(c) and (f). However, in both cases, when acetic acid
was added, Fig. 7(d, g) demonstrates that only the Cu region
was selectively etched [39]. This suggests that even if selectivity
significantly decreases due to SAM damage, selectively etching
the damaged part during the process can restore the well-or-
dered SAM structure, allowing for high-cycle AS-ALD with
maintained high selectivity.

Moreover, the required formation time of the SAM resist can
be significantly reduced from 48 h to at most 1 h, making the
process much more efficient [28]. The selectivity between GS
and NGS ultimately diminishes for all known combinations
due to defects, the formation of new defects, and the Boltz-
mann distribution of molecular reactivities on the surfaces.
This selectivity can be regained by implementing etch-back
correction steps [40, 41].

3-2. Residual SAM removal issues

The elimination of residual monolayers typically requires
strong treatments such as plasma [42], UV light [43, 44], ozone
[21], or acid etching [28, 30], which can cause substrate damage
and present issues in various applications [27-28, 40]. Lopez et
al. proposed the use of stearic acid (SA) SAM with a carboxyl
group as a headgroup, which can be removed using an appro-
priate polar solvent, as a solution to this issue, rather than em-
ploying surface treatment methods such as UV light or acids
[27].

The study concludes that SA SAM serves as an effective and
removable copper passivation agent for AS-ALD without re-
quiring exposure to harsh conditions such as etching or acid
treatments [27]. Its chemical structure exhibits the typical char-
acteristics of SAM molecules utilized in AS-ALD, featuring a
saturated 18-carbon chain terminating in a carboxylic acid
group (CH;(CH,),,COOH). ODPA and ODT SAMs, which
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Auger maps after sonication of the corresponding substrates in acetic acid for 10 min (adapted with permission from [28]. Copyright 2015

American Chemical Society).

have been frequently studied in AS-ALD, strongly adsorb and
are challenging to remove even when immersed in polar sol-
vents such as water, ethanol, or acetone, requiring immersion
times of over 1 hour for ODPA and 25 hours for ODT. In con-
trast, stearic acid SAM can be efficiently removed with a much
shorter immersion time of just 25 minutes. This makes stearic
acid a promising candidate for AS-ALD, especially when effi-
cient removal of residual SAM is required. Through the experi-
ments conducted, SA SAMs were successfully removed after 40
minutes in deionized water and 30 minutes in ethanol. These
results demonstrate that no strong etching treatment is neces-
sary for monolayer removal, offering a new approach for AS-
ALD that involves mild monolayer removal.

4., Conclusion

This paper examines the key factors for achieving high effi-
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ciency and selectivity in deactivation-based AS-ALD using
SAMs as inhibitors, with a focus on SAM structure and precur-
sor design. The blocking efficiency of SAMs improves when
the tail group is a simple linear chain, while the functional
group should neither be thermodynamically reactive with the
substrate nor strongly interact with the precursor. Furthermore,
the precursor’s reactivity with SAMs and its molecular size
within the ALD environment significantly influence selectivity.

Despite their promising precursor-blocking performance,
SAM-based deactivation in AS-ALD faces several implementa-
tion challenges. SAMs can develop gauche defects or detach
due to ALD heat, necessitating correction steps. Additionally,
the removal of SAMs after deposition often requires strong
treatments that may damage the substrate; however, SA SAMs,
which can be dissolved in polar solvents, present a potential
solution.

A promising alternative is small molecule inhibitors (SMls),
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which consist of a chemisorptive reactive moiety and an inert
functional group, preventing precursor adsorption through
chemical passivation and steric shielding [45]. SMIs' higher
volatility allows vapor-phase delivery, improving selectivity in
sub-10 nm, high-aspect-ratio structures. For effective AS-ALD
using SMIs, it is crucial to design SMI-precursor pairs that ex-
hibit strong reactivity with the substrate without reacting with
the precursor. Although SAMs offer strong selectivity, their in-
herent limitations restrict their broader applicability, while
SMIs are emerging as a promising alternative for future AS-
ALD research.
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High-entropy alloys (HEAs) exhibit complex phase formation behavior, challenging conventional pre-
dictive methods. This study presents a machine learning (ML) framework for phase prediction in HEAs,
using a curated dataset of 648 experimentally characterized compositions and features derived from
thermodynamic and electronic descriptors. Three classifiers—random forest, gradient boosting, and
CatBoost—were trained and validated through cross-validation and testing. Gradient boosting
achieved the highest accuracy, and valence electron concentration (VEC), atomic size mismatch (9),
and enthalpy of mixing (AH,;,) were identified as the most influential features. The model predictions
were experimentally verified using a non-equiatomic Al;,Cu,,sFe;,sCr;,sMn,, alloy and the equiatom-
ic Cantor alloy (CoCrFeMnNi), both of which showed strong agreement with predicted phase struc-
tures. The results demonstrate that combining physically informed feature engineering with ML en-
ables accurate and generalizable phase prediction, supporting accelerated HEA design.
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1. Introduction

High-entropy alloys (HEAs), also known as multi-principal
element alloys, are a transformative class of metallic materials
characterized by the presence of five or more principal ele-
ments in near-equimolar or significant proportions (typically 5
to 35 at.%) [1-16]. Their definition has evolved significantly in
recent years. While the original definition emphasizes element
count, contemporary research increasingly recognizes configu-
rational entropy (AS,,, = 1.5R) as a more robust criterion, ac-
commodating both non-equiatomic and quaternary systems
[17]. Unlike conventional alloys, which are generally centered
around a single principal element, HEAs derive their distinctive
structural and functional characteristics from the synergistic
interactions among multiple principal elements [18-20]. As a
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result, this compositional complexity gives rise to outstanding
properties, including superior mechanical strength, excellent
thermal stability, and enhanced corrosion resistance [19].

The theoretical foundation of HEAs relies on four “core ef-
fects” [18]: the high-entropy effect, which stabilizes simple sol-
id-solution phases (like FCC, BCC) over complex intermetallic
compounds; the sluggish diffusion effect, which retards phase
transformation kinetics [21]; the severe lattice-distortion effect,
arising from atomic size differences, which causes lattice strain
and enhances strength; and the cocktail effect, describing syn-
ergistic properties that are not merely the arithmetic averages
of the constituent elements, but rather emergent properties
arising from their interactions [22, 23].

However, recent works have revisited these core effects, par-
ticularly questioning the universality of the sluggish diffusion
and high-entropy stabilization mechanisms. For example, Hsu
et al. [18] demonstrated that sluggish diffusion is not always
observed, with differences noted between Mn-containing and
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Mn-free systems. Similarly, studies have pointed out that multi-
phase HEAs can often exhibit multifunctional properties com-
parable to or even superior to those of single-phase systems [3,
19, 20], challenging the presumption that high configurational
entropy alone guarantees solid-solution stability.

Although HEAs hold great promise, accurately predicting
and controlling their phase formation remain significant chal-
lenges, hindering the accelerated discovery and optimization of
advanced materials. Phase formation in HEAs is governed by a
delicate interplay of thermodynamic and kinetic factors, in-
) [24,
25], atomic size mismatch (§), valence electron concentration
(VEC), and electronegativity difference (Ax) [26]. Several em-
pirical and semi-empirical criteria have been proposed to guide

cluding the entropy and enthalpy of mixing (AS,,, AH,

mix

phase prediction (e.g., extensions of Hume-Rothery rules, the
Q parameter, and VEC thresholds); however, accurate and gen-
eralizable prediction across the vast compositional space of
HEAs remains difficult. Experimental exploration alone is of-
ten prohibitively costly and time-consuming, highlighting the
need for data-driven predictive frameworks.

In this context, previous studies such as Singh et al. [27] have
applied machine learning to predict phases and design new
HEA compositions. However, these efforts often rely on data-
sets with mixed-quality entries and less consistent processing
histories, which may limit predictive robustness. In contrast,
the present study introduces a machine learning framework
trained on a rigorously curated experimental dataset and em-
phasizes physically meaningful descriptors tied directly to prac-
tical synthesis conditions. Furthermore, this study provides
dual validation—computational and experimental—on both
equiatomic and non-equiatomic systems, highlighting both
predictive accuracy and practical feasibility.

Recently, alloy design strategies have expanded beyond the
strict equiatomic constraint towards non-equiatomic HEAs.
This approach acknowledges that the stable solid solutions do
not necessarily require equiatomic ratios, as the configurational
entropy curve can be relatively flat near the equiatomic point,
allowing a range of other compositions to possess similar en-
tropy values and phase stability. This offers greater flexibility in
alloy design for achieving desired properties and overcomes
limitations encountered in some early equiatomic systems [28].

Advances in machine learning (ML) have opened new ave-
nues for modelling the complex, non-linear relationships be-
tween composition and phase stability in multi-component
systems [29-31]. ML holds the potential to significantly acceler-
ate the materials design and discovery process [32]. However,
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the predictive success of ML approaches critically depends on
the quality of the input dataset, the physical relevance of the
engineered features, and the ability to generalize beyond the
training data. Moreover, explicitly validating ML predictions
against experimentally synthesized and characterized HEA sys-
tems is crucial for building confidence in their practical appli-
cability [33].

In this study, we address these challenges by developing a
machine learning-based framework for phase prediction in
HEAs, grounded in a curated dataset of 648 experimentally
characterized alloys. The input features were meticulously engi-
neered based on thermodynamic and electronic descriptors
and, importantly, were calculated from actual material prepara-
tion conditions using 10-gram powder batches precisely
weighed according to target atomic fractions. Three state-of-
the-art ML classifiers—Random Forest (RF), Gradient Boost-
ing (GB), and CatBoost—were trained, hyperparameter-opti-
mized, and evaluated for phase prediction. The model predic-
tions were further validated through the experimental synthesis
and characterization of two distinct systems: a novel non-equi-
atomic alloy (Al,,Cu,,;Fe,,sCr;,;Mn,,.) and the canonical
equiatomic Cantor alloy (CoCrFeMnNi). This study demon-
strates the predictive accuracy and robustness of the machine
learning framework, providing a practical tool for accelerating
the design of next-generation HEAs. Furthermore, this work
highlights the critical role of physically meaningful feature en-
gineering and experimental validation in enhancing the reli-
ability of data-driven materials discovery.

2. Methodology

This study employs a comprehensive methodology encom-
passing dataset construction, feature engineering grounded in
physical metallurgy principles, machine learning model devel-
opment and evaluation, and ultimately, experimental synthesis
and validation. Detailed descriptions of each step are provided
below to ensure reproducibility.

2.1. Dataset Compilation and Preprocessing

The foundation of this work is a dataset comprising 648 dis-
tinct high-entropy alloy (HEA) compositions, curated by Pro-
tessor Juliusz Dabrowa (2019) from peer-reviewed experimen-
tal literature and further expanded with our own experiments.
To promote consistency and minimize variability arising from
different processing histories, the alloys included were predom-
inantly synthesized via arc melting and evaluated in the as-cast

J Powder Mater 2025;32(3):191-201
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condition. Any documented minor surface treatments were
considered negligible for the primary purpose of phase classifi-
cation. Each alloy entry was classified into one of several pri-
mary phase types commonly observed in HEA research: sin-
gle-phase Body-Centered Cubic (BCC) or Face-Centered Cubic
(FCC) solid solutions (SS), single-phase intermetallic com-
pounds (IM), amorphous (AM) structures, or multi-phase
(MP) mixtures such as BCC+FCC, BCC+IM, FCC+IM, or
BCC+FCC+IM. Compositions resulting in complex, highly
metastable, or poorly characterized phases were excluded from
the dataset to enhance homogeneity and to focus on practically
significant phase outcomes.

2.2. Feature Engineering and Descriptor Calculation

To enable machine learning-based prediction of phase for-
mation, compositional information was converted into quanti-
tative descriptors reflecting fundamental thermodynamic,
atomic, and electronic factors. Seven key features were engi-
neered for each alloy:
« Entropy of mixing (AS,,,):
Calculated by the formula [34]:

ASpiz =—RY Cilng;

where ¢, is the atomic fraction of element i and R is the univer-
sal gas constant (8.314 J-mol K").

« Enthalpy of mixing (AH,,,):

Determined using Miedema’s semi-empirical model [35],
adapted for multi-component systems [24, 25, 35]:

AHmim = Z Z QijCiCj

i g>i
where (); is the binary mixing enthalpy between elements i and
j.
« Atomic size mismatch (8):
This parameter quantifies the degree of atomic packing disor-
der and is computed as follows [36]:

§ =100 x zi:ci(l — %)2

where r; is the atomic radius of element i and # is the average
atomic radius.

« Valence electron concentration (VEC):

Weighted-average of the valence electrons per atom, guiding
phase stability towards FCC or BCC structures [36].

« Electronegativity difference (Ay):

J Powder Mater 2025;32(3):191-201
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Calculated by the formula [34]:

Z cilxi — x)?

i

Ax =

where ¥; is the electronegativity of element i and x is the mean
electronegativity.

« Mean melting temperature (T, ): Averaged over all constituent
elements using their atomic fractions.

« () parameter:

A combined stability indicator is defined as [36]:

_ TmASmix
B |AHmix|

which integrates thermodynamic stability and chemical disor-
der.

All features were normalized either to a [0,1] range or stan-
dard-scaled to prevent variables with large numeric magnitudes
from dominating the learning process.

2.3. Machine Learning Model Development

Three distinct machine learning algorithms were selected
and implemented for HEA phase prediction: Random Forest
(RF), Gradient Boosting (GB), and CatBoost [37, 38]. RF utiliz-
es bootstrap aggregation (bagging) to build an ensemble of
de-correlated decision trees, enhancing robustness and gener-
alization. GB and CatBoost employ sequential boosting tech-
niques, where each tree learns from the errors of the preceding
ones; CatBoost incorporates specific enhancements for han-
dling categorical features (though not heavily utilized here) and
regularization. These models were chosen for their demonstrat-
ed strong performance in materials science classification tasks.
They were implemented using the Python-based scikit-learn
and CatBoost libraries within a Google Colab environment.

A systematic hyperparameter optimization was performed
using grid search coupled with 5-fold cross-validation executed
exclusively on the training set (88% of the total dataset, leaving
12% as a hold-out test set). Key hyperparameters tuned includ-
ed the number of estimators (trees/iterations), maximum tree
depth, minimum samples per leaf/split, learning rate, and regu-
larization terms (e.g., 12_leaf_reg for CatBoost), specific to each
algorithm’s requirements.

2.4. Model Training, Validation, and Feature Importance
Analysis

After hyperparameter optimization, the models achieving
the highest cross-validation scores were trained on the full
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training dataset (88%) and subsequently evaluated on a hold-
out test set (12%). Model performance was assessed using stan-
dard classification metrics: accuracy, precision, recall, and F1-
score.

To interpret the models and understand the driving factors
behind phase prediction, a feature importance analysis was
conducted. Model-specific techniques were used: mean de-
crease in Gini impurity for Random Forest, and permutation
importance for Gradient Boosting and CatBoost. This analysis
aimed to rank the input features based on their contribution to
the models’ predictive decisions [39].

2.5. Experimental Synthesis and Validation

To rigorously validate the predictive capability of the devel-
oped ML framework, two distinct HEA compositions were se-
lected for experimental synthesis and characterization: the nov-
el non-equiatomic Al;,Cu,,;Fe,,;Cr,,sMn,, alloy and the ca-
nonical equiatomic CoCrFeMnNi (Cantor) alloy. Our samples
were synthesized via mechanical alloying using a planetary ball
mill (AGO-2 type), employing tungsten carbide (WC) milling
media at a ball-to-powder ratio of 20:1, a rotation speed of 500
rpm, with stearic acid as the process control agent, all conduct-
ed under an argon atmosphere. Elemental powders (purity >
99.9%, particle size 45-75 pum) were accurately weighed in 10-
gram batches to achieve the target atomic ratios, following pro-
cess parameters consistent with established protocols in previ-
ous studies [40-43]. Phase identification was performed using
X-ray diffraction (XRD) with Cu-Ka radiation (\ = 1.5406 A),
a 20 range of 20°-100° and a step size of 0.02°. The resulting
diffraction patterns were analysed using a Python-based tool,
as described in [44].

3. Results and Discussion

This section presents the outcomes derived from the analysis
of the curated dataset, the performance evaluation of the devel-
oped machine learning models, and the subsequent experi-
mental validation, both designed to assess the framework’s pre-
dictive capabilities. The findings are interpreted within the
context of established physical metallurgy principles governing
phase formation in high-entropy alloys.

3.1. Exploratory Data Analysis and Feature Relevance
Initial analysis of the curated dataset of 648 HEAs provided

valuable insights into the relationships between the engineered

features. Examination of the correlation heatmap (Fig. 1) re-
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vealed expected several physical trends. A strong positive cor-
relation (0.92) was observed between the entropy of mixing
(AS,,;,) and the number of constituent elements, reflecting the
fundamental definition of ideal configurational entropy. Fur-
thermore, moderate negative correlations were identified be-
tween the valence electron concentration (VEC) and atomic
size mismatch (8) (-0.45), as well as between the enthalpy of
mixing (AH,,,) and § (-0.68). These correlations suggest a com-
plex interplay in which electronic structure, atomic packing ef-
ficiency, and chemical bonding affinity collectively influence
phase stability within these multi-component systems.

Analysis of the feature distributions (Fig. 2 and Table 1) fur-
ther reinforced the physical relevance of the selected descrip-
tors. VEC values were found to predominantly cluster between
6 and 8, aligning with established ranges governing FCC and
BCC phase stability in HEAs. Similarly, the distribution of AH-
i Values centered near zero (mean = -8.335 kJ/mol), consis-
tent with the thermodynamic competition between the forma-
tion of energetically favorable ordered intermetallic phases and
entropically favored disordered solid solutions. These prelimi-
nary analyses confirmed the sound physical basis of the engi-
neered features chosen for subsequent machine learning model
development.

3.2. Machine Learning Model Performance and Feature
Importance

After conducting systematic hyperparameter optimization,
we assessed the predictive performance of three models —
Random Forest (RF), Gradient Boosting (GB), and CatBoost
models — on the unseen hold-out test set (Table 2). All three
models demonstrated high predictive accuracy, indicating their
effectiveness in capturing the composition-phase relationships
within the dataset (Fig. 3) [45]. The Gradient Boosting model
exhibited slightly superior performance, achieving the highest
cross—validation accuracy (88.5%, Table 2), and demonstrated
strong generalization capabilities on the test set. These perfor-
mance levels are competitive with those reported in other ma-
chine learning studies focused on HEA phase prediction. Con-
sistent with observations in the literature, predicting phases in-
volving intermetallic compounds was more challenging than
predicting single-phase solid solutions.

To explain the differences in hyperparameters, RandomFor-
est employs hyperparameters like n_estimators, max_depth,
min_samples_split, and min_samples_leaf to control the num-
ber of trees, tree depth, and minimum samples for splits or
leaves, aligning with its bagging approach (independent tree

J Powder Mater 2025;32(3):191-201
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Fig. 1. Correlation heatmap of the engineered input features for the dataset of 648 high-entropy alloys.

training). In contrast, CatBoost and GradientBoosting, both
based on gradient boosting, use similar parameters such as iter-
ations/n_estimators and depth/max_depth, but include learn-
ing_rate to control the contribution of each tree during the
boosting process. CatBoost also uses 12_leaf reg for explicit
regularization, while GradientBoosting relies on min_samples_
leaf (like RandomForest) for implicit regularization. Addition-
ally, RandomForest and GradientBoosting use min_samples_
split to control node splitting, a parameter that CatBoost man-
ages internally. These differences stem from their algorithms:
RandomForest averages independent trees, whereas CatBoost
and GradientBoosting train sequentially to correct errors, re-
quiring additional parameters like learning_rate to balance
performance and accuracy on the material dataset (predicting
phases from features like AH,,,, VEC).

Feature importance analysis was conducted to elucidate the
key factors driving the models’ predictions (Fig. 4). Across all

J Powder Mater 2025;32(3):191-201

three distinct algorithms, VEC consistently emerged as the
most influential feature (~38-40% importance), underscoring
its critical role in differentiating between FCC and BCC crystal
structures. Atomic size mismatch (8) (~14-21%) and enthalpy
of mixing (AH,,;) (~9-11%) were identified as the next most
significant factors, primarily governing the propensity for
forming disordered solid solutions versus ordered intermetallic
or amorphous phases. The remaining features showed moder-
ate importance, contributing to the overall phase stability land-
scape but playing secondary roles compared to VEC, §, and
AH,,;, in determining the primary phase structures within this
dataset [36].

3.3. Model Application and Experimental Validation

The predictive capability of the developed machine learning
framework was assessed through its application to two distinct
high-entropy alloy (HEA) systems: a novel non-equiatomic
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Fig. 2. Data density distribution of each thermodynamic parameter for the dataset including 648 high-entropy alloys

Table 1. Descriptive statistics for the key engineered features across the dataset of 648 high-entropy alloys

Mean Std. Dev Min Max
VEC 7.363 1.072 2.800 9.500
S 4.770 2477 0.376 19.110
AX 0.136 0.045 0.031 0.364
AS,.i 13.654 1.462 6.466 18.215
AH, i -8.335 6.316 -34.348 5.125
T, 1768.783 237.338 701.456 3155.500
Q 8.589 46.134 0.836 1002.369

system, Al;,Cu,,sFe,;Cr,:Mn,,, and the well-established
equiatomic Cantor alloy, CoCrFeMnNi. For both alloys, ther-
modynamic and electronic descriptors including the entropy of
mixing (AS,,;,), enthalpy of mixing (AH,,,), valence electron

196

concentration (VEC), atomic size mismatch (8), electronegativ-
ity difference (Ax), mean melting temperature (T, ), and the Q
parameter were calculated based on their compositions, and
normalized prior to input into the trained models.

J Powder Mater 2025;32(3):191-201
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Comparison of Overall Performance Metrics on Test Set

Accuracy

Precision (Weighted)

Model
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0.0 0.2 0.4 0.6 0.8
Score

Fig. 3. Bar chart comparing key performance metrics (accuracy, precision, recall, F1-score) of the random forest, CatBoost, and gradient
boosting models on the test set.

Table 2. Optimized hyperparameters identified via grid search and 5-fold CV for the Random Forest, Gradient Boosting and CatBoost
models

Preset Range Random Forest Gradient Boosting CatBoost
max_depth (depth) [1,9] 7 5 8
n_estimators (iterations) [50,200] 50 100 100
min_samples_leaf [1,5] 2 2
min_samples_split [1,4] 2 2
12_leaf reg [1,5] X X 1
learning_rate [0.01,0.1] X 0.07 0.1
Best CV Score (Accuracy) X 0.833 0.885 0.846
Note: x is “not applicable”

In the case of Al,,Cu,,sFe,,sCr,,sMn,, ., all three machine ture comprising both FCC and BCC structures. The emergence
learning classifiers—Random Forest, CatBoost, and Gradient of dual phases at this stage is attributed to competing thermo-
Boosting—converged on a consistent prediction: that the dom- dynamic forces—namely, a moderately negative AH, ; and rel-
inant phase under standard synthesis conditions would be a atively high atomic size mismatch 8, combined with suboptimal
single-phase BCC solid solution [36]. This prediction was ex- entropy levels due to the non-equiatomic nature and dominant

perimentally verified by synthesizing the alloy through Al content [26]. These parameters position the alloy near the
high-energy mechanical alloying (MA) for 3.5 hours, followed FCC-BCC phase boundary, and thus a kinetic pathway favor-

by heat-treatment at temperatures at 700 °C, as seen in Fig. 5. ing multi-phase formation during MA is expected [36]. Upon
X-ray diffraction (XRD) analysis of the as-milled powders prior heat-treatment, however, the material transformed into a
to heat-treatment revealed the presence of a dual-phase mix- well-defined single BCC phase, as evidenced by sharp diffrac-
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Fig. 5. X-ray diffraction patterns of the Al,,Cu,,;Fe,,;;Cr,,sMn,,
samples: (a) MA 0.5h, (b) MA 2h, (c) MA 3.5h, and (d) MA 3.5h
sintered at 700 °C.

tion peaks indicating improved crystallinity and phase purity at
the temperature. This transformation from the initial du-
al-phase (FCC-BCC) mixture formed during MA is attributed
to the high-temperature heat treatment effectively breaking
down the metastable structure [28]. This strong agreement be-
tween predicted and experimentally observed stable phase sup-
ports the models effectiveness in anticipating thermodynami-
cally favored structures for complex alloy systems [46].

To further test the generality and robustness of the models,
the equiatomic CoCrFeMnNi alloy was selected for validation.
This composition is widely known for forming a stable sin-
gle-phase FCC solid solution under a broad range of synthesis
conditions, including non-equilibrium processing [16]. All
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Fig. 6. X-ray diffractions patterns of CoCrFeMnNi powders (a) 1 h,
(b) 5h, (c) 10 h, and (d) 20 h after mechanical alloying.

models correctly predicted FCC as the primary phase, a result
supported by computed descriptors: high configurational en-
tropy (AS,; = 1.5 R), moderate negative enthalpy of mixing (~
— 2 kJ/mol), VEC = 8.0 (strongly favoring FCC), atomic size
mismatch § < 5%, and an Q value well within the stability re-
gime of disordered FCC solid solutions.

Experimentally, CoCrFeMnNi powders were subjected to
mechanical alloying for durations between 1 and 20 hours, as
shown in Fig. 6. Remarkably, even at the early stages of milling,
XRD patterns showed only FCC peaks, with no evidence of
BCC or intermetallic phases, demonstrating the inherent ther-
modynamic preference for FCC formation in this system. The
immediate emergence of a stable FCC phase, even in the ab-

J Powder Mater 2025;32(3):191-201
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Table 3. Summary comparison of alloy composition with the ML-predicted phase and experimental synthesis route,

Gradient Boosting Random Forest CatBoost Experimental
Al Cu,,sFe,.Cr,,Mn,, BCC BCC BCC BCC after MA and heat treatment
Cuy,CrFe, M, Niy, FCC FCC FCC FCC

BCC, body-centered cubic; FCC, face-centered cubic.

sence of any post-synthesis thermal treatment, underscores the
role of high entropy and favorable elemental compatibility in
suppressing phase competition during solid-state processing.
The stark difference in phase evolution between the two sys-
tems can be understood through comparative analysis of their
thermodynamic and kinetic descriptors. In Al,;Cu,,;Fe,,;Cr,, 5
Mn,, ,, the lower AS
bined with strong atomic radius mismatch and a VEC (~ 7.2)

i (relative to equiatomic HEAs), com-
near the FCC-BCC transition zone, creates a compositional
landscape prone to multiphase formation. The alloy requires
thermal activation through sintering to homogenize the struc-
ture and enable the full transformation to the predicted BCC
phase. In contrast, CoCrFeMnNi exhibits ideal HEA character-
istics: equiatomic balance yields maximum configurational en-
tropy, the VEC solidly resides in the FCC domain, and AH_;,
and 0 remain within the threshold ranges that suppress ordered
compound or BCC formation. As a result, this system achieves
its predicted single FCC phase immediately after milling with-
out requiring subsequent processing steps [47-49].

These findings jointly validate the machine learning models
not only in predicting the equilibrium phase of a complex
non-equiatomic HEA after processing, but also in capturing
phase behavior under non-equilibrium conditions for canoni-
cal HEA systems. The coherence between predicted and exper-
imental phase outcomes across disparate compositions demon-
strates the framework’s capacity to support accelerated HEA
design and synthesis planning [50, 51].

4., Conclusion

In this study, a machine learning framework was developed
and validated for predicting phase formation in high-entropy
alloys (HEAs). Using a curated dataset of 648 experimentally
characterized alloys with engineered thermodynamic and elec-
tronic descriptors, three machine learning models—Random
Forest, Gradient Boosting, and CatBoost—were trained and
optimized. The models achieved high predictive accuracies,
consistently identifying valence electron concentration (VEC),

enthalpy of mixing (AH,;,), and atomic size mismatch (5) as

mix.

the most critical factors governing phase stability.

J Powder Mater 2025;32(3):191-201

Experimental validation on two distinct HEA systems, a
non-equiatomic Al, Cu,,Fe,,;Cr,;sMn,,; alloy and the canon-
ical CoCrFeMnNi alloy, demonstrated strong agreement be-
tween predicted and observed phase structures under different
processing conditions. These results underscore the reliability
and practical applicability of the developed ML framework in
supporting accelerated alloy design.

The successful integration of domain knowledge into feature
engineering, along with systematic model training and experi-
mental validation, emphasizes the potential of data-driven
strategies for accelerating materials discovery. Future research
will aim to broaden the dataset by incorporating diverse syn-
thesis conditions and accounting for kinetic factors, thereby
improving the robustness and generalizability of machine
learning models for complex alloy systems.
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The present study introduces a machine learning approach for designing new aluminum alloys tailored
for directed energy deposition additive manufacturing, achieving an optimal balance between hard-
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ness and conductivity. Utilizing a comprehensive database of powder compositions, process parame-

ters, and material properties, predictive models—including an artificial neural network and a gradient
boosting regression model, were developed. Additionally, a variational autoencoder was employed to
model input data distributions and generate novel process data for aluminum-based powders. The
similarity between the generated data and the experimental data was evaluated using K-nearest
neighbor classification and t-distributed stochastic neighbor embedding, with accuracy and the F1-
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score as metrics. The results demonstrated a close alignment, with nearly 90% accuracy, in numerical
metrics and data distribution patterns. This work highlights the potential of machine learning to ex-
tend beyond multi-property prediction, enabling the generation of innovative process data for material

design.
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Auto Encoder(VAE); Process Design; Property Prediction
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Randomly
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Fig. 1. Schematic illustration of the data augmentation and artificial neural network/variational autoencoder (ANN-VAE)-based composition/

process—hardness prediction algorithm

Table 1. Ranges, median values, and standard deviations of elemental composition, process parameters, and property data

Scan speed  Laser power Vickers Electrical
AIGWL%)  Siwt.%) Mg(wt.%) Cu(wt%) Zn(wt%) o i% /rI;in) (VE) hardness  conductivity
(HV) (%IACS)
MAX 98.63 11.62 2.92 7.5 5.23 1000 800 118.9 46.2
MIN 88.31 0.08 0.01 0.03 0 500 400 50.1 25.5
Median 94.46 3.6 043 0.98 0 1000 550 87.12 33.02
Average 943 35 0.55 1.65 048 929.17 528.13 87.14 342
Standard deviation 2.29 2.96 0.68 1.63 126 152.7 7424 15.68 5.34

o2 ekt AR Hole7t 54 glol BEEA) gk vlLA #
U5 Baeo] 9o Blstdct. Hlold 57 7S Bl &

19207119] o8& /g5t om, oli= Y& Hlo|¥l 407}jo] Hs]
OF 40uo] sigol= Foltt. T4 WHO R Wo|= ST AF
a4 71y o|g Agsto 7+ 960704 F
19207119] dlo|8E gttt 4 tlolE 9] A4 H2E HS
517] Hall, 7% vi<=E 308, 408, 50812 2oty 1Y H5S
B7hstode. 11 A, 408 S 20| BE] gy S, oS
43, A4 584 7o) o] 7P S4eokA e o, HA
E flof 7€ KR %AE F0.85= = qict. BHH, 308 573l
Az HlolE 4= BFH0 = QIgt A& A= Wopx on, 508 S
ol A= A4t HP&# X%El A7to] ESHA F7Fol= HlE&o] T
At o] A9 408 S0l Bd Sk ARtSt s ol 7MY
et 2AUS FRIskgirh E3, dloje] 42 J2 59 dE
JolEl 2 Qla] WAYsl= AT EAS Sstol= bl 293U 9
ottt Y& dolHY AR Qs &, HF, AlE AERY
3ol oA 1, £ 459 A= Q

o1
WAsHs BAIS Pole S7o] 4 47 AT

—
o A3
= Z¥7¢ EaS

HIAL A g2

7He Holel A4 o,

204

glo]eAlofl A Holg Shgol A3ket £l 70~110 HVE A4
HAZ Aot 2719 7S 70 HVL 2 4743t +10 HV
HRA7HA] 521 = 2070 A5kt 121, 71%5 100 HV7ZHA]
AAstal 22 AL vHEste] 70~110 HV«] B4 &2 7HE
807119] Hlo|E & A5ttt ANNo| A& gh2 EX=E 247} 5
g MgE AS3t tlolHE A5kl VAES] &A 31tolA] ANN
o] A3t glolElet AY Hlo|H Ato]2] £/ Ao} vIFGH R
Z Hlo|eE YEIYTOZH, HolH 9] 4 A
ANNE AAE uf 855 vlo]ElofAl= 450l £, HAE Hlo]
EMWL o] "ojAE= FHFHOverfitting)S 27| Hato] 3]
glojo] & 2712 APt & FlojojE A Lg YA
31010101] ZA3} SR A2(ReLU)E 28310 A]Z1H0|=(sig-
moid) T2 EAIQ1 7187 & @S AR E3h =g g
5 EF nz £A4lo] 51 o4} F7tod, olF AT Mxet 7t
g 7] S E(Early Stopping)st=S 4733t
VAEE QERIFTIS} 932 5ot} A= AE HolHE
Sk HlofE R}t FASH sk Aol FAQl A4 Hdo]
A F7to] tﬂﬂtﬂ EAoz JAT Bu g e E5d
AT e E ERE
71 H& %Tii TAfeHE HE 28 AAsked], 27}

o

-|ﬂ1 e
N
re
L
I-Fl
E 1
“ﬁéf

lr i |-{‘[_] o;:
& o
A
)

J Powder Mater 2025;32(3):202-211



Sungbin An et al.,

T S5E AFOR Aol S, 2UFS B} 7|zo] ¥
371 o] shro] YA AHo] Uriel. £ et

A S B2 FHEEL] A0S Alitsh= Kullback-Leiber
(KL) divergence®} TF 7} 12 H HlolH & & A=A B7t
= cross-entropy a2 A &4 54 13 gt
1)
& = CrossEntropy(z, T+ Dxz, (¢(2|)||p(2))

SA0A 1= Q1T oY Frol1, Z& tFH 9] &9 o]
ok E3, gz | v= ¥ o7 AVdste AA 331, pla=

Aluminum alloys for AM using machine learning

A Y] RS s EEE ARSIl B 5}
711, H|AE EER &5t 45 &5t o] AHS F 5
¥ ghESto] S=afskgirt.

ol Y& AR d5ol FdHE GBRS A7) Ak A o
o|E]E k53t TS ANNTF VAEZ AAE 24 2 34 24 o
OB & o|-&sto] 2L HlolE] A7] AL g oSol=t] AME-
= et

E4 o &o] A& ANNI GBRY] HeHeE Ueli= A ¥R
ARARR)E AHEEoH, 4] (2)F o835ttt old, y' 2
o] o &3t gL, y= AL, y-—= A A& Batoltt.

HEEGFERLD. ALtE £435E 79 o2 Adam(Adaptive @
Moment Estimation) |43} ¢118]&-Z o]-&sto] VAES] 7154 B2 (yz ZL
_ =1-
£ grlo|EZH17]. _
Yi— Yy

S, T172E B =TT ASE lolEH|o] A0 A A7 HEEAA]
A& 25 vlolEHo] AF 5ok WS et 7] A=
9] &2 GBRE ARESleT), o] Zdlo] 45-S A6 9
stof sto|HutetulE FidS AAIRITE GBRE A% o8 7Y oF

H =

E3, YAE dolee] FAL meHos
o T EHdo=

Aol M=
K-NN(K-nearest neighbor) 22} A|Z}35} E‘é]_ Al t-SNE(t-dis-

St 815718 AH 02 h5atal, R A&St glolEd 7RIS tributed Stochastic Neighbor Embedding) 7|2 ©]-8-3{t}.
Fofsin] @75 s WA shss] Wk F248(Boost- K-NN-& HAE H|o|E2} g5 Hlo|H /\}014 Y= AEE
ing) 71%& AR o] BHEe| 52 ok 2719] 2Rl ok 7o & Sk 7124R 25 REE, o HlolH F 7H 7k

9] 7H%(n_estimators), St52 AP wjuict L EE sh4E

(learning_rate), 3+5712] 2|t Zl°](max_depth)5-2] sto]u}et
u|g 2G| wet bR, stowutetu|E Fd o R oA

AT 7S AR & AollA= stolmmetnlE Fd 7
o= 2AE0| YT stojmutetn|E 9] X3 FT5 2l 8]
StA 5171 915t GridSearchCV 71%-& &85+t 515719
A5 100, 200, 300, 400, 552 0.05, 0.1, 0.15, 0.2, Fd 7
Ol& 2,3, 4, 52 A3 T}, & 64719] 23 ¥ S57] A5 HUkE
31T} oo 573 WAF HZ(5-Fold cross validation) B2
A8t 2% 379 A5 HAES uf, M4 Hlo[HE oAl
HEOZ Ukl 5 3 &S HAE EE& st} v

o9 FHAE ool HAES SHAS AAshet], & Aol
A= n_neighbors®] gko] 622 HH U ol= shte] 540
gt BlAE glolgE 7| g F19 7 77k 6719] HlolE
£ AHgsto] ERETR= 21E 9Jvldith. K-NN2 Hlo[EE 7F
AR &40 whet wlojElE BRshe A 7vt Bd=, 3] 7]
gt dlof8 £ AAoA £-43 45-S HAlTHIsl.

t-SNE= HIAE A &4 7Moo, Holg AY 19 AE
ot t2320] TS AdEste] 1 g U= ARt v,
1 =7} QAL glo] el S shute] g o & ghgstet. t-SNE 7]
1A HolHE AR Hlo 1E1§ Hgkele A 4 7]Wo)7]
THES AABIA BT v S HATHI9L

=2 rlo r>4' Jl)l'

5

| Filtered database | | GBR prediction | Hyperparameter I Validation | | Final database |
optimization
(Raw + Augmented) Models K-NN
y . Classification (n=6) Validated
Filtered GridSearch CV
|::> n_estimators |:> |::> 3 |:> "
Composition : 100, 200, 300, 400 5-fold cross BSNE Composition
_ . - Visualization - Processes
Processes Learning_rate validation ~VH. EC
-VH, EC :0.05,0.1,0.15,0.2 for l !
max_depth hyperparameter i i
e Furdoey et :2,3,4.5 optimization Property range- for optimal design
based labeling

Fig. 2. Framework for conductivity prediction and validation using gradient boosting regression (GBR) modeling with K-nearest neighbor

(K-NN) and t-distributed stochastic neighbor embedding (t-SNE)-based quality assessment.
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Fig. 3. (a) Training and validation loss progression during variational autoencoder (VAE) epochs and (b) comparison between predicted and

measured Vickers hardness values
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Table 2. Accuracy and range-specific F1-scores of the K-nearest
neighbor (K-NN) method for each property

70~90 90~110 25~32 32~47
(HV) (HV) (%IACS) (%IACS)
Accuracy 0.71 0.81
Fl-score 0.78 0.59 0.76 0.85

o7 e, 7P HlolH 1He] 54 & EIT
ZEA= o, A9 HlolE R olA
52 H-EA HolH Y e & :

It 3~62 47 JEAE 240 34 232 viAL A=k A
7] Amreof Jejo] wet AlEstste] AAIg HolE =, 242t
ol 240 miAlE TS FAF LR HojEt WA, #32
AL AL 70~90 HV R lolA 9] Hlolg & tifi Al T
90.5~92% 0]l 82 YA FollA= Mgl 0.9~2.0%%, o
o] ot #4x9] 2fo]7} 3%0°] g2 Hole thE P40 B|sto] H]
WA A2 Hejoll Exsh= Holrt. o] ¥Fo] ARt = i
RO ME9] A7|HAEET} 28.5~41%IACSES 7HAl = Ao R 4
=530

It 4 HIAX FE 90~110 HV HHolA9] dlojg & giii
AL TFL 90~92% 70|31 &3 7} Fol A= Mgel 0.8~2.0%
&, 3£39] -2} H|S=6lY, Si, Cu, Zn ©] AI7HA 9] §HF 329
e 4gs l Forl Zg WAL 4= Ut o] W3] AAb]A
= #olAol ofsf 71siAl= ol Al (Laser power/Scan speed)”}
55 AL At AR daste AsS Holed, ole &

207



Sungbin An et al.,

(a) o

70-90 HV
90-110 HV

60

40

20

t-SNE Feature 2
o

-100

=50

t-SNE Feature 1

50

100

Aluminum alloys for AM using machine learning

(b) 100
75

50

25

t-SNE Feature 2
o

o ©® x e 25-32EC
o R x e 347EC
°
°
. o, ° o © ° %
® © o
. ° o ®© %
[ Y P ... R ° x
° °
°
° ® ® ° ° x
o ® 1 7 x® . %X x
° ® oo S e ° x %
° > x X °
® o o x
° x *
iy ) 00 @ x x
° x x
b ° ® x
° o ®
oo
° x
*®
-50 0 50 100

t-SNE Feature 1

Fig. 5. t-Distributed stochastic neighbor embedding (t-SNE)-based dimensionality reduction results for experimental data (x) and generated

data (e) based on (a) Vickers hardness and (b) electrical conductivity.

Table 3. Composition and processing parameter data for materials with hardness values in the range of 70 to 90 HV

Scanspeed  Laser power Vickers Electrical
70~90 HV Al (wt.%) Si (wt.%) Mg (wt.%) Cu (wt.%) Zn (wt.%) (mm. /rlilin) (VI\;) Hardness ~ Conductivity
(HV) (%IACS)
1 91.3 1 0.9 4.9 1.9 550 700 89.4 31.32
2 90.7 4 2.0 1.9 14 850 400 85.5 37.55
3 90.9 0.5 1.5 4.7 24 600 500 76.4 37.2
4 91.7 0.4 1.2 2.3 44 550 650 70.4 31.58
Table 4. Composition and processing parameter data for materials with hardness values in the range of 90 to 110 HV
Scan speed  Laser power Vickers Electrical
90~110 HV Al (wt.%) Si (wt.%) Mg (wt.%) Cu (wt.%) Zn (wt.%) Gotin /rlilin) (VI\)I) Hardness ~ Conductivity
(HV) (%IACS)
1 91.6 1.8 14 2.2 3 1000 500 108.6 355
2 91.5 1.7 2.7 2.1 1000 600 105.5 36.3
3 90.1 1.8 34 2.7 800 800 95.8 31.07
4 91.2 2.2 2 2.4 22 500 700 90.4 36.4

Table 5. Composition and processing parameter data for materials with electrical conductivity values in the range of 25 to 32 %IACS

Scan speed  Laser power e Uiz el
25~32 %IACS Al (wt. %) Si(wt.%) Mg(wt.%) Cu(wt.%) Zn(wt. %) (mm. /Elin) (V{;) Hardness ~ Conductivity
(HV) (%IACS)
1 91.6 29 1.7 1.7 2.1 500 750 87.9 31.82
2 91.9 22 1.8 0.3 3.8 950 600 95.8 31.07
3 91.9 0.7 1.9 2.2 33 700 800 97.9 30.18
4 90.4 1.5 1.8 1.9 44 800 500 87.1 28.82
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Table 6. Composition and processing parameter data for materials with electrical conductivity values in the range of 32 to 42 %IACS

. Vickers Electrical
Al Si Mg Cu Zn Scanspeed  Laser power -
~47 0
32=20TACS (L1 o) WL%)  (wt.%) (wt. %) (Wt %)  (mm/min) (W) H?Ir{d“}iss C‘E{,;)‘}Z%‘SV)‘W
1 91.6 3.1 1.6 1.5 2.2 650 400 74.2 40.86
2 91.2 4.2 1 19 1.7 1000 500 106.1 38.08
3 914 2.1 19 2.6 2 900 700 104.9 36.43
4 91.7 4 1.7 0.5 2.1 600 550 93.5 32.69
Vickers' Hardness vs Electrical Conductivity
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Fig. 6. Scatter plot of Vickers’ hardness and electrical conductivity for experimental data and generated data.
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Lithium (Li) metal is a promising anode for next-generation batteries due to its high capacity, low re-
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dox potential, and low density. However, dendrite growth and interfacial instability limit its use. In this

study, an artificial solid electrolyte interphase layer of LiF and Li-Sn (LiF@Li-Sn) was fabricated by
spray-coating SnF, onto Li. The LiF@Li-Sn anode exhibited improved air stability and electrochemical
performance. Electrochemical impedance spectroscopy indicated a charge transfer resistance of 25.2 Q
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after the first cycle. In symmetric cells, it maintained a low overpotential of 27 mV after 250 cycles at

2 mA/em’, outperforming bare Li. In situ microscopy confirmed dendrite suppression during plating.
Full cells with NMC622 cathodes and LiF@Li-Sn anodes delivered 130.8 mAh/g with 79.4% retention
after 300 cycles at 1 C and 98.8% coulombic efficiency. This coating effectively stabilized the interface
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and suppressed dendrites, with promising implications for practical lithium metal batteries.

Keywords: Tin fluoride; Lithium fluoride; Li metal anodes; Artificial SEI layer; Lithium dendrite

1. Introduction

In response to increasing global efforts toward carbon neu-
trality and environmental sustainability, numerous policies and
initiatives targeting CO, emission reductions have been imple-
mented worldwide. Secondary batteries have emerged as a piv-
otal enabling technology in this transition. Since the commer-
cialization of lithium-ion batteries (LIBs) by Sony in 1991, LIBs
have dominated the secondary battery market, gradually replac-
ing lead-acid, nickel-cadmium (Ni-Cd), and nickel-metal hy-
dride (Ni-MH) batteries. Today, LIBs are widely utilized in
smartphones, drones, electric vehicles, and energy storage sys-
tems (ESSs). However, for applications such as electric vehicles
and ESSs, an energy density of at least 300 Wh/kg is required,
which is challenging to achieve with conventional LIB systems
employing metal oxide cathodes and graphite anodes. Conse-
quently, research into next-generation batteries offering higher

https://doi.org/10.4150/jpm.2025.00164
© 2025 The Korean Powder Metallurgy & Materials Institute
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energy and power densities has rapidly accelerated [1-5].
Lithium (Li) metal is considered a highly promising anode
material for next-generation batteries owing to its high theoreti-
cal specific capacity (3680 mAh/g), low redox potential (-3.04 V
vs. SHE), and low density (0.534 g/cm3). Nevertheless, the prac-
tical implementation of Li metal anodes is severely hindered by
the growth of Li dendrites during repeated cycling. These den-
drites originate from non-uniform Li" deposition and lead to
continuous side reactions with the electrolyte, resulting in the
formation of electrically isolated “dead Li” Over time, uncon-
trolled dendrite growth may penetrate the separator, ultimately
causing internal short circuits and catastrophic cell failure [6-
12]. To address these challenges, significant efforts have been
devoted to suppressing dendrite formation and stabilizing the Li
metal surface. For example, He et al. [13] fabricated a LiF-rich
solid electrolyte interphase (SEI) by reacting NF, gas with Li
metal, thereby enhancing mechanical robustness and ionic con-
ductivity. Wang et al. [14] constructed a three-dimensional Li*
host structure on a Cu current collector to facilitate homoge-
neous Li" flux. Cheng et al. [15] introduced nanoscale additives

https://[powdermat.org
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to promote uniform Li deposition and suppress dendritic
growth. Despite extensive research into various strategies for
suppressing Li dendrite growth, formidable technical challenges
remain that hinder the reliable and practical application of Li
metal anodes.

In this study, SnF, was spray-coated onto Li metal to form an
artificial SEI layer comprising LiF and Li-Sn phases (LiF@Li-
Sn). This composite layer significantly enhanced the air stability
of Li metal and reduced interfacial resistance, as confirmed by
electrochemical impedance spectroscopy (EIS). Furthermore, in
situ optical microscopy analysis demonstrated that the compos-
ite layer effectively suppressed Li dendrite growth, ensuring uni-
form Li deposition during cycling. Full cells incorporating
NMC622 cathodes and LiF@Li-Sn anodes exhibited excellent
cycling stability, retaining over 79.4% of their initial capacity af-
ter 300 cycles at 1 C, thereby validating the efficacy of the pro-
posed surface modification strategy. These results clearly high-
light the potential of SnF,-based surface modification in achiev-
ing stable and durable Li metal anodes, providing a facile and
scalable approach for next-generation Li metal batteries (LMBs).

2. Experimental Section

2.1 Preparation of composite coating layer on lithium
metal

To prepare LiF@Li-Sn composite layer, a coating solution was
first prepared. SnF, and KPF, were dissolved at a weight ratio of
1:5 in 40 mL of dimethyl ether (DME). The solution was soni-
cated for 1 hour to ionize the SnF,. Subsequently, the solution
was centrifuged at 4000 rpm for 10 minutes. The resulting coat-
ing solution was then spray-coated onto the Li metal surface at a
dry room. After spray coating, the Li metal was washed with di-
methyl carbonate (DMC) to remove any unreacted residues and
dried in a convection oven at 60°C for 30 minutes.

2.2 Electrochemical measurements

For electrochemical performance test of LMBs, NMC622
electrodes were firstly prepared. The cathode slurry was com-
posed of NMC622, Super P (carbon black, Timcal), and PVDF
binder (polyvinylidene fluoride, KF1300, Kureha) in a weight
ratio of 90:5:5, and mixed using a Thinky mixer (ARE-310,
Thinky) at 2000 rpm for 12 minutes. The prepared slurry was
cast onto Al foil (Welcos) with a thickness of 120 um and dried
in a convection oven at 110°C for 1 hour and in 110°C vacuum
oven for 24 hours. Two types of coin cells (CR2032, Welcos)
were assembled in a glove box filled with argon gas to evaluate

J Powder Mater 2025;32(3):212-221
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the electrochemical performance. For the Li/Li symmetric cells,
Li metals with a thickness of 200 pm (Honjo metal) were used
as both anode and cathode with 1 M LiTFSI in DOL/DME (1:1,
v/v) as the electrolyte. In the NMC622 full cells, as- prepared
NMC622 electrode, Li metal, and 1 M LiPF, in EC/EMC (1:2, v/
v) were employed as cathode, anode, and electrolyte, respective-
ly. Chronoamperometry (CA), Tafel analysis, and EIS were con-
ducted using potentiostat (VSP, Biologics) in a two-electrode
configuration. Galvanostatic charge and discharge tests were
performed using a battery cycler (SERIES 4000, MACCOR).

2.3 Materials characterization

Field-emission scanning electron microscopy (FE-SEM) was
used to observe the surface morphology of the composite coat-
ing layer on Li metal. Measurements were carried out with an
electron beam at 15 kV and 10 mA. The Li dendrite growth be-
havior during plating was monitored in real time using a digital
optical microscope under a current density of 3 mA/cm’. Ele-
mental composition of the composite coating layer was analyzed
using X-ray photoelectron spectroscopy (XPS), with all data cal-
ibrated to the C 1s peak at 284.5 eV.

3. Results and Discussion

Fig. 1 shows the surface and cross-sectional morphology of
bare Li metal and LiF@Li-Sn metal. The bare Li metal surface
(Fig. 1a) is smooth with low roughness, as confirmed by the 3D
topography image. This smooth surface is susceptible to local-
ized Li deposition, which can result in dendrite growth. In con-
trast, the LIF@Li-Sn metal surface (Fig. 1b) is rough and covered
with granular structures. The 3D topography image shows that
the surface roughness is much higher than that of bare Li metal.
This roughness is due to the formation of the LiF@Li-Sn layer
created by the reaction between SnF, and Li. The cross-sectional
images further illustrate the difference. The bare Li metal (Fig.
1¢) has no protective layer, leaving it exposed to the electrolyte,
which increases the risk of dendrite formation. On the other
hand, the LiF@Li-Sn metal (Fig. 1d) has a uniform coating layer
with a thickness of about 7.85 um. This layer is composed of two
main components: LiF, which is an ion-conductive but electron-
ically insulating material, and Li-Sn, which provides good elec-
trical conductivity and mechanical strength [16]. The LiF layer
acts as a barrier against dendrite growth, while the Li-Sn layer
maintains electrical contact. This dual-layer structure improves
the stability of the Li metal surface by preventing direct contact
with the electrolyte and distributing the current density more

213



Yeong Hoon Jeon et al,,

Li Cross section

LiF@Li-Sn interphase for dendrite-free Li anodes
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Fig. 1. Field-emission scanning electron microscopy images of (a, c) bare Li metal and (b, d) LiIF@Li-Sn metal, with 3D surface topography

maps shown as insets.

evenly. This structure is expected to enhance the cycling perfor-
mance of Li metal anodes.

Fig. 2 provides elemental analysis of the LiF@Li-Sn composite
layer through EDS, confirming the chemical composition and
the spatial distribution of key elements. The EDS spectrum
shows prominent peaks for tin (Sn) and fluorine (F), indicating
that Sn and LiF are present in the composite layer. A peak for
phosphorus (P) is also detected, which is likely due to the use of
KPF, in the SnF, solution preparation. Despite thorough wash-
ing, P remains detectable, which suggests that PF- ions are ei-
ther strongly adsorbed onto the LiF surface or chemically trans-
formed during the SnF, treatment process. PF4- can decompose
on the Li surface, forming phosphate or other phosphorus-con-
taining compounds [17]. The EDS mapping images show that
Sn (green) and F (red) are uniformly distributed across the
composite layer, indicating a homogeneous structure. However,
the exact chemical state of P cannot be determined through
EDS alone. Further analysis using XPS is necessary to confirm
whether P exists as PF,-, phosphate, or other species.

214

Fig. 3 presents the XPS analysis of the LiF@Li-Sn composite
layer, confirming the chemical composition and the transforma-
tion of the SnF, precursor into a stable structure. In Fig. 3a, the
P 2p XPS spectrum exhibits a major peak at 136.3 eV, which is
attributed to P-F bonding in Li,PF, species or undecomposed
PF;- residues. A minor peak at 133.8 eV is ascribed to lithium
phosphate compounds (Li,PF,O,) formed on the lithium surface
[18, 19]. The Sn 3d XPS spectrum (Fig. 3b) reveals two distinct
peaks at 485.0 eV (Sn 3dy,) and 493.4 eV (Sn 3d,,,), consistent
with metallic Sn (Sn’) or a Li-Sn alloy (LiSny) [20]. These ener-
gies are significantly lower than that of SnF, (Sn 3d;, at ~487.0
eV), confirming that the SnF, precursor has been fully convert-
ed according to [20]:

SnF, + 2Li — Li,Sny + 2 LiF
This transformation produces a conductive Li-Sn alloy while
generating LiF as an ion-conductive, electronically insulating

protective layer. The formation of LiF and Li-Sn alloy is also
confirmed by the Li 1s and F 1s XPS spectra in Fig. 3c and 3d,

J Powder Mater 2025;32(3):212-221
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Fig. 2. Energy-dispersive X-ray spectroscopy (EDS) analysis of the LiIF@Li-Sn metal surface: (a) Scanning electron microscopy image and (b)
corresponding EDS spectrum. Elemental mapping images of (c) Sn and (d) E

where peaks at 55.5 eV (Li 1s) and 684.3 eV (F 1s) correspond
to LiE and a peak at 55.9 eV (Li 1s) indicates the presence of Li-
Sn alloy [21]. These findings demonstrate that the LiF@Li-Sn
composite layer is composed of an electron-conductive Li-Sn al-
loy and an ion-conductive LiF layer, collectively providing en-
hanced interfacial stability for Li metal anodes.

Fig. 4 presents the comparative air stability of bare Li metal
and LiF@Li-Sn composite over a period of 30 minutes of air ex-
posure. The bare Li metal shows rapid surface degradation upon
exposure to air. Initially, the clean metallic surface quickly begins
to discolor within 1 minute, indicating the onset of oxidation.
This discoloration intensifies over time, becoming progressively
darker at 3 to 5 minutes. After 10 minutes, the surface exhibits a
darkened and uneven appearance, and by 30 minutes, it is almost
completely black. This severe discoloration is attributed to the
formation of lithium oxide (Li,O), lithium hydroxide (LiOH),
and potentially lithium carbonate (Li,CO,), caused by the reac-
tion of lithium with atmospheric oxygen, moisture, and CO, [22].
This result clearly demonstrates the poor air stability of bare Li

J Powder Mater 2025;32(3):212-221

metal. In contrast, the LIF@Li-Sn composite (bottom row) shows
significantly enhanced air stability. The surface maintains a rela-
tively uniform appearance for the first 5 minutes, with only min-
imal discoloration appearing after 10 minutes. Even after 30
minutes of exposure, the surface remains largely intact, with only
slight darkening in some regions. This enhanced stability is at-
tributed to the protective function of the LiF@Li-Sn layer. The
LiF component provides an ion-conductive but electronically in-
sulating barrier, effectively blocking direct contact between the
reactive lithium and atmospheric species.

Fig. 5a and 5b shows the CA curves of bare Li and LiF@Li-Sn
electrodes, which were used to determine the Li* diffusion coef-
ficients. Using Cottrell equation [23], the diffusion coefficients
of Li" at bare Li and LiF@Li-Sn were calculated as 1.08 x 107
cm’/s and 1.28 x 10° cm?/s, respectively. The enhanced diffu-
sion in the LiF@Li-Sn electrode is attributed to its porous sur-
face structure and the lithiophilic properties of LiF. The Tafel
plots (Fig. 5¢) further highlight the superior electrochemical ac-
tivity of LiF@Li-Sn. The LiF@Li-Sn composite exhibits an ex-
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Fig. 3. X-ray photoelectron spectra of LIF@Li-Sn: (a) P 2p, (b) Sn 3d, (c) Li 1s, and (d) F 1s.
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PRy & 2 s

Fig. 4. Optical images showing the air stability of (top) bare Li metal and (bottom) LiF@Li-Sn metal.

change current density (iy) of 0.242 A/cm’, which is significantly
higher than that of bare Li metal (0.042 A/cm?®). This indicates
faster charge transfer kinetics at the LiF@Li-Sn interface, at-
tributed to the conductive Li-Sn alloy and the stable, ion-con-
ductive LiF layer. In contrast, bare Li exhibits a lower i, due to

216

unstable surface reactions and limited active area for charge
transfer. Nyquist plots in Fig. 5d strongly support these Tafel
analysis findings. After the cycle, the charge transfer resistance
(R.) of LiIF@Li-Sn is 25.2 ), significantly lower than that of bare
Li (164.3 ). This low R, directly aligns with the high exchange

J Powder Mater 2025;32(3):212-221
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current density observed in the Tafel plots, confirming that
LiF@Li-Sn provides a more efficient charge transfer pathway.
Fig. 6 presents the cycling performance of Li symmetric cells
with bare Li metal and LiF@Li-Sn at two current densities: 2
mA/cm’ (Fig. 6a) and 5 mA/cm’ (Fig. 6b). In Fig. 6a, the LiF@
Li-Sn cell starts with an initial overpotential of 40 mV, which
decreases to 27 mV after 250 cycles, indicating stable and effi-
cient Li plating/stripping. In contrast, the bare Li cell shows a
high and unstable overpotential, which increases rapidly, reflect-
ing poor interfacial stability due to continuous SEI formation
and dendrite growth. In Fig. 6b, the differences are more pro-
nounced. The bare Li cell starts with a high overpotential of 200
mV, which further rises during cycling, indicating severe inter-
facial degradation. In contrast, the LiF@Li-Sn cell maintains a
low initial overpotential of 50 mV, which only increases to 150
mV after 200 cycles, demonstrating superior stability. These re-

(a)

Li metal

PTFE

(b) 0 min

LiIF@Li-Sn

10 min

LiF@Li-Sn interphase for dendrite-free Li anodes

sults confirm that the LIF@Li-Sn composite effectively suppress-
es dendrite formation and maintains low interfacial resistance,
providing consistent Li plating/stripping even under high cur-
rent conditions.

Fig. 7 provides direct visual evidence of the Li deposition be-
havior on bare Li metal (Fig. 7a) and LiF@Li-Sn (Fig. 7b). In
Fig. 7a, bare Li metal rapidly develops dendrites within 1 min-
ute, which grow significantly over time, forming dense, thick
structures by 10 minutes. This rapid dendrite formation indi-
cates poor interfacial stability, where uncontrolled Li deposition
leads to continuous SEI formation and severe surface roughen-
ing. In contrast, Fig. 7b shows that LiF@Li-Sn maintains a
smooth and stable surface without any visible dendrite forma-
tion, even after 20 minutes. The absence of dendrites demon-
strates that the LiF@Li-Sn composite effectively suppresses un-
controlled Li growth. The LiF layer acts as an ion-conductive

Dendrite growth

Dendrite

3 min 5 min

15 min 20 min

Fig. 7. In situ optical microscopy images of lithium deposition behavior on (a) bare Li and (b) LIF@Li-Sn over time.
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but electronically insulating barrier, preventing direct Li-electro-
lyte contact, while the Li-Sn alloy promotes uniform Li deposi-
tion. These observations confirm that the LiIF@Li-Sn composite
not only enhances surface stability but also ensures safe and
uniform Li deposition, making it an effective protective layer for
Li metal anodes.

Fig. 8 shows the electrochemical performance of NMC622
full cells with bare Li metal and LiF@Li-Sn metal. In Fig. 8a and
8b, both cells show similar initial capacities around 170 mAh/g,
but the Li//NMC622 cell rapidly decays to 9.8 mAh/g after 300
cycles, while the LiF@Li-Sn//NMC622 cell maintains 130.8

LiF@Li-Sn interphase for dendrite-free Li anodes

mAh/g (79.4%), indicating superior cycling stability. This im-
provement is attributed to the LiF@Li-Sn layer, which prevents
direct Li-electrolyte contact and minimizes side reactions. Fig.
8b further supports this result, where the Li/NMC622 cell
shows erratic coulombic efficiency (CE) and a sharp capacity
drop after 215 cycles, caused by dendrite formation and electro-
lyte depletion. In contrast, the LiF@Li-Sn//NMC622 cell main-
tains a stable CE around 98.8%, reflecting consistent Li plating/
stripping. The rate performance in Fig. 8c reveals that the LiF@
Li-Sn//NMC622 cell maintains high capacities of 184.6, 181.2,
174.5, 186.7, 157.8, and 150.2 mAh/g at 0.1 C to 5 C, outper-
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after the first and 300th cycle. (b) Cycling performance at 1 C. (c) Rate performance at various rates.
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forming the Li//NMC622 cell, which suffers greater capacity loss
at high rates. These results confirm that the LiF@Li-Sn layer sig-
nificantly enhances cycling stability, CE, and rate performance.

4., Conclusion

In this study, a scalable SnF,-based spray coating method was
used to form a LiF@Li-Sn as artificial SEI layer on Li metal, sig-
nificantly enhancing the electrochemical performance of LMBs.
The artificial SEI layer, composed of ion-conductive LiF and
conductive Li-Sn alloy, effectively suppressed Li dendrite growth
and maintained a stable interface. This dual protective structure
not only provided efficient ion transport but also ensured uni-
form Li plating and stripping, preventing continuous SEI forma-
tion and interfacial degradation. Electrochemical analysis con-
firmed the superior performance of the LiF@Li-Sn electrode. In
symmetric cells, the LiF@Li-Sn electrode maintained a stable
overpotential without visible dendrite formation, demonstrating
excellent interfacial stability. In NMC622 full cells, the LiF@Li-
Sn//NMC622 cell achieved a high capacity retention of 79.4%
(130.8 mAh/g) after 300 cycles, significantly outperforming the
Li//NMC622 cell, which rapidly decayed to 9.8 mAh/g. The
LiF@Li-Sn//NMC622 cell also exhibited high coulombic effi-
ciency (~98.8%) and superior rate performance, delivering high
capacities across various current densities, including 150.2
mAh/g at 5 C. These results highlight the potential of the SnF,
based composite coating as a practical strategy for stabilizing Li
metal anodes for high energy density LMBs.
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The Manufacturing Process of Clean Ni-Cr-Co-Based Superalloy
Powder Using a Plasma Rotating Electrode
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Ni-based superalloys are widely used for critical components in aerospace, defense, industrial power
generation systems, and other applications. Clean superalloy powders and manufacturing processes,
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such as compaction and hot isostatic pressing, are essential for producing superalloy discs used in tur-

bine engines, which operate under cyclic rotating loads and high-temperature conditions. In this study,
the plasma rotating electrode process (PREP), one of the most promising methods for producing clean
metallic powders, is employed to fabricate Ni-based superalloy powders. PREP leads to a larger powder

*Corresponding author:
Kyu-Sik Kim
kskim87@add.re.kr

size and narrower distribution compared to powders produced by vacuum induction melt gas atomiza-
tion. An important finding is that highly spheroidized powders almost free of satellites, fractured, and
deformed particles can be obtained by PREP, with significantly low oxygen content (approximately 50
ppm). Additionally, large grain size and surface inclusions should be further controlled during the PREP

process to produce high-quality powder metallurgy parts.

Keywords: Plasma rotating electrode process; Ni-based superalloy; Clean powder; Microstructure
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Ni-Cr-Co-based superalloy powder using the plasma rotating electrode
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Ni-Cr-Co-based superalloy powder using the plasma rotating electrode

Fig. 1. (a) Plasma rotating electrode process equipment used in this study and (b) schematic diagram of an atomization mechanism for the

plasma rotating electrode process powder manufacturing process.
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Fig. 2. (a) Effect of rotating speed and electrode diameter, and (b) effect of the atomizing mechanism of the plasma rotating electrode process

on the average powder size of Ni-Cr-Co-based superalloy.
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Fig. 3. Results of (a) size distribution and (b) D10, D50, and D90 powder size according to manufacturing processes.

Fig. 4. Scanning electron microscope images of powder size distribution, powder morphology, surface characteristics of (a-d) plasma rotating
electrode process—prepared powder and (e-h) vacuum induction melting gas atomization—prepared powder.
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Ni-Cr-Co-based superalloy powder using the plasma rotating electrode

Fig. 5. Elemental distributions of (a) plasma rotating electrode process—prepared powder and (b) vacuum induction melting gas atomization—

prepared powder.
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Table 1. Gas and carbon contents in two different ingots used
in this study: PREP-prepared and VIGA-prepared superalloy
powders

N (ppm) O (ppm) H(ppm) C (ppm)

Ingot A for PREP 70 130 5 760
PREP-prepared powder 60 50 5 650
Ingot B for VIGA 4 10 04 640
VIGA-prepared powder 10 130 10 640

PREP, plasma rotating electrode process; VIGA, vacuum induction
melting gas atomization.

Al il Sato] ofste] EHolA B E= Aoz ofsfd 4= Y.
HF VIGA 3422 Alz2d £29] EHo|A= PREPIIA ¥&
H A3 22 AEe BEEA gt e faTt tdsH
HESIL Qe A o= BRRIE T
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Ni-Cr-Co-based superalloy powder using the plasma rotating electrode

Fig. 6. Results of microstructure and phase analysis of (a) ingot A for plasma rotating electrode process and (b) ingot B for VIGA vacuum

induction melting gas atomization.
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Fig. 8. Scanning electron microscope images of defects in (a) plasma rotating electrode process—prepared powder (shrinkage), (b) vacuum
induction melting gas atomization—prepared powder (shrinkage), and (c) vacuum induction melting gas atomization—prepared powder (gas

pore), respectively.
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Ni-Cr-Co-based superalloy powder using the plasma rotating electrode
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Fig. 9. Image quality map, inverse pole figure map, kernel average misorientation map of (a) plasma rotating electrode process—prepared
powder and (b) vacuum induction melting gas atomization—prepared powder, respectively.
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4. Conclusions
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In this study, we analyzed the structural and mechanical properties of aluminum foams fabricated us-
ing aluminum powders of varying sizes and mixtures. The effects of sintering and pore structure at
each size on the integrity and mechanical properties of the foams were investigated. Structural char-
acteristics were examined using scanning electron microscopy and micro-computed tomography,
while mechanical properties were evaluated through compression testing. The experimental results
demonstrated that smaller powder sizes improved foam integrity, reduced porosity and pore size, and
resulted in thinner cell walls. In combination, these effects increased compressive strength as the
powder size decreased. The findings of this study contribute to the understanding and improvement of
the mechanical properties of aluminum foams and highlight their potential for use in a wide range of
applications.
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chanical properties

1. Introduction

Metal foam is a lightweight material with unique physical,
chemical, and mechanical properties that can replace solid
metals to achieve weight reduction, cost savings, and increased
efficiency [1]. These materials exhibit high specific strength,
excellent energy absorption, low density, and effective acoustic
damping, making them suitable for lightweight structural ap-
plications across various industries. [2-4]. Metal foam is a
unique lightweight material that can be fabricated from a vari-
ety of metals and alloys, offering weight reduction, cost savings,
and enhanced efficiency by replacing solid metals. Common
raw materials for metal foams include pure metals such as alu-
minum, titanium, nickel, and copper, as well as alloys like Cu-
Zn-Al, Ni-Ti, Ti-Mg, and stainless steel [5-12]. Among them,
aluminum is widely used in engineering due to its abundant
availability, low density, good ductility, and high corrosion re-
sistance. These properties make aluminum foam one of the

https://doi.org/10.4150/jpm.2025.00157
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most popular and actively researched types of porous metals
[13, 14]. While retaining the intrinsic properties of aluminum,
the internal porous structure of aluminum foam provides high
specific strength and excellent energy absorption. Additionally,
it offers distinctive features such as low weight, good thermal
and electrical conductivity, vibration damping, and acoustic
absorption [14-17]. Aluminum foams, in particular, have at-
tracted increasing attention due to their low density, high sur-
face area, excellent thermal and electrical conductivity, high
mechanical strength, and electromagnetic interference (EMI)
shielding capabilities. These characteristics make them suitable
for a wide range of industrial applications, including heat ex-
changers, exhaust mulfflers, catalyst carriers in chemical reac-
tors, high temperature filters, sound barriers, and EMI shield-
ing materials [18-20]. The internal pore structure of aluminum
foam allows it to absorb large amounts of energy as the cell
walls deform under external loads. This makes it especially
valuable in applications such as improving crashworthiness in
automobiles, providing shock protection in aerospace and mili-
tary equipment, enhancing seismic resistance and vibration
damping in architectural structures, and serving as packaging

https://[powdermat.org
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or soundproofing material [13-15, 21, 22]. Furthermore, alu-
minum foam is considered environmentally friendly due to its
recyclable, fire resistance, and durability in various weather
conditions [13].

Aluminum foam can be manufactured using various meth-
ods, including gas injection, melt foaming, and powder metal-
lurgy [23-26]. Among these, the powder sintering method pro-
duces porous structures by compressing and sintering metal
powders, where the arrangement of the powder particles deter-
mining the size and shape of the pores [27].

Spark plasma sintering (SPS) is an innovative powder metal-
lurgy technique that enables the rapid densification of samples
by applying electric current and pressure directly to a mold
containing metal powder. This method is widely utilized in the
fabrication of nanocrystalline structures, porous materials, ce-
ramics, and iron-based materials due to its advantages, includ-
ing low sintering temperatures and voltages, fast heating rates,
and short holding times [28, 29]. In SPS, particle size has a di-
rect influence on sintering density. Smaller particles lead to
higher relative density and hardness due to their larger surface
area, which facilitates faster sintering neck formation. Con-
versely, larger particles tend to create larger interparticle pores,
which can decrease the final density and degrade mechanical
properties. These characteristics make SPS an especially effec-
tive sintering technique for producing nanocrystalline materi-
als and dense metal foams [30-35].

Aluminum foam is typically fabricated by mixing aluminum
powder with a space holder, followed by compaction and sin-
tering. After compaction — often with the addition of small
amounts of sintering aids and binders — sintering forms a
bonded aluminum matrix, and the space-holders are removed
through pre- or post-sintering heat treatment, yielding an
open—pore aluminum foam. In the sinter-dissolve process, in-
organic salts such as NaCl and CaCl, are used as space-holders
due to their higher melting points than aluminum. Process pa-
rameters in the space-holder method significantly influence
the microstructure and performance of the final foam. Key
variables include the size, shape, volume fraction of the space-
holders, compaction pressure, and sintering temperature. The
volume fraction directly determines porosity, while compaction
pressure and sintering temperature affect interparticle bonding
and mechanical properties. Despite its advantages, the space-
holder method has certain limitation. First, porosity is con-
strained when the packing density of the space holders is below
65%, and residual particles may reduce porosity and cause cor-
rosion. Second, large space-holder particles (over 1 mm) are
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prone to breakage during compaction, making it difficult to
produce foams with large pores. Nevertheless, due to its ability
to precisely control pore size and shape, the space-holder
method remains a widely adopted technique for producing
highly porous and functional aluminum foams [13, 36].

In compression tests of aluminum foams, a characteristic
stress—strain curve is typically observed, which can be divided
into three distinct regions. The first region is the linear elastic
region, where stress increases almost linearly with strain due to
the elastic bending of the cell walls. The second region is the
plateau region, during which the stress remains nearly constant
or increases slightly as the cell structure progressively collapses.
In this region, the cell walls act as plastic hinges, allowing large
deformations without a significant increase in stress. The final
region is the densification region, where the stress rises sharply
as the collapsed cell walls come into full contact and the struc-
ture can no longer deform without significant resistance [13,
21, 37]. The mechanical properties of aluminum foams are
governed by the interplay of several factors, including cell
structure and relative density, cell wall thickness, and pore size
and shape. By optimizing these parameters, aluminum foams
can be tailored to meet the specific performance requirements
of various applications [13].

This study aims to investigate the effect of aluminum powder
size on mechanical properties and microstructure of aluminum
foam. Although many studies have explored the processing and
performance of aluminum foams, the specific influence of
powder particle size—particularly across a wide size range—
has not been sufficiently addressed. Since particle size directly
affects sintering behavior, pore morphology, and mechanical
performance, a systematic investigation is essential to better
understand and control foam characteristics. In this work, po-
rous aluminum foam was fabricated using the space-holder
method, in which aluminum powder was mixed with sodium
chloride (NaCl) particles (500 pum) as space-holders and then
sintered. The results confirmed that aluminum powder size
significantly influences both the mechanical properties and mi-
crostructure of the foam, suggesting that optimizing powder
size can enhance performance and versatility. Furthermore, this
fabrication approach is not limited to aluminum, but can po-
tentially be extended to a broad range of metal or alloy systems,
contributing to the design of lightweight and energy—absorbing
materials for structural and functional applications.
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2. Experimental Procedure

2.1 Foam Manufacturing

Aluminum foams were fabricated using the space-holder
process, and a schematic of the process is shown in Fig. 1. Sodi-
um chloride (NaCl) was used as the space-holder material.
Specifically, 500 um NaCl (purity 99%, particle size 500 pm,
COMSCIENCE) was used, and four types of aluminum pow-
ders were prepared: 1 um (purity 99.9%, particle size 1 pm,
AVENTION), 50 um (purity 99.0%, particle size 200 mesh,
SAMCHUN), 100 um (purity 99.9%, particle size 100 pm,
AVENTION), and a 1:1 weight ratio mixture of 1 um and 100
um powders. The aluminum powder and NaCl were mixed in a
volume ratio of 1:5 using a vortex mixer (IKA, Vortex 3) for ap-
proximately 1 minute. The mixed powder was then placed into
a graphite mold (35 mm outer diameter, 10 mm inner diame-
ter, 40 mm height), and a uniaxial pressure of 1 MPa was ap-
plied using a hydraulic press prior to sintering. Sintering was
carried out using spark plasma sintering (SPS) under the fol-
lowing conditions: a heating rate of 50°C/min, sintering tem-
perature of 500°C, holding time 10 minutes, applied pressure of
50 MPa, vacuum level of 150 mTorr, and air cooling. The sin-
tered sample were cylindrical, with a diameter of 10 mm, height
of 4.1-4.3 mm, and a weight of approximately 0.8 g. To remove
the NaCl space-holder, the sintered samples were immersed in
distilled water heated to 60°C for 1 hour. Following this, ultra-
sonic cleaning was performed in two steps: first in distilled wa-
ter and then in ethanol, with sonication lasting approximately
15 minutes for each step. The cleaned samples were then dried
in a drying oven at 120°C for 1 hour. After drying, the final

Effect of Al powder size on foam behavior

foam samples had a diameter of 10 mm, a height of 4.1-4.3
mm, and a weight of approximately 0.16g. For each condition,

four samples were prepared.

2.2 Microstructure Analysis

The microstructure of the powders and aluminum foams
were analyzed using a variable pressure scanning electron mi-
croscope (Hitachi, SU3900). The powders were examined to
determine the size and morphology of aluminum powder and
NaCl, while the foams were analyzed for pore morphology, size
and distribution. A particle size analyzer (Malvern Panalytical,
Mastersizer 3000) was used to measure the particle sizes of
both aluminum and NaCl. X-ray micro-computed tomogra-
phy (Micro CT; Bruker, SKYSCAN 1272) was employed to
characterize the foam in terms of pore size, porosity, cell thick-

ness, overall morphology, and pore structure.

2.3 Mechanical Properties

To evaluate the compressive strength of the aluminum foams,
compression tests were conducted at room temperature using a
universal testing machine (Instron, 5569). The foam specimens
had a diameter of 10 mm and a height ranging from 4.1 to 4.3
mm. Four types of aluminum foams were tested: (1) foam fabri-
cated with 1 um aluminum powder (hereafter referred to as 1
um foam), (2) foam fabricated with 50 pum powder (50 um
foam), (3) foam fabricated with 100 pm powder (100 pm foam),
and (4) foam fabricated with a 1:1 weight ratio mixture of 1 pm
and 100 um powders (Mix foam). Each test was performed in
triplicate for statistical reliability. The strain rate was set at
1x107s™", and the compression was applied up to 70% strain.

{i 646446
NaCl r u
Powder 1;/‘1’;:?5; psizzf:fa Dissolution Dry
Sintering

Fig. 1. Schematic of aluminum foam manufactured using the space-holder method.
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Fig. 2. Scanning electron microscopy images and particle size analysis results of aluminum powders and NaCl powder: (a) 100 pm aluminum
powder, (b) 50 pm aluminum powder, (c) 1 pm aluminum powder, (d) 500 um NaCl powder.

(b) © @

10 mm 10 mm 10 mm 10 mm

Fig. 3. Images of aluminum foams fabricated with different
aluminum powder sizes: (a) 100 um foam, (b) 50 pm foam, (c) 1
pm foam, (d) Mix foam.

3. Results and Discussion

3.1 Powder and Foam Measurement

Fig. 2. a—d show SEM images and particle size analysis results
of the aluminum powders and NaCl. The SEM images illustrate
the size and morphology of the aluminum powder and NaCl
particles. As observed by SEM, the aluminum powders were
approximately 1 pm, 50 um, and 100 pum in size, with spherical
or cylindrical shapes, while the NaCl particles were about 500
um and exhibited a cubic morphology. To accurately determine
particle sizes, a particle size analyzer was used. The D50 values
obtained were as follows: 1.82 um for the 1 pm aluminum pow-
der, 46.8 um for the 50 pm powder, 83.0 um for the 100 pm
powder, and 493 um for the 500 um NaCl. These values were
consistent with the observations made from the SEM images,
indicating good agreement between the two measurement
methods.

Fig. 3. a—d show images of the fabricated aluminum foams.
The foams were categorized based on the aluminum powder
used: 100 um foam (fabricated using 100 pm aluminum pow-
der), 50 um foam (using 50 um powder), 1 um foam (using 1
pm powder), and Mix foam (using a 1:1 weight ratio mixture of
100 um and 1 um powders). All foam had a cylindrical shape
with a diameter of 10 mm and a height ranging from 4.1 to 4.3
mm. The relative density of each foam was calculated prior to

J Powder Mater 2025:32(3):232-243

NaCl removal. The densities of aluminum and NaCl are 2.70 g/
cm’ and 2.16 g/cm’. Respectively, In the green compact with a
1:5 volume ratio of aluminum to NaCl, 0.16 g of aluminum
corresponds to a volume of 0.05926 cm”, and 0.64 g of NaCl
corresponds to a volume of 0.2963 cm”’. The total volume is
therefore 0.35556 cm’, and the total weight is 0.80 g, yielding an
overall density of 2.25 g/cm’ for the compact. The measured
densities of the sintered foams were: 100 um foam is 2.15 g/
cm’, 50 pm foam is 2.15 g/cm’, 1 pm foam is 2.20 g/cm’, and
Mix foam is 2.15 g/cm’. The corresponding relative densities
were: 100 pm foam is 95.6%, 50 um foam is 95.8%, 1 um foam
is 97.6%, and Mix foam is 95.7%. All samples exhibited relative
densities greater than 95%, indicating successful sintering.
Among them, the 1 um foam showed highest density, suggest-
ing enhanced particle packing and bonding.

m P Experiment
P = ——5 PRelative = ——— (1)
v PTheoretical

To confirm the removal of NaCl, the NaCl removal rate was
measured and calculated using Eq. (2). The measured removal
rates were as follows: the 100 pm foam was not measurable due
to peripheral breakage during the NaCl removal process; the 50
um foam showed 100% removal; the 1 um foam, 95.24%; and
the Mix foam, 96.27%. Incomplete removal of NaCl can be at-
tributed to several factors. First, as the aluminum powder size
decreases, the number of aluminum particles surrounding each
NaCl particle increases, and the voids between the aluminum
powders become smaller. These two factors restrict access to
distilled water and hinders the dissolution of NaCl. Second, the
height and porosity of the foam also play a critical role. In ini-
tial trials, aluminum foams with a height of 10 mm exhibited
residual NaCl in the center of the sample. To address this issue,
the sample height was reduced to 4 mm and the porosity was
increased, which enhanced NaCl removal by improving pore
interconnectivity and creating more effective diffusion path-
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ways. Third, increased relative density reduce pore connectivi-
ty, further preventing the complete removal of NaCl. Fourth,
breakage of NaCl particles during compaction or sintering may
result in their entrapment within the matrix. Wan, Tan, et al.
reported that space-holder particles are susceptible to breakage
during compaction, which can impede their complete elimina-
tion [13]. For these reasons, the NaCl removal rate tends to de-
crease as the aluminum powder size decreases.

)
NaClremoval weight ) « 100

N aC lweight

NaCl removal rate (%) = (

(NaClremoval weight = weightbefore removal NaCl-weightafter
removal NaCl)

Fig. 3. Shows a full image of the fabricated aluminum foams,
which were used to evaluate the structural integrity of the
foams. For the 100 um foam, all four samples exhibited partial
collapse during the NaCl removal process, with approximately
10% of the total volume affected. In contrast, no collapse was
observed in the 50 um foam, 1 um foam, or Mix foam. In terms
of structural integrity, the 100 pm foam showed the poorest
performance while the other foams maintained good integrity.
Factors affecting the integrity of the foam include the ratio of
aluminum powder size to NaCl size, the volume ratio of alumi-
num to NaCl, and the sintering conditions. In this study, the
sintering conditions and the volume ratio of aluminum to NaCl
(1:5) were kept constant across all samples. Therefore, the pri-
mary influencing factor was the relative particle size ratio be-
tween aluminum powder and the NaCl. The NaCl particle size
was fixed at 500 yum, while the aluminum powder sizes were
100 um, 50 um, and 1 pm, corresponding to size ratio of alumi-
num powder to NaCl of 1:5 (100 um foam), 1:10 (50 um foam),
and 1:500(1 pm foam), respectively. Fig. 4. Illustrates the rela-
tive sizes. When converted to volume rations, these become ap-
proximately 1:125 (100 pm foam), 1:1000 (50 um foam), and
1:125,000,000 (1 pm foam). Given the 1:5 aluminum-to-NaCl
volume ratio, the number of aluminum particles per NaCl par-
ticle increases significantly with decreasing aluminum powder
size (approximately 25 for 100 wm, 200 for 50 pm, and 25 mil-
lion for 1 um). As the aluminum particle size decreases, the
number of aluminum particles surrounding each NaCl particle
increase, and the interparticle void size decrease. This reduces
the diffusion pathways for distilled water, which is essential for
dissolving and removing the NaCl. Consequently, smaller alu-
minum particles can hinder NaCl removal. Additionally, small-
er particles have a higher surface area, promoting faster sinter-
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ing neck formation and leading to increased relative density
[9-14]. While this improves structural integrity, it can also trap
NaCl within the matrix, as observed in the 1 um foam and Mix
foam, where NaCl was not completely removed.

3.2 Microstructure Measurement Using SEM

Fig. 5. Shows an SEM image of aluminum foam. The image
reveals the size and morphology of the pores, as well as the
shape and thickness of the cell walls. The pores can be classified
into three types based on their formation mechanisms: (1)
pores formed during powder sintering, (2) pores generated by
the removal of NaCl, and (3) pores formed by the partial col-
lapse or destruction of the cell wall during NaCl removal. Pores
formed during powder sintering are typically smaller than 50
um and exhibit irregular shapes. As the aluminum powder size
decreases, the size of these pores also decreases, owing to the
reduced interparticle voids in powders. Pores resulting from
NaCl removal are approximately 300-500 pm in size and gen-
erally cubic in shape. The fact that they are smaller than the
original NaCl particles (500 pm) is attributed to deformation of
the NaCl under pressure during sintering [13]. Pores caused by
the destruction of the cell walls are irregular in both shape and
size, and their occurrence is more noticeable in 50 pm and Mix
foams. Overall, the average pore size decreases as the alumi-
num powder size decreases. Examination of the cell walls
shows that aluminum powders are well bonded. In the 100 pm

100pum
Mix

NaCl (500pm)

Fig. 4. Comparison of the sizes of NaCl and aluminum powders.
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250 um

50 um

Fig. 5. Scanning electron microscopy images of aluminum foams fabricated with different powder sizes: [(a), (e)] 100 pm foam, [(b), (f)] 50

pm foam, [(c), (g)] 1 um foam, [(d), (h)] Mix foam. [(x100), (x500)].

and 50 pm foams, the boundaries between particles are clearly
visible, while the 1 pm foam exhibits blurred boundaries or
smooth surface. This indicates that finer aluminum powders,
with their higher surface area, promote rapid neck formation
during spark plasma sintering, leading to improved densifica-
tion and higher relative density. The thickness of the cell walls
also tends to decrease as the aluminum powder size decreases.
This is consistent with increased densification achieved
through enhanced particle bonding in smaller powders [30-35].

3.3 Microstructure Measurement Using Micro—CT

Fig. 6. a—d shows full 3D images of the aluminum foams, Fig.
6. e-h presents the 2D cross-sectional images and Fig. 6. i-1
displays 3D cropped images (3 x 3 x 3 mm”) of each foam. In all
images, the aluminum cell walls appear as white or gray re-
gions, while the pores are shown in black. Comparison of the
3D images revealed that the 50 pm, 1 um, and Mix foams
maintained good structural integrity, whereas the 100 pm foam
exhibited partial collapse and compromised structure. The 2D
cross—sectional image clearly show the morphology of the cell
walls and pores. The cell walls are formed by the sintering of
aluminum powders, and their thickness is influenced by the
powder size, which determines the surface area and sintering
behavior. As the aluminum powder size decreases, the cell wall
thickness tends to decrease due to enhanced densification. In
the 100 pm foam, collapse and poor bonding between cell walls
were observed, along with reduced interconnectivity. In con-
trast, the 50 um, 1 pum, and Mix foams showed well-bonded
cell walls and good structural interconnectivity. Pore shapes
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and sizes were found to be irregular and varied, primarily due
to deformation of the NaCl particles under pressure during sin-
tering [13]. The 3D cropped images provided detailed visual-
ization of pore morphology and cell wall structure. Porosity,
pore size, and cell wall thickness were quantitatively analyzed
using Micro—-CT. Porosity was calculated from the full 3D im-
age, while pore size and cell wall thickness were calculated us-
ing the 3D cropped image data. This approach was taken be-
cause, in the full 3D image of the 100 pm foam, collapsed re-
gions were recognized as pores, which led to overestimation of
pore size and inaccurate measurements. By using the 3D
cropped images (3 x 3 x 3 mm’) and excluding the damaged ar-
eas, more accurate and representative values were obtained.
The measured porosities of the aluminum foams were 89.70%
+ 1.64 for the 100 um foam, 85.20% + 1.77 for the 50 pm
foam, 76.10% + 0.28 for the 1 um foam, and 81.50% =+ 3.60 for
the Mix foam. The predicted porosity based on the volume ra-
tio of aluminum to NaCl (1:5) was 83.3%. The 100 um and 50
um foams showed higher porosities than predicted, while the 1
um and Mix foams showed lower porosities. In the 100 um
foam, collapsed areas were recognized as pores, resulting in a
higher than predicted porosity. For 50 pm foam, all NaCl was
removed, but the porosity was higher than the predicted poros-
ity due to internal pores identified by the relative density after
sintering. The Mix foam, despite a relative density similar to the
50 um foam, retained some NaCl, lowering its porosity. The 1
um foam exhibited the lowest porosity due to both its high rel-
ative density and is retained some NaCl. The average pore sizes
obtained from micro-CT were 315.01 +10.615 pm for 100 pm
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Fig. 6. Micro-computed tomography visualization of aluminum foams fabricated with different powder sizes: [(a)-(d)] 3D models, [(e)-(h)]
2D cross-sectional images, [(i)-(1)] 3D cropped images, [(a), (e), (i)] 100 pm foam, [(b), (f), (j)] 50 um foam, [(c), (g), (k)] 1 pm foam, and [(d),

(h), ()] Mix foam.

foam, 291.37+9.954 pum for 50 pm foam, 262.34+ 9.866 pum for
1 pm foam, and 290.85+10.373 pm for Mix foam. In all cases,
the pore sizes were smaller than the original NaCl particle size
(500 pm), primarily due to deformation under pressure during
sintering, partial destruction of cell walls during NaCl removal,
and additional pores formed during sintering. SEM analysis
confirmed that pore size decreases with decreasing aluminum
powder size, consistent with the micro-CT results. The mea-
sured cell wall thicknesses were 104.45+4.363 pum for 100 pm
foam, 92.06 +4.094 um for 50 pum foam, 71.51 +3.085 um for 1
pum foam, and 91.26 +4.144 um for Mix foam. Cell wall thick-
ness is affected by both the number and size of aluminum pow-
ders, as well as the degree of densification during sintering.
Smaller powders result in larger surface areas, which accelerate
neck formation and enhance densification, thereby reducing
cell wall thickness. SEM images supported this trend, showing
blurred boundaries and smoother surface as the powder size
decreased. In summary, as the aluminum powder size decreas-
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es, porosity, pore size, and cell wall thickness all decrease, re-
flecting enhanced densification and sintering behavior, as con-
tirmed by both SEM and micro-CT analysis.

3.3 Compression Test

Fig. 7. a—d shows the compression test curves of the alumi-
num foams. The stress—strain behavior of aluminum foam un-
der compression can be divided into three regions: the elastic
region, the plateau region, and the densification region [21, 37].
Region 1 corresponds to the elastic region, which is character-
ized by a linear elastic region with very low strain. Region 2 is
the plateau region, where the pores collapse occurs and strain
increases with little to no increase in stress. In this region, both
the 1 um foam and Mix foam exhibit noticeable fluctuations,
which are attributed to the presence of unremoved NaCl parti-
cles. The residual NaCl induced localized fracture during com-
pression, resulting in fluctuations in the curve. The 1 pm foam
exhibits greater fluctuations than the Mix foam, indicating a
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Fig. 7. Stress-strain curves of aluminum foams fabricated with different powder sizes: (a) 100 pm foam, (b) 50 um foam, (c) 1 pm foam, (d)

Mix foam.

larger amount of residual NaCl. Region 3 is the densification
region, where the previously collapsed pores are compacted,
leading to a rapid increase in compressive stress. The compres-
sive strength was determined as the average of the maximum
values in region 1, and the Young’s modulus was calculated
from the slope of the stress—strain curve in region 1 just before
reaching the compressive strength [38]. The measured com-
pressive strengths and Young’s modulus of the foams were
0.523+0.198 MPa and 0.023+0.0036 GPa for 100 um foam,
1.386+£0.099 MPa and 0.735+0.184 GPa for 50 um foam,
5.804+0.822 MPa and 3.841+£0.917 GPa for 1 pm foam, and
2.419+0.297 MPa and 1.761+0.290 GPa for Mix foam. As the
aluminum powder size decreases, the compressive strength in-
creases. Notable, the Mix foam exhibits a higher compressive
strength than the 50 pm foam, indicating a synergistic effect
from combining fine and coarse powders. This enhancement is
likely attributed to improved particle packing, where fine pow-
ders fill the voids between coarse powders, resulting in better
interparticle contact and more uniform pore wall formation

J Powder Mater 2025:32(3):232-243

during sintering. Therefore, the mixed powder approach pro-
vides an effective strategy to enhance mechanical performance
while maintaining microstructural stability. The compressive
strength of aluminum foam is influenced by several factors, in-
cluding porosity, pore size, and cell wall thickness, as reported
in previous studies [4, 39-41].

Fig. 8. a—d shows the relationships between aluminum pow-
der size and four key parameters: porosity, pore size, cell thick-
ness, and compressive strength. As the aluminum powder size
decreases, the porosity, pore size, and cell wall thickness also
decrease, whereas compressive strength increases. To evaluate
the effects of these parameters on compressive strength, predic-
tive equations were employed. Based on the classical and widely
accepted Gibson-Ashby model, the relationship between po-
rosity and strength was formulated using an exponential or
powder-law function. The remaining variables —pore size, cell
wall thickness, and powder size — were incorporated accord-
ing to their physical relevance, as represented in Eq. (3). Re-
gression analysis using the Ordinary Least Squares (OLS)
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method conducted to calibrate the coefficients A, n, a, and § in
Equation 3 based on the experimental data. These coefficients
quantitatively describe the influence of each variable on com-
pressive strength. The results of the regression analysis indicate
that strength increases with lower porosity, thicker cell walls,
smaller powder size, and smaller pore size. Among these, po-
rosity has the most significant influence, followed by pore size,
with cell wall thickness and powder size exhibit relatively minor
effects. In addition to its direct influence, aluminum powder
size indirectly affects strength by altering microstructural fea-
tures such as porosity, pore size, and cell thickness. Therefore,
mechanical properties of the foam can be effectively controlled
by tuning the relative size of aluminum powder to NaCl in the
space-holder method. This approach can be extended to a wide
range of metallic materials, not limited to aluminum, offering a
flexible and scalable strategy for optimizing the mechanical
performance of metal foams.
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t\* /1"
e () G ) o

o predicted compressive strength of the foam (MPa), A: 3390
(constant)
P: %ﬁ'(%), d,: powder size (um), t: cell thickness (um), d,,:
pore size (um)
n, a, B: indexes estimated by regression based on experimental
data
n=2.50, a=0.05, p=0.54

The compressive strengths calculated using Eq. (3) were
compared with the experimental results presented in Table 2.
For the 100 pm foam, the calculated strength was 0.518 MPa,
while the experimental value was 0.523 MPa, resulting in an er-
ror of 0.96%. For the 50 um foam, the calculated strength was
1.376 MPa, while the experimental value was 1.386 MPa, re-
sulting in an error of 0.72%. For the 1 um foam, the calculated
strength was 5.788 MPa, while the experimental value was
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Table 1. Comparison of densities and NaCl removal rate of aluminum foams with varying aluminum powder sizes

100 pm foam 50 pm foam 1 um foam Mix foam
Experiment density (g/cm’) 2.15 215 22 2.15
Theoretical density (g/cm’) 225
Relative density (%) 95.6 95.8 97.6 95.7
NaCl removal rate (%) X 100 95.24 96.27

100 um foam: foam fabricated using 100 pm aluminum powder. 50 pm foam: foam fabricated using 50 pm aluminum powder. 1 pm foam: foam fabri-
cated using 1 um aluminum powder. Mix foam: foam fabricated by mixing 100 pm aluminum powder with 1 pm aluminum powder.

Table 2. Comparison of porosity, pore size, cell thickness, and compressive strength of foams with different aluminum powder sizes

100 pm foam 50 pm foam 1 um foam Mix foam
Porosity (%) 89.70+ 1.64 8520+ 1.77 76.10+0.28 81.50+3.60
Pore size (um) 315.04+£10.612 291.37+£9.954 262.34+9.866 290.85+10.373
Cell thickness (um) 104.45+4.363 92.06+4.094 71.51+3.085 91.26+4.144
Compressive strength (MPa) 0.523+0.198 1.386+ 0.099 5.804+0.822 2.419+0.297
Young’s modulus (GPa) 0.023 +£0.0036 0.735+0.184 3.841+£0917 1.761+0.290

100 pm foam: foam fabricated using 100 pm aluminum powder. 50 pm foam: foam fabricated using 50 pm aluminum powder. 1 um foam: foam fabri-
cated using 1 pm aluminum powder. Mix foam: foam fabricated by mixing 100 um aluminum powder with 1 um aluminum powder.

5.804 MPa, resulting in an error of 0.28%. For the Mix foam,
the calculated strength was 2.403 MPa, while the experimental
value was 2.419 MPa, resulting in an error of 0.66%. With rela-
tive errors ranging from 0.28% to 0.96%, the predicted values
are in good agreement with the experimental results, support-
ing the applicability of Eq. (3) for modeling compressive behav-
ior in open-—cell aluminum foams.

4. Conclusion

In this study, the effects of porosity, pore size, and cell wall
thickness on mechanical properties of aluminum foams were
investigated in relation to aluminum powder size and powder
mixing, using NaCl as a space-holder.

1. Densification, structural integrity, and NaCl removal effi-
ciency were compared as a function of aluminum powder size.
As the powder size decreased, the relative density increased, in-
dicating enhanced densification. Conversely, larger aluminum
powders exhibited lower structural integrity due to insufficient
sintering. However, a decrease in powder size also resulted
NaCl removal rate, attributed to the increased densification,
which hinders diffusion pathways.

2. SEM analysis was conducted to compare the pore struc-
tures and cell walls with different aluminum powder sizes.
Three types of pores were identified: (1) pore formed by the re-
moval of NaCl, (2) pores generated by the destruction of cell
walls during the NaCl removal, and (3) pores originating from

J Powder Mater 2025:32(3):232-243

interparticle voids during sintering. Pore size was found to de-
crease with decreasing aluminum powder size. Cell wall mor-
phology also varied with powder size: clear boundaries between
particles were observed in the 100 um and 50 um foams, while
blurred boundaries and smoother surfaces appeared in the 1
pm foam. These results suggest that smaller powders increase
surface area, and enhance neck formation during sintering,
promoting densification.

3. Micro-CT analysis was used to quantitatively assess poros-
ity, pore size, and cell wall thickness. All three parameters de-
creased as the aluminum powder size decreased. These trends
were consistent with SEM observations and are influenced by
factors such as densification, NaCl removal rate, interparticle
voids, and pressure-induced NaCl deformation. The results
align well with relative density measurements and visual evalu-
ations of structural integrity.

4. Compression testing was performed to evaluate mechani-
cal properties across the different foams. The stress—strain
curves revealed three characteristic regions. In the plateau re-
gion (Region 2) fluctuations were observed in the 1 um and
Mix foams due to incomplete NaCl removal, with more pro-
nounced fluctuations in the 1 um foam. Compressive strength
increased with decreasing aluminum powder size. A regression
analysis was performed to determine the influence of each mi-
crostructural parameter on strength. The results showed that
strength increases with decreasing porosity, decreasing pore
size, decreasing powder size, and increasing cell wall thickness.
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Among these, porosity had the most significant effect, followed
by pore size, with cell wall thickness and powder size exhibit
relatively minor effects.

This study demonstrates that aluminum powder size plays a
critical role in determining the microstructure and mechanical
performance of aluminum foams. By optimizing powder size
and mixing strategies, the mechanical properties of aluminum
foams can be significantly improved. Moreover, the finding and
methodology of this study can be extended to a wide range of
metals and alloys beyond aluminum.
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Effect of Support Structure on Residual Stress Distribution in Ti-
6Al-4V Alloy Fabricated by Laser Powder Bed Fusion
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Ti-6Al-4V alloy is widely utilized in aerospace and medical sectors due to its high specific strength,
corrosion resistance, and biocompatibility. However, its low machinability makes it difficult to manu-
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facture complex-shaped products. Advancements in additive manufacturing have focused on produc-

ing high-performance, complex components using the laser powder bed fusion (LPBF) process, which
is a specialized technique for customized geometries. The LPBF process exposes materials to extreme
thermal conditions and rapid cooling rates, leading to residual stresses within the parts. These stresses
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are intensified by variations in the thermal history across regions of the component. These variations

result in differences in microstructure and mechanical properties, causing distortion. Although support
structure design has been researched to minimize residual stress, few studies have conducted quanti-
tative analyses of stress variations due to different support designs. This study investigated changes in
the residual stress and mechanical properties of Ti-6Al-4V alloy fabricated using LPBF, focusing on

support structure design.

Keywords: Laser powder bed fusion; Ti-6Al-4V alloy; Residual stress; Contour method; Support design

1. Introduction

o
5
oA 2 W= 8-8(Laser powder bed fusion, LPBF) &% &
o
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2. Experimental

2.1. Ti-6AI-4V B2

2 AFo)A= = AP&C iitollAl 7kA EFH(gas atomiza-
tion) 22 AxH TF Ti-6Al-4V Gr.5 &Zo] &&=t
Fig. 1(a)= AAYE FAPIAAH| A (field emission scanning
electron microscopy, FE-SEM, JEOL, Japan)< &9l &3 &%
SEM ©Ju|AE YehH, S5 Aol o] ST o3t
FEE UehdS o1 4= Qirt 2 Edof| s Y=E47] LA-
960V2 (HORIBA, Japan)E AH&5to] 2 JEiEZ 743 1Y
stgoH, 1 A3H= Fig. 1(b)oll ZAISHIh B A= 2 =3
A3} D5, D50, D902 77t 22.74 um, 32.47 pm, 44.60 pm &
UEtlon LPBE 37l 29t =22 E el gelg
T AU 2 fE S A 2RV Ut | UEE S
3t & o]& 7|9tC. 2 Hausner ratiogt< #1416+ 2 Hall Flow-
meter (Tokyo rikakikai, Japan)& 53 & F&=5 5453t
Table 12> E82T] 5k & HojF0, & 2945 53 sid
+2°] LPBF 574l 43t 7525 Uetd2 FAsinH2s].

=

P

_l
o

2.2. LPBF 7|4t Z&X| ®M=
E Lo A= AL LPBF AH|(M2, GE additive, U.S.A)S &

(b)
16 .
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D; | 22.74 )
~12r= {80 E
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= 10¢ °
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g 8¢ o
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= 4} E
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0 20 40 60
Particle size (um)
Fig. 1. (a) Scanning electron micrograph and (b) particle size distribution of the Ti-6Al-4V alloy powder.
Table 1. Physical properties of the Ti-6Al-4V alloy powder
Apparent density [g/cm’] Tap density [g/cm’] Flow rate [s/50g] Hausner ratio

2.62 = 0.02 2.83 + 0.02

4.39 + 0.16 1.08
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(b) Type 1

Support hole diameter: 4 mm

Support hole diameter : 2.75 mm

Fig. 2. (a) Scanning strategy of the LPBF process and (b) the schematics of support design for the present samples.
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574 MEY oA F Fig. 40| ZAISHATE FeHibAS+= LFA
467 HyperFlash (NETZSCH, Germany)$HE &85t 57}
Rom, Fig. 4(a)l|A] Holi= A} Zo] Al FYFA A 7H53F
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k=a-p~Cp (1)

3. Results and Discussion

3.1. |t AHA
Fig. 5= LPBF 378202 AZA2H &

F_'EL

A xFA 2F 2

Fig. 3. Measurement positions of residual stress in the LPBF-processed samples.

(a)

AD varnewt

(b)

yo

Fig. 4. (a) Schematic diagram of specimen extraction for thermal conductivity measurements from a sample, and (b) a photograph of a

specimen.
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Type 2 (Side view)

Fig. 6. Residual stress distribution measured using the contour method on the (a) Z and (b) Y planes of the type 1 and 2 samples.

IS Uehd Aoz, A9 doUHXS) EstdFolA 7|
o 2HE 52 A= P Warping @4o] T Ut vt
HOog, ARE &9 A7|7} 225 7|9¥}e] FF WA o] 57
Sto] B gt 29 25 A7t o dE 2 A Ay 9
S e FS Bl AA A5 2ol A= Type 1 Al
H| AZE & F7]7} 22 Type 2 AlHA B =413 Warping &
ol e A 291 T 4= Uitk

Fig. 6 Contour H-Z -85t 2FA 9] Z Plane ¥ Y Plane
FGolA 5743 7788 £ ARE YEhd Zlolth Fig. 6 ()F
&M, AH] SYFolE A JF-SHol, 7P = I AR
<

Zlo] pmst AP LPBF §4°) 92 BE 4L T

-

-~

248

% QlehDol. E3 MEE PAgol whE QJere HlmslnY AEE
F 2717F 2 Type 2 AR Type 1 A8 o] o 2 1% 9
9% RS 2o] Uehhs 23L B9t Fig 6 ()= Y Planeo]
Mol 478 BEE ekl 0, T Type ABE 719] 2I7]
3 Aol LA glgteh. AAH R AH ) 9%0] whE %
9 glo] WA} 37 eorom, ARE o] G 53 o
e ojujet Ao BAEQ oliet Aok A Lo] v
FHX PO Warping BAfo] MAISHE v, T WY
POt YA HEYo] A Uehbx o Aet ANk E
o ARE Z 2707k Aol Jlute] Y% 6A S7h Q9
o] mr} w2 7o AeElo] W2 w7t S7HHL, ol

J Powder Mater 2025;32(3):244-253



Seungyeon Lee et al,,

[MPa]

- 7.12e+02
- 6.31e+02

5.50e+02

Type 1

Residual stress in LPBF Ti-6Al-4V by support design

A‘Plane:

4.69e+02
3.88e+02
3.08e+02
2.67e+02
1.46e+02
6.48e+01

L st

-9.7e+01

-1.78e+02

Fig. 7. Results of X-ray diffraction for the X-plane of the samples of types 1 and 2.
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Fig. 8. Results of thermal conductivity measurements of types 1
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High-entropy alloys (HEAs) incorporating low-melting-point elements (Mg and Al) and high-melting- Revised: April 8, 2025

point elements (Ti, Cr, and V) were fabricated via mechanical alloying and spark plasma sintering. Sin- Accepted: April 11, 2025
tering temperatures were varied to investigate phase behavior and microstructural evolution. X-ray

diffraction was used to identify phase structures, scanning electron microscopy to analyze microstruc- *Corresponding author:
tures, X-ray fluorescence to determine elemental composition, and a gas pycnometer to measure den- Byungmin Ahn

sity. Micro-Vickers hardness testing was conducted to evaluate mechanical properties. Mechanical-al- TEL: +82-031-219-3531
loyed HEAs exhibited a body-centered cubic (BCC) phase and lamellar structures with element-en- E-mail: byungmin@ajou.ac.kr

riched regions. Sintering introduced additional BCC and Laves phases, while higher temperatures pro-
moted Mg liquid-phase sintering, increasing density and hardness. This study highlights the effects of
sintering on HEAs containing elements with differing melting points to optimize their properties.

Keywords: powder metallurgy; high-entropy alloys; ultra-lightweight; mutual solubility; sintering

1. Introduction

TAERT] Fa(high entropy alloys, HEAs)q A& ThE THAl
7HA] o/e] Y47t EE]o] BCC (body-centered cubic), FCC
(face-centered cubic), HCP (hexagonal close-packed) 52| sim-
ple solution phaseE F/dsh= 545 2=t o]t &
3 Yao] 243 2o wet gt = /\é% ks

oA & FAe i lrHi-3]. £31, BC

[m nZi—Ll

s
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e FCC 78] TEEy] 3t Hlwste] Foly 7

al
Fotol| thet 3:117]‘ S7F5HHAL, Al
Mg, Ti 59 A% H4s XA A LAEZT F=(light-
weight high entropy alloys, IWHEAs)°|| gt A7} FEE
tH5, 6. IWHEAsO] Z3HEL A YAEL Yutx o= 9]
Zy AA} 4(valence electron concentration, VEC)7} %o}, Guo9)
VEC H32]of| g} &2 et A= 5 2= BCC 12 & B5k=
78] oH[7-9], AT IAERT] FFolA &&E 5 U= F
8 ¥ Y42 = Li, Be, Mg, Al Sc, Ti 5°] 9t 124 Li, Be,
Sc2 =2 3154 BT 54 EAIE Qs %28 FEo= A

https://[powdermat.org



Eunhyo Song et al,,

otA] FomE Mg, Al Tig A7 IWHEAs7} 2 A=1L
AtH10L. 53], Mg 1.7 g/em’?] 9&g Ad 7Hg 7hH2 %
€ 9% Y42A HEAs?| F33otE andor 9Ad A4 F
3 Qltk, T8y 7€ 9SS R et 4 Al TiE
HEo g 4% A83 dAE VR F2 3 HetEol gl
, S AT e 29t 5719, OE S5 A4t A 51
M (intermetallic compounds, IMCs)& 34dsk= Mge 712
FE T4 2% IWHEAs®?| 184 F/do] dgstA| ¥, A=
ol A7F AT, 12].

& AFoAE ol £AE sidstaat, 7144 EeHme-
chanical alloying/s €-85t°] Mge X3ol= LWHEAsE A%
ToEHN 2AFOE ASILA Ath IWHEAsS] 44 Y4z
= AELE 9ot Mgt Ti, VE, 72 HH3EE flste] 357
o] Y4 F 7MY A 544 Hole CrE AAsten, Mgt
AEH Y4 2o 31§ 7S flske] Al 71 daE A
ot 71414 gashe A2l 2214 oluAl= S5 %
& 753 Aol 9 F71goIA A er AREe 2t
Hog, 84 Zpol7h 2 AR o] Fo1Z] LWHEAs A% Al
o] 7 TAE K & vt 18 Eg, Mg 7HF =
E =271 g3 (ultra-lightweight high-entropy alloys,
ULWHEAs)E AlFskr, ohadt 349 vA 244 A5S A+
Foan FF T, oluA A 59 Eopolld 2R = Sk

247 W= T2 24 /] 7]ofstaA} et

H N i

o b

N

v
i

i

O

]_
’|_

ot
£
of o

oY N &

ol N o
o4
o,

ki
2

2. Experimental

2 AFoME E 58 Aol A= 94ES AR e
skst7] fisto] 71414 *bEkE ol-8-5to] ULWHEAs A £5F3itt.
ULWHEAs &% 199 A & Y (high energy ball milling,
HEBM, PM-400MA, Retsch, German)< ©]-8-5to] A| &5}t
29 FAoll=, SUS304 AE 9] jar} ball& AHESHI o H,
300rpm, BPR 10:12] Z70l|A] 60417t &<t W& Aaotgict.
o] W Zet=ul &Z(spark plasma sintering, SPS, sps-
212Lx, Dr. Sinter LAB Jr., Japan)& ©]-85tc] 29| X|dsts
AFgeoiet. 228 IH2 Ar Z971914 30MPa] 512 stofl 8
< oIt &2 2% 400°CollAl 800°C7HA] 100°C 7+
o2 4Asto] 24 2o - ULWHEAsS] 4 A% & =3t
&S WEsILA S

i

[e]

Alloying Behavior of Lightweight High-Entropy Alloy

71AA et 59 SEt2nk &4 0% A2 ULWHEASs
9] A=A X-A 34 E4(X-ray diffraction analysis, XRD,
A1=1.5418 A, D8 Advance, Bruker, USA), ZA| WA AR}
A7 (field-emission scanning electron microscope, FE-SEM,
JSM 7500F, JEOL, Japan)-oll 4 A] #4F 237 |(energy-dispersive
X-ray spectroscope, EDS, INCA x-act, Oxford, UK)= ©]-&3
of E4stlch 3 XA FFE47](X-ray fluorescence, XRE,
ZSX Primus, Rigaku, Japan)E &3 L& &2 204 A-83
Ao vl WSS RIsIiH. 44 2% ©HE ULWHEAs®]
E/J 22+ gas pycnometer(AccuPyc II 1345, micromerities,
USA)E UL E, ufo]3 & H|AA HEA(micro-Vickers hardness
tester, HM-200, Mitutoyo, Japan)Z A& Z74st9oH, 0|5
g8 g} vl sttt

3. Results and Discussion

2 ATl = EHeHH ALtE Sste AlTiCrV, Mg, ; UL-
WHEAsZ A5} A5 ®g= ol
Table 13} 2t} 7} ohs] HaS AR A3, i 729] M7t
IEA B 7S USShe
73 Aol HEE W
UWEME Aue°l T 2 2 ERlth of2ieh i 94 3t
o] IE=E AlRMA "4 9 B4 43t siekEo] T4 7te
d= AARREEH13].

& A7 A=) XRD 249] A¥h= Fig. 13+ 2. Fig. 15
B, 99 o] Ax® ULWHEAs %9 49 BCC main
phase®t H&0] Cr, Ti, V9| rich peak& &R1E 4= it} o]& &
2 2Lof WolE Fo] AU3E YTt A, 400°CY| 2004
& 9149] rich phase”} Holol= FEE Ao, &2 22715
7Fge] wheh Ak 184 Y49 rich phase”t AFEFA| AL A2
BCC phase®} laves phase”} 3/ Z10] ZRI= 31t EQF main
phase?] peake] FF2 02 WAt 400l A 46714 9] F7H&
gt A¥ke fig. 1(b)o] HEHIT. ol& 2 U o]F &
2% F7tol| w2t 1184 phase?l BCC phase®t 57 9459
rich phase®| peake] S7I5tt7F 700 "CE 712 & A2 it
Al phase?] BCC phase®} laves phase2] peako] UEH = A& 2
A = 3. ol & 3l B A Fol= vilf- 23te 27840l

o] ZlgPHol wet F715t0] peak?| intensity”t 57F51.2.H, 700

rO
(o7]
2oy
KN
o 4
B
N
1o
2
N
oo
oX,
b
U
)
N

Table 1. Thermodynamic parameter calculation results of AITiCrV,;Mg,:

'mix AHmlx

Parameter AS,

1) VEC AX aten

AlTiCrvo0.5Mg0.5 12.97 J/molK -7.56 kJ/mol

7.20% 413 13.30%
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(a) (b) ¢ @scc2 ¢Laves | (D) ® @BCC2 @ Laves
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0 @)
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= | 700°C Sintered = v
S 8
2 ¥y
@ ® M
€ | s00 C Sintered _/\ (@] c
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Fig. 1. X-ray diffraction patterns of AlTiCrV,;Mg, for (a) and magnified (b).
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Fig. 2. Scanning electron microscopy with backscattered electrons image of AlTiCrV,;Mg,; with different conditions: (a) as-milled powder,
sintered at (b) 400°C, (c) 500°C, (d) 600°C, (e) 700°C, and (f) 800°C, respectively.
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Fig. 3. Scanning electron microscopy images showing the microstructure and energy-dispersive X-ray spectroscopy result of AlTiCrV,;Mg,
with different conditions: (a) as-milled powder, sintered at (b) 400°C, (c) 600°C, and (d) 800°C, respectively.

Table 2. X-ray fluorescence results of AITiCrV, ;Mg sintered at 700°C and 800°C

Elements(at.%) Al Ti Cr A% Mg
700°C 239 24.9 30.5 12.8 7.8
800°C 244 26.0 31.2 13.1 53
258

J Powder Mater 2025;32(3):254-261



Eunhyo Song et al,,

441 mm Density -800
Il Hardness
4.3 -600
e =
0
(=]

4.2 -400 £
o =
S [
3 g
] 200 8
4.1 200 £

400 500 600 700 800
Sintering temperature (°C)

Fig. 4. Density and Vickers hardness values of AITiCrV,;Mg, ; with
different sintering temperatures.

rlo
=
_|
N
B
o
Y
)
ol
b
[o)e]

asE AME-Sh= pycnometerd] 74 2

T9] 54o] o]FojH o, 2ol STt et Wk St}
£ LR A& dehdis Aol geldn. 700°CollA = T
7t fAaste %S Holed, o] AdE 183 94E9 1
&o] S7FstaL Mg ®A Bo] A= AR, Mg o
FAAR R 7S Ao R Qs Tt Hashks g B
Aoz 33130t 800°ColAl= L glo] o] 84 HAARHYE 57t
g A3 Hol=d], o= Mg®| 4ol 4% 02 st A
T 4 Hlg i) whE ol A7 S71et 2449 STt
oI5t Avtg whestitt

A% Al Az Hol, ULWHEAs®| £274& 400°Cot
500°C AteloflA A S7stAeH, Mgell 9t A4 &2 an
4 AZA S7H A5 aTE 800T A & A= 450l TS A
o7 gesilth &2 2% 70| e A= Hshs Wk
2] fE5] F7hoks AFE BT ol= Mg &4 oJgt @
ol F5 olFUH Bk AsHe tEA, &2 2% Tl E
472740l F8 AT Ao r AE5Hq7] W o® wstinh 1
A3}, Aol AHHA 0 2 FA] 982 Ao A5 E 27t S
of wet 22 Aol 3] Sk AE UEHd s @
okt & Aol 57 ULWHEAsS] ot F=s v
O & A& A=2k9] material selection chartE Fig. 52F 20| Uet
et

J Powder Mater 2025:32(3):254-261

Alloying Behavior of Lightweight High-Entropy Alloy

1000 T

-

o

(=]
T

Polymers and
elastomers
Natural
materials

Foams

Vickers hardness (HV)
- >

Ceramics
L

0.01 0.1 1 10
Density (g/cm?)

Fig. 5. Material selection chart (density vs. hardness) [22].

¥ 9719] ULWHEAsE AYE 39 Ti alloy® e -2 4
L& Holu, gt o vl v 3 s YEtdS &
QI 4= Qlth. o= IR Al EgE =2 GO, thE LWE-
HAs9} Bl etglS wfolle 2o fIx]she 2 1T & 3
o}, kA 2 A7) A7 Q] ULWHEAsS 7]1&2] A8 g A&
E3t vlwote] AUE, IHE 59 55 EA4S Ho] 1 8%
7} 7| E ok washolnt.

4., Conclusions

2 QAT 7)AH IS o83l TLUTRE FHL oA
otk EAI0) A8 ALU% Mgt T84 FFA4

AITiCrV, Mg, ; ULWHEAs®] A%Z %
T3 47 Lwo] He G5t A% 714
slo] AAA oz Basir B ATods thedt gL Fa 2

B2 92 5 A0

Q.

2 oy
)

ox

filo

nﬁﬁ

o

)

El

(1) HEBM 53 A" ULWHEA powders:= BCC phase®}
Ti, Cr, VA rich-phase”} 3-&3tH, SPS & &2 2%=7F 571
ool wah mutual solubility”} F3=lo] BCC phase®} Laves
phase”} YeERATEH

(2) 500°C o5t A2F 2=ol|A Mg 1874 Yaet ARzt LA
5hH, o] L2 Qg B4t oy x| K=9] AN}Z rich-phase
£ 3T

(3) 600°C ol &2 2xolA Mge H4 A2 a3+ Bof 94
ke £714)7]9, ULWHEAsS] 9xet A=E FAlo) S7F
AZITt,

(@) & AFoA AR ULWHEAsE 37H4] 3% 94(Al, Mg,

259



Eunhyo Song et al,,

Ti)E BAlo] A7Isto] A48 AfEch Ee Urol FAlo] o<
S Axg 7Hd Bk ofye}, 712 d4-H LWHEAsS} H]ish
of 9531 U o] A& Helrt
AFH O R, B Ao 2FEE 245 Al Aed ¢
1834 AFLart 23HH ULWHEASS MAS 53] Az
H, 24 279 O£ FF3t AF € 71A4 84 oldfetairt.
olg 7|2 4 Aot E YaE Edohs ULWHEAsS] A
Z2 9 B4 Y A9 visEo] Hax gt

Funding

This work was supported by a National Research Foundation
of Korea (NRF) grant funded by the Korean government
(MSIT) (2021R1A2C1005478).

Conflict of Interest

The authors declare no competing financial interests or per-

sonal relationships.

Data Availability Statement

The original contributions presented in the study are includ-
ed in the article, further inquiries can be directed to the corre-

sponding authors.

Author Information and Contribution

+28: JAHg 814Y; Conceptualization, Methodology, Inves-
tigation, Visualization, Writing —original draft
o|ghg: B A9 Conceptualization, Validation, Supervi-
sion, Visualization, Writing — review & editing
QFE Yl W< Supervision, Writing — review & editing, Review-
ing & editing - review contribution, Funding acquisition, Re-

sources

Acknowledgments

This work was supported by the National Research Founda-
tion of Korea (NRF) grant funded by the Korea government
(MSIT) (2021R1A2C1005478).

260

Alloying Behavior of Lightweight High-Entropy Alloy

References

[1] H. Lee, A. Sharma, M. Kim and B. Ahn: Powder Metall., 66
(2023) 669.

[2] S. Park, S. H. Lee, J. Lee, S. J. Lee and J. G. Jung: J. Powder
Mater., 31 (2024) 406.

[3] J. W. Choi, H. J. Park, G. C. Kang, M. S. Jung, K. T. Oh, S. H.
Hong, H. G. Kim and K. B. Kim: J. Powder Mater., 29
(2022) 22.

[4] S. K. Dewangan, C. Nagarjuna, H. Lee, K. R. Rao, M. Mo-
han, R. Jain and B. Ahn: J. Powder Mater., 31 (2024) 480.

[5] M. J. Chae, A. Sharma, M. C. Oh and B. Ahn: Met. Mater.
Int., 27 (2020) 629.

[6] M. V. Kamal, S. Ragunath, M. H. S. Reddy, N. Radhika and
B. Saleh: Int. J. Lightweight Mater. Manuf,, 7 (2024) 699.

[7] S. Yang, ]. Lu, E Xing, L. Zhang and Y. Zhong: Acta Mater.,
192 (2020) 11.

[8] S. K. Dewangan, O. Maulik, D. Kumar, S. Kumar, V. Kumar
and B. Ahn: J. Mater. Res. Technol., 26 (2023) 383.

[9] R. Feng, C. Zhang, M. C. Gao, Z. Pei, E Zhang, Y. Chen, D.
Ma, K. An, J. D. Poplawsky, L. Ouyang, Y. Ren, J. A. Hawk,
M. Widom and P. K. Liaw: Nat. Commun., 12 (2021) 4329.

[10] S. A. Krishna, N. Noble, N. Radhika and B. Saleh: J. Manuf.
Processes, 109 (2024) 583.

[11] Z.Y. Ding, W. T. Huo, Y. Zhang, S. Qin, X. E Qiand J. . Qi:
Scr. Mater., 187 (2020) 292.

[12] A. Babenka, E. Ghasali, S. Raza, K. Baghchesaraee, Y.
Cheng, A. Hayat, P. Liu, S. Zhao and Y. Orooji: ]. Magne-
sium Alloys, 12 (2024) 1311.

[13] C. Nagarjuna, S. K. Dewangan, H. Lee, K. Lee and B. Ahn:
Vacuum, 218 (2023) 112611.

[14] S. Maharana, D. K. V. D. Prasad, S. A. Seetharaman, M. Sa-
bat and T. Laha: Mater. Sci. Eng. A, 886 (2023) 145695.

[15] M. C. Dahlborg and S. G. R. Brown: J. Alloys Compd., 724
(2017) 353.

[16] M. C. Oh, A. Sharma, H. Lee and B. Ahn: Intermetallics,
139 (2021) 107369.

[17] A.T. Sucgang, L. Cuzacg, J. L. Bobet, Y. Lu and J. E Silvain: J.
Manuf. Mater. Process., 9 (2025) 4.

[18] R. M. German, P. Suri and S. J. Park: ]. Mater. Sci., 44 (2009)
1.

[19] N. Seo, J. Jeon, G. Kim, J. Park, S. B. Son and S. J. Lee: ] Pow-

J Powder Mater 2025;32(3):254-261


https://doi.org/10.1080/00325899.2023.2225284
https://doi.org/10.1080/00325899.2023.2225284
https://doi.org/10.4150/jpm.2024.00185
https://doi.org/10.4150/jpm.2024.00185
https://doi.org/10.4150/KPMI.2022.29.1.22
https://doi.org/10.4150/KPMI.2022.29.1.22
https://doi.org/10.4150/KPMI.2022.29.1.22
https://doi.org/10.4150/jpm.2024.00297
https://doi.org/10.4150/jpm.2024.00297
https://doi.org/10.1007/s12540-020-00823-5
https://doi.org/10.1007/s12540-020-00823-5
https://doi.org/10.1016/j.ijlmm.2024.06.001
https://doi.org/10.1016/j.ijlmm.2024.06.001
https://doi.org/10.1016/j.actamat.2020.03.039
https://doi.org/10.1016/j.actamat.2020.03.039
https://doi.org/10.1016/j.jmrt.2023.07.198
https://doi.org/10.1016/j.jmrt.2023.07.198
https://doi.org/10.1038/s41467-021-24523-9
https://doi.org/10.1038/s41467-021-24523-9
https://doi.org/10.1038/s41467-021-24523-9
https://doi.org/10.1016/j.jmapro.2023.12.039
https://doi.org/10.1016/j.jmapro.2023.12.039
https://doi.org/10.1016/j.jma.2024.03.003
https://doi.org/10.1016/j.jma.2024.03.003
https://doi.org/10.1016/j.jma.2024.03.003
https://doi.org/10.1016/j.vacuum.2023.112611
https://doi.org/10.1016/j.vacuum.2023.112611
https://doi.org/10.1016/j.msea.2023.145695
https://doi.org/10.1016/j.msea.2023.145695
https://doi.org/10.1016/j.jallcom.2017.07.074
https://doi.org/10.1016/j.jallcom.2017.07.074
https://doi.org/10.1016/j.intermet.2021.107369
https://doi.org/10.1016/j.intermet.2021.107369
https://doi.org/10.3390/jmmp9010004
https://doi.org/10.3390/jmmp9010004
https://doi.org/10.1007/s10853-008-3008-0
https://doi.org/10.1007/s10853-008-3008-0
https://doi.org/10.4150/kpmi.2021.28.3.221

Eunhyo Song et al,, Alloying Behavior of Lightweight High-Entropy Alloy

der Mater., 28 (2021) 221. varedo, P. M. Rodriguez, E. Gordo and J. Cornide: Materi-
[20] S.K. Dewangan, C. Nagarjuna, H. Lee and B. Ahn: Sci. Sin- als, 14 (2021) 4342.

tering, 56 (2024) 149. [22] Y. Liy, Y. Ding, L. J. Yang, R. Sun, T. Zhang and X. Yang: J.
[21] E. Reverte, M. C. Dahlborg, U. Dalborg, M. Campos, P. Al- Manuf. Processes, 66 (2021) 341.

J Powder Mater 2025;32(3):254-261 261


https://doi.org/10.4150/kpmi.2021.28.3.221
https://doi.org/10.2298/sos230819054d
https://doi.org/10.2298/sos230819054d
https://doi.org/10.3390/ma14154342
https://doi.org/10.3390/ma14154342
https://doi.org/10.3390/ma14154342
https://doi.org/10.1016/j.jmapro.2021.03.061
https://doi.org/10.1016/j.jmapro.2021.03.061

Code of Ethics for
the Journal of Powder

Established: 2007. 10. 23

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

262

Journal of

Powder Materials

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.

E 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

https://[powdermat.org



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.

E 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

https://powdermat.org

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.

E 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
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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.
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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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Misconduct-Related Regulations

Enacted: June 17, 2016

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

(D 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 Fthics 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.

S. Duplicated Publication
(D 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.

https://powdermat.org

6. Plagiarism

(D 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.

(@ 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

(D 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..

@ The Research Ethics Committee shall make a unanimous
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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
(D 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.
(@ 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
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10. Objection

(D 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 Powder Materials
Research Ethics

Article title:

Author name:

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. T 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.

2.1 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.

3.1 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.

4.1 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.

5.1 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.

All Authors:
Signature Date Signature Date
Signature Date Signature Date

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”
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Instructions for authors

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
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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

https://[powdermat.org



editors), the publisher name, location and year as below.

[1]7]. 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: ML.S. Thesis, Title of Dissertation, Dachan 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 = feo+(f0—foo)exp(—yr/y'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-

https://powdermat.org

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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Copyright transfer agreement  Powder Materials

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.

All Authors:
Signature Date Signature Date
Signature Date Signature Date

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

Signature Date Signature Date

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
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O The paper title, authors’ names, and authors’ affiliations have been confirmed to be accurate.

O The corresponding author has been distinguished using symbol(s), and e-mail address(es) and contact number(s) have been
indicated accurately.

O The keywords have been selected from the keyword list determined by the Journal and confirmed to be accurate.

O The figures and their captions have been confirmed to be matched accurately.

O The reference materials have been drawn up accurately according to the paper guidelines of the Journal of Powder Materials.
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