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1. Introduction 

Additive Manufacturing (AM) is a process that fabricates 
products by manufacturing materials in accordance with a 
three-dimensional model, enabling the creation of complex 
three-dimensional shapes that are impossible to achieve with 
traditional solidification or machining methods. As a result, 
multiple parts can be consolidated into a single complex com-
ponent, significantly reducing the number of parts used and 
the manufacturing processes involved. Furthermore, AM al-
lows for the intricate and precise construction of heterogeneous 
materials and the flexible creation of composite or hybrid 
structured materials, facilitating product and business innova-
tion. In addition, compared to traditional metal processing 
methods, AM can contribute to carbon neutrality by reducing 
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Additive Manufacturing (AM) is a process that fabricates products by manufacturing materials accord-
ing to a three-dimensional model. It has recently gained attention due to its environmental advantag-
es, including reduced energy consumption and high material utilization rates. However, controlling de-
fects such as melting issues and residual stress, which can occur during metal additive manufacturing, 
poses a challenge. The trial-and-error verification of these defects is both time-consuming and costly. 
Consequently, efforts have been made to develop phenomenological models that understand the influ-
ence of process variables on defects, and mechanical/ electrical/thermal properties of geometrically 
complex products. This paper introduces modeling techniques that can simulate the powder additive 
manufacturing process. The focus is on representative metal additive manufacturing processes such as 
Powder Bed Fusion (PBF), Direct Energy Deposition (DED), and Binder Jetting (BJ) method. To calculate 
thermal-stress history and the resulting deformations, modeling techniques based on Finite Element 
Method (FEM) are generally utilized. For simulating the movements and packing behavior of powders 
during powder classification, modeling techniques based on Discrete Element Method (DEM) are em-
ployed. Additionally, to simulate sintering and microstructural changes, techniques such as Monte 
Carlo (MC), Molecular Dynamics (MD), and Phase Field Modeling (PFM) are predominantly used. 

Keywords: Metal; Additive manufacturing; Computation; Modeling; Trends  

energy consumption and CO2 emissions and promoting the re-
cycling of waste materials. It represents a manufacturing pro-
cess innovation by enabling the production of finished prod-
ucts in a single step without the need for the fabrication and as-
sembly of numerous parts. This capability affords self-sufficien-
cy in the production, repair, and reuse of parts, even in chal-
lenging environments such as outer space, polar regions, or re-
mote areas where the distribution and assembly of parts are 
difficult [1, 2]. Due to these remarkable advantages that were 
previously unimaginable using conventional processes, AM is 
hailed as a revolution in the manufacturing industry. It is being 
explored for various applications, including the medical field 
[3], aerospace components [4], and more. 

Additive Manufacturing (AM) is widely utilized across vari-
ous material fields, including polymers [5-7], ceramics [8], 
metals [9-11], and composites [12, 13]. As shown in Fig. 1(a), 
the Precedence research predicts that the global market size of 
metal additive manufacturing will continue to expand. Corre-

https://doi.org/10.4150/jpm.2024.00150
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spondingly, as depicted in Fig. 1(b), the number of research ar-
ticles on metal additive manufacturing has also been increasing 
year by year. (The data for 2024 is collected as of May 2024, 
showing fewer numbers compared to 2022.) This aggregates 
the number of papers from 2015 to 2024 on ScienceDirect 
(Keyword: Metal additive manufacturing). 

According to ASTM F2792-12a by the American Society for 
Testing and Materials (ASTM), terms previously known as RP 
or rapid prototyping technologies have been standardized to 
3D printing or additive manufacturing technologies. They clas-
sified the manufacturing methods into the following seven cat-
egories: Material Extrusion (ME), Material Jetting (MJ), Binder 
Jetting (BJ), Sheet Lamination (SHL), Vat Photo Polymerization 
(VPP), Powder Bed Fusion (PBF), and Direct Energy Deposi-
tion (DED) [14-18]. 

In metal additive manufacturing, various defects can occur 
that distort the shape and degrade the quality of the product, 
such as melting defects, porosity, and residual stress [19]. These 
defects can be minimized by controlling various experimental 
factors such as the type and power of the heat source, scan speed 
and pattern, hatch spacing, and solidification and cooling con-
ditions [20-22]. Currently, to fabricate additive manufacturing 
products that are free of defects, structurally robust, and reliable, 
different process conditions are validated through experimental 
trial and error, which is time-consuming and costly. Therefore, 
over the past two decades, efforts have been made to develop 
phenomenological models that quantitatively understand the 
influence of process variables on defects, distortions, residual 
stresses, microstructures, and mechanical/electrical/thermal 
properties of geometrically complex products. By understand-
ing the metallurgical correlation between alloy elements, pro-

cesses, microstructures, and properties, it is possible to design 
process variables that achieve the desired properties. Addition-
ally, computer modeling plays a crucial role in additive manu-
facturing compared to other manufacturing processes because it 
allows for the rapid optimization of process parameters, consid-
ering both productivity (layering speed and product size) and 
technical compatibility (residual stress and deformation). 

Therefore, this paper aims to introduce various modeling 
techniques that can simulate the powder additive manufactur-
ing process for prominent metal additive manufacturing meth-
ods such as Powder Bed Fusion (PBF) and Direct Energy 
Deposition (DED), as well as the increasingly popular Binder 
Jetting (BJ). 

2. Result 

2.1. Modeling of Beam-Based Metal Additive Manufacturing 
As shown in Fig. 2, PBF and DED are representative additive 

manufacturing processes used in metal additive manufacturing 
[20]. The Powder Bed Fusion (PBF) method involves spreading 
thin layers of metal powder, typically tens of micrometers thick, 
across a powder bed using a powder delivery system. A heat 
source then selectively fuses the powder according to the design, 
layer by layer. On the other hand, the Direct Energy Deposition 
(DED) method employs a heat source to create a molten pool 
on a metal substrate into which metal powder is fed. The heat 
source and the powder delivery nozzle move together following 
the design to build the 3D structure in this manner. 

Both PBF and DED can be further classified based on the 
type of heat source used, such as Laser Beam (L), Electron 
Beam (EB), Gas Tungsten Arc (GTA), Plasma Arc (PA), and 

Fig. 1. (a) Market share of materials used in additive manufacturing and (b) the number of research papers on metal additive manufacturing.

advantages that were previously unimaginable using conventional processes, AM is hailed as a 

revolution in the manufacturing industry. It is being explored for various applications, including the 

medical field [3], aerospace components [4], and more. 

Additive Manufacturing (AM) is widely utilized across various material fields, including polymers 

[5-7], ceramics [8], metals [9-11], and composites [12, 13]. As shown in Fig. 1(a), the Precedence 

research predicts that the global market size of metal additive manufacturing will continue to expand. 

Correspondingly, as depicted in Fig. 1(b), the number of research articles on metal additive 

manufacturing has also been increasing year by year. (The data for 2024 is collected as of May 2024, 

showing fewer numbers compared to 2022.) This aggregates the number of papers from 2015 to 2024 

on ScienceDirect (Keyword: Metal additive manufacturing).  

 

Fig. 1. (a) Market share of materials used in additive manufacturing and (b) the number of research 

papers on metal additive manufacturing. 

 

According to ASTM F2792-12a by the American Society for Testing and Materials (ASTM), terms 

previously known as RP or rapid prototyping technologies have been standardized to 3D printing or 

additive manufacturing technologies. They classified the manufacturing methods into the following 

seven categories: Material Extrusion (ME), Material Jetting (MJ), Binder Jetting (BJ), Sheet Lamination 

(SHL), Vat Photo Polymerization (VPP), Powder Bed Fusion (PBF), and Direct Energy Deposition 



Seoyeon Jeon, et al. Trends in materials modeling and computation for metal additive manufacturing

J Powder Mater 2024;31(3):213-219 215

Gas Metal Arc (GMA). In the PBF process, only powder can be 
used as the feedstock, whereas in the DED process, both pow-
der and wire can be used. In beam-based metal additive manu-
facturing, various complex physical phenomena occur simulta-
neously, including heat absorption and transfer, molten pool 
formation, and solidification in the deposited material and sub-
strate. To understand the correlations between the process, mi-
crostructure, and properties during these stages, various mod-
eling techniques have been developed. 

2.1.1. Modeling of Material Classification Process 
Rain-drop modeling and Discrete Element Method (DEM) 

are representative modeling techniques used to simulate the 
classification process of powder materials. The Rain-drop mod-
el disregards the individual distribution process of particles and 
focuses solely on predicting the packing density of particles 
[21]. This method is primarily used in the PBF process to cal-
culate the packing density of the powder bed [22]. In this mod-
el, the first contact of each particle is calculated following the 
selection of each particle's random horizontal position, then 
the particle is rotated in the direction that minimizes potential 
energy to compute the next contact point. Through this series 
of steps, the packing density of the powder in the powder bed 
can be calculated. However, the Rain-drop model has limita-
tions in simulating the flow issues of powders and the pore 
structures formed within the powder layer during the powder 
classification process. Therefore, DEM is increasingly being ap-
plied instead of Rain-drop modeling for the modeling of mate-
rial classification processes. 

As shown in Fig. 3, DEM, first developed by Cundall and 

Strack [23], is a numerical analysis technique that mechanically 
calculates and simulates the motion and collision of particles to 
model particle and granular flow. Unlike the Finite Element 
Method (FEM), which assumes the entire system as a continu-
um and derives integral solutions for continuous equations, 
DEM treats individual elements as discrete entities. It calculates 
the forces exerted on each particle at each time step under the 
assumption that interactions between particles occur inde-
pendently, allowing for the tracking of the motion of all indi-
vidual particles that make up the granular system. 

In DEM, contact forces based on contact mechanics are key 
elements in the interactions between particles. The time re-
sponse history and energy loss of particle material are deter-
mined by the time integration of these contact forces. Contact 
force models generally employ a combination of the nonlinear 

Fig. 2. Schematic illustrations of (a) direct energy deposition (DED) and (b) powder bed fusion (PBF).
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Hertz model and Mindlin's shear model, or simplified models 
in the form of linear springs. With DEM modeling, it is possible 
to analyze the impact of various process parameters, parti-
cle-particle interactions, particle size, and shape on the spatial 
distribution of the powder bed (e.g., bed porosity, thickness, and 
surface roughness) during the powder classification process. 

2.1.2. Modeling of Thermal Stress 
To manufacture integrated products from classified powders, 

the powder goes through processes of heating, melting, solidifi-
cation, and cooling. To quantitatively calculate deformations 
and potential failures in the product during this series of steps, 
it is essential to model the regional thermal stress history. Given 
the similarities between the heating, melting, and solidification 
processes in additive manufacturing and traditional welding 
processes, modeling techniques used for welding processes are 
often extended or adapted for additive manufacturing simula-
tions. In beam-based metal additive manufacturing, modeling 
deformation and failure due to thermal stress entails linking 
multidimensional modeling results, ranging from macro-level 
elements corresponding to the heat source and components to 
nano- and micro-level elements representing the microstruc-
ture. This holistic integration is a significant challenge in accu-
rately capturing the effects of thermal stress on deformation 
and damage in the additive manufacturing process. 

2.1.2.1. Mathematical Modeling of Heat Source 
To quantitatively simulate the heat distribution within a ma-

terial due to the heat source in metal additive manufacturing 
using a beam, accurate calculations for heat transfer consider-
ing the component's shape and material properties are crucial. 
Typically, in mathematical modeling of heat distribution from 
the heat source, the heat source is categorized as a point, line, 
area, or volumetric source. Point and line heat sources are often 
handled using the analytical solution of heat conduction equa-
tions, while area and volumetric heat sources require numerical 
modeling for heat transfer and fluid flow simulations. 

Laser beams, electron beams, and arcs are generally assumed 
to be point heat sources. By knowing the material's thermal dif-
fusivity and the distance from the heat source, the temperature 
at each point can be calculated using the Rosenthal solution 
[24]. However, these models typically consider only conduction 
and disregard convective heat transfer, leading to limitations in 
predicting excessive temperature gradients and cooling speeds. 
They also do not account for fluid flow changes due to reac-
tions between the molten pool's surface and active elements 

like sulfur and oxygen. 
In cases where heat transfer is dominant in one direction, ex-

tending the point-shaped heat transfer equations to line-shaped 
heat sources can be beneficial. Situations where a keyhole de-
fect is formed, typically under high-power-density heat sources, 
can benefit from this extended line-shaped heat transfer mod-
eling over point sources [25-27]. Energy density gradients in 
the diameter direction of the heat source are often assumed to 
follow a Gaussian distribution. In processes like Powder Bed 
Fusion (PBF), where the beam can penetrate deeply into the 
powder bed due to multiple reflections or in Directed Energy 
Deposition (DED) where preheating can occur along the beam 
path, three-dimensional volumetric heat source assumptions 
can be utilized for precise calculations. 

Recently, the Double Ellipsoidal Model [28] has been used to 
simultaneously account for conduction and convection, allow-
ing for swift calculations while approximating the energy den-
sity distribution based on experimental melt pool shapes as 
double ellipsoids. 

2.1.2.2 Modeling of heat absorption 
The amount of heat absorbed in metal layer manufacturing is 

influenced by various factors such as the type of heat source (la-
ser, electron beam, arc, etc.), the type and shape of materials 
(powder, wire, etc.). In the case of DED, since the powder depo-
sition and heat source irradiation occur simultaneously, the 
powder absorbs heat while moving from the nozzle to the sub-
strate, with 15-20% of the heat source energy being lost during 
this process [29]. The amount of energy absorbed by the heat 
source in the process of forming a molten pool after the powder 
is deposited on the substrate varies depending on the type and 
energy of the heat source, surface roughness and reflectivity of 
the material, local temperature of the material, and the size of 
the molten pool [29]. In the case of PBF, the energy absorption 
rate can increase due to multiple reflections within the Powder 
Bed, which is influenced by the beam's irradiation angle, pow-
der size distribution and packing density, and reflectivity [30]. 

2.1.2.3 Modeling of heat transfer and fluid flow 
In metal layer manufacturing, heat transfer and fluid flow 

can be calculated based on equations related to mass, momen-
tum, and energy conservation. The driving forces that induce 
fluid flow in the molten pool in this context include: i) Maran-
goni Force (fluid movement in the molten pool in the tangen-
tial direction of the surface due to surface tension gradients 
caused by temperature gradients), ii) Lorentz (Electromagnetic) 
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Force (movement of fluid by electromagnetic forces when us-
ing an arc or electron beam as the heat source), iii) Droplet/
Powder Impact Force (force generated when sprayed powder in 
DED collides with the molten pool), iv) Buoyancy Force, v) Re-
coil Force (force driving the movement of molten metal down-
wards due to evaporation of alloying elements) [31]. To calcu-
late the flow of heat and fluid during the metal layer manufac-
turing process, it is necessary to define the shape changes of the 
molten pool over time so that boundary conditions for heat 
and fluid transfer can be defined. Additionally, the temperature 
gradient on the surface of the molten pool calculated using the 
methods described in Sections 2.1.2.1 and 2.1.2.2 can be input 
as boundary conditions for heat and fluid flow during the man-
ufacturing process, along with various driving forces for fluid 
flow as described above. By defining the shape of the molten 
pool (Fig. 4), inputting boundary conditions, and providing 
material information (thermal conductivity, specific heat, den-
sity, latent heat, viscosity, solidus and liquidus temperatures, 
etc.), the behavior of heat and fluid can be predicted as a func-
tion of time and space through finite element-based modeling. 

2.1.3. Modeling of microstructure 
To simulate changes in microstructure during metal layer 

manufacturing processes, phase field modeling (PFM), Monte 
Carlo (MC), and Cellular Automata (CA) are commonly used. 
Among these, MC and CA are suitable for modeling mesoscale 
microstructures, such as the sizes and aspect ratios of multiple 

crystallites formed after layering, while PFM is suited for mod-
eling microscale microstructures like solute atom concentra-
tions, precipitates, and grain boundaries. To integrate the re-
sults of macro-scale thermal-stress modeling mentioned in 
Section 2.1.2 with microstructure modeling, two main methods 
are typically employed: i) performing thermal-stress modeling 
first and using the results as input parameters for microstruc-
ture modeling, and ii) concurrently conducting thermal-stress 
modeling and microstructure modeling with mutual informa-
tion exchange. The latter method provides more precise com-
putational results but comes with limitations of high computa-
tional time and cost [32]. 

2.2. Modeling of metal layer manufacturing without a beam 
Binder Jetting (BJ) is a representative process for metal layer 

manufacturing without a beam, where significant research has 
been conducted recently [33, 34]. In BJ, powder is selectively 
sprayed and manufactured by mixing it with a binder, followed 
by sintering to produce the final product. This section aims to 
introduce modeling techniques for calculating the shape and 
characteristics of products manufactured using this process. 

2.2.1. Powder Behavior Modeling 
In the BJ layering process, freshly deposited powder in the 

Powder Bed is spread out into a single layer by a roller or blade-
type spreader. The interaction between the powder and spread-
er, as well as inter-particle interactions, are key factors deter-
mining powder movement, often modeled using Discrete Ele-
ment Method (DEM). A DEM calculates the dynamics of par-
ticle motion and collisions and mechanically simulates the flow 
of particles and powder, tracking the motion of individual par-
ticles by calculating the contact forces acting on them at each 
time interval. This allows for the analysis of various process pa-
rameters (spreading speed, spreader shape) and interactions 
between powder particles, as well as powder size and shape, af-
fecting the spatial distribution of the Powder Bed (porosity, 
thickness, surface roughness, etc.) during powder spreading 
and deposition. Generally, computational results show that 
larger roller diameters and thinner powder layers induce higher 
powder compaction by applying greater pressure to the powder. 
It has also been discovered that slower spreading speeds can in-
duce higher powder compaction with roller-type spreaders 
compared to blade-type spreaders [35, 36]. 

2.2.2. Modeling of powder-binder interaction 
As shown in Fig. 5, in Binder Jetting (BJ), after a layer of 

Fig. 4. Schematic illustration of melting pool phenomena in PBF 
process.
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liquidus temperatures, etc.), the behavior of heat and fluid can be predicted as a function of time and 

space through finite element-based modeling. 

 

Fig. 4. Schematic illustration of melting pool phenomena in PBF process. 

 

2.1.3 Modeling of microstructure 
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like solute atom concentrations, precipitates, and grain boundaries. To integrate the results of macro-
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powder is deposited, the binder is sprayed onto the desired lo-
cations. The sprayed binder collides rapidly with the powder 
and deeply penetrates into the Powder Bed, transferring its ki-
netic energy to the powder and causing rearrangement. The in-
teractions between the binder and powder (liquid-solid inter-
action) and between powder particles (solid-solid interaction) 
need to be simultaneously calculated. Typically, to calculate in-
teractions between liquid and solid, methods include calculat-
ing surface tension and equilibrium forces based on differences 
in wettability between liquid (binder) - solid (powder) - gas 
(air) interfaces (Static Modeling), as well as considering chang-
es in binder shape, flow upon contact with the powder surface 
along with changes in wettability and surface tension (Dynamic 
Modeling). Several numerical methods are used to simulate 
powder-binder interactions and resulting powder movements, 
but due to the complexity associated with various physical phe-
nomena involved, achieving accurate modeling remains chal-
lenging with current technology [37, 38]. 

The process of pore removal among powders and their co-
alescence during sintering, primarily driven by solid-state dif-
fusion, is usually modeled using methods such as Monte Carlo 
(MC) or Molecular Dynamics (MD) [39, 40]. Recently, there 
has been progress in simulating sintering at the microscale us-
ing Phase Field Modeling (PFM) [41]. In PFM, a series of con-
tinuous field functions are employed to describe the micro-
structure, with each function representing specific physical 
quantities related to the microstructure (e.g., phase, chemical 

composition, crystal orientation). These functions calculate the 
evolution of microstructure over time and space based on the 
total free energy of the system, following Cahn-Hilliard or Al-
len-Cahn equations. 

3. Conclusion 

So far, various research trends in modeling techniques for 
simulating metal layer manufacturing processes have been in-
troduced. Metal layer manufacturing is rapidly expanding in 
the market due to advantages like design freedom, high effi-
ciency, and the possibility of producing complex-shaped prod-
ucts. To design optimal layering processes for different materi-
als, various macroscopic and microscopic modeling techniques 
capable of simulating various physical phenomena have been 
proposed. Generally, Finite Element Method (FEM)-based 
modeling techniques are utilized to calculate thermal-stress 
history and resulting deformations. Discrete Element Method 
(DEM) modeling is used to simulate powder movement during 
deposition, while techniques like Monte Carlo (MC), Molecu-
lar Dynamics (MD), and Phase Field Modeling (PFM) are pri-
marily employed to model sintering and microstructural 
changes. Up to now, research has mainly focused on steel-based 
materials, and there is a need for modeling technique studies 
that can be applied to a variety of metal materials. Additionally, 
real-time (in situ) analysis methods to validate the accuracy of 
models should be developed. Furthermore, research on multi-
dimensional modeling techniques that can simultaneously cal-
culate multidimensional physical phenomena from compo-
nent-level to microstructure-level at a rapid pace is essential. 
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Molten salt reactors represent a promising advancement in nuclear technology due to their potential 
for enhanced safety, higher efficiency, and reduced nuclear waste. However, the development of struc-
tural materials that can survive under severe corrosion environments is crucial. In the present work, 
pure Ni was deposited on the surface of 316H stainless steel using a directed energy deposition (DED) 
process. This study aimed to fabricate pure Ni alloy layers on an STS316H alloy substrate. It was ob-
served that low laser power during the deposition of pure Ni on the STS316H substrate could induce 
stacking defects such as surface irregularities and internal voids, which were confirmed through pho-
tographic and SEM analyses. Additionally, the diffusion of Fe and Cr elements from the STS316H sub-
strate into the Ni layers was observed to decrease with increasing Ni deposition height. Analysis of the 
composition of Cr and Fe components within the Ni deposition structures allows for the prediction of 
properties such as the corrosion resistance of Ni.

Keywords: Molten salt reactor, Nickel, Directed energy deposition, Diffusion length

1. Introduction

용융염 원자로(MSR, Molten Salt Reactor)는 핵연료 냉각제로 

용융염을 사용하는 소형 원자로로 최근 국내에서도 지속적으로 개

발이 이루어지고 있다[1-4]. 일반적인 경수로 방식의 원자로는 분

열성 물질을 함유한 핵연료를 핵연료봉과 같은 핵연료 용기에 수용

하고 있으며 핵분열로 발생한 열을 경수(물)를 사용하여 터빈으로 

전달한다. 이에 반해 MSR은 경수 대신 MgCl2 또는 FLiNaK와 같

은 액체 용융염을 냉각재로 사용한다. MSR 방식의 원자로에서는 

중대사고 발생 시 용융염이 누출되더라도 통상적인 대기 환경에서

는 금방 굳어버리기 때문에 지하수를 따라 오염수가 퍼지는 등의 2
차 피해를 최소화할 수 있다. 따라서, 선진국을 중심으로 MSR 시

스템에 대한 활발한 연구가 진행 중에 있다[5]. 이러한 연구개발에

서 가장 핵심적인 기술은 부식성이 매우 높은 용융염 환경에서 견

딜 수 있는 구조용 재료의 개발이다. 그러나, 현재까지는 600℃ 이

상의 용융염 환경에서 내식성을 가지는 구조용 재료의 개발이 매우 

어려운 상황이다. 예를 들어, Hastelloy-N은 부식성은 상대적으로 

우수하나 중성자 취화가 크기 때문에 원자로에 적용이 어렵다는 문

제가 있다[6]. 316H는 크리프 특성이 우수하고 중성자 취소 문제

도 덜하지만 용융염 환경에서 내식성이 매우 낮다. 따라서 이에 대

한 대안으로 스테인리스강 표면에 용융염 분위기에서 내식성이 우

수한 순수 Ni을 클래딩하는 연구가 진행 중에 있다. 순수 니켈은 

Fe, Cr 대비 높은 redox potential을 가지고 있어서 용융염 환경에
https://doi.org/10.4150/jpm.2024.00164
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서도 비교적 안정적인 것으로 알려져 있다[7, 8]. 또한 순수 Ni은 

MSR 열촉매와 반응성이 매우 적어 부식저항성에 대한 관심이 높

아지고 있다[9, 10].

한편, Additive Manufacturing (AM) 공정은 금속 3D 적층 제

조 기술로 기존에 사용되는 제조방식보다 복잡한 형상의 부품들을 

더 정밀하게 제조할 수 있는 장점이 있다[11-15]. 적층 제조 기술 

중 금속 소재를 이용하여 적층 제조하는 기술에는 Powder Bed 

Fusion (PBF) 방식과 Directed Energy Deposition (DED) 방식이 

많이 사용되고 있다. PBF 방식은 10~40 마이크로미터 크기의 분

말 재료를 분말 베드 위에 일정한 두께로 깔아 선택적으로 레이저

를 조사하여 재료를 부분적으로 적층하는 공정이다. 한편, DED 방

식의 경우 50~150 마이크로미터 크기의 분말 재료 혹은 wire 형태

의 재료를 원료로 사용하며, 보호 가스와 함께 일정하게 주입하여 

레이저를 조사하는 방식의 적층 공정이다. PBF 적층 공정의 경우 

보다 정밀하고 세밀한 형태의 제품을 제작할 때 유리하지만 특정 

형상의 경우 추가적인 지지대를 형성해야 하고 대형 부품을 만들기

에 부적합하며 기판이 평면으로 제한된다는 한계가 있다[15]. 이에 

반해 DED 적층 공정은 조건에 따라 적층 이후 표면 가공 등의 후

처리가 필요하지만 대형 부품을 만들기 유리하며 기존 제품에 다양

한 각도에서 금속을 적층할 수 있는 장점이 있다[14]. 그러나, DED
를 이용해 표면에 Ni 클래드층을 적층할 경우 스테인리스강 Fe와 

Cr 성분이 Ni층으로 확산될 수 있다. Fe와 Cr은 redox potential이 

낮아 용융염 환경에서 부식을 초래할 가능성이 높아 통상적으로는 

이러한 원소의 비율이 8%를 넘으면 안 되는 것으로 알려져 있다

[16].

본 연구에서는 상용 구조재료인 STS316H 금속 기지 위 순수 Ni 
분말을 DED 공정으로 적층조형하여 레이저 파워와 스캔 스피드

에 따른 STS316H/Ni 계면의 미세조직과 조성 분석을 통해 특성 

변화를 연구하였다. 이를 통해 316H 모재의 합금원소가 Ni층으로 

확산되는 양을 8% 이하로 제어하고자 하였다.

2. Experimental

본 연구에서는 DED 기반의 금속 적층 조형 장비(장비제조;에이

엠솔루션즈, Republic of Korea)로 STS316H 금속 기지 위에 Pure 
Ni 분말(공급사;Hoganas, Sweden)를 적층 제조 하였다. STS316H 

금속 기판과 Pure Ni 분말의 조성은 표1에 나타내었다.

사용한 순수 Ni 분말의 경우 분말 입도 제어를 통해 50-150마이

크로미터 크기의 분말을 사용하였다. 적층 조형 시 분말의 공급은 

4.5g/min의 조건으로 공급하였으며 운송가스로 High purity Ar 
gas(5N, 99.999%)를 사용하였다. 분말 운송 가스와 동일한 Ar 가
스를 레이저 조사 입구에서 800ml/min으로 melting pool을 보호

가스로 분사하였다. 다이오드 레이저를 열원으로 사용하여 총 6개

의 시편을 제작하였다. 각 시편제작에 적용된 레이저의 파워와 레

이저 스캔 속도, 레이어 두께, 에너지 밀도는 표2에 정리되었다. 적

층은 외각(Counter, C)와 내부(Face, F)가 CFCFC 패턴으로 조형

되었으며 조형 시 레이저 스캔의 간격은 0.6mm로 설정하였다.

적층 제조가 완료된 시편의 기공과 미세조직 관찰을 위해 JEOL 

사의 JSM-IT500 장비 주사 전자 현미경을 이용하여 미세 조직 사

진을 촬영하였으며 EDS 분석을 통해 시편 단면의 point, map 조

성 분석을 진행하였다. 적층 된 시편의 기공률 측정은 Image-J 프
로그램을 사용하여 측정하였으며 공정 조건을 기반으로 에너지 밀

도(E)를 계산하였다.

E=(α×P)/(v×h× t)        (1)

E는 STS316H 합금 기판에 대한 레이저 에너지 밀도이며 레이

저 파워 P와 흡수 계수 α에 정비례하고, 레이저 스캔스피드 v, 레이

어 두께 t, 스캔 간격 h에 반비례한다. 다이오드 레이저를 이용한 

STS 합금 기판의 흡수계수는 0.35으로 설정하였으며 스캔 간격은 

0.6 mm 로 설정하였다.

Table 1. Chemical composition of as-received STS316H metal analyzed by SEM-EDS and inductively coupled plasma-optical emission 
spectrometer. (Weight %)
Component Fe Cr Ni Mo Mn V
STS316H Bal. 17.07 10.06 2.16 0.7 0.04
 Pure Ni powder - - Bal. < 0.01 < 0.002 -

Table 2. Summary of directed energy deposition process parameters for each samples
Laser power (W) Scan speed (mm/min) Layer thickness (mm) Energy Density 103 [J/cm3]

First process Sample 1
450

500 0.10 31.5
Sample 2 850 0.08 23.2
Sample 3

550
500 0.15 25.7

Sample 4 850 0.10 22.6
Second process Sample 5

550
750 0.13 19.7

Sample 6 1000 0.10 19.3
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3. Results and Discussion

첫 번째 적층 공정 시 sample #1-4는 2mm 높이로 적층 하였으

며, 두 번째 적층 공정 시 sample #5-6은 1mm 높이로 적층 하였

다. DED 공정으로 적층 조형한 샘플의 모식도와 거시사진은 그림 

1에 나타내었다. Laser power가 비교적 낮은 sample #1과 #2의 

경우 상단 표면이 체크무늬를 나타내는 것을 확인할 수 있었으며 

이는 적층 조형 시 입열량 부족으로 인해 용융 풀 직경이 레이저 스

캔 간격보다 작아 생기는 현상이다. 반면 sample #3과 #4의 경우 

적층 상단에 체크무늬가 나타나지 않았으며 마지막 레이어 방향으

로 일정한 용융 풀만 나타난 것을 확인하였다(그림 1). DED 적층 

조형 시 레이저의 직경은 1 mm로 동일하였으나 sample #1과 #2
의 경우 laser power가 낮아 레이저 스캔 간격(0.6mm) 이상으로 

용융 풀을 형성하지 못한 것으로 판단된다. 첫 번째 적층 조건에서 

낮은 레이저 파워 인가 시 니켈이 고르게 적층 되지 못하였고 이전 

레이어의 형상이 그대로 나타나는 문제가 발생하였다. 두 번째 적

층 조건은 높은 레이저 파워를 적용하여 적층 하였다. 두 번째 적층 

시 550W의 레이저 파워를 인가하여 스캔 스피드 750, 1000mm/

min 속도로 인가하였을 때 표면 형상은 안정적인 것을 확인하였다

(그림 1).

첫 번째 Ni 적층 제조 시 레이저 파워가 낮은 적층 조건에서는 

체크무늬 형상의 표면 적층 결함이 발견되는 것을 확인하였으며 이

를 토대로 550W의 레이저 파워를 적용하고 레이저 스캔 스피드를 

달리하여 두 번째 적층 제조를 진행하였다. 두 번째 적층 제조 시 

sample #5와 #6은 sample #3과 #4와 같이 체크무늬 표면 결함이 

발견되지 않았으며 균일한 표면 형상이 관찰되었다.

적층 시편의 단면 분석 결과 sample #1과 #2는 불완전 용융풀 

생성으로 인한 Lack of fusion 형상의 기공이 확인이 되었으며 거

시 사진에서 확인할 수 있는 체크무늬 형상의 적층 결함이 단면에

서도 크랙 형태로 나타나는 것을 확인하였다(그림 2). Image J 프
로그램을 사용하여 기공을 제외한 면밀도를 계산하였을 때 sample 
#1과 #2는 순서대로 99.8%, 99.5%의 면밀도를 갖는 것을 확인하

였다. 반면 sample #3와 #4의 경우 단면 형상이 균일한 것으로 관

찰되었으며 내부 기공이 관찰되지 않았다.

낮은 입열량 조건에서 합금 분말의 불완전 용융으로 인한 Lack 

of fusion, 체크 무늬 표면 결함은 레이저 파워가 450W인 sample 
#1과 #2에서 확인되었으며 계산된 에너지 밀도와 일치하지 않는 

결과 값을 보여준다. 이는 레이어 두께로 계산된 에너지 밀도의 영

향보다 낮은 에너지 인가로 인한 용융 풀의 크기 차이가 내부 결함

의 큰 영향을 끼치는 것으로 판단된다.

표면이 균질하고 내부 기공이 관찰되지 않은 sample #3-6의 조

성 맵핑 결과는 그림 3에 나타내었다. STS316H 기판에서의 주요 

조성 성분인 Fe, Cr, Ni을 Mapping data로 나타내었으며 이에 기

판에서 Ni 적층 조형체 방향으로 확산되어진 Fe과 Cr이 관찰되었

다. Sample #3-6은 순서대로 550W의 레이저파워, 500, 850, 750, 
1000mm/min의 레이저 스캔 속도로 적층 조형되었다. STS316H 

합금 위에 Ni을 적층 조형 하였을 때 Fe 와 Cr 은 모두 Ni 적층 방

향으로 확산이 이루어지며 레이저 조사 시 용융 풀을 형성하는 

DED 적층 제조 공정 시 발생할 수 있는 한계로 판단된다.

적층 방향으로의 STS316H 원소 확산을 확인하기 위하여 적층 

높이(거리)에 따른 Ni, Cr 그리고 Fe 원소의 point 조성 분석 그래

프를 그림 4에 나타내었다. 적층 용융풀의 생성위치로부터 Fe 와 

Fig. 1. (a) Schematic diagram of directed energy deposition and (b) macro photos of Ni DED samples built on STS-316H.
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Fig. 2. SEM cross section images of samples (#1~4) fabricated via directed energy deposition.  
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Cr은 점차 감소하는 경향성을 보였으며 약 2mm 지점에서 99% 

이상의 Ni 성분을 갖는 것을 확인하였다. Cr은 1.8 mm에서 Sam-
ple #3, #4에서 모두 검출되지 않았지만 Fe의 경우 각각 1.4, 1.9 

wt% 나타나는 것을 확인하였다. 이는 STS316H 기판의 Fe, Cr 조
성이 각각 70, 17wt%에 해당하기 때문에 원 조성 함량 차이에 따

른 결과로 판단된다. 모든 조건에서 적층 높이 0.5 mm 지점에 Fe 
함량은 20wt% 이내로 감소하였으며 Cr의 함량은 적층 높이 0.4 

mm 지점에 5wt% 이내로 감소하였다.

레이저 파워 550 W, 스캔 스피드 1000mm/min 조건의 Sample 
#6 은 EDS 조성 분석 결과, 적층 높이 0.1mm에서 6 wt%의 Cr 함
량을 나타내었다. 해당 조건에서 Fe 함량 또한 적층 높이 0.4mm
부근에서 17%로 다른 조건에서 보다 낮은 함량을 나타내었다. 

DED 공정에서 니켈의 함량은 적층 높이 0.5mm까지 Sample #6 

의 조건에서 가장 높으며 기판 조성 중 Cr과 Fe의 확산으로 인한 

함량이 가장 낮은 것으로 나타났다.

일반적으로 용융염과 대면하는 Ni층에 Fe와 Cr성분이 8% 이상

이 되면 용출로 인한 부식이 가속화된다. 본 연구에서는 여러 공정

조건의 변화에도 불구하고 Ni층의 두께를 2 mm 이상으로 하면 

Fe, Cr 성분이 거의 검출되지 않았다. 따라서, 본 DED 조건을 활

용할 경우 용융염 환경에서도 내식성을 유지할 수 있는 316H 기반 

구조용 소재를 개발할 수 있을 것으로 판단된다.

4. Conclusion

본 연구에서는 STS316H 기판 위에 순수 Ni 분말을 DED 공정

을 통해 적층 제조하였고 이 때 STS316H 소재 성분인 Fe와 Cr의 

확산 조성을 분석하였다. 이에 따라 아래와 같은 결론을 얻었다.

1.  다이오드 레이저를 사용한 Pure Ni 적층 제조 시 낮은 레이저 

파워는 체크 무늬 형상의 표면 결함과 Lack of fusion을 유발

할 수 있으며 이는 적층 속도에 큰 영향을 끼친다.

2.  SEM-EDS 조성 분석 결과 STS316H 소재에서 Fe와 Cr이 Ni 
적층 방향으로 확산되었으며 적층 높이 0.5mm 지점에서 각

각 평균 16.5, 4.2wt%의 조성을 갖는 것을 확인하였다.

3.  Ni 조형체 내의 Fe, Cr 함량은 STS316H 조성에 따라 높은 함

량을 갖고 있는 Fe 원소가 Cr 원소보다 높았으며, 적층 높이 

2mm 지점에서 Fe는 1wt%이상 검출되었고, Cr은 검출되지 
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Fig. 3. SEM-EDX mapping images taken at interface regions between Ni and STS316H substate.

Fig. 4. Composition profiles of samples #3 through #6 as a 
function of distance from the interface between Ni and 316H. 
The profiles for samples #3 through #6 are represented by 
solid, dashed, dotted, and dash-dotted lines, respectively. Red, 
blue, and black colors indicate nickel, iron, and chromium, 
respectively.
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않았다.

4.  본 연구는 Stainless Steel 소재로부터 순수 Ni 및 Ni 합금 적

층 조형 시 적층 제조 높이 결정에 참고할 수 있으며 순수 Ni 
소재의 DED 적층 제조 공정의 기초가 될 수 있다.

Conflict of Interest Declaration 

교신저자는 현재 JPM편집이사로 봉사 중이지만, 논문 출판과정

의 어떤 과정에서도 관여하지 않았습니다. 이 사항을 제외하면 저자

들은 잠재적인 이해상충에 관련된 해당사항이 없음을 선언합니다.

Author Information  

고의준, 이원찬 : 학생,  신기승: 연구원, 윤지현: 책임연구원, 김
정한: 교수

J Powder Mater 2024;31(3):220-225224



UiJun Ko, et al. Elemental diffusion distance of a pure nickel additively manufactured on 316H stainless steel

Acknowledgement

이 논문은 2022년도 정부(방위사업청)의 재원으로 국방기술진흥

연구소의 지원을 받아 수행된 연구임(21-107-F00-018(KRIT-

CT-22-017), 차세대 다목적 고출력 전력생산기술(열원공급모듈 

설계기술))

References

[1] J. Serp, M. Allibert, O. Beneš, S. Delpech, O. Feynberg, V. 
Ghetta, D. Heuer, D. Holcomb, V. Ignatiev, J. L. Klooster-
man, L. Luzzi, E. M. Lucotte, J. Uhlíř, R. Yoshioka, and D. 
Zhimin: Prog. Nucl. Energy., 77 (2014) 308.

[2] K. O. Lee, M. A. Jessee, A. M. Graham, and D. J. Kropaczek: 
Nucl. Eng. Des., 417 (2024) 112824.

[3] Wang Y, Zhu C, Zhang M, Zhou W (2024) Chapter 9 - 
Molten salt reactors. In: Wang J, Talabi S, Leon SB y (eds) 
Nuclear Power Reactor Designs. Academic Press, pp 163–
183

[4] Gomes DDS (2023) OVERVIEW OF THE PHYSICAL 
PROPERTIES OF MOLTEN SALT REACTOR USING 
FLIBE. JER 3:2–12. https://doi.org/10.22533/at.ed.31733 
62325107

[5] T. Ghaznavi, S. Y. Persaud and R. C. Newman: J. Electro-
chem. Soc., 169 (2022) 061502.

[6] F.-Y. Ouyang, C.-H. Chang and J.-J. Kai: J. Nucl. Mater., 446 
(2014) 81.

[7] T. Ghaznavi, M. A. Bryk, S. Y. Persaud and R. C. Newman: 
Corros. Sci., 197 (2022) 110003.

[8] C. M. Abreu, M. J. Cristóbal, R. Losada, X. R. Nóvoa, G. 
Pena and M. C. Pérez: Electrochem. Acta, 51 (2006) 2991.

[9] M. Kondo,T. Nagasaka,T. Muroga,A. Sagara,N. Noda,Q. 
Xu,D. Ninomiya,N. Masaru,A. Suzuki and T. Terai: Fusion 
Sci. Technol., 56 (2009).

[10] A. I. Surenkov, V. V. Ignat’ev, S. S. Abalin, S. A. Konakov and 
V. S. Uglov: At. Energy, 124 (2018) 43.

[11] V. Errico, A. Fusco and S. L. Campanelli: Surf. Coat. Tech-
nol., 429 (2022) 127965.

[12] C. W. Park, R. N. Hajra, N. K. Adomako, W. Choo, S.-M. 
Yang, S.-J. Seo and J. H. Kim: Mater. Lett., 337 (2023) 
133936.

[13] W. H. Kim, J. Ko and J. H. Kim: J. Powder Mater., 29 (2022) 
314.

[14] J. Shao, G. Yu, S. Li, X. He, C. Tian and B. Dong: J. Alloys 
and Compd., 898 (2022) 162976.

[15] S. Sanchez, P. Smith, Z. Xu, G. Gaspard, C. J. Hyde, W. W. 
Wits, I. A. Ashcroft, H. Chen and A. T. Clare: Int. J. Mach. 
Tools Manuf., 165 (2021) 103729.

[16] K. Sridharan, T. R. Allen: Molten Salts Chem., (2013) 241.

J Powder Mater 2024;31(3):220-225 225

https://doi.org/10.1016/j.pnucene.2014.02.014
https://doi.org/10.1016/j.pnucene.2014.02.014
https://doi.org/10.1016/j.pnucene.2014.02.014
https://doi.org/10.1016/j.pnucene.2014.02.014
https://doi.org/10.1016/j.nucengdes.2023.112824
https://doi.org/10.1016/j.nucengdes.2023.112824
https://doi.org/10.22533/at.ed.3173362325107
https://doi.org/10.22533/at.ed.3173362325107
https://doi.org/10.22533/at.ed.3173362325107
https://doi.org/10.22533/at.ed.3173362325107
https://doi.org/10.1149/1945-7111/ac735b
https://doi.org/10.1149/1945-7111/ac735b
https://doi.org/10.1016/j.jnucmat.2013.11.045
https://doi.org/10.1016/j.jnucmat.2013.11.045
https://doi.org/10.1016/j.corsci.2021.110003
https://doi.org/10.1016/j.corsci.2021.110003
https://doi.org/10.1016/j.electacta.2005.08.033
https://doi.org/10.1016/j.electacta.2005.08.033
https://doi.org/10.1007/s10512-018-0372-y
https://doi.org/10.1007/s10512-018-0372-y
https://doi.org/10.1016/j.surfcoat.2021.127965
https://doi.org/10.1016/j.surfcoat.2021.127965
https://www.sciencedirect.com/science/article/pii/S0167577X23001210?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0167577X23001210?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0167577X23001210?via%3Dihub
https://doi.org/10.4150/kpmi.2022.29.4.314
https://doi.org/10.4150/kpmi.2022.29.4.314
https://doi.org/10.1016/j.jallcom.2021.162976
https://doi.org/10.1016/j.jallcom.2021.162976
https://doi.org/10.1016/j.ijmachtools.2021.103729
https://doi.org/10.1016/j.ijmachtools.2021.103729
https://doi.org/10.1016/j.ijmachtools.2021.103729


https://powdermat.org226

1. Introduction 

Recently, semiconducting quantum dots (QDs) have attract-
ed many attentions for their various applications to light-emit-
ting displays (LED) and biomarkers for the detection of cancers 
or viruses, since QDs of CuCl2 and CdS was firstly synthesized 
[1, 2]. The bandgap energies of QDs could be controlled by 
changing the crystal sizes, then photoluminescent light color 
can be varied from blue to red due to their quantum confine-
ments. The most widely studied QD material is CdSe for its 
stability and high quantum efficiency (QE), the rate of light 
emission versus incident photon. However, cadmium is a pro-
hibited material for its toxicity. So, these days, InP QDs have 
been intensively researched. The InP QDs with highest QE of 
100% was reported to develop QD LED by the inhibition of ox-
ide generation on the surface of QDs with HF [3]. To improve 
the optical properties like QE, narrow band of PL light (smaller 
full-width at half maximum; FWHM), stability and the control 
of light color, many researches have been conducted [4-22]. It is 
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InP quantum dots (QDs) have attracted researchers’ interest due to their applicability in quantum dot 
light-emitting displays (QLED) or biomarkers for detecting cancers or viruses. The surface or interface 
control of InP QD core/ shell has substantially increased quantum efficiency, with a quantum yield of 
100% reached by introducing HF to inhibit oxide generation. In this study, we focused on the control 
of bandgap energy of quantum dots by changing the Zn/(In+Zn) ratio in the In(Zn)P core. Zinc incor-
poration can change the photoluminescent light colors of green, yellow, orange, and red. Diluting a 
solution of as-synthesized QDs by more than 100 times did not show any quenching effects by the 
Förster resonance energy transfer phenomenon between neighboring QDs. 

Keywords: InP; quantum dot; QLED; core/shell; FRET  

known that the control of InP QD surfaces and InP core/shell 
interface is important [3, 6, 21, 22]. The adoption of halide pre-
cursor of indium is known to control the bandgap energies of 
InP QDs with the emission of blue, green and red color [23, 
24]. Zn doping into InP QDs is known to be a good method to 
control the bandgap energy and improve the QE. The control 
of Zn/In ratio could change the P L(photoluminescence) peak 
wavelength and UV-Vis. absorption wavelength. N. Kirkwood 
et al [25] demonstrated that most of zinc atoms exist on the 
surface of InP QDs and only a small amount of zinc infiltrated 
into the lattice and contract the lattice parameter. In this study, 
we also change the ratio of In/(In+Zn) to investigate the effects 
of zinc incorporation for the InP QD core formation with the 
same composition of ZnSe and ZnS shell formation. We will 
also discuss the PL quenching effects of In(Zn)P@ZnSe@ZnS 
QDs concentrations by FRET (Förster resonance energy trans-
fer) phenomenon.  

2. Experiment  

2.1. Chemicals 
For the synthesis of In(Zn)P QD cores, indium(III) acetate 

https://doi.org/10.4150/jpm.2024.00003
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(In(Ac)3, 99.99 %, Sigma Aldrich, USA) and zinc acetate 
(Zn(Ac)2, 99.99 %, Sigma Aldrich, USA) were purchase from 
Sigma Aldrich and trioctylamine was purchased from Daejung 
Chemical. (TOA, 99 %, Daejung, Korea) The source of phos-
phine was tris(trimethylsilyl)phosphine. (ca. 10 % in Hexane, 
(TMS)3P; TCI Tokyo, Japan) 

The capping agent for QDs was oleic acid (OA, 90 %, Sigma 
Aldrich, USA) and lauric acid (LA, 98%,Sigma Aldrich, USA) 
and palmitic acid. (LA, 98%,Sigma Aldrich, USA) For the for-
mation of shell, ZnSe, selenium (Se, 99.99 %, Sigma Aldrich) 
and trioctylphosphine (TOP, 90 %, Sigma Aldrich) were pur-
chased from Sigma Aldrich. For ZnS shell, sulfur (S, 99.98 %, 
Sigma Aldrich) was used. The organic solvents for the disper-
sion of QDs were 1-octadecene (ODE, 90 %, Sigma Aldrich, 
USA) and toluene (99.8 %, Sigma Aldrich), hexane (95 %, Sig-
ma Aldrich) and chloroform (99 %, Duksan chemical, Korea). 
For the purification, acetone (99.8 %, Daejung) and methyl al-
cohol (99.5 %, Daejung) were used. 

2.2. Synthesis of In(Zn)P@ZnSe@ZnS QDs 
2.2.1 The synthesis of In(Zn)P core 

The precursor chemicals of In(Zn)P cores were In(Ac)3, 
(TMS)3P, Zn(Ac)2. In a 100 mL 3-neck flask, 1.2 mmol of 
Zn(Ac)2 was dissolved in 2.4 mmol of OA and 10mL of ODE 
and degassed at 120 °C for 1 h (~500 mTorr). The reactant solu-
tion was observed to be clear. It was cooled to R∙T under N2 
and then 0.6 mmol of In(Ac)3 and 1.8mmol of LA were added. 
In this experiment, we varied In/(In+Zn) ratio from 0.33 to 1 
by changing Zn(Ac)2 to In(Ac)3 molar ratio as shown in Table 
1. The reactant was degassed at 120 °C for 1 h again (~500 
mTorr). After that, 0.4mmol (TMS)3P precursor that was dis-
solved in 10 mL TOP was injected after heating up to 150 °C 
under N2. The temperature was heated to 240°C and the heat-
ing mantle was removed to cool down to below 100 °C, rapid-
ly. The reactant was transferred into two 50 mL conical tubes 
and 25 mL of acetone was added into each tube for purifica-

tion. The reactant solution was centrifuged at 9,000 rpm for 5 
m and the supernatant was discarded and the precipitate was 
taken and 25 mL of acetone was added and centrifuged at 
9,000 rpm for 5 m. The purification was performed three 
times. Finally, the precipitate of In(Zn)P QD core was sus-
pended in 2 mL toluene. 

2.2.2 The synthesis of In(Zn)P@ZnSe@ZnS core/shell 
The inner shell of In(Zn)P@ZnSe QDs was formed from 

Zn(Ac)2 and SeTOP, which was synthesized by dissolving Se in 
TOP specified below. 2.4 mmol of Zn(Ac)2 in 4.8 mmol of OA 
and 10mL TOA were dissolved and degassed at 120 °C for 1 h 
(~500 mTorr). The reaction temperature was raised to 180 °C 
under N2, 2 mL of In(Zn)P cores synthesized previously were 
injected into the reaction solution and 0.72 mmol of SeTOP (in 
10mL) TOP was added dropwise while raising the temperature 
to 320 °C and reacted for 1 h. Then, for the formation of the 
first outer shell of ZnS, that is, the final formation of In(Zn)P@
ZnSe@ZnS core/shell, 0.8 mmol of STOP (in 10mL) were in-
jected and reacted at 320 °C for 1h. For the formation of the 
second outer shell of ZnS, the reactant was cooled down to 280 
°C, and 1.7 mmol of STOP (in 10mL) was injected into the re-
action solution and reacted at 280 °C for 40 m. The reactant 
was cooled down to R∙T and centrifuged by chloroform and 
methanol. The experimental procedure for the synthesis of In-
(Zn)P@ZnSe@ZnS was shown in Fig. 1. 

2.3. Characterization  
UV−Vis Absorption Spectroscopy and PL emission spectra
Steady-state absorption spectra of the QD samples diluted by 

1 to 3,200 times were recorded by using a UV/vis spectrometer 
(V670, Jasco, Japan). Steady-state PL of QDs in toluene was 
measured by using a fluorescence spectrophotometer (HR4000, 
Ocean Optics, USA) excited by 425 nm blue LED light. The 
sample preparation of the QDs for the transmission electron 
microscopy (TEM) observation was conducted by putting the 

Table 1. Moles of precursors for the In(Zn)P core, ZnSe Shell, and ZnS shell

Samples
In(Zn)P core ZnSe shell ZnS shell

In Zn In/(In+Zn) In & Zn 
(mmol)

TMS3P 
(mmol) Zn (mmol) SeTOP 

(mmol) STOP (mmol) STOP 
(mmmol)

#1 1 2 0.33 1.8 0.4 2.4 0.72 0.8 1.7
#2 1 1 0.50 1.8 0.4 2.4 0.72 0.8 1.7
#3 2 1 0.67 1.8 0.4 2.4 0.72 0.8 1.7
#4 4 1 0.80 1.8 0.4 2.4 0.72 0.8 1.7
#5 1 0 1.0 1.8 0.4 2.4 0.72 0.8 1.7
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Fig. 1. Experimental process for the synthesis of the InP quantum dot core (a) and InP@ZnSe@ZnS quantum dot core/shell formation (b).

Fig. 2. Photoluminescence spectra of In(Zn)P@ZnSe@ZnS with an In/(In+Zn) ratio of 0.33 (a) and variations in the photoluminescence 
intensity and wavelength of the sample with the quantities of dilution.

solution-based QDs on carbon-coated copper grid and drying. 
The TEM observation was conducted by 400kV-high resolu-
tion TEM (JEOL-JEM-4010). 

3. Results 

Photoluminescence spectra of In(Zn)P@ZnSe@ZnS with 

0.33 of In/(In+Zn) was shown in Fig. 2(a). The synthesized 
QDs showed the low PL peak intensity less than 10,000 cps. 
However, the dilution up to 25 times the intensity increase is 
slow and it increased very largely up to 50,000 cps for 100 times 
of dilution and saturated up to 800 times and then began to de-
crease up to 17,000 cps for 3,200 times of dilution. The wave-
length of the emitted light of QDs with no dilution was 590 nm 
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and decreased to 553 nm for 100 times of dilution and then did 
not show any change. As shown in Fig 2 (a), the light color of 
the sample was green. When the contents of In/(In+Zn) was 
0.5, that is, 1;1 molar ratio of In to Zn, as shown in Fig. 3. the 
PL intensity increased very small up to 50 times of dilution, 
and then increased very largely up to 50,000 cps for 100 and 
200 times of dilution. After that, it decreased to 15,000 cps for 
3,200 times of dilution. The wavelength of the samples de-
creased from 605 nm for no dilution to 566 nm for 3,200 times 
of dilution. The light color of the sample with 200 times of dilu-
tion was greenish yellow color, equivalent to the wavelength of 
560 nm. The increase of indium contents to 0.67 of In/(In+Zn) 
ratio increased the emission light wavelength to 605 nm for 200 

times of diluted sample. The light color under 420 nm UV light 
illumination was red as shown in Fig. 4. The PL intensity varia-
tions with dilution quantities showed the almost sample trend. 
There is a small increase of PL intensity for 25 times of dilution 
and then increased greatly up to 200 times of dilution and be-
gan to decrease for more than 800 times of dilution. As shown 
in Fig. 5, the more increase of indium ratio to 0.8 decreased the 
wavelength of emitted light to 580 nm, yellow light. The PL in-
tensity increased slightly to 2,500 cps for 100 times of dilution 
and then increase greatly for 200 to 1,600 times of dilution and 
began to decrease for greater than 1,600 times of dilution. The 
PL spectra of In(Zn)P@ZnSe@ZnS with 1 of In/(In+Zn) was 
shown in Fig. 6. This QD sample without zinc showed the red-

Fig. 3. Photoluminescence spectra of In(Zn)P@ZnSe@ZnS with an In/(In+Zn) ratio of 0.5 (a) and variations in the photoluminescence 
intensity and wavelength of the sample according to the quantities of dilution.

Fig. 4. Photoluminescence spectra of In(Zn)P@ZnSe@ZnS with an In/(In+Zn) ratio of 0.67 (a) and variations in the photoluminescence 
intensity and wavelength of the sample according to the quantities of dilution.
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Fig. 5. Photoluminescence spectra of In(Zn)P@ZnSe@ZnS with an In/(In+Zn) ratio of 0.8 (a) and variations in the photoluminescence 
intensity and wavelength of the sample according to the quantities of dilution.

Fig. 6. Photoluminescence spectra of In(Zn)P@ZnSe@ZnS with an In/(In+Zn) ratio of 1 (a) and variations in the photoluminescence 
intensity and wavelength of the sample according to the quantities of dilution.

light emission with 613 nm of wavelength. The emitted light 
wavelength without dilution was 640 nm and decreased gradu-
ally to 613 nm for more than 200 times of dilution. 

The absorbance spectra of the QDs with different In/(In+Zn) 
ratio diluted at 200 times and their corresponding PL spectra 
were shown in Fig 7 (a) and (b), and the photographs of QDs 
with 0.33, 0.5, 0.67, 0.8 and 1 of In/(In+Zn) ratio under 420 nm 
of UV illumination were shown in Fig. 7 (c). The absorbance 
peak appeared at 523 nm for 0.33 ratio, 573 nm for 0.5, 587 nm 
for 0.67, 536 nm for 0.8 and 470 nm for 1 In/(In+Zn) ratio. The 
corresponding PL emission peaks were 553, 569, 624, 581, and 
612 nm, respectively. The colors of the QDs were green, yellow, 

red, orange, and dark red, respectively. First absorption peak 
wavelengths, absorbances, band edge energy (EQD), volume of 
QDs (VQD), molar extinction coefficients (ε), and molar con-
centrations (C) of QD samples were summarized in Table 2. As 
In/(In+Zn) ratio less than 0.67, the QDs showed the green or 
yellow colors at PL peak range between 550-570 nm, and their 
absorbance peaks increased from 535 nm for 0.33 ratio to 587 
nm for 0.67nm. For more than 0.67 ratio, PL peaks showed red 
color with more than 600 nm (except 581 nm for 0.8 of the ra-
tio) and their absorbance peak decreased from 587 nm to 470 
nm. (Fig. 7 (c)) As mentioned in the introduction section, 
Kirkwood et al [25] specifically studied of Zn location in InP 
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Fig. 7. Ultraviolet (UV)-visible absorbance (a) photoluminescence spectra (b) of In(Zn)P@ZnSe@ZnS with different ratios of In/(In+Zn), 
diluted 100 times, photoluminescence peak wavelengths and their energies for the samples (c), transmission electron microscopy images of 
In(Zn)P@ZnSe@ZnS quantum dots with an In/(In+Zn) ratio of 0.33 (d), and the sample photographs under UV illumination (e).

Table 2. First absorption peak wavelengths, absorbances, band edge energy (EQD), volume of QDs (VQD), molar extinction coefficients (ε), 
and molar concentrations (C) of QD samples.

Samples In/(In+Zn) Wavelength 
(1st peak) /nm Absorbance

EQD LQD VQD ε C
eV nm nm3 x106M-1cm-1 x10-9M

#1 0.33 525 0.1857 1.98 7.30 203.7 2.732 67.9
#2 0.5 536 0.0926 2.03 6.75 161.0 2.160 42.9
#3 0.67 586 0.2097 1.77 11.14 723.9 9.710 21.6
#4 0.8 535 0.3101 2.02 6.85 168.3 2.257 137
#5 1.0 470 1.15844 0.36 4.3 41.5 556,424 2,081
QD, quantum dot.

QD and structural and optical properties of In(Zn)P QDs by 
Zn incorporation ratio. We summerized PL properties of QDs 
in Table 3.

We observed the TEM images of the QDs for 0.33 of the ratio 
(Zn : In =  2:1) to find out the QD crystal size about 10 nm 
with an almost spherical shape (Fig. 7 (d) and Fig. 8).

4. Discussion 

4.1. Size and volume of QDs 
We can calculate the size of QD nanocrystals by using the 

following formula [26].  
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As shown in table 2, the QD crystal sizes were 7.30 nm for 0.33 of In/(In+Zn) ratio, 6.75 nm for 0.5, 

and the largest value of 11.14 nm for 0.67 of the ratio, and decreased to 6.85 nm for 0.8 and 4.3 nm for 

1. The QD crystal size for 0.33 by TEM observation is about 10 nm, which is a little greater than the 

calculated size of 7.3 nm. However, the calculated QD crystal size is considered to be 8.65 nm ± 1.35 

nm (standard error).  

 

2. Absorptivity (𝛆𝛆𝛆𝛆𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏) and molar concentration of QDs 

The concentration of InP@ZnSe@ZnS QDs is determined by the absorbance of UV−Vis spectroscopy. 

The intrinsic absorption coefficient of a QD material, μi, is size-independent at sufficiently short 

wavelengths. The absorbance (A) of QDs can be expressed as the Beer-Lambert equation, 𝐴𝐴𝐴𝐴 = 𝜀𝜀𝜀𝜀𝜀𝜀𝜀𝜀𝜀𝜀𝜀𝜀, 

where 𝜀𝜀𝜀𝜀 is a molar attenuation (or extinction) coefficient (M-1cm-1), c is a molar concentration (M) of 

where LQD is the average nanocrystal edge length, EQD is the 
energy of band edge transition, Eb is the bulk band gap of InP 

(1.35 eV), and C and α are empirically derived fitting param-
eters (4.25 and 0.96, respectively for a tetrahedral-shaped InP 
QD nanocrystal). We need to obtain the average volume (VQD) 
of a single QD crystal by using the following formula.  
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As shown in Table 2, the QD crystal sizes were 7.30 nm for 
0.33 of In/(In+Zn) ratio, 6.75 nm for 0.5, and the largest value 
of 11.14 nm for 0.67 of the ratio, and decreased to 6.85 nm for 
0.8 and 4.3 nm for 1. The QD crystal size for 0.33 by TEM ob-
servation is about 10 nm, which is a little greater than the cal-
culated size of 7.3 nm. However, the calculated QD crystal size 

750

700

650

600

550

500

450

400

W
av

el
en

gt
h 

(n
m

)

Ab
so

rb
an

ce
 (a

.u
.)

Ph
ot

ol
um

in
es

ce
nc

e 
in

te
ns

ity
 (a

.u
.)

In/(In+Zn) (molar ratio)

1.00.6 0.80.40.2

5

4

3

2

1

0

En
er

gy
 (e

V)

(a)

(d)

(b)

(e)

(c)

400 500 600 700 800 700 750 800650600550500450400
Wavelength (nm)

Sang Yeon Lee, et al. Bandgap tuning and quenching of In(Zn)P QDs

J Powder Mater 2024;31(3):226-235 231



is considered to be 8.65 ±  1.35 nm (standard error) (Fig. 8). 

4.2. Absorptivity (ε1s) and molar concentration of QDs  
The concentration of InP@ZnSe@ZnS QDs is determined by 

the absorbance of UV−Vis spectroscopy. The intrinsic absorp-
tion coefficient of a QD material, μi, is size-independent at suf-
ficiently short wavelengths. The absorbance (A) of QDs can be 
expressed as the Beer-Lambert equation, A = εcl, where ε is a 
molar attenuation (or extinction) coefficient (M-1cm-1), c is a 
molar concentration (M) of QDs, and l is an optical path length 
of cuvette (in meter scale). The absorbance of A is also ex-
pressed as A = ln I0/I, where I0 is an intensity of incident light 
and I is that of transmitted light. The absorbance can be shown 

as A =
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were of the diluted QDs by 200 times, and so the as-synthesized molar concentration was calculated to 

be between 4-27 μM. 

 

3. Förster Resonance Energy Transfer (FRET) effects of QDs 

 , where f is a volume fraction of QDs. μi is related 

with σ= VQD × μi. σ is the absorption cross section and the theo-
retical μi,th is used as a comparator, as it represents the intrinsic 
absorption of the bulk semiconductor, and is calculated using 

wavelength (λ)-dependent optical constants, including the real 
(n) and imaginary (k) parts of the refractive index of ZnSe and 
the local field factor |fLF|, as well as the refractive index of the 
surrounding medium (ns) [26].  
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of the In(Zn)P@ZnSe@ZnS QDs, and μi,InP is 8.5 ×  104 cm−1 at 
413 nm and μi,ZnSe is the intrinsic absorption coefficient of 

Fig. 8. Scanning electron microscopy and energy-dispersive X-ray spectroscopy mapping images of In(Zn)P@ZnSe@ZnS QDs.
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Fig. 9. Schematic model of In(Zn)P@ZnSe@ZnS QDsquantum dot (QD) dispersion in a solvent (a), the distance R0 between neighboring 
suface-capped QDs, and the calculated average FRET distance of R0 for 5 nmol/mL of QDsa QD concentration. (Red of 5 nmol/mL (red: 
In(Zn)P core, Yellow yellow: ZnSe shell, Green green: ZnS shell, line with head and tail : capping agent)).

(a)

(c)

(b)

Table 3. Photoluminescence wavelengths and intensities, FWHM and absorbance of In(Zn)P@ZnSe@ZnS QDs with varying molar ratios 
of In/(In+Zn).

Samples
In/(In+Zn) PL peak Intensity FWHM

Absorbance
Molar ratio nm cps nm

#1 0.33 553 55,751 43 0.1857
571 36,179 45
559 57,611 44

Mean (95%, k= 2) 561± 23 49,847± 29,494 44± 2.5
#2 0.5 569 50,782 52 0.0926

560 13,441 42
551 28,507 49

Mean (95%, k= 2) 560± 22 30,910± 46,667 48± 13
#3 0.67 574 19,663 41 0.2097

600 54,083 56
624 47,526 66

Mean (95%, k= 2) 599± 62 40,424± 45,400 54± 31
#4 0.8 556 22,435 53 0.3101

579 22,402 49
Mean (95%, k= 2) 568± 146 22,418± 210 51± 25

#5 1 612 17,704 43 1.15844
601 15,998 47

Mean (95%, k= 2) 607± 70 16,851± 10,838 45± 25
QD, quantum dot.

InP at 413 nm. We adopted 5.0 ×  104 cm−1 (theoretical value) 
of μi,ZnSe at 420 nm. fInP and fZnSe is volume fractions of InP and 

ZnSe of core/shell components of QDs, where the values fInP 

and fZnSe were adopted as 0.037 and 0.963, respectively in the 
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reference [4]. The molar extinction coefficient of QDs were in 
the range of 2.25~9.70 ×  106 M-1cm−1 and the molar concentra-
tion were between 20 and 137 nM. The concentrations were of 
the diluted QDs by 200 times, and so the as-synthesized molar 
concentration was calculated to be between 4-27 μM.  

4.3. Förster Resonance Energy Transfer (FRET) effects 
of QDs  

Fluorescence resonance energy transfer (originally Förster 
resonance energy transfer; FRET) is energy transfer from do-
nor to acceptor, In(Zn)P@ZnSe@ZnS QDs fluorophore and 
oleic acid in this paper. The FRET efficiency (E) depends on 
many physical parameters such as (1) the distance between the 
donor and the acceptor, (2) the spectral overlap of the donor 
emission spectrum, and (3) the relative orientation of the do-
nor emission dipole moment. In this study, the acceptor of oleic 
acid is not a fluorophore and so it plays only as an energy trans-
fer path from the donor the QDs to lipid organics. The rate of 
energy transfer (kET) can be expressed like the following equa-

tion. kET =
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. Here, we use hexane 

as a medium with refractive index 1.33 and QD is 0.4 and ϵA (λ) 
is 1.14x104 mol-1cm-1, the wavelength of In(Zn)P@ZnSe@ZnS 
emission is 540 nm, then we obtained R0 as 47.6 nm. The molar 
concentration of QDs calculated by Beer-Lambert law was 
about 5 μM, that is, 5 nmol/mL. It means that the number of 
QDs was 3.0 × 1015ea/mL and the average distance between 
neighboring QDs is calculated as about 70 nm. In our study, 
the quenching effect by FRET appeared at less than 100 dilu-

tion, 50 nM, where the neighboring distance is 7 μm, as shown 
in Fig. 9.  

5. Conclusions 

In our study, we discussed effects of the ratio of In/(In+Zn) 
to the PL and UV-Vis. absorption properties of In(Zn)P@
ZnSe@ZnS QDs. The PL light of the QDs with the ratio of 
more than 2/3 indium is red color and the PL lights of the QDs 
with less than 2/3 of In ratio show green and yellow colors. The 
brightest red PL properties of the QDs ca be obtained for 2/3 
ratio of In/(In+Zn) with the largest crystal size. The FRET 
quenching effects of the QDs suppress the PL intensities with 
less than R0, 70 nm calculated FRET equation. The dilution of 
QDs solution by more than 100 times with about 50 nmol/mL 
does not show FRET phenomenon with the distance of 7 μm 
between the neighboring QDs. 
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1. Introduction 

Thermoelectric (TE) technology is attracting attention for 
energy production and efficient energy utilization. In particu-
lar, compared to other renewable energy sources, it is the 
unique technology that can directly convert thermal energy 
into electric energy or provide heating and cooling through 
electricity without any driving part. Bismuth telluride (Bi2Te3)-
based alloys have been considered as representative materials 
for practical TE applications [1-3]. That is due to suitable com-
bination between low thermal conductivity caused by their lay-
ered structure composed of Van der Waals bonds and a good 
power factor (S2σ, PF) resulting from the mixture of covalent 
and ionic bonds in the temperature range of 273 – 500 K. These 
characteristics result in a superior dimensionless thermoelec-
tric figure of merit (zT), calculated by the formula zT= (S2σT)/
κ (S: Seebeck coefficient, σ: electrical conductivity, κ: thermal 

pISSN 2799-8525 · eISSN 2799-8681

Research Article

J Powder Mater 2024;31(3):236-242

Investigation of the Thermal-to-Electrical Properties of Transition 
Metal-Sb Alloys Synthesized for Thermoelectric Applications

Jong Min Park1,2, Seungki Jo1, Sooho Jung1, Jinhee Bae1, Linh Ba Vu1,2, Kwi-Il Park2, Kyung Tae Kim1,*

1Department of 3D Printing Materials, Korea Institute of Materials Science, Changwon, Gyeongnam 51508, Republic of Korea
2Department of Materials Science and Metallurgical Engineering, Kyungpook National University, Daegu 41566, Republic of Korea

Received: March 26, 2024
Revised: April 24, 2024
Accepted: April 24, 2024

*Corresponding author: 
Kyung Tae Kim
Tel: +82-55-280-3506
Fax: +82-55-280-3474
E-mail: ktkim@kims.re.kr

The development of thermoelectric (TE) materials to replace Bi2Te3 alloys is emerging as a hot issue 
with the potential for wider practical applications. In particular, layered Zintl-phase materials, which 
can appropriately control carrier and phonon transport behaviors, are being considered as promising 
candidates. However, limited data have been reported on the thermoelectric properties of metal-Sb 
materials that can be transformed into layered materials through the insertion of cations. In this study, 
we synthesized FeSb and MnSb, which are used as base materials for advanced thermoelectric materi-
als. They were confirmed as single-phase materials by analyzing X-ray diffraction patterns. Based on 
electrical conductivity, the Seebeck coefficient, and thermal conductivity of both materials character-
ized as a function of temperature, the zT values of MnSb and FeSb were calculated to be 0.00119 and 
0.00026, respectively. These properties provide a fundamental data for developing layered Zintl-phase 
materials with alkali/alkaline earth metal insertions. 

Keywords: Thermoelectric materials; Transition metal; Antimony; Electrical properties; Thermal con-
ductivity  

conductivity, and T: absolute temperature), in the room tem-
perature region compared to other materials [4-6]. However, 
Bi2Te3-based materials are often limited in more wide applica-
tions due to their performance degradation outside the room 
temperature range and the scarcity and toxicity of raw materi-
als. Therefore, various materials are being investigated as possi-
ble replacements for Bi2Te3 alloy. 

Among these studies, zintl phase materials such as Yb-Mg-
Sb and Na-Ga-Sn, which combine metals and nonmetals, are 
attracting attention for their excellent charge transfer and con-
trollable thermal conduction [7-10]. Recently, zintl phase mate-
rials composed of alkali/alkaline earth metal-transition met-
al-pnictogen elements in atomic ratios of 1-1-1 and 1-2-2 are 
known to exhibit a layered structure similar to Bi2Te3, which is 
expected to result in thermoelectric performances [11-13]. 
Transition metals can easily accept electrons released by the 
ionization of alkali/alkaline earth metals due to their various 
oxidation numbers. In particular, transition metal-pnictogen 
materials composed of d5 and d10 ions such as Zn2+, Fe3+, and 
Mn2+ have been reported to form layered structures with the 
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insertion of alkali/alkaline earth metals. [14, 15]. In addition, 
the energy bandgap of the material generally tends to decrease 
as the atomic radius of the pnictogen element(As, Sb, and Bi) in 
periodic table increases [16, 17]. Therefore, antimony (Sb) 
rather than bismuth (Bi) can be typically utilized to achieve the 
energy bandgap size of about a few hundred meV such as SnSe, 
Bi2Se3, and Bi2Te3. Toberer et al. synthesized AZn2Sb2 (A = Sr, 
Ca, Yb, Eu) through vacuum tube encapsulation followed by 15 
hours of melting at 1223 K [18]. Based on their thermoelectric 
properties, the zT values of AZn2Sb2 (A= Sr, Ca, Yb, Eu) were 
calculated, resulting in maximum values of 0.35, 0.55, 0.4, and 
0.9, respectively. Lian Wu et al. synthesized a material com-
posed of Mg3.2Sb2 and CaZn2Sb2 mixed in a specific ratio using 
a ball mill process [19]. Based on thermoelectric characteriza-
tion results depending on the ratio of Mg3.2Sb2 to CaZn2Sb2, the 
material with a 1:1 composition exhibited the maximum zT of 
0.68 at 773 K. Although many recent studies have reported the 
evaluation of properties of layered zintl phases with inserted al-
kali/alkaline earth metals, most of them are synthesized based 
on ZnSb. As mentioned above, the d5 and d10 transition metals 
such as Fe and Mn are also expected to exhibit thermoelectric 
properties, but there are no relevant studies so far despite high 
potential as TE materials. 

In this study, we synthesized FeSb and MnSb-based alloys 
that can be used for the base materials of advanced TE materi-
als showing layered-zintl-phase. The synthesized FeSb and 
MnSb ingots were powdered, and subsequently, single-phase 
materials were successfully identified through XRD analysis. 
The confirmed single-phase FeSb and MnSb ingots were then 
polished to size for characterization. The Seebeck coefficient, 
electrical conductivity, and thermal conductivity of FeSb and 
MnSb were measured to calculate zT as a function of tempera-
ture. The FeSb and MnSb fabricated by arc melting yielded 
maximum zT values of 0.00026 and 0.00119 at 473 K, respec-
tively. We have successfully investigated TE properties of met-
al-Sb materials for cation insertion, although these values are 
somewhat low. 

2. Experimental 

2.1.Fabrication of Fe-Sb and Mn-Sb Materials 
A vacuum arc furnace (VAF) process was used to synthesize 

transition metal-Sb ingot materials of FeSb and MnSb. The raw 
materials used were Fe (0.1-1.7 mm, 3N, Kojundo Chemical 
Laboratory CO., LTD), Mn (2-5 mm, 3N, Kojundo Chemical 
Laboratory CO., LTD.), and Sb (2-6 mm, 5N, TASCO) shots. 

Referring to the phase diagrams of Fe-Sb and Mn-Sb [20, 21], 
the raw materials were weighed in compositions of 56:44 and 
52:48 at%, respectively. These weighed raw materials were then 
placed in the arc melting machine and subjected to 120 V volt-
age for 5 repeated melting cycles. 

2.2. Characterization 
The as-synthesized ingots were ground using an induction 

milling machine and then powdered by filtering the grounds 
with a 50 µm standard sieve. The as-prepared ingots and pow-
ders were analyzed for microstructure and crystalline phase 
using scanning electron microscopy (SEM, SU-6600, HITA-
CHI) and X-ray diffraction (D/MAX-2500VL/PC, Rigaku). 
The both ingots were machined to specification by a polishing 
process for the measurement of electrical conductivity (σ), 
Seebeck coefficient (S), and thermal diffusivity (D). Thermo-
electric properties were measured by using Netzsch’s SBA458 
Nemesis equipment and laser flash analysis (LFA467 Hyper-
Flash, Netzsch) instruments, respectively, at temperatures 
ranging from 298 K to 473 K. To calculate thermal conductivi-
ty, the density (ρ) of the material was measured by the Archi-
medes method, and the heat capacity (CP) was calculated using 
the Dulong-Petit law (CP = 3R/M) [22-24]. Thermal conduc-
tivity (κ) was then calculated using the equation κ = DρCP. Ad-
ditionally, Hall analysis (HMS-5500, ECOPIA) at 298 K was 
performed to evaluate the carrier concentration (n) and mo-
bility (μ) to analyze the changes in the electrical properties of 
the ingots.  

3. Results and Discussion 

Fig. 1(a) illustrates a schematic diagram of the fabrication 
process of transition metal-Sb materials using the arc melting 
process, along with actual photographs of the synthesized 
MnSb and FeSb ingots. The coin-shaped ingots, approximately 
20 mm in diameter, were successfully produced by irradiating 
the raw materials with a high-energy arc, leading to rapid melt-
ing, followed by rapid cooling facilitated by a cold Cu plate with 
flowing coolant. Figs. 1(b) and 1(d) depict the surface micro-
structure of the samples observed after polishing the MnSb and 
FeSb ingots, respectively. Both materials underwent repeated 
rapid melting and cooling, resulting in various internal defects 
such as pores and cracks. Nevertheless, the EDS mapping re-
sults demonstrated that each element such as Fe, Mn, and Sb is 
uniformly distributed overall. Figs. 1(c) and 1(e) display the 
XRD patterns of the synthesized powders of MnSb and FeSb, 
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respectively. According to the phase diagram mentioned in the 
experimental section [20, 21], the synthesis of single-phase 
FeSb and MnSb cannot be achieved smoothly when the ratio of 
Fe/Mn:Sb is 1:1. Materials synthesized with Fe-Sb and Mn-Sb 
compositions of 56:44 and 52:48 at% reveal good single-phase 
synthesis compared to the reference PDF card. This result sug-
gests that we have successfully performed the first step for syn-
thesizing a layered zintl phase. 

Fig. 2 shows the results of the electrical properties of the in-
gots as a function of temperature ranging from 298K to 473K. 
Fig. 2(a) shows the variation of electrical conductivity with 
temperature for both synthesized FeSb and MnSb. The electri-
cal conductivity of MnSb decreased from 3085 Scm-1 to 2145 
Scm-1 with increasing temperature, exhibiting behavior typical 
of metals. This result is attributed to the metallic band structure 
of the majority spin electrons, although MnSb is a semiconduc-
tor [25]. Conversely, the electrical conductivity of FeSb in-
creased from 330 Scm-1 to 414 Scm-1 with increasing tempera-
ture, exhibiting behavior typical of semiconductors. This result 
matches well with studies that FeSb is a semiconductor with a 

band gap [26]. Fig. 2(b) shows the Seebeck coefficient for both 
materials, showing a similar trend with negative values, con-
firming their N-type materials. Moreover, the mobility and car-
rier concentration of each material at room temperature were 
evaluated by Hall measurements (Fig. 2(c)). The mobility and 
carrier concentration of FeSb are 11.4 cm2V-1s-1 and 2.88× 1020 
cm-3, respectively, while those of MnSb are 151 cm2V-1s-1 and 
7.31× 1020 cm-3, respectively. The mobility of MnSb is about 10 
times higher than that of FeSb, consistent with the substantial 
difference in electrical conductivity between the two materials 
observed in Fig. 2(a). Thus, it is feasibly confirmed that high 
electrical conducting behaviors of MnSb is due to high carrier 
concentrations and remarkably increased mobility compared to 
those of FeSb. Fig. 2(d) shows the calculated power factors 
based on the measured values of electrical conductivity and 
Seebeck coefficient, yielding 6.24 and 1.34 μWm-1K-2 for MnSb 
and FeSb at 473 K, respectively. 

Fig. 3 shows the comparison of the thermal conductivity of 
both alloys as a function of temperature. The density measured by 
the Archimedes method and the CP value calculated by the Du-

Fig. 1. (a) Schematic illustration of the arc-melting process and a photograph of synthesized MnSb and FeSb ingots. (b, c) Surface scanning 
electron microscopy (SEM), energy-dispersive spectroscopy (EDS) mapping image, and X-ray diffraction (XRD) patterns of synthesized 
MnSb. (d, e) Surface SEM, EDS mapping image and XRD patterns of synthesized FeSb.
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Fig. 2. Thermoelectric properties of MnSb and FeSb: (a) electrical conductivity, (b) the Seebeck coefficient, (c) carrier concentration and 
mobility, and (d) the power factor.

long-Petit law are presented in Table 1. The maximum thermal 
conductivity of MnSb was evaluated 2.74 Wm-1K-1 at 298 K, while 
the thermal conductivity of FeSb was evaluated 2.4 Wm-1K-1 at 
473 K(Fig. 3(a)). These results are consistent with the behavior 
of the electrical conductivity depicted in Fig. 2(a). 

Figs. 3(b) and 3(c) show the contribution of carrier (κe,cal) in 
total thermal conductivity and lattice thermal conductivity (κlat,-

cal) calculated using the following equations. 

κe, cal =  LσT 

L = 1.5 + exp _ |S|

116
κtot =  κlat,  cal+κe, cal 

L is the Lorentz constant, which has units of 10-8 WΩK-2 and 
was derived based on a computational approximation based on 
the single parabolic band model [27]. For both materials, a trend 
of increasing electronic thermal conductivity with rising tem-

perature was observed. In the case of MnSb, the electronic ther-
mal conductivity was calculated to reach up to 2.45 Wm-1K-1 as 
the temperature increased, which closely matched the mea-
sured total thermal conductivity at 473 K (2.47 Wm-1K-1). The 
lattice thermal conductivity of MnSb approached almost zero 
at 473 K, indicating that heat transfer inside the material 
strongly relies on electrons. That is, in spite of high electrical 
conductivity, it is analyzed that extremely low lattice thermal 
conductivity leads to decreasing-tendency of total thermal con-
ductivity of the MnSb. Conversely, the calculated electronic 
thermal conductivity of the FeSb ingot reached up to 0.48 Wm-

1K-1 at 473 K, constituting 20% of the total thermal conductivity 
evaluated in Fig. 3(a). This suggests that heat transfer in FeSb is 
highly dependent on the carrier rather than lattice pho-
non-scattering because lattice thermal conductivity shows sim-
ilar values with increasing temperature. The analysis revealed 
differences in the primary heat transfer mechanisms with in-
creasing temperature between FeSb and MnSb. MnSb exhibited 
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Fig. 3. (a) Total, (b) electronic, (c) and lattice thermal conductivity. (d) Schematic of the main mechanism for thermal conductivity of MnSb 
and FeSb.

Table 1. A comparison of measured density, calculated theoretical 
density [28,29], and calculated CP between MnSb and FeSb

Sample Density (g·cm-3) Theoretical 
Density (g·cm-3)

CP, cal 
(J·g-1·K-1)

MnSb 6.342 6.79 0.141
FeSb 8.059 8.42 0.140

increased phonon scattering with increasing temperature, lead-
ing to a reduction in lattice thermal conductivity and an overall 
decrease in thermal conductivity. On the other hand, FeSb ex-
hibited minimal change in lattice thermal conductivity, but an 
increase in electronic thermal conductivity due to enhanced 
carrier mobility, resulting in an overall increase in thermal con-
ductivity (Fig. 3(d)). 

Based on the evaluated electrical conductivity, Seebeck coef-
ficient, and thermal conductivity as shown in Figs. 2 and 3, a 
dimensionless thermoelectric performances (zT) were calculat-

ed (Fig. 4). MnSb exhibited higher zT values compared to FeSb 
in all temperature range, with maximum zT values of 0.00119 
and 0.00026 at 473 K, respectively. The maximum zT of MnSb 
was approximately 4.5 times higher than that of FeSb. Consid-
ering our aim in this study to achieve thermoelectric behaviors 
of two transition metal-Sb alloys as a function of temperature, 
TE properties of base materials was successfully obtained. 

4. Conclusion 

In this study, FeSb and MnSb, transition metal-pnictogen 
materials were synthesized and their fundamental thermoelec-
tric properties were characterized for developing advanced TE 
materials through cation-insertion in base materials. The XRD 
patterns of the powderized FeSb and MnSb shows successful 
synthesis of single-phase materials. Subsequently, thermoelec-
tric property evaluation of the machined single-phase FeSb and 
MnSb ingots produced zT values of up to 0.00026 and 0.00119 
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at 473 K, respectively. The higher mobility observed in MnSb 
compared to FeSb aligns well with the results indicating high 
electrical conductivity at 298 K. Despite the relatively low zT 
values, this investigation into the thermoelectric properties of 
transition metal-pnictogen materials provides basic informa-
tion for future advancements in layered zintl phase materials 
with alkali/alkaline earth metal insertions. 
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1. Introduction 

The hydrogen economy requires the development of materi-
als and processes that exhibit diverse functional properties [1, 
2]. High-entropy alloys (HEAs), which have been reported to 
have better cryogenic properties [3, 4], corrosion resistance [5], 
and hydrogen embrittlement resistance than commercial mate-
rials [6], have attracted attention as candidates to replace exist-
ing commercial materials. HEAs are alloys that have changed 
the concept of conventional alloy design and are single sol-
id-solution phase alloys composed of five or more main ele-
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High-entropy alloys (HEAs) have been reported to have better properties than conventional materials; 
however, they are more expensive due to the high cost of their main components. Therefore, research 
is needed to reduce manufacturing costs. In this study, CoCrFeMnNi HEAs were prepared using metal 
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opted to improve the quality of the MIM samples. Although the hardness of the HIP-treated samples 
decreased slightly and the Mn composition was significantly reduced, the process effectively eliminat-
ed many pores that remained after the 1275°C MIM process. The HIP process can improve the quality 
of the alloy. 
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ments with maximized compositional entropy [2,3]. Among 
them, CoCrFeMnNi HEAs in face-centered cubic (FCC) phase 
with low stacking fault energy (SFE) have been extensively 
studied in mechanical property as well as in novel process ap-
plications [7-9]. 

However, because CoCrFeMnNi HEAs are relatively expen-
sive in terms of their chemical composition compared to con-
ventional commercial alloys, research is also being conducted 
to reduce the cost by saving materials or reducing the process-
ing procedure to help commercialize them. Processes reported 
for the fabrication of CoCrFeMnNi HEAs include casting and 
forging [10], direct energy deposition [9, 11, 12], powder bed 
fusion [13, 14], binder jetting additive manufacturing [15], high 
pressure torsion [16], and metal injection molding [17, 18]. In 
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particular, powder metallurgy, especially the sintering process, 
has the advantage of less material loss and excellent accuracy 
compared to other processes, making it applicable for mass pro-
duction [19]. Among the various processes, we focused on 3D 
shape manufacturing using the feedstock of powders and bind-
ers. Similar to the metal additive manufacturing (MAM) pro-
cess, which produces near-net shaped 3D parts, it is a highly in-
dustrial process that eliminates most of the machining proce-
dures, resulting in low material loss [20]. There are two process-
es for manufacturing 3D-shaped parts using binders with very 
little loss of powder materials: the binder jetting (BJ) additive 
manufacturing process [15], which involves layer-by-layer depo-
sition, and the metal injection molding (MIM) process [17-20], 
which involves injection into a mold in the shape of the parts. 

The MIM process is well suited for the mass production of 
precision parts because it uses a feedstock mix of powder and 
binder, which is injected into a mold of the target part geome-
try, followed by debinding and sintering to produce the final 
parts [20]. In other words, MIM has the advantage of manufac-
turing precise parts with little material waste, which is attractive 
because it can reduce the production costs of expensive materi-
al processes. Kim et al. [18] fabricated CoCrFeMnNi HEA by 
MIM process and analyzed their microstructure. However, the 
MIM process alone makes it difficult to achieve high relative 
densities due to the residual pores in the part. High porosity 
and low density are widely recognized to degrade the mechani-
cal properties of parts and are the main reasons for achieving 
less than expected properties [21]. This means that the MIM 
process alone leaves pores, which must be removed by an addi-
tional process. In the literature, defects in alloys manufactured 
by powder metallurgy have been effectively removed using hot 
isostatic pressing (HIP) [22]. HIP process can be used to in-
crease the density and reduce the porosity of HEA fabricated by 
the MIM process. 

In this study, we prepared HEA using the MIM process and 
attempted to improve their relative densities and porosities us-
ing the HIP process. We also investigated the changes in hard-
ness and microstructure under different process conditions. 

2. Experimental 

2.1. Powder materials 
The CoCrFeMnNi HEA powders used in this study were 

spherical powders prepared via gas atomization (MK Inc., Re-
public of Korea). The morphology and composition of the pow-
ders before the MIM process were measured using the field 

emission scanning electron microscope (SEM, XL-30S FEG, FEI 
Co., 5 kV) with the energy dispersive spectrometer (EDS). The 
particle size distribution (PSD) of the CoCrFeMnNi HEA pow-
ders was measured by a laser particle size analyzer (Mastersizer 
3000, Malvern), and the median D50 of the powdered material 
was 86.2 μm (Fig. 1a). The spherical powders were mixed with 
each element in approximately equal fractions (Fig. 1b). 

2.2. MIM process 
The feedstock was prepared by mixing the binder and pow-

ders. Fig. 2a show that specimens with a width of 20 mm, 
length of 64 mm, and thickness of 7 mm were injected using a 
metal injection molding machine (MIM, Sodick, TR30EH). 
Thermal debinding was performed after solvent debinding to 
remove the binder. The samples were then sintered at three 
conditions of 1200 °C, 1250 °C, and 1275 °C. These three con-
ditions were named M1, M2, and M3, respectively (Fig. 2b). 

2.3. HIP process 
In order to reduce the porosity of the MIM-processed sam-

ples, the HIP process was performed at 1150 °C for 4 h under 
the pressure of 150 MPa (Fig. 3a). Considering the phase dia-
gram simulated by Thermo-Calc software (Database: 
TCFE2000 and its upgraded version [23-28]), the HIP process 
conditions were determined to be the temperature at which the 
FCC phase matrix forms (Fig. 3b). The HIP-treated M1, M2, 
and M3 were named H1, H2, and H3, respectively (Fig. 3a). In 
addition, M1, M2, M3, H1, H2, and H3 were all sintered at 
high temperatures and cooled gradually in the furnace to avoid 
thermally induced residual stresses and distortions. 

2.4. Microstructure characterization & mechanical testing 
To analyze the cross-sectional microstructures of the MIM- 

and HIP-treated samples, SiC sheets of 400, 600, 800, and 1200 
grit were used for mechanical polishing, and colloidal silica 
solution was used for mechanochemical polishing. The 
cross-sectional morphology was obtained using optical micros-
copy (OM, BX51M, Olympus, magnification: x50). In addition, 
SEM was used to analyze the electron backscatter diffraction 
(EBSD, XL30S, Philips, step size: 1.5 µm, beam: 20 kV) and 
EDS. The density was measured by Archimedes’ principle den-
sity balance (XP 205, Mettler Toledo, repeated five times). The 
mechanical properties were tested using the Vickers hardness 
machine (FM-700, Future Tech, load: 100 gf, dwell time: 10 s). 
Vickers hardness was measured eight times at intervals of  
2 mm (Fig. 2a show the cross-section view and schematic). 
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Fig. 1. Spherical powders were prepared for the metal injection 
molding (MIM) process. (a) Particle size distribution results are 
superimposed on a scanning electron microscopy (SEM) image of 
the powders. D10, D50, and D90 are the percentile values of the 
diameter estimated from the cumulative fraction (%). The median 
is approximately 86 μm. (b) Cross-sectional SEM-energy-dispersive 
X-ray spectroscopy (EDS) results of spherical CoCrFeMnNi high-
entropy alloy (HEA) powders prepared by gas atomization for 
process use in MIM. The CoCrFeMnNi HEA can be regarded as 
having an almost equiatomic chemical composition, with each 
element measured at about 20 at.% in the EDS.

Fig. 2. (a) Schematic diagram of the metal injection molding (MIM). 
The mechanical properties and microstructure analysis were 
carried out at the cross-section of the center side. (b) Schematic 
diagram of post-processing. The MIM parts are processed through 
debinding to remove the binder materials and compacted through 
the sintering process. (c) MIM-processed CoCrFeMnNi HEA 
samples were manufactured by sintering under three different 
conditions (1200°C, 1250°C, and 1275°C). For more detailed 
methods of the design and process procedures of MIM conditions, 
please refer to the previous work [18].
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3. Results and Discussion 

3.1. Optical microscopy analysis 
Fig. 4 shows the images of the pores observed by OM mea-

surements. The OM analysis of the cross-section shows that the 
MIM treatment alone on M1 resulted in poor sintering, and 
features of the powders were observed (Fig. 4a). Because M1 is 
barely sintered and not in a shape that can be pressurized sin-
tered, the additional HIP treatment has little effect on the pores 
or morphology (Fig. 4d). In other words, M1 sintered at 1200 
°C could not be improved by the HIP. In contrast to M1, for M2 
sintered at 1200 °C (Fig. 4b), the pore features formed during 
sintering were observed (yellow arrows). Fig. 4e shows H2 after 
HIP treatment of M2, where many of the small pores (yellow 
arrows) in M2 were significantly removed. Relatively large 
pores remained, but smaller ones were closed or consolidated 
into smaller pores (Fig. 4b,e). On the other hand, in contrast to 
M2, M3 sintered at 1275 °C does not show any relatively small-
sized pores (Fig. 4c). Fig. 4f shows H3 after the HIP treatment, 
and many of the pores (green arrows) in M3 were noticeably 
removed. Consequently, the large pores in M2 were significant-
ly removed and H3 became closed pores with irregular shapes. 

3.2. Microhardness with the grain size 
Fig. 5 shows the porosity analyzed by OM and the density 

measured by Archimedes’ method before and after HIP treat-
ment for relative comparison analysis. Considering the porosity 
and relative density (Figs. 4, 5), M2 has a porosity of 24.1% and 
a relative density of 85.2% (6.778 g/cm3), while H2 has a poros-

Fig. 3. (a) Schematic diagram of the metal injection molding (MIM) and hot isostatic processing (HIP) processes, showing the difference in 
process sequence and temperature conditions over time. (b) Equilibrium phase diagram with temperature. The phase diagram was calculated 
using CALPHAD thermodynamic software, based on the compositions of the powders used in this study.

ity of 7.03% and a relative density of 89.1% (7.09 g/cm3). Fig. 
4b,e intuitively shows that the density increased with porosity 
improvement (the yellow arrow that disappeared in M2 corre-
sponds to the porosity that disappeared in H2). Similarly, M3 
had a porosity of 14.1% and a relative density of 87.8% (6.989 
g/cm3), whereas H3 had a porosity of 2.99% and a relative den-
sity of 90.5% (7.201 g/cm3). Fig. 4c,f show that the pores in M2 
(green arrows) are significantly removed in H3. The porosity of 
M3 was significantly reduced, indicating that the density of H3 
was significantly improved. 

Fig. 5 show the hardeness measured by Vickers Hardness 
test. Because enhanced density and porosity cannot explain the 
reduction in hardness, another major microstructural factor, 
grain size, must also be considered [21, 29]. Fig. 6i-l show the 
kernel average misorientation (KAM) maps estimated using 
EBSD. The KAM value is an effective way to show the tendency 
of the dislocation-based strain distribution [9,30-32]. Because 
M2 and M3, as well as H2 and H3, were processed at high tem-
peratures and cooled gradually, the average KAM values did 
not differ significantly. This KAM analysis allowed us to ana-
lyze the effect of grain size and grain boundaries on hardness 
more clearly, without considering the main microstructural 
factors of dislocations. 

Fig. 5 shows the change in hardness before and after the HIP 
treatment. Although the density and porosity of M2 improved 
in H2, the hardness decreased slightly from 174 ± 14 Hv to 
162± 11 Hv. According to the Hall-Petch relationship [33, 34], 
the relationship between the average grain size and yield 
strength can be found, and according to the Tabor relationship 
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Fig. 4. The optical microscopy (OM) images are divided into before (a-c) and after (d-f) hot isostatic processing (HIP). MIM processed at (a) 
1200°C is M1, (b) 1250°C is M2, (c) 1275°C is M3. HIP processed under 1150°C/4h using (d) M1 is H1, (e) M2 is H2, (f) M3 is H3. Porosity 
was calculated using OM and image processing software (ImageJ, version 1.51j). The M1 and H1 samples are failed conditions because the 
sintering processes were not complete. M2 was observed with small or irregularly shaped pores (yellow arrows).

Fig. 5. Microstructure analysis and mechanical properties superimposed on electron backscatter diffraction (EBSD)-IQ maps considering the 
pore shapes and grain boundaries. From the superimposed graphs, the changes in relative density, porosity, and average grain size and micro-
hardness after HIP treatment are compared. Porosity was calculated using optical microscopy (OM) and image processing and the density 
was measured by Archimedes’ principle of density balance.
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[33, 35], the relationship between yield strength and hardness 
can be found. The relationship expression that considers the 
above two relationships is summarized in Eq. (1).  

(1)

Where σy is the yield strength, σ0 is the material constant for 
dislocation movement, ky is the strengthening coefficient, and d 
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is the average grain size. In general, in metallic materials, grain 
boundaries typically function as fixed points and obstruct the 
propagation of dislocations [36]. The increase in grain size 
equals the decrease in grain boundary fraction, and we can see 
that grain size and hardness are inversely proportional, mean-
ing that the increase in grain size from 123 μm to 152 μm due 
to the HIP treatment is likely responsible for the decrease in 
hardness. Similarly, the hardness of M3 was 230± 11 Hv, which 
was slightly reduced to 216± 14 Hv in H3 after HIP treatment. 
Considering Equation 1 together, the average grain size of H3 
increased from 168 μm to 184 μm with the HIP treatment, 
which contributed to the decreased hardness. 

3.3. Microstructure and chemical composition 
For microstructure analysis, IQ-inverse pole figure (IPF) 

maps were obtained by EBSD based on the (100) crystal plane 
(Fig. 6a-d). The color difference in the IPF map indicates which 
crystal direction each grain is oriented, and is a useful analysis 
method that can effectively distinguish the texture of the metal-
lic materials [9, 18, 31, 37]. Because neither the MIM sintering 
nor the HIP treatment induced anisotropy, the grains were 
grown as homogeneously textured, equiaxed grains that were 
not oriented. 

The IQ-phase maps show that the FCC phase is organized in 
the matrix for all conditions before and after HIP process (Fig. 
6e,h). Considering the thermodynamic equilibrium diagram 
(Fig. 3b), it is possible to have B2 and sigma phases besides the 
FCC phase, as furnace cooling will unavoidably pass through 
temperatures with different stable phases [17, 30]. However, 
during the sintering process, the elements segregated towards 
the grain boundaries have a different composition from that of 
the initial powder, which can also lead to different phases [38]. 
The composition analyzed by EDS shows that in H2, M3, and 
H3, the elements Cr, Ni, and Mn have inhomogeneous distri-
butions (Fig. 7). However, considering the Mn content of 19.9 
at.% in the initial powders, M2 and M3 fabricated by the MIM 
process showed the decrease in Mn content of about 3-4 at.%, 
while H2 and H3, which were subjected to HIP treatment, 
showed the additional decrease in Mn content of about 8-10 
at.%. The reduced Mn content can be attributed to two factors 
[39]. First, the high-temperature sintering in the vacuum atmo-
sphere in MIM process resulted in more evaporation of Mn, 
which has the relatively low melting point compared to other 
elements (Co, Cr, Fe, Ni), and the HIP treatment in an Ar at-
mosphere with accompanying pressure accelerated the evapo-
ration of Mn. Second, the reduction of Mn is assumed to be 

formed due to the inevitable oxidation during the MIM and 
HIP processes. Also, Fig. 7, the distribution of O is consistent 
with that of Mn. Manganese oxide is mainly observed around 
the voids, and the Mn content of the matrix decreased in pro-
portion to the manganese oxide formed. 

The IQ-phase maps show that the FCC phase was organized 
in the matrix for all conditions before and after the HIP process 
(Fig. 6e,h). Considering the thermodynamic equilibrium phase 
diagram (Fig. 3b), it is possible to have B2 and sigma phases in 
addition to the FCC phase because furnace cooling will inevita-
bly pass through temperatures with different phases [17, 30]. 
However, during the sintering process, the elements segregated 
towards the grain boundaries have a different composition 
from that of the initial powder, which can also lead to different 
phases [8, 38]. For H2, M3, and H3, the compositional distri-
butions analyzed by EDS show the inhomogeneity of Cr, Ni, 
and Mn along the grain boundaries (Fig. 7). However, consid-
ering the Mn content of 19.9 at.% in the initial powders, M2 
and M3 fabricated by the MIM process showed a decrease in 
Mn content of approximately 3-4 %p, while H2 and H3, which 
were subjected to HIP treatment, showed an additional de-
crease in Mn content of approximately 8-10 %p. The reduced 
Mn content could be attributed to two factors [39]. First, 
high-temperature sintering in the vacuum atmosphere in the 
MIM process resulted in more evaporation of Mn, which has a 
relatively low melting point compared to other elements (Co, 
Cr, Fe, and Ni), and the HIP treatment in an Ar atmosphere 
with accompanying pressure accelerated the evaporation of 
Mn. Second, the reduction of Mn is assumed to occur owing to 
the inevitable oxidation during the MIM and HIP processes. 
Plus, Fig. 7 shows that the distribution of O was consistent with 
that of Mn. Manganese oxide was mainly observed around the 
voids, and the Mn content of the matrix decreased in propor-
tion to the manganese oxide formed. 

In addition, HEAs have a low SFE, an alloy in which twin-
ning is activated by annealing or deformation [40]. The twin 
boundary fraction (TBF) increased to 22.7% in M2 and 27.7% 
in H2 (yellow boundaries in Fig. 6e,f). Furthermore, Ni and 
Mn, the main elements in CoCrFeMnNi HEAs, are typical 
FCC phase-stabilizing elements, and it can be inferred that the 
reduced Mn induces the matrix to be less phase-stabilized to 
FCC, further enabling twinning. On the other hand, in contrast 
to H2, TBF decreased slightly in H3 to 15.1% (M3) and 12.5% 
(H3) (Fig. 6g,h). 

Considering the average chemical composition (Fig. 7), this 
is not convincing because the trend of the global chemical 
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Fig. 6. Scanning electron microscopy– electron backscatter diffraction (SEM-EBSD) maps of M2, M3, H2, and H3. The grain boundary color 
of all maps is black. (a-d) EBSD–inverse pole figure (IPF) map. No anisotropies were observed under any conditions. (e-h) EBSD-phase map. 
The yellow boundaries are twin boundaries of the ∆3 type in the face-centered cubic (FCC) phase. (i-l) EBSD– kernel average misorientation 
(KAM) map. Maximum orientation: 5° with the third nearest neighbor kernel.
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Fig. 7. Scanning electron microscopy–energy-dispersive X-ray spectroscopy (SEM-EDS) maps of (a) M2, (b) M3, (c) H2, and (d) H3. (a) M2, 
the metal injection molding (MIM)-processed sample, was insufficiently sintered, and numerous areas of manganese oxide were observed 
along the pores. (b) H2 results after HIP treatment of M2, showing more sintering than M2, enrichment in Cr along the grain boundaries, 
and deficiency in Fe and Co. (c) MIM sample M3, unlike M2, is significantly sintered and is enriched in Cr, Mn, and Ni along the grain 
boundaries and deficient in Fe and Co. (d) Compared to M3, HIP-treated H3 has a homogeneous composition distribution with sufficient 
diffusion of Fe, Ni, and Mn, and Cr during the hot isostatic pressing (HIP) process is abundantly distributed around the grain boundary, 
similar to H2. In addition, the O maps of all conditions showed numerous oxides. This suggests that oxidation was unavoidable for both MIM 
and HIP, even when they were prepared under an inert atmosphere.
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composition changed by the HIP process for both H2 and H3 
is similar. However, the Co-Cr-Fe-Mn-Ni system is an alloy in 
which phases other than FCC appear when the composition of 
each element varies [40]. In other words, the chemical compo-
sition is strongly related to the stability of either the FCC or 
BCC phases. 

Fig. 8 shows the SEM-EDS line profile results obtained near 
the grain boundary, and the chemical composition distribu-
tions of H2 and H3 were different. Both the HIP-treated H2 
and H3 precipitated Cr-rich phases at the grain boundaries. 

The Cr-rich phase formed by heat treatment is the BCC phase 
near the grain boundary [17, 41], and the precipitated BCC 
phase is more distributed in H3 than in H2. In other words, Cr 
functions as a BCC stabilizer [42, 43], which increases the FCC 
stability of the matrix. Table 1 shows the average chemical com-
position of the matrix region as measured by EDS, showing 
that Cr in the matrix is more depleted in H3. 

Thermodynamically simulated Gibbs free energy (G) with 
matrix composition also supports this evidence (Software: 
Thermo-Calc, Database: TCFE2000 and its upgraded version 

Fig. 8. Scanning electron microscopy–energy-dispersive X-ray spectroscopy (SEM-EDS) line profile results. (a) High-magnification 
SEM image of H2 and EDS line-profile analysis along the yellow line across the grain boundary. (b) H2 shows a composition with severe 
segregation of Cr along the grain boundary. The Cr-rich phase is a precipitate phase composed mainly of body-centered cubic (BCC) 
structures, whereas the composition of the matrix is lower than the average in Cr. (c) Location of the EDS line profile of H3. (d) H3 also shows 
a composition with severe segregation of Cr along the grain boundary. In addition, many Cr-rich phases were observed around the grain 
boundaries. The matrix had a more Cr-deficient composition than that of H2.
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[23-28]). G is a useful means of expressing the phase stability, 
where the phase with the lowest negative value can be de-
scribed as the stable phase [41, 42]. Fig. 9 shows the results of G 
for the phase stability simulated at 150 MPa, mimicking the 
HIP process conditions. For comparative analysis, we recon-
structed the simulated stability of each phase in terms of G dif-
ference (△ G) in Eq. (1,2). 

     ΔG(FCC→BCC) =  GBCC− GFCC [J/mol] (2) 

     ΔG(FCC→HCP) =  GHCP− GFCC [J/mol] (3) 

A positive △G is indicates that the FCC phase is stable and a 
negative △G indicates that the FCC phase unstable. In other 
words, when the energy barrier is overcome (△G =  0), it be-
comes phase transformation. At the HIP treated temperature 
(1150 °C), △G (FCC→BCC) of H3 is 1686 J/mol, which is greater 
than H2 (1563 J/mol) (Fig. 9a, Table 1). Similarly, △G (FCC→HCP) 

shows the same trend (H3: 2349, H2: 2168) as △G (FCC→BCC) (Fig. 
9b, Table 1). Moreover, H3 was greater than H2 at all tempera-
tures. Taken together, these results suggest that although it forms 
a single FCC phase at elevated temperatures and changes to the 
metastable FCC phase during cooling to room temperature 
(RT), H3 is more stable than H2 at all temperatures, which is 
consistent with the trend of the TBF of H2 (27.7 %) being great-
er than that of H3 (12.5 %), suggesting that H3, which is more 
depleted in Cr than H2, is a more stable FCC phase than H2. 

This means that the TBF difference is inferred to be influ-
enced more by the MIM processing temperature. The differ-
ence in TBF due to HIP treatment was ~4%p (M2 and H2) and 
~3%p (M3 and H3), while the difference in TBF due to the dif-
ference in sintering temperature of the MIMs was ~7%p (M2 
and M3). Considering all the SEM-EDS images (Fig. 7), the in-
fluence of the secondary phases cannot be ruled out. The an-
nealed twins of HEA in the FCC matrix can be attributed not 
only to the chemical composition (distribution changed by Mn 

Table 1. The chemical compositions of the FCC matrix as measured by EDS. (at.%) The Gibbs energy was calculated using the 
CALPHAD thermodynamic software (Fig. 9 shows Gibbs energy simulations under 150 MPa considering H2 and H3). FCC, face-
centered cubic; EDS, energy-dispersive X-ray spectroscopy; BCC, body-centered cubic; HCP, hexagonal close-packed.

Average chemical composition of FCC matrix (at.%) ΔG (J/mol)
Co Cr Fe Mn Ni FCC to BCC FCC to HCP

Theoretical 20.0 20.0 20.0 20.0 20.0 1169 2088
H2 24.13 20.69 23.34 6.10 25.56 1563 2168
H3 23.70 17.86 22.51 9.72 26.06 1686 2349

Fig. 9. Gibbs free energy was calculated by CALPHAD thermodynamic software at the pressure condition of 150 MPa based on the 
compositions of the H2 and H3 matrix (Table 1 shows chemical compositions). Gibbs energy change after hot isostatic pressing (HIP) 
treatment considering cooling (1150 °C→25 °C): (a) ∆G (FCC to BCC) and (b) ∆G (FCC to HCP). The positive ∆G value indicates that the 
FCC phase is stable. FCC, face-centered cubic; BCC, body-centered cubic; HCP, hexagonal close-packed.
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evaporation during HIP treatment), but also to the temperature 
influence of the MIM process (difference between M2 and M3, 
matrix composition, and BCC phase). 

In this study, the MIM-processed HEA prepared at different 
temperatures were further subjected to the HIP process to im-
prove the porosity, and the hardness and microstructure differ-
ences of the MIM samples before and after HIP treatment were 
analyzed. In the future, we will perform thermodynamic calcu-
lations considering temperature and pressure to propose fur-
ther improved process conditions and fabricate improved FCC 
single-phase HEA components to analyze the influence of the 
microstructure on the mechanical deformation behavior. 

4. Conclusion 

In this study, CoCrFeMnNi HEA samples were fabricated by 
metal injection molding (MIM) process and hot isostatic press-
ing (HIP) treatment. The hardness, density, porosity, and mi-
crostructure of the HIP-treated HEA were investigated and the 
following conclusions were obtained: 

1)  After the HIP treatment, the average grain size increased 
and the hardness decreased, but the porosity was signifi-
cantly reduced and the density increased, which improved 
the quality. 

2)  Both MIM and HIP processes resulted in Mn composition 
changes; the composition of Mn decreased slightly after 
the MIM process and decreased significantly after the HIP 
process. Manganese oxide was observed in all samples 
during cooling of the heat treatment, and precipitation on 
Cr-rich BCC could not be avoided. 

3)  The annealing twin changes slightly (3-4%p) after HIP 
treatment, but a more dominant change (8-10%p) can be 
seen with the difference in sintering temperature of the 
MIMs, which is due to the change in composition during 
the process and the influence of the precipitation phases. 

In order to contribute to the manufacturing of commercial 
HEA components, future work should not only study the mi-
crostructure under different process conditions, but also the ef-
fect of microstructure on the mechanical deformation behavior. 
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Nano-oxide dispersion–strengthened (ODS) superalloys have attracted attention because of their out-
standing mechanical reinforcement mechanism. Dispersed oxides increase the material’s strength by 
preventing grain growth and recrystallization, as well as increasing creep resistance. In this research, 
atomic layer deposition (ALD) was applied to synthesize an ODS alloy. It is useful to coat conformal 
thin films even on complex matrix shapes, such as nanorods or powders. We coated an Nb-Si–based 
superalloy with TiO2 thin film by using rotary-reactor type thermal ALD. TiO2 was grown by controlling 
the deposition recipe, reactor temperature, N2 flow rate, and rotor speed. We could confirm the forma-
tion of uniform TiO2 film on the surface of the superalloy. This process was successfully applied to the 
synthesis of an ODS alloy, which could be a new field of ALD applications.

Keywords: Superalloy, atomic layer deposition, oxide dispersion strengthening, TiO2, thin film

1. Introduction

전 세계적으로 배출되는 이산화탄소의 주 원인은 화석연료로부

터 발생하고 있다. 화석연료의 사용량을 절감하여 이산화탄소 발생

량을 획기적으로 줄이기 위해 높은 효율의 내연기관의 개발이 주목

받고 있다. 내연기관의 효율은 작동 온도 및 압력 증가와 비례하지

만, 작동 온도와 압력이 증가할 경우 소재의 열화로 인해 심각한 내

구성의 저하가 발생한다. 따라서, 고온·고압 환경에서 기계적 특성, 
내열성, 내마모성, 내식성 등을 향상시키기 위한 공정의 개발이 필

수적인 상황이다. 현재 근본적인 소재 물성 향상을 위해 산화물 분

산 강화 합금(Oxide Dispersion Strengthened alloy, ODS), 즉 

ODS 합금의 개발이 주목받고 있다. ODS는 금속기지 내에 산화물

을 분산시켜 특성을 향상시키는 방법으로, 여러 금속 강화기구 중 

가용 온도가 매우 넓다는 장점을 가지고 있다. 보통 고온 안정성이 

우수한 Y2O3와 TiO2 미세 입자를 분산재로 흔히 사용하며, 기지 

내 분산된 미세 산화물은 전위의 이동을 효과적으로 억제하므로 고

온 인장강도 및 크리프 저항 등을 향상시키게 된다. ODS의 주요 

강화기구는 결정립 미세화에 따른 홀-패치(Hall-Petch) 효과, 분산

된 산화물에 따른 오로완 메커니즘(orowan mechanism), 고용강

화와 매트릭스 효과 등으로 설명되며, 분산된 산화물의 크기와 밀

도, 균일도, 결정립 크기 등에 의해 성능이 좌우된다[1-5]. 본 연구

에서는 최초로 원자층 증착법(Atomic Layer Deposition, ALD)을 

통해 Nb-Si계 초내열합금 분말 상에 TiO2 나노 박막을 증착하여, 
분산 강화 효과를 보기 위한 기초 연구를 수행하였다. ALD란, 전
구체 및 반응물의 교차 주입을 통해 낮은 온도 범위에서 나노 단위

의 매우 얇은 막을 증착할 수 있는 기술이다. 균일하고 매우 높은 

단차 피복(step coverage) 특성을 가지는 박막 성장이 가능하며 조
https://doi.org/10.4150/jpm.2024.00052
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성 및 두께 제어에 용이하다는 장점을 지녀 오늘날 박막 증착 분야

에서 가장 각광받고 있는 기술이다. 최근에는 평판형의 반도체 기

판에 박막을 증착하는 형태에서 벗어나, 추가적인 반응기를 장착하

여 나노 로드(nanorod), 나노 파이버(nanofiber) 또는 나노 분말과 

같은 입체 구조 기판에 박막 코팅이 가능해졌다. 위 방식은 주로 배

터리 및 나노 촉매, 센서 등의 분야에 적용되고 있으며, 나노 구조

체 제조에 유리한 특성 때문에 다양한 분야에서 활발히 연구되고 

있다[6-12].

본 연구에서는 회전식 반응기 방식을 적용하여 ALD 공정을 실

시하였다. Fig. 1은 ALD를 통해 Nb-Si계 합금 분말 표면에 TiO2 

박막을 코팅하는 과정을 도식화 하였다. 반응기가 회전하며 분말이 

교반 되고, 이와 동시에 TiO2 합성에 필요한 전구체와 반응 기체가 

순차적으로 주입되며 화학 반응에 의해 표면에 균일한 박막이 형성

된다. ‘TTIP 주입 – N2 퍼지 – H2O 주입 – N2 퍼지’ 순서로 공정

이 진행되며, 전구체와 반응 기체 주입 사이 사이에 질소를 흘려주

어 반응에 참여하지 않은 부산물을 제거하는 과정을 거친다[13]. 

사용한 분말은 Nb-Si계 초내열합금이며, 높은 기계적 강도와 화학

적 안정성을 지닌다. 고온에서의 내열성 및 내식성이 뛰어나 항공 

및 우주 산업에서 가스터빈, 엔진 등에 주로 사용되는 합금이다

[14-23]. 최근 기계적, 열적 특성을 향상시키기 위해 Nb-Si계 합금 

조성 최적화 및 열처리 공정을 통한 미세 구조 제어 연구가 활발히 

진행되고 있다[24, 25]. 또, 3D 프린팅 기술에 적용되어 소결 기반 

고강도 부품의 제작에 사용되며 다른 재료와 혼합하여 다양한 기능

성 부품을 제작하고 있다[26]. 분산재로 선택한 TiO2는 강도가 높

으며 경도가 낮은 재료이다. 화학적으로 안정해 내식성이 뛰어나며 

고열 안정성 또한 높아, 산화물 분산 강화 합금에 적용할 시 기계

적, 화학적 특성 모두 향상시켜 극한의 환경에서 사용하기에 적합

한 물질이며, 합금의 중량을 최소한으로 증가시켜 우주 항공 산업

에 적용하기에 유리하다[15, 27].

본 연구에서는 기존에 시도되지 않은 Nb-Si계 합금 분말 상에 

TiO2 박막 코팅을 완료하고, TiO2 코팅막의 형상과 조성, 화학적 

특성 및 미세 구조 관찰 결과를 통해 최적의 증착 조건을 탐색하였

다. 본 연구를 통해 추후 소결 시 분산된 TiO2 박막에 의해 합금 내

부 결정립 성장이 억제되며 미세 구조 형성을 통한 강도 및 경도 향

상 효과를 기대할 수 있다. 또, 소결 접착을 강화하고 열적 안정성

을 높여 소결성을 향상시킬 수 있을 것으로 예상된다[28-31].

2. Experimental

본 연구에서는 Nb-15Si-24Ti-13Cr-2Al-2Hf-2Sn-0.5B (at%) 

Fig. 1. Schematic of the atomic layer deposition (ALD) process of TiO2 thin film coating on a powder using a rotary-type reactor
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조성의 8원계 합금 분말을 시작 물질로 사용하였다[32]. Nb-Si계 

분말은 산소 친화도가 높으며 초고융점 특성을 지녀 기존 금속 분

말 제조 공정으로는 적층 제조용 구형 미세 분말 제조가 불가능하

다. 이 때문에 세라믹 제외 분무공정인 EIGA (Electrode 
induction melt gas atomization) 공정에 플라즈마 토치를 결합시

킨 플라즈마 하이브리드 EIGA 공정이 개발되었으며, 해당 분말은 

PGHA (Plasma gas hybrid atomization) 공정을 통해 제조되었다. 

PGHA 공정은 기존 gas atomization 공정법과 달리 플라즈마를 

통한 고온 유지가 가능해 오리피스의 냉각 및 막힘 현상을 방지할 

수 있으며 회수율 50%, RFP 30%에 달하는 성능을 보인다. ALD 

박막 증착 공정은 챔버 내에 회전식 반응기를 장입하고 직류 모터

를 이용해 분말을 지속적으로 교반하며 실시하였다. Ti의 전구체로

는 Titanium Tetraisopropoxide (TTIP, I-CHEMS Co., Korea)를, 
반응 가스로는 H2O를 사용하였다. TiO2 형성 과정은 다음과 같은 

반응식을 따른다. 

Ti{OCH(CH3)2}4 + 2H2O → TiO2 + 4(CH3)2CHOH

Table 1은 변수 제어를 진행한 ALD 공정 조건을 나타내었다. 

ODS 합성을 위한 최적 TiO2 증착 조건을 찾기 위해 전구체 및 반

응물 주입 레시피, 반응기 온도, 운반 기체 유량, 회전 속도(rotor 
speed)를 조절하여 변수 조절을 진행하였다. 챔버 내 베이스 압력

은 3×10-2 Torr, 공정 압력은 N2 운반 기체 유량이 100 sccm일 경

우 1.1 Torr, 200 sccm일 경우 1.8 Torr를 유지하였다. TTIP와 

H2O의 캐니스터 온도는 각각 70 °C와 25 °C로 설정하였으며, 
TTIP 소스 라인의 온도는 80 °C, H2O 소스 라인의 온도는 100 °

C로 설정하였다. 모든 샘플은 한 번의 ALD 공정 당 5g의 분말이 

사용되었다. 

분말 크기를 측정하기 위해 입자 크기 분석(PSA; Particle Size 
Analyzer, Mastersizer 3000, Malvern, UK)을 실시하였다. 분말 

표면 및 TiO2 박막의 형상 및 정량 분석을 위해 고해상도 주사전자

현미경(HR-FESEM; High Resolution Field Emission Scanning 

Electron Microscope, SU8010, Hitachi, Japan), 집속 이온 빔

(FIB; Focused Ion Beam, Crossbeam 350, ZEISS, Germany), 투
과전자현미경(HR-TEM; High Resolution Transmission Elec-
tron Microscope, NEO ARM, JEOL, Japan), 에너지 분산 X선 분

광법(EDS; Energy Dispersive Spectroscopy, NEO ARM, JEOL, 
Japan), 에너지 분산 X선 형광 분석법(ED-XRF; X-ray Fluores-
cence, ARL QUANT’X, Thermo Fisher Scientific Co., USA)을 

진행하였다. HR-FESEM 및 HR-TEM 분석 시 가속 전압은 각각 

10kV 및 200kV를 사용하였다. 분말 및 박막의 화학적 결합 상태

를 분석하기 위해 X선 광전자 분광법(XPS; X-ray Photoelectron 

Spectroscopy, ULVAC PHI, Japan)를 진행하였다.

3. Results and Discussion

3.1. TiO2 박막 증착 조건 탐색

ALD를 통한 Nb-Si 분말 상의 TiO2 박막 증착은 Table 1에 나

타낸 조건을 적용하여 총 200 사이클 공정을 실시하였다. “Bare”는 

원 분말 샘플이며, “T1–T10” 샘플은 ALD 공정 변수를 각각 다르

게 조절하여 제작한 것이다. 증착 레시피는 ‘TTIP 주입–N2 퍼지–
H2O 주입–N2 퍼지’ 순서로 구성되었으며, 퍼지 시간은 모두 30초

로 고정한 채 TTIP 주입은 0.4–1초, H2O 주입은 0.5–2초 범위로 

조절하였다. 반응기 온도는 150 °C 및 200 °C, N2 운반 기체 유량

은 100 sccm 및 200 sccm, 반응기 교반 속도는 30 rpm 및 60 

rpm으로 변화해가며 실험을 진행하였다. 200 °C 이하의 반응기 

내에서 분말 상의 Ti가 추가적으로 용출 산화가 발생하기에는 충분

하지 않은 열에너지가 공급되기 때문에, 공정 과정 중 전구체와 반

응물 주입에 의한 TiO2 박막 형성만이 이루어졌을 것으로 판단된

다. ALD 공정 직후 ED-XRF를 통해 측정한 분말 상의 Ti 농도를 

Fig. 2에 나타내었다. ED-XRF 분석은 동일 조건 2회 이상 제작한 

샘플 각각에서 2회 이상 채취한 시편을 각 5회 이상 측정하여 평균 

및 표준편차를 계산한 결과이다. Bare 샘플의 Ti 농도는 약 85.66 

μg/cm2이며, T3 및 T7–T10 샘플의 경우 Ti의 농도가 약 91.82–

Table 1. Atomic layer deposition parameters for all samples
Sample Recipe (sec) Reactor Temp. (°C) N2 flow (sccm) Rotor speed (rpm)
Bare - - - -
T1 0.4-30-0.5-30 150 100 30
T2 1-30-1-30 150 100 30
T3 1-30-1-30 150 200 30
T4 1-30-1-30 200 100 30
T5 1-30-1-30 200 200 30
T6 1-30-1.5-30 200 200 30
T7 1-30-1-30 200 200 60
T8 1-30-1.5-30 200 200 60
T9 1-30-1.5-30 150 200 60
T10 1-30-2-30 200 200 60
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Fig. 2. Ti concentrations of all the samples analyzed by energy-
dispersive X-ray fluorescence

Fig. 3. Particle size and distribution of bare powders and T7 
powders analyzed using a particle size analyzer

96.03 μg/cm2까지 증가함을 확인하였다. 다원계 분말 특성 상 

ED-XRF 분석 시 노출 부위에 따라 편차가 존재할 수 있으며, T1, 
T2 샘플의 경우 bare 샘플의 Ti 농도보다 더 낮은 평균값을 가지는

데, 이는 측정 편차에 의한 결과이며 두 샘플의 평균값이 bare 샘플

의 편차 범위 내에 존재하기 때문에 유효한 결과임을 밝힌다. Ti 농
도가 상대적으로 높게 나온 5개 샘플의 증착 조건을 살펴보았을 

때, 공통적으로 N2 운반 기체의 유량이 200 sccm임을 확인할 수 

있다. 이는, 100 sccm의 유량으로 전구체 주입 및 퍼지를 진행하였

을 때보다 2배 빠른 속도로 물질을 공급하여 증착률을 높일 수 있

던 것으로 확인된다. T3 샘플을 제외한 T7–T10 샘플은 공통적으

로 반응기를 60 rpm의 회전 속도로 교반하여 실시한 공정이다. 이

를 보았을 때, 높은 교반 속도로 인해 공정 과정 중 반응 가스에 분

말의 표면적이 더 고르게 노출될 수 있어 박막 증착에 더욱 유리한 

환경이 조성된 것으로 예상된다. 상호간 마찰력이 높아 응집이 잘 

발생하는 비정형 분말에 비해 구형 분말은 유동성이 좋기 때문에 

빠르게 교반해 주며 반응 기체에 최대한 많은 표면을 노출시키는 

것이 박막 증착에 유리한 환경으로 판단된다. 또한, 초내열합금 분

말은 고온 안정성 및 내식성이 높기 때문에 역학적 에너지가 더 많

이 공급될수록 박막 증착을 위한 표면 화학 반응이 유도되기에 유

리한 것으로 보인다. 5개 샘플의 증착 레시피를 살펴보았을 때, 
H2O 주입 시간이 증가에 따른 Ti 농도 변화의 경향성은 확보하지 

못하였으며, 1초 주입 시간으로 충분함을 확인하였다. 반응기 온도 

또한 150 °C 및 200 °C에서 모두 증착이 가능함을 확인하였다. 일

반적인 ODS 합금의 경우 기지에 수–수십 % 농도로 산화물 도핑

을 진행하는 데에 반해, ALD-TiO2 박막 코팅을 통한 TiO2 도핑은 

극소량이기 때문에 ED-XRF 결과상 편차가 가장 낮은 안정적인 

조건으로 증착되며, Ti 농도가 비교적 높은 T7 증착 조건이 유리할 

것으로 판단하였다.

3.2. TiO2 박막의 미세구조 및 화학적 분석

Nb-Si 분말 상의 TiO2 박막 증착 조건 확립 이후, 원(bare) 분말

과 T7 샘플의 구조화학적 분석을 진행하였다. Fig. 3은 입도 분석 

결과를 그래프로 나타낸 것이다. Bare 분말과 T7 분말의 직경을 측

정한 결과, 두 분말 모두 약 30–150 µm에 이르는 넓은 분포의 사

이즈를 가지고 있으며, T7 분말에서 bare 분말보다 약 15 µm 더 

낮은 중간 값을 보였는데, 이는 공정 시 가해주는 열에너지 및 기계

적 교반에 의한 마찰에 의해 응집된 분말들이 분산된 것으로 추정

된다.

Fig. 4 (a)–(b)는 bare 분말, Fig. 4 (c)–(d)는 T7 분말의 표면을 

HR-FESEM을 통해 관찰한 이미지이다. Fig. 4 (a), (c)는 각 분말

을 1000배 확대한 이미지이며, 전반적인 분말 형상은 구형이며 마

치 여러 원소들이 나노 로드 형태로 석출된 듯한 형태의 표면을 지

니고있는 것을 확인할 수 있다. Fig. 4 (b), (d)는 각 분말을 5만배 

확대하여 관찰한 이미지이며, bare 분말은 모든 부위가 매끄러운 

반면 T7 분말은 표면에 박막이 뒤덮여 더 뚜렷한 가장 자리(edge)
를 확인할 수 있다.

TiO2 박막을 더욱 세밀히 관찰하기 위해 HR-TEM 분석을 실시

하였다. Fig. 5는 500 사이클 공정을 실시한 T7 샘플을 FIB를 통해 

단면 샘플링한 이후 진행한 HR-TEM 이미지 관찰, EDS 맵핑

(mapping) 및 라인 스캔(line scan) 결과를 나타내었다. Fig. 5 (a)–
(b)에 나타낸 분말 단면 관찰 결과, 약 21 nm 두께의 비정질 TiO2 

박막이 균일하게 증착된 것을 확인할 수 있다. Fig. 5 (c)의 EDS 맵

핑 결과, Nb과 Si이 존재하는 원 분말 상 영역 위로 Ti와 O가 동일 

영역 균일하게 분포함을 관찰하였고 동일 두께 범위임을 확인하였
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Fig. 4. High-resolution field emission scanning electron microscopy images of the (a–b) bare powder and (c–d) T7 powder

Fig. 5. (a-b) Cross-sectional high-resolution transmission electron microscopy images of T7 powder/TiO2 interface. (c) Energy-dispersive 
spectroscopy mapping and (d) atomic concentration from the line-scanned range
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Ji Young Park, et al. TiO2 coating on Nb-Si based superalloy via ALD

Fig. 6. X-ray photoelectron spectroscopy spectra of (a) Ti 2p, (b) O 1s, (c) Nb 3d and (d) Si 2p for the bare and T7 samples

다. Fig. 5 (d)는 라인 스캔을 통해 EDS 관찰을 진행했던 4가지 원

소의 원자 분율 측정 결과를 나타내었다. 약 20 nm 두께 영역에서 

동일하게 Ti와 O가 증가, Nb, Si이 감소하는 경향성을 관찰할 수 

있다. 이를 통해 Nb-Si 분말 표면에 TiO2 박막이 균일하게 증착됨

을 확인할 수 있다.

다음으로 증착된 TiO2 박막의 화학적 결합 상태를 고찰하기 위해 

XPS 분석을 실시하였다. Fig. 6는 각각 bare 및 T7 샘플의 (a) Ti 
2p, (b) O 1s, (c) Nb 3d, (d) Si 2p의 결합 에너지 분포를 나타내었

다. Fig. 6 (a)의 Ti 2p 스펙트럼을 보면, 약 458 eV와 464.1 eV에 

해당하는 Ti 2p3/2, Ti 2p1/2 피크가 관찰되었으며, TiO2가 표면에 증

착된 T7 샘플에서 두 피크의 강도가 더 강하게 뜨는 것을 확인할 수 

있다. Ti3+ 피크 대비 Ti4+ 피크의 분율을 비교할 시, bare 샘플에서 

약 9.1, T7 샘플에서 약 15.2가 도출되었다. T7 샘플에서 피크 강도

가 증가함과 동시에 서브 피크(sub-peak) 대비 Ti4+ 피크의 분율이 

큰 것을 보아, TiO2 박막이 증착됨을 확인할 수 있다. Fig. 6 (b)는 O 

1s 분석 결과이며, 약 530 eV에서 Ti-O 결합에 해당하는 피크가 지

배적으로 존재함을 확인하였다. 약 531.5 eV 부근의 서브 피크는 

원 분말 상에 형성된 SiO2로 추정되며, 표면에 TiO2가 결합된 T7 샘

플에서 강도가 더 약해진 것을 확인할 수 있다. Fig. 6 (c)–(d)는 원 

분말 상에 존재하는 Nb 3d 및 Si 2p 원소의 결합 에너지 분포를 나
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타내었다. Bare 분말에 비해 T7 분말에서 각 피크의 강도가 더 낮아

지는 것을 확인할 수 있다. 이는 표면에서 감지할 수 있는 신호의 양

이 더 적기 때문이며, TiO2 박막이 코팅되었기 때문임을 짐작할 수 

있다. Si 2p 피크는 전하 효과에 의해 전반적으로 낮은 에너지 방향

으로 이동됨을 확인하였다. 위 분석을 통해 분말 표면에 TiO2 박막

이 잘 결합하여 형성되었음을 확인할 수 있다.

4. Conclusion

본 연구에서는 Nb-Si계 초내열합금 분말 상에 회전식 반응기를 

이용한 ALD를 통해 표면에 TiO2 박막을 코팅하였으며, 다양한 공

정 변수를 조절하여 최적의 증착 조건을 확립하였다. H2O 주입량

을 1초 이상으로 늘렸을 때 Ti 농도의 경향성은 발견되지 않았으며, 
N2 운반 기체의 유량이 200 sccm, 교반 속도가 60 rpm일수록 비

교적 안정적으로 높은 Ti 농도를 확보할 수 있음을 확인하였다. 분

말 표면 상의 TiO2 박막 증착 최적 조건은 다음과 같다; ‘TTIP 1 s 
주입 – N2 30 s 퍼지 – H2O 1 s 주입 – N2 30 s 퍼지’ 순의 증착 레

시피, 반응기 온도 200°C, N2 운반 기체 유량 200 sccm, 교반 속도 

60 rpm. HR-FESEM을 통한 TiO2 코팅 샘플의 표면 형상 관찰 시 

bare 분말에 비해 박막 코팅에 의한 뚜렷한 표면부가 관찰되었으

며, 500 사이클 공정 후 HR-TEM 및 EDS 정량분석을 통해 약 21 

nm의 균일한 박막이 증착됨을 확인하였다. XPS 분석 결과, 기저 

분말 상에 존재하는 Nb 3d, Si 2p 결합 에너지는 TiO2가 증착됨에 

따라 강도가 낮아졌으며, Ti 2p에서의 서브 피크 대비 Ti4+ 피크 

분율 증가, O 1s에서의 서브 피크가 감소함을 확인하였다. 회전식 

반응기 타입 ALD를 도입하여 Nb-Si계 합금 분말 상의 TiO2 박막 

증착이 성공적으로 이루어졌으며, 공정 변수를 제어하여 TiO2 박

막 증착률을 높일 수 있었다. 후속 연구에서는 소결체를 제작 후 기

계적 물성 평가를 통한 산화물 분산 강화 효과를 입증할 계획이다. 

ALD를 통한 TiO2 코팅막 형성은 소결 중 결정립 성장 억제 효과 

및 분산 강화에 기여할 것으로 기대된다.
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This study focused on improving the solubility of silodosin, a drug poorly soluble in water, by utilizing 
solid dispersions. Three types of dispersions were examined and compared against the drug powder: 
surface-attached (SA), solvent-wetted (SW), and solvent-evaporated (SE). Polyvinyl alcohol (PVA) was 
identified as the most effective polymer in enhancing solubility. These dispersions were prepared using 
spray-drying techniques with silodosin and PVA as the polymer, employing solvents such as water, eth-
anol, and a water-acetone mix. The physicochemical properties and solubility of the dispersions were 
evaluated. The surface-attached dispersions featured the polymer on a crystalline drug surface, the 
solvent-wetted dispersions had the amorphous drug on the polymer, and the solvent-evaporated dis-
persions produced nearly round particles with both components amorphous. Testing revealed that the 
order of improved solubility was: solvent-evaporated, solvent-wetted, and surface-attached. The re-
sults demonstrated that the preparation method of the solid dispersions significantly impacted their 
physicochemical properties and solubility enhancement.
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1. Introduction

양성 전립선 비대증(Benign prostatic hyperplasia, BPH)은 노년 

남성에게서 흔히 관찰되는 전립선의 크기가 증가하는 질병이다. 이

로 인해 환자는 잔뇨감, 소변줄기 약화 또는 끊김, 빈뇨, 야뇨증 등 

다양한 하부 요로 증상(Lower urinary tract symptoms, LUTS)을 

겪게 된다[1]. 사람의 전립선, 방광기저부, 방광 경부, 전립선 피막 

및 요도에는 교감 신경 중 하나인 시냅스 후 α1 아드레날린 수용체

가 다량 분포한다. 실로도신(Silodosin)은 α1 아드레날린 수용체를 

차단하는 역할을 하여 이러한 조직의 평활근을 이완시켜 소변흐름

이 개선되고, 전립선 비대증의 증상이 감소하게 된다[2].

실로도신의 IUPAC명은 1-(3-hydroxypropyl)-5-[(2R)-2-({2-[2-
(2,2,2-trifluoroethoxy)phenoxy]ethyl}amino)propyl]-2,3-
dihydro-1H-indole-7-carboxamide이며[3 ] ,  화학식은 

C25H32F3N3O4, 분자 구조는 Fig. 1과 같다. 흰색~황백색 분말로 녹

는점은 약 105 °C~109 °C이며, 아세트산과 알코올에는 매우 잘 용

해되나 물에는 아주 약간 용해된다고 FDA 라벨에 명시되어 있다

[4]. 경구 투여 약물의 경우 위장관 막을 통하여 전신순환에 도달하

기 때문에 먼저 위 또는 장액에서 용해되어야 한다[5]. 물에 잘 녹지 

않는 약물의 특성으로 인하여 경구 투여 시 용해 및 흡수에 관련한 

문제 가능성을 가지고 있다. 실로도신의 수용해도 개선은 궁극적으

로 약물의 경구 생체 이용률을 증가시킬 수 있을 것으로 사료된다.

약물의 수용해도 개선을 위한 방법으로는 공결정 형성, 염형성, 
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사이클로덱스트린과의 복합체화, SNEDDS (Self-NanoEmulsify-
ing Drug Delivery System) 및 나노 파티클 등 여러가지 방법이 

사용되어왔다[6]. 이러한 가용화 방법 외에 고체분산체(Solid dis-
persion, SD) 제조는 약물의 용해도를 향상시켜 생체 이용률을 향

상시키는 전통적이며 효과적인 수단 중 하나이다[7]. 고체분산 기

술에 의한 약물 가용화와 관련한 메커니즘의 기본 원리는, 약물의 

입자 크기를 감소시키고 약물의 결정성을 제거함으로써 무정형 약

물을 만들 수 있게 된다[8]. 결정성 약물은 용해 과정에서 격자 분

해 에너지가 필요하지만 무정형 약물은 격자 에너지가 불필요하며 

표면적이 증가하여 무정형 약물이 결정형보다 더 잘 용해되게 된다

[9]. 고체분산체 제조는 사이클로덱스트린 복합체화와 달리 하이드

록시프로필-β-사이클로덱스트린과 같은 고가의 부형제가 필수가 

아니기 때문에 비용 효율적인 기술로 간주할 수 있다[10]. 고체분

산체가 효과적으로 작동하기 위해서는 약물의 입자크기가 감소하

여 표면적이 증가하고, 무정형 형태로 전환되는 것이 효과적이다. 

무정형 형태를 안정화하기 위해 약물과 담체 사이에 수소결합과 같

은 적절한 상호작용이 필요한 것으로 사료된다.

본 연구에서는 표면부착(SA) [11], 용매습윤(SW) [12], 용매증발

(SE) [13] 세 가지 방법으로 제조한 고체분산체를 비교하기 위하여 

PVA 그리고 다양한 용매를 사용하여 실로도신을 함유한 고체분산

체를 제조하였다.

SA-SD는 용해된 담체가 분무건조 시 약물입자 표면에 부착된

다. 용액 내 약물이 분산 상태이므로 약물의 고유 결정 형태가 남아

있을 수 있지만 약물표면의 담체에 의해 용해능은 향상될 수 있다. 

대부분 용매로 물을 사용하기 때문에 제조 시 폭발의 위험성이 적

고 무정형 고체분산체에 비하여 재결정화 위험이 감소하지만, 약물

의 결정성이 잔존하므로 용해도 개선이 제한적이라는 단점을 가지

고 있는 것으로 알려져 있다[11].

약물은 용해되고 담체는 용해되지 않는 유기용매를 사용하여 

SW-SD를 제조한다. 이는 SA-SD와는 달리, 용해된 약물이 무정

형 형태로 담체와 결합하게 된다. 이 시스템은 약물의 재결정화를 

감소시키지만 SE-SD에 비해 약물용해도 향상이 상대적으로 낮을 

수 있다[12].

SE-SD는 용매에 약물과 담체를 모두 용해시켜 무정형 고체분산

체를 제조함으로써 약물용해도를 크게 향상시키는 장점을 가지고 

있다. 그러나 SE-SD에서 약물이 무정형에서 결정형으로 변환될 

가능성을 내재하고 있다[13].

주사전자 현미경(SEM)과 분말 X-선 회절 분석기(PXRD), 푸리

에-변환 적외선 분광기(FT-IR)를 이용하여 세 가지 상이한 방법으

로 제조한 고체분산체의 물리적 특성을 확인하고 포화용해도 및 동

적 용해도를 확인하여 결정성을 지닌 실로도신과 비교하였다. 또한 

SA, SW 및 SE 제조방법의 차이로 인하여 제조된 각 고체분산체는 

입자의 형태 및 크기 등 특성에 차이를 가지게 된다. 연구를 통해 

이러한 차이에 대해 확인하고, 특성 차이에서 기인한 용해도 향상 

정도의 차이를 알아보았다.

2. Experimental

2.1. 시약 및 기기

실로도신 및 Na-alginate, HPMC 2910 P-603, HPMC 2910 

P-645, PVP K30, Gelatin은 한미약품 (Hwasung, South Korea)

에서 제공받아 사용하였다. Parteck SRP 80 (폴리비닐알코올, 
PVA)은 Merck (Darmstadt, Germany)에서 구매하여 사용하였다. 

Dextran은 한양대학교(Seoul, South Korea)에서 제공받아 사용하

였다. HPC-L은 코스맥스(Seongnam, South Korea)에서 제공받

아 사용하였다. Na-CMC는 덕산약품(Ansan, South Korea)에서 

구매하여 사용하였다. β-Cyclodextrin은 Ashland (Delaware, 
USA)에서 구매하여 사용하였다. Carbopol 934 및 Carbopol 941
은 3V sigma (Bergamo, Italia)에서 구매하여 사용하였다. 

Kollidon VA64는 보령제약(Seoul, South Korea)에서 제공받아 사

용하였다. 아세토니트릴, 아세톤, 에탄올 및 제2인산칼륨(K2HPO4)

는 대정화금(Siheung, South Korea)에서 구매하여 사용하였다. 기

타 용매 및 시약은 모두 시판 시약급을 사용하였다.

HPLC 분석 장비는 Agilent 1260 Infinity HPLC system (Agilent 
Technologies, Santa Clara, CA, USA)를 사용하였으며, 검출기는 

Chemstation software, G1311C 1260 Quat Pump, G1314 1260 
VWD를 사용하였다. 실로도신의 최대 흡광 파장 확인은 자외선-가

시선 분광 광도계(UV-1800, Shimadzu, Japan)를 이용해 확인했으

며, HPLC 분석 시 컬럼은 VDSpher 100 C18 M-E (VDS optilab, 
Berlin, Germany), 4.6 mm x 150 mm, 5 µm particle size를 선정하

여 사용하였다. 포화용해도 및 동적 용해도 평가를 위한 진탕 항온

수조는 대한랩테크사의 LSB-045S (Namyangju, South Korea)를 사

용하였다. 원심분리기는 Micro Centrifuge 1730R (Gyrozen, 
Gimpo, South Korea)을 사용하였다. 고체분산체 제조를 위한 분무

건조기는 실험실 규모의 미니 분무건조기 Model - ADL311 Spray 
dryer (Yamato, Tokyo, Japan)을 사용하였다.

2.2. 실로도신을 함유한 세 가지 고체분산체 제조

고체분산체를 제조할 고분자 선정을 위해 1 % (w/v) 고분자용액

Fig. 1. Structure of silodosin.
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을 사용하였다. 10 % 또는 20 %와 같은 고농도 고분자 용액의 경

우 점도가 증가하여 약물의 용해도 확인에 영향을 미칠 가능성을 

고려하였다. 또한 저농도의 고분자 용액에서는 고분자의 침전이 약

물의 용해도를 왜곡할 가능성을 감소 시킬 수 있을 뿐 아니라, 1 %
와 같은 저농도에서 용해도 평가를 시작하면 기준 값의 설정이 가

능하기 때문에 고농도에서 추가 실험을 수행하여 농도 의존적 효과

의 관찰이 가능하다고 판단하여 이와 같이 실험을 설계하였다.

1 % (w/v) 고분자 용액 1 mL가 들어있는 e-tube에 실로도신 약 

10 mg을 넣은 후 혼합액을 37 ± 0.5 °C의 진탕 항온수조에서 5일

간 보관하며 볼텍스 믹서(Vortex-Genie 2, Scientific Industries, 
Inc., USA)로 섞어주며 과포화 시켰다. 이 후 각 e-tube를 원심분

리기를 사용하여 37 °C, 13,500 g조건에서 15분 동안 원심분리 하

여 얻어진 상등액을 0.45 μm 주사기 필터로 여과해 얻어진 맑은 용

액을 이동상으로 10배 또는 100배 희석하여[14, 15], 상기의 

HPLC 시스템을 이용하여 분석하였다. 이동상은 아세토니트릴과, 
50 mM 제2인산칼륨을 인산으로 pH가 6.0이 되도록 조정한 용액

을 35 : 65부피비로 혼합하여 사용하였다. 유속은 1.0 mL/min, 컬
럼온도는 40 °C, 주입 부피는 20 μL로 분석하였다[16]. 메탄올 용

액으로 500 μg/mL실로도신 원액을 제조 후 계대 희석하여 1, 2.5, 
5, 10, 25, 50 μg/mL 시험액을 제조한다. 이를 자외선-가시선 분광 

광도계로 최대흡수부가 210 nm인 것을 확인하여, 흡수파장은 210 

nm로 설정하여 분석하였다.

1 % (w/v) 고분자용액의 용해도 결과를 바탕으로 선택된 PVA와 

약물, 서로 다른 용매로 구성된 고체분산체 제조용 용액을 분무건

조기를 사용하여 고체분산체를 제조하였다. PVA를 정제수에 완전

히 용해시킨 후 실로도신을 현탁 시킨 후 분무건조기의 주입구 온

도 110 °C, 배출구 온도 62 ~ 63 °C, 공급 유속은 2 mL/min이 되

도록 설정하여 표면부착 고체분산체(SA-SD)를 제조하였다. 용매

습윤 고체분산체(SW-SD) 제조를 위하여 실로도신을 에탄올에 완

전히 용해시키고 PVA를 이 용액에 현탁 시켰다. 분무건조기의 주

입구 온도 80 °C, 배출구 온도 50 °C, 공급 유속은 4 mL/min이 되

도록 설정한 후 분무건조 하였다. 용매증발 고체분산체(SE-SD)의 

경우, 실로도신을 아세톤에 완전히 용해시키고 PVA는 정제수에 완

전히 용해시킨다. 이 후 두 solution을 혼합하여 분무건조기의 조건

을 주입구 온도 90 °C, 배출구 온도 55 °C, 공급 유속은 2 mL/min
이 되도록 설정 후 분무건조하여 제조하였다. 분무 공기 압력은 

0.1 MPa로 세 조건 모두 동일하며, 실로도신과 PVA 및 용매의 비

율은 Table 2와 같다.

2.3. 실로도신을 함유한 세 가지 고체분산체의 물리화학적 특성 분석

표면 형태학적 특성 - 실로도신 약물 분말과 PVA, 표면부착

(SA), 용매 습윤(SW) 및 용매증발(SE)방법으로 제조된 고체분산체

의 형태 및 표면 특성을 방사형 주사 전자 현미경(FE-SEM, Tes-
can-MIRA3, Kohoutovice, Czech)을 사용하여 확인하였다. 샘플

을 고정하기 위해 이중 접착 탄소 테이프를 디스크에 붙인 후 테이

프 부착면에 샘플을 붙였다. 샘플은 EmiTech Sputter Coater 

(K575X)를 사용하여 7 × 10-3 mbar의 압력, 25 mA 전류에서 6 

nm/min의 속도로 4분간 백금 코팅을 진행 후 확인하였다.

결정성 – 실로도신 약물 분말과 PVA, 표면부착, 용매 습윤 및 용

매증발 방법으로 제조된 고체분산체의 결정 상태를 확인하기 위해 

miniflex goniometer와 Cu Kα1 단색 방사선 소스가 장착되어 있

는 Rigaku X-Ray Diffracto meter(D/MAX-2500 PC, RIgaku 
Corporation, Tokyo, Japan)을 이용하여 결정상태를 평가하였다. 

상온에서 40mA와 40kv 조건, 5°≤ 2θ≤ 60°에서 초당 0.02°의 증가 

속도로 측정하였다.

분자간 상호작용 – 단독 원료와 고체분산체 3종류를 FT-IR 

(Spectrum Two Pharmaceutical System, PerkinElmer, USA)을 

사용하여 분석하였다. 파장범위는 400 ~ 4000 cm-1으로 설정하였

으며, 검출기는 고직선성 실온 검출기를 사용하였다.

약물함량 시험 – 실로도신 10 mg을 정확하게 칭량하여 정제수

와 에탄올을 50:50 (v/v)로 제조한 용매에 완전히 용해 시킨다. 

0.45 μm 주사기 필터를 사용해 여과하여 표준액으로 하였다. 각 

고체분산체는 20 mg(실로도신 함량 10 mg 해당량)을 정밀히 칭량

하여 표준액과 같은 용매로 용해시킨 후 상기와 같이 0.45 μm 주사

기 필터를 사용해 여과하여 검액으로 하였다. 모든 실험은 3번 반

복하였다.

포화용해도 시험 – pH 6.8 용액 및 정제수에서의 용해도를 평가

하기 위해 실로도신 약물 및 실로도신을 함유한 고체분산체를 실로

도신으로서 10 mg해당량이 되도록 정밀히 칭량하여 e-tube에 넣

은 후 각 시험액을 1 mL씩 넣는다. 혼합액을 37 °C의 진탕 항온수

조에서 5일간 보관하며 볼텍스 믹서로 섞어주며 포화 시켰다. 이 

후 각 e-tube를 원심분리기를 사용하여 13,500 g에서 15분 동안 

원심 분리하여 얻어진 상등액을 0.45 μm 주사기 필터를 통해 얻어

진 맑은 용액을 이동상으로 희석하여, 상기의 HPLC 시스템과 조

건으로 분석하였다. 모든 실험은 3번 반복하였다.

동적 용해도 시험 – 세 종류의 실로도신 함유 고체분산체 각각의 

동적 용해도를 평가하기 위하여 포화용해도 시험과 마찬가지로 

pH 6.8 용액 및 정제수를 시험액으로 하여 확인하였다. 고체분산

체(실로도신으로서 10 mg해당량)를 시험액 30 mL가 들어있는 

Conical tube에 넣고, 진탕 항온수조를 37 °C, 100 rpm 조건으로 

설정하였다. 이를 교반 하면서 10, 20, 30, 60, 120, 180 및 240분

에서 1 mL씩 샘플링 하여 0.45 μm 주사기 필터를 이용해 여과하

Table 2. Formulation of silodosin-loaded solid dispersion.
Formulation SA-SD SW-SD SE-SD
Silodosin 8 mg 8 mg 8 mg
PVA 8 mg 8 mg 8 mg
(Water) 600 g - 400 g
(Acetone) - - 200 g
(Ethanol) - 600 g -
Assay (%) 105.6 68.6 95.9
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Fig. 2. Screening of polymer for enhancing silodosin solubility. Each value represents the mean ± S.D. (n=3).

여 샘플을 얻었다[17]. 샘플을 이동상으로 10배 희석하여 포화용해

도와 같은 조건으로 HPLC 분석을 진행하였다. 모든 실험은 3번 

반복하였다.

3. Results and Discussion

3.1. 부형제 선정 및 고체분산체의 제조

본 연구에서는 실로도신 용해도를 향상시키기 위한 방법으로 약

물과 고분자가 균질하게 혼합되어 있는 고체분산체 제조기술을 사

용하였다. 실로도신의 용해도를 개선시킬 수 있는 고분자를 선정하

기 위하여 다양한 고분자 용액에서의 실로도신 용해도를 확인하였

다. 평가에 사용된 친수성 고분자 1 % 용액 중 PVA용액에서 실로

도신의 용해도가(264.1 ± 0.6 μg/mL vs 1063.7 ± 16.6 μg/mL)가 

가장 크게 증가한 것을 알 수 있었다(Table 1, Fig. 2). PVA는 수용

성 특성이 있는 합성 고분자로 친수성인 하이드록실 그룹과 소수성

인 아세틸 그룹을 모두 가지는 독특한 특성을 가지고 있으며, pH
에 비의존적인 용해도 특성을 가진 비이온성 고분자이다[18]. 무독

성, 발암 무해성, 우수한 상용성 및 인체조직과 체액에서 생분해성

을 가지므로 의학/약학 분야에서 많이 사용되는 고분자 중 하나로 

알려져 있다. 또한 물에는 쉽게 용해되지만, 일반 유기용매에서는 

불용성인 특성을 가지고 있다[19]. 이러한 PVA의 특성을 고려하여 

용매를 달리하여 각기 다른 특성을 가진 3가지 (SA, SW, SE) 고체

분산체를 제조하기에 적절하다고 사료되어, PVA를 실로도신의 가

용화를 위한 고분자 담체로 선정하였다. 용매의 특성을 고려하여 

제조할 수 있는 다양한 고체분산체를 제조하기 위하여, 용매를 달

Table 1. Solubility results of silodosin in 1 %(w/v) Polymer 
solutions.

1 %(w/v) Polymer
Concentration.(μg/mL)

Mean ± SD
Water 264.1 0.6
Na-alginate 114.8 3.9
Dextran 180.2 12.4
HPC-L 214.2 12.9
Na-CMC 215.1 36.8
HPMC 2910 P-603 252.0 36.0
HPMC 2910 P-645 254.7 7.1
PVP K30 316.5 50.4
β -Cyclodextrin 496.1 13.3
Carbopol 934 576.4 42.9
Gelatin 605.0 5.7
Kollidon VA64 679.0 7.7
Carbopol 941 866.1 59.5
PVA 1063.7 16.6
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Fig. 3. Appearance of silodosin-loaded solid dispersions: (A) silodosin, (B) surface-attached solid dispersion, (C) solvent-wetted solid 
dispersion, (D) solvent-evaporated solid dispersion.

리한 후 약물과 고분자 비율은 모두 1:1 (w/w)로 하여 3가지 형태

(SA, SW, SE)의 고체분산체를 제조할 수 있었으며, 제조한 고체분

산체는 Fig. 3과 같이 백색의 분말상으로 수득할 수 있었다.

3.2. 실로도신 고체분산체의 물리화학적 특성 평가

Table 2의 조성비로 제조된 3가지 고체분산체의 물리화학적 특

성에 대해 평가를 진행하였다. 제조된 고체분산체의 함량을 분석한 

결과 이론함량 대비하여 SA-SD는 105.6 %, SE-SD는 95.9 %로 고

체분산체 조성에 비례한 실로도신 함량 값을 나타내었으나, 
SW-SD는 68.6 %로 SA, SE 고체분산체에 비해서는 낮은 실로도

신 함량을 가진 것으로 확인되었다. 이는 SW-SD 제조 시 용매인 

에탄올에 녹아 있는 실로도신이 용매에 녹지 않은 PVA에 비하여, 
분말화로 수득 되지 못하고 상대적으로 많은 양이 용매와 함께 휘

발되어 날아갔기 때문인 것으로 판단되었다.

Fig. 4는 주사 전자 현미경으로 실로도신과 그 고체분산체 및 

PVA의 표면 형태학적 특성을 촬영한 결과이다. 실로도신 원료 약

물은 약 5 μm 정도의 얇고 긴 바늘 모양의 결정형태를 가지고 있으

며, 담체로 선정한 PVA는 50 μm이상의 입자부터 그보다 작은 입

자들로 구성되며 불규칙한 모양으로 확인되었다.

SA-SD는 현탁 된 상태로 결정형을 유지한 실로도신에 정제수

에 용해된 PVA가 분무건조 과정에서 실로도신 표면에 부착되어 

실로도신 약물 분말의 원래 형태인 바늘에 코팅되어 있는 형태로 

제조된 것으로 판단되었으며(Fig. 4, C, D), SW-SD의 경우 분무건

조 과정에서 용해된 실로도신이 원래의 형태를 유지한 PVA의 표

면에 부착되어 얇은 실처럼 가느다란 입자 형태로 부착되어 있는 

것으로 확인되었다(Fig. 4, E, F). SE-SD의 경우는 실로도신과 

PVA가 아세톤에/정제수 용액에 투명하게 용해된 후 분무건조되어 

제조된 고체분산체이다. SE-SD의 형태를 SEM 촬영한 결과, 다른 

두 고체분산체와 달리 구형에 가까운 형태로 제조되었다. 이는 침

상의 결정형태인 실로도신이 PVA와 함께 용해된 상태인 용액을 
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Fig. 4. Scanning electron microscope images: (A) silodosin-API 
(× 10,000), (B) polyvinyl alcohol (× 1,000), (C) surface-attached (× 
1,000), (D) surface-attached (× 5,000), (E) solvent-wetted (× 500), 
(F) solvent wetted (× 3,000), (G) solvent-evaporated (× 1,000), (H) 
solvent-evaporated (× 3,000).

분무건조 함으로써 구형태의 미세액적에서 용매가 순간적으로 건

조되어 제조된 형태인 것으로 사료되었다[20].

제조된 고체분산체들의 다형성(Polymorphism) 결정상태를 확

인하기 위해 분말 X선 회절 패턴을 이용해 분석한 결과(Fig. 5), 
SEM촬영 시 실로도신의 결정 형태가 확인되었던 SA-SD의 경우 

PXRD그래프에는 실로도신 약물이 가진 고유한 결정 피크를 유지

하고 있는 것을 알 수 있었다. 실로도신의 형태가 완전히 사라진 

SW-SD 및 구형태로 제조된 SE-SD의 PXRD그래프에서는 실로

도신의 결정 특성을 나타내는 피크가 모두 사라진 것이 확인되었
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(C) (D) 

(E) (F) 

(G) (H) 

(B) 
다. 이를 통해 이 두가지 고체분산체의 경우 실로도신이 무정형태

로 만들어진 것으로 사료되었다.

실로도신과 PVA간의 분자간 상호작용을 확인하기 위해 FT-IR
을 이용해 스펙트럼 변화를 분석하였다. 먼저 약물인 실로도신의 

스펙트럼을 분석하였을 때 1655 cm-1에서 C=O, 3340 cm-1에서 

N-H stretching 및 3483m-1에서 O-H stretching등의 주요 피크

를 가지는 것으로 확인되었다(Fig. 6) [21]. 원료 약물이 가진 특정

한 피크들은 고체분산체의 스펙트럼에서 3340 cm-1의 N-H 

stretching, 3483m-1의 O-H stretching피크가 완만해지는데, 이는 

실로도신과 PVA 간의 수소 결합 상호작용에 따른 것으로 추측할 

수 있었다. 무정형 고체분산체의 경우 발생하는 분자 간의 수소 결

합이 결정성 약물 실로도신보다 더 강할 수 있으므로 N-H 

stretching, O-H stretching이 약화되어 PVA으로 추정되는 완만

하고 넓은 피크가 나타난 것으로 사료되었다[22]. 제조된 고체분산

체들은 모두 실로도신이 가진 특정 스펙트럼에 큰 변화를 나타내지

는 않았지만, 결정형의 변화가 없었던 SA-SD가 약물인 실로도신

과 가장 유사한 스펙트럼을 나타낸 것으로 사료되었다.

Fig. 7, Table 3의 실로도신 함유 고체분산체의 포화용해도 시험 

결과와 Fig. 8의 동적 용해도 시험 결과에 따르면, 정제수에서의 포

화용해도는 실로도신 약물(264.1 μg/mL)에 비하여 SA-SD(1099.6 
μg/mL)는 약 4.2배, SW-SD(1593.4 μg/mL)는 약 6배, SE-
SD(1975.4 μg/mL)는 약 7.5배 증가하였다. pH 6.8 용액의 경우에

는 실로도신(1398.3 µg/mL)에 비하여 SA-SD(4181.8 μg/mL)는 

약 3배, SW-SD(6537.8 μg/mL)는 4.7배, SE-SD(7246.9 μg/mL)는 

약 5.2배 용해도가 증가하였다. 두 용액에서 모두 SA-SD, SW-SD, 
SE-SD순으로 SE-SD의 용해도가 가장 증가하였음을 알 수 있었다.

실로도신 원료약물 및 3종류의 고체분산체에 대한 동적 용해도 

시험을 진행하였다. SA-SD는 정제수에서 실험 시 초기 10분 시점

에 143.6 μg/mL으로 약물(9.7 μg/mL)대비 14.7배 상승되었으며, 
60분에서 210.3 μg/mL 용해된 이후 용해도에 큰 변화를 보이지 않

았다(Fig. 8A). pH 6.8용액에서는 더욱 천천히 용해가 되면서 초

기 용해도는 실로도신 약물과 상당한 차이는 보이지 않았다. 120분

에서 실로도신 약물 용해도 대비 1.8배(124.8 μg/mL vs 227.2 μg/
mL) 향상되었으며 240분에서 271.0 μg/mL 용해되었다(Fig. 8B). 

이는 SEM 결과와 PXRD결과로 확인 시, SA 고체분산체에는 약물

의 결정형태를 유지하고 있기 때문에 상대적으로 천천히 용해되어 

용해속도가 느릴 뿐만 아니라, 240분 시점에서도 다른 고체분산체 

보다 낮은 용해도를 보인 것으로 사료된다. SW-SD는 SE-SD와 

상당히 동일한 용해도 증가 양상을 보였다. 정제수와 pH 6.8용액

에서 모두 초반 10분에서 30분까지 급격하게 용해되다가 이후에는 

서서히 용해도가 증가하는 현상을 관찰할 수 있었다. 정제수에서 

SW-SD와 SE-SD는 120분까지 동일하게 용해되다가 180분에 

SW-SD 301.6 μg/mL, SE-SD 328.6 μg/mL으로 SE-SD가 높아졌

으며(Fig. 8A), pH 6.8 용액에서는 초반 10분부터 240분까지 모두 

SW-SD보다 SE-SD가 더 개선된 용해능을 보인 것으로 사료되었

다(Fig. 8B). 이는 SW-SD의 SEM과 PXRD결과로 확인했을 때 실
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Fig. 5. Powder X-ray diffraction patterns of silodosin, solid dispersions and polyvinyl alcohol.

Fig. 6. Fourier transform infrared spectra of silodosin and solid dispersions.

로도신이 친수성 고분자 PVA표면에 실과 같은 가느다란 무정형으

로 존재함으로써 원료에 비하여 용해도가 유의적으로 증가하였지

만, SE-SD에 비하여 입자크기의 감소, 표면적 향상 및 용해도 향상

을 위해 첨가한 고분자와 약물의 접촉면적이 적기 때문에 SE-SD
보다 낮은 용해능을 가진 것으로 사료되었다. 최종시점인 240분 시

점을 기준으로, 정제수에서 SA-SD는 226.4 μg/mL, SW-SD는 

295.1 μg/mL, SE-SD는 325.1 μg/mL으로 실로도신 원료(108.8 
μg/mL) 대비 2.1배, 2.7배, 3배 향상된 용해도를 보였으며 pH 6.8
용액에서는 SA-SD는 271.0 μg/mL, SW-SD 311.5 μg/mL, SE-SD 

329.8 μg/mL으로 원료(134.7 μg/mL)와 비교하여 2배, 2.3배, 2.5
배 향상됐으며, 정제수와 pH 6.8용액에서 모두 SE-SD, SW-SD, 
SA-SD 순으로 SE-SD가 가장 용해도가 개선되었다.

이와 같은 용해도 증가 현상은 FT-IR분석 결과 상, 실로도신과 

PVA간의 수소 결합 상호작용과도 관련이 있을 것으로 사료되었

다. FT-IR 분석에서 N-H stretching과 O-H stretching 피크의 

완만해짐은 실로도신과 PVA 간의 강력한 수소 결합 상호작용을 

나타내며, 이는 약물의 결정 구조를 무정형으로 변화시키는 주요 

요인으로 판단하였다. 무정형 상태의 약물은 결정성 약물보다 더 
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높은 용해도를 가지므로, 이러한 구조 변화가 용해도 증가의 핵심

으로 작용하였다. SW-SD와 SE-SD는 정제수와 pH 6.8 용액 모두

에서 SA-SD보다 더 높은 용해도를 보였으며, 특히 SE-SD는 가장 

높은 용해도를 나타냈다. 이는 FT-IR 분석에서 실로도신이 PVA
와 강력한 수소 결합을 형성함으로 무정형 상태로 존재함을 시사하

며, 무정형 상태로의 전이와 이에 따른 결정성 감소가 용해도 증가

Fig. 8. Kinetic solubility in (A) water and (B) pH 6.8 solution.

Table 3. Solubility results in pH 6.8 solution and water.
Concentration.(μg/mL)

Silodosin SA-SD SW-SD SE-SD
Mean ±  SD Mean ±  SD Mean ±  SD Mean ±  SD

Water 264.1 ±  0.6 1099.6 ±  36.7 1593.4 ±  16.7 2059.9 ±  185.1
pH 6.8 1398.3 ±  42.7 4181.8 ±  32.2 6537.8 ±  230.7 7246.9 ±  292.2

Fig. 7. Saturated solubility in (A) water and (B) pH 6.8 solution.
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에 크게 기여했음을 의미한다. 특히, SE-SD의 경우 입자 크기 감소

와 표면적 증가로 인해 더 높은 용해도를 보였음으로 사료되었다.

4. Conclusion

본 연구에서는 다양한 고분자용액을 스크리닝하여 확인된 실로

도신 용해도 향상능이 가장 우수한 고분자를 이용하여 세 가지 서

로 다른 방법으로 제조한 실로도신 함유 고체분산체의 물리·화학

적 특성 차이를 확인하여 보았다. 다양한 고분자 존재 하에 실로도

신의 용해도 변화를 확인한 결과, 용해도 향상 값이 가장 우수한

PVA를 고분자로 선정하였으며, 실로도신과 PVA가 함유된 고체분

산체를 분무건조기술을 이용하여 제조하였다. 표면부착(SA), 용매 

습윤(SW), 용매증발(SE)의 각기 다른 방법으로 제조된 고체분산체

에 대하여 SEM을 통해 표면형태학적 특성을 확인했으며, PXRD
를 통해 결정성을 확인하고, FT-IR을 이용해 제조된 고체분산체내 

실로도신과 PVA 간 상호작용을 확인하였다. 최종적으로 포화용해

도 시험 및 동적 용해도 시험을 진행하여 제조된 고체분산체의 용

해도를 평가하였다. 제조된 고체분산체는 SE-SD, SW-SD, SA-

SD 순으로 포화용해도가 향상되었으며, 동적 용해도 시험결과도 

동일한 순서로 용해도 개선정도가 확인되었기 때문에, 세 가지 방

법 중 용매증발(SE)법이 가장 우수한 가용화 기술임을 알 수 있었

다. 따라서 이러한 고체분산체 제조방법을 이용한다면 공결정 형

성, 염형성, 사이클로덱스트린 복합체화, SNEDDS 및 나노 파티클 

방법보다 단순한 제조공정과 비용 효율적인 기술로서 실로도신 뿐

만 아니라 다양한 난용성 약물의 생체이용률을 개선시킬 수 있을 

것으로 판단되며, 이러한 가용화 기술이 환자의 복약 순응도가 개

선된 경구 투여 제형의 개발에 활용될 수 있을 것으로 사료되었다.
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학 회 소 식

2024년도 학회 행사(2023. 12. 21 ~ 2024. 2. 20)

2024년도 신년하례식

일의내시 : 2024년 1월 11일(목) 오후 5시 30분 

장의내소 : 파크루안 역삼

2024년도 제2차 ISNNM-2024 준비 회의

일의내시 : 2024년 2월 15일(목) 오전 10시 30분

장의내소 : 학회 사무국

회의내용 : ISNNM준비의 건

2024년도 제1차 회장단 회의

일의내시 : 2024년 2월 15일(목) 오후 2시

장의내소 : 학회 사무국

회의내용 : 춘계학술대회, ISNNM준비의 건 등

2024년도 제1차 이사회의

일의내시 : 2024년 2월 15일(목) 오후 4시 30분

장의내소 : 한국과학기술회관(소회의실 1)

회의내용 : 춘계학술대회, ISNNM준비의 건 등

학회동정 

◆ 한국분말재료학회지는 한국연구재단의 등재학술지입니다. (사)한국분말재료학회에서는 항상 회원님들의 논문을 투고받고

있사오니 많은 참여 바랍니다.

◆ (사)한국분말재료학회 홈페이지에서는 한국분말재료학회지 원문 서비스를 시행하고 있습니다. 로그인 후 한국분말재료

학회지를 열람하실 수 있사오니 많은 이용 바랍니다.

◆ (사)한국분말재료학회 회원가입과 한국분말재료학회지에 논문을 투고하시는 것은 학회 홈페이지를 통해 이용 가능합니다.

◆ (사)한국분말재료학회 홈페이지(http://www.kpmi.or.kr/)의 많은 이용 바랍니다. 기타 문의사항은 이메일(kpmi@kpmi.or.kr)

또는 전화(☎02-539-4603)로 연락바랍니다.
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2024년도 제3차 편집위원회 회의

일      시 : 2024년 6월 11일(화) 오후 3시

장      소 : 온라인

회의내용 : 분말재료학회지 발간의 건 

2024년도 제3차 회장단 회의

일      시 : 2024년 6월 13일(목) 오후 1시

장      소 : 과학기술회관 중회의실5
회의내용 : ISNNM-2024 및 추계 준비의 건

2024년도 제3차 이사회의

일      시 : 2024년 6월 13일(목) 오후 4시 30분 

장      소 : 과학기술회관 중회의실5
회의내용 : ISNNM-2024 및 추계 준비의 건

2024년도 학회 행사(2024.4.20. ~ 2024.6.19.)
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K회원

신한다이아몬드공업㈜

(21635) 인천광역시 남동구 남동동로 375 (남동인더스파크 36B-10L)

Tel (032) 814-2211 / Fax (032) 814-1190

http://www.shinhandia.co.kr

E-mail : webmaster@shinhan.co.kr

다이아몬드공구제조

㈜창성
(21628) 인천광역시 남동구 승기천로 320 남동공단 11-9

Tel (032) 420-8700 / Fax (032) 812-8779

http://www.changsung.com

E-mail : cscsale@changsung.com

Metal Powders (금속분말), Clad Metal (클래드메탈)

Magnetic Powder Core (분말자성코아),

Conductive Paste (도전성페이스트)

㈜풍산홀딩스 창원사업장

(51544) 경남 창원시 성산구 공단로 670(성주동)

Tel (055) 239-0700 / Fax (055) 239-0800

http://www.poongsanhc.co.kr

E-mail: Webmaster@poongsan.co.kr

동제품 외

㈜아스플로

(16648) 경기도 수원시 권선구 산업로156번길 7 

아스플로 기술연구소  

Tel (031) 352-2301 / Fax (031) 352-2309

http://www.asflow.com  

반도체 배관 부품, 가스제어시스템  

용인전자(주)

(17015) 경기 용인시 기흥구 동백중앙로 16번길 16-4, 

에이스동백타워 1동 1101호

TEL: (031) 332-4402

전장용 자성체류

㈜아스플로

(16648) 경기도 수원시 권선구 산업로156번길 7 

아스플로 기술연구소  

Tel (031) 352-2301 / Fax (031) 352-2309

http://www.asflow.com  

반도체 배관 부품, 가스제어시스템  

P회원

대구텍㈜

(42936) 대구광역시 달성군 가창면 가창로 1040

Tel (053) 760-7114 / Fax (053) 768-8055

http://www.taegutec.co.kr

E-mail : ct_d_sales@taegutec.co.kr

텅스텐, 중합금제품, 세라믹 제품

대신강업주식회사
(44252) 울산광역시 북구 책골길 45

Tel (052) 287-6162~4 / Fax (052)287- 6165

http://www.dsgu.co.kr

E-mail : nabormj@hanmail.net

자동차용 각종 플랜지류 및 너트류 생산 

공구강 및 특수강 판매 대리점

대한소결금속㈜

(42983) 대구광역시 달성군 논공읍 논공로87길 43

Tel (053) 610-0700 / Fax (053) 610-0701

http://www.iksm.co.kr

E-mail : master@iksm.co.kr

철계 소결 기계부품

케이제이알로이㈜

(40046) 경상북도 성주군 선남면 명관로 337-7

Tel (054) 933-5578 / Fax (054) 933-5523

http://www.kjalloy.com

E-mail : kjalloy@kjalloy.com

정밀금형소재, 단조/분말금형, 절삭공구소재
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(주)코스글로벌

(52057) 경상남도 함안군 법수면 윤외공단길 68

Tel (055) 570-8500 / Fax (055) 570-8599

http://http://www.koswire.com 

스테인레스 와이어, 스테인레스 와이어로프, 금속분말

하나에이엠티㈜

(28126) 충북 청주시 청원군 오창읍 각리 1길 75

TEL: (043) 211-0046

http://www.hanaamt.com

E-mail : davidkim@hanaamt.com

가스아토마이징 금속분말, 3D프린팅, Mg, Al, SUS, Ti 

신생금속공업(주)
(15078)경기도 시흥시 마유로 238번길 113

TEL: (031) 499-3671~8 / FAX: (031) 499-3680

http://www.shinsaeng.co.kr

E-mail : sales@shinsoeny.co.kr

귀금속 전기접점, 저온 특수 용접봉, Flux

월드인덕션

(22108) 인천광역시 남구 염전로 165번길 38-38 (도화동)

TEL: (032) 572-6100 / FAX: (032) 572-6101

https://induction.uriweb.kr/index

E-mail : worldhft@daum.net

고주파 산업 응용장치, 아토마이져, 진공 챔버, 합금제조 등

㈜씨이피테크

(07228) 서울특별시 영등포구 영신로 220, 

케이엔케이디지털타워 208호

TEL: (02) 749-9346 / FAX: (02) 749-9347

http://www.ceptech.co.kr/

3D프린터, 3D 스캐너, 소프트웨어 등

(주)엠티아이지

(06058) 서울시 강남구 논현동 106-7 (언주로 712), 

영진빌딩 5층 MTIG

TEL: (02) 540-3617 / FAX: (02) 540-3616　

타이타늄, 플랜트(신소재)

아이에스시

(13217) 경기도 성남시 중원구 갈마치로 215, B동 6층

TEL: (031) 777-7675 / FAX : (031) 777-7699

https://kor.isc21.kr

반도체 테스트 솔루션

(주)코나솔

(31806) 충청남도 당진시 면천면 산업단지길 17-60

TEL : (041) 359-6600

http://www.millroll.com

분말야금 제품, 기계부품, 압연롤

(주)이엠엘

(16229) 경기도 수원시 영통구 창룡대로256번길 77, 4층 409호

(이의동, 에이스 광교타워3)

TEL : (031) 5186-6282 / FAX : (0504) 265-8507

http://www.eloiml.co.kr/

금속 분말, 증착용 타겟

이지캐스텍

(13595) 경기도 성남시 분당구 황새울로 224 청구블루빌 619호

TEL : (031) 726-2242

https://www.ezcastech.com

주조(열유동) 및 구조 해석

아토메탈테크코리아㈜

(10049) 경기도 김포시 양촌읍 황금4로 82

TEL : (031) 986-9988 / FAX : (031) 996-2456

http://www.attometal.com/

비정질 합금 파우더

(주)버추얼랩

(04773) 서울특별시 성동구 왕십리로 38, 홍성빌딩 6층

TEL : (02) 3293-0204

https://www.virtuallab.co.kr/

디지털 소재 연구개발 플랫폼

특 별 회 원

https://powdermat.org274
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일진다이아몬드㈜

(27659) 충청북도 음성군 대소면 대금로 157 

Tel (043) 877-6831 / Fax (043) 882-1040

http://www.iljindiamond.co.kr

E-mail : minho.ryoo@iljin.co.kr

공업용 합성다이아몬드, PCB, NCBN, 초경합금제품 등

(주)버추얼랩

(04773) 서울특별시 성동구 왕십리로 38, 홍성빌딩 6층

TEL : (02) 3293-0204

https://www.virtuallab.co.kr/

디지털 소재 연구개발 플랫폼

특 별 회 원
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M회원

㈜강앤박메디컬

(28160) 충청북도 청주시 청원구 오창읍 중심상업2로 
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Full Text 
First published in April 1994, with the purpose for the revital-
ization of technical exchange between Academics & Industry in 
Powder Metallurgy related advanced studies. Journal of Powder 
Materials is currently published on a bi-monthly basis. 

The Korean Powder Metallurgy & Materials Institute has 
prepared a code of ethics for a qualitative improvement to its 
journal. We can therefore secure the ethics required for scien-
tific research through this code of ethics; and we intend to raise 
the value of our journal through the addition of originality and 
integrity to our journal. Therefore, all authors of theses, review 
committee members and editorial committee members shall 
observe this code of ethics in order to reject any dishonesty in 
the publication of theses and secure the integrity of any re-
search. 

Chapter 1. Matters to be observed by the 
author of thesis 

1. The criteria of the authorship
The Author of academic paper means a person who meets all 
of the following criteria for authorship (based on the criteria of 
International Committee of Medical Journal Editors). Those 
who are not satisfied with any of the following criteria shall be 
divided into “contributor”.

A.  Substantial contributions to the conception or design of 
the work; or the acquisition, analysis, or interpretation of 
data for the work.

B.  Drafting the work or revising it critically for important in-
tellectual content.

C. Final approval of the version to be published.
D.  Agreement to be accountable for all aspects of the work in 

ensuring that questions related to the accuracy or integrity 
of any part of the work are appropriately investigated and 
resolved.

2. The duty of the author
The author of thesis shall explain the results and discussions of 
the research which the author has performed in a concise and 

accurate manner. When submitting the research results to the 
Journal of Powder Materials, an author of a thesis shall observe 
the code of ethics of this institute and conform to the honesty, 
accuracy and integrity of the research result submitted as such. 

A.  When submitting a thesis to the Journal of Powder Mate-
rials, the author of a thesis shall abide to the code of ethics 
as outlined by the Journal of Powder Materials

B.  The author of a thesis shall reject any fabrication or falsifi-
cation of the results for conducting all activities including 
the proposal, planning and execution of the research activ-
ities.

C.  Submittal or publishing the same result to more than one 
journal simultaneously shall be regarded as an act of 
cheating and as such shall be eradicated.

D.  The author of a thesis shall not submit and publish re-
search results which were already published to this Jour-
nal.

E.  An act of submitting another researcher's results under 
his/her own name shall be deemed as unethical and unac-
ceptable.

F.  An author who has submitted a thesis shall obtain proper 
consent from all existing co-authors and shall not include 
any inappropriate authors to the thesis. Co-authors shall 
contribute to the research academically and share the re-
sponsibility and achievements for the results altogether, 
and in the case of administrative and financial support for 
research, such shall be advised to state details through an 
"Acknowledgement".

G.  An author of thesis shall obtain approval from the person 
concerned in advance with regards to submission if re-
quired, and confirm that there will be no future disputes 
of agreements and ownership.

H.  The author of the thesis shall observe the regulations as 
provided in relevant laws, norms and as stated in the code 
of ethics; and to internationally accepted principles of the 
entire process of research and submission. Also, the au-
thor of such thesis shall also secure universality including 
the respect of human rights, the observation of bioethics, 
and the preservation of biological diversity and protection 

Code of Ethics for  
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for environments.
I.  In the case of an error discovered in a submitted thesis 

during the publication process, the author of such thesis 
shall be obligated to correct any mistakes or withdraw the 
thesis altogether.

Chapter 2. Matters to be observed by the 
reviewer

The journal reviewer shall review a submitted thesis in compli-
ance with this code of ethics and provide advice in regards to 
the publication of such thesis to the editorial committee mem-
bers. 

A.  The journal reviewer shall review a submitted thesis fairly 
and objectively under consistent standards regardless of 
ethnicity, gender, religion, educational environment or ac-
quaintance of the author of thesis.

B.  The journal reviewer shall be obligated to review a thesis 
requested for review faithfully within the set period as de-
termined in the review regulations.

C.  The journal reviewer shall not disclose the information of 
the research results acquired through the review process 
to any third party or misuse such information.

D.  The journal reviewer shall respect the personality of the 
author of the thesis and value the independence of intel-
lectual ability. The journal reviewer shall prepare an ami-
cable and supplementary written opinion without making 
subjective evaluations and shall avoid hostile expressions.

E.  The journal reviewer shall request the author of the thesis 
to modify any inappropriate quoted contents and lead the 
author to quote references correctly. Also, the journal re-
viewer shall strictly review the thesis to determine is such 
has any similarity with previous published manuscripts 
that were presented in other publications.

F.  The journal reviewer shall be obligated to reject review in 
the case of having any connection with the submitted the-
sis. The journal reviewer shall promptly notify such fact to 
the editorial committee members to appoint another jour-
nal reviewer.

Chapter 3. Matters to be observed by the 
editorial committee member

The editorial committee member shall retain full responsibility 
and authority to carry out the procedures to approve or reject a 

submitted thesis for publication in the journal. Each editorial 
committee member shall cooperate with the journal reviewer 
and other editorial committee members shall observe and carry 
out the following items. 

A.  The editorial committee member shall fairly evaluate the 
intellectual level of a thesis as submitted by the author re-
gardless of ethnicity, gender, religion, educational environ-
ment or acquaintance of the author of a thesis.

B.  The editorial committee member shall not delay the 
screening of a submitted thesis intentionally and shall per-
form prompt measures accordingly.

C.  The editorial committee member shall screen the submit-
ted thesis objective based on consistent standards, and the 
editorial committee member shall assume full responsibil-
ity and obligation for the required procedures.

D.  The editorial committee member shall not release infor-
mation regarding the submitted thesis to the public and 
shall not use such information for his/her own research 
purposes.

E.  The editorial committee member shall be obligated to su-
pervise any unethical behavior in a thesis submitted to the 
journal, and take any necessary measures for any wrongful 
acts. In the case of an appeal for wrongful acts, the editori-
al committee member and the review committee shall be 
obligated to investigate such matters.

F.  The editorial committee member shall be obligated to re-
ject screening in the case where editorial committee has 
written the thesis, or such has any connection with the 
submitted thesis. Another editing committee member shall 
be appointed for the screening process.

Chapter 4. Activities of the review 
committee 

A.  Clarifying integrity and responsibility of the research re-
sults – In the case where cheating has occurred, including 
plagiarism, duplicated submission or inappropriate cita-
tion is suspected, an investigation shall be carried out 
based on the editorial committee members recommenda-
tion The author of such thesis shall be responsible for any 
cheating including plagiarism, fabrication and falsification 
and duplicated presentation of the result.

B.  In the case where any cheating is suspected in the process 
of a thesis submission and review, the editorial committee 
member shall submit such to the review committee and 



request the review committee to investigate such in pri-
vate. The review committee shall then carry out an inspec-
tion in compliance with the following guidelines to ensure 
that no victim shall suffer in good faith.

1.  The review committee shall observe "the principle of pre-
sumption of innocence" until such is proven to be a wrong-
ful act.

2.  The review committee shall begin and perform such in-
spection fairly and without discrimination in private cir-
cumstances.

3.  The review committee shall prepare, arrange and store 
documents in regards to the investigation.

4.  The review committee shall suspend all process in regards 
to the thesis publication.

5.  The review committee shall carry out an investigation 
promptly to reduce any damages due to delay.

C.  The review committee shall carry out an investigation 
promptly and fairly at the editorial committee member's 
request. The investigation shall notify, carry out and finish 
based on the following guidelines.

1.  The review committee shall notify any beginning of an in-
vestigation to the person or organization concerned that is 
questionable for cheating and also inform such as to any 
postponing of the publication of such thesis until the in-
vestigation is complete.

2.  The review committee shall provide an opportunity for ex-
planation to the person or organization subject to investi-
gation within 30 days of written notice.

3.  The review committee shall acquire and investigate any in-
ternal records or other publications related with cheating.

4.  In the case of unintended mistakes or errors, the review 
committee shall finish the investigation promptly.

5.  In the case where cheating is discovered, the review com-
mittee shall supervise measures for such cheating. The re-
view committee shall return the submitted thesis to the au-
thor, notify the Institute's guideline to the author, remove 
or publish the withdrawal of the thesis in the case where 
such was already published, and restrict the author's thesis 
publication for 3 years afterwards.

6.  In the case of a duplicated submission and publication with 
a joint publisher, such actions shall be notified to the rele-
vant publisher and handled in conjunction with the rele-
vant publisher. 

7.  All cases and investigations carried out by the review com-
mittee shall be documented and stored. In cases where 
cheating is not apparent, the relevant document shall be 
sealed.

Supplementary Provision 
1.  This code of ethics shall be in effect from October 23, 

2007.
2.  This Revised code of ethics shall be in effect from March 6, 

2020.
3.  This Revised code of ethics shall be in effect from February 

10, 2022.
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Chapter 1 General Provisions

1. Purpose
The purpose of this guide is to strengthen research ethics by 
setting the standards, operation, and discipline of research

2. Ethics Committee 
①  The ethics committee of The Korean Powder Metallurgy 

& Materials Institute will be formed to deliberate and de-
cide on the regulations.

②  The chair of the Research Ethics Committee shall be the 
Editor-in-chief of The Korean Powder Metallurgy & Ma-
terials Institute Committee. The chair convenes and pre-
sides over the Research Ethics Committee when the Edi-
torial Committee proposes an issue as regards research 
misconduct.

③  The Research Ethics Committee shall consist of no more 
than five members. The committee members are appoint-
ed by the president of the society after the recommenda-
tion of the Editorial Committee.

Chapter 2 Research Misconduct

3. Subject of Research Misconduct
Research misconduct is directed to articles, documents, and 
data submitted or published to the Journal of Powder Materials.

4. Simultaneous Submission
Submitted papers may not be submitted to other domestic or 
foreign academic journals simultaneously, or as a duplicate, re-
gardless of whether it is submitted beforehand or afterwards.

5. Duplicated Publication 
①  Dissertations published in other domestic or foreign aca-

demic journals may not be duplicated.
②  When submitting a research report or a part of a doctoral 

or a master’s thesis as it is, or if it is corrected or supple-
mented, the correct description must be clearly stated.

6. Plagiarism 
①  Plagiarism is the act of deliberate description of the con-

tent of academic ideas, opinions, expressions, and re-
search results already published through all written me-
dia, including domestic or foreign journals, academic pa-
pers, research reports, master’s or doctoral dissertations, 
books, magazines, and the internet without reference to 
the source.

②  Plagiarism also applies when the researcher is the same as 
the author of the paper already published (self-plagia-
rism). However, it is not considered plagiarism if it de-
scribes widely used academic knowledge or research re-
sults without citation./td>  

Forgery and Falsification Forgery or falsification involves the 
act of intentionally expressing, among others, numerical values 
and photographs of the data or results used in the research dif-
ferently from the truth. 

1.  Forgery is the act of untruthful creation of false data or re-
search results that do not exist.

2.  Falsification refers to the act of artificial manipulation of 
research materials, equipment, processes, or distorting re-
search contents or results by modifying or deleting data ar-
bitrarily.

Chapter 3 Deliberation and Resolution 
Procedures

8. Judgment of Research Misconduct 
①  If there is a report on research misconduct within or out-

side the institute, the chair of the Editorial Committee 
must convene the committee to collect relevant data and 
confirm the credibility of the report.

②  When the chair of the Editorial Committee confirms the 
authenticity of the report, he/she will submit the docu-
ment of issue to the Research Ethics Committee.

③  The chair of the Research Ethics Committee gives the re-
searcher an opportunity to document the proposed issues 
within two weeks in advance of the hearing..

④  The Research Ethics Committee shall make a unanimous 

Journal of Powder Materials Research 
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decision on whether there has been a case of research 
misconduct. If there is a disagreement between the two 
parties, it shall be decided by a vote of 3/5 of the attending 
committee members.

9. Discipline and Result Processing 
①  A person who violates research ethics shall be subject to 

and notified of a disciplinary action through the following 
measures: 

1. Member expulsion
2.  Prohibition of contributing to the Journal of Powder Met-

allurgy
3.  If the article is published, the article will be deleted. Papers 

that are scheduled to be published cannot be published.
4. Relevant organizations will be notified of ethics violations.
5. Other disciplinary actions that are deemed necessary
②  The content of the violated research ethics shall be posted 

on the homepage after a two-week protest period.
③  The contents of the disciplinary action in Items 2, 3, and 5 

of Clause 1 shall be notified in the name of the edi-
tor-in-chief after the decision of the Research Ethics 
Committee. The contents of disciplinary action in Items

10. Objection 
①  A researcher who is judged for a research misconduct 

may file an objection only once within one month from 
the date of notification, if the decision of the Research 
Ethics Committee or the reason for misconduct is unrea-
sonable.

②  The Research Ethics Committee can review or revise the 
contents of the resolution by deliberating the validity of 
the objection.

Supplement

1. Amendment, Opening, and Closing of Regulations
This regulation may be amended, opened, or closed through 
the resolution of the Board of Directors.

2. Effective Date
1.  This regulation shall be effective beginning on the date of 

the Board of Directors’ approval (June 17, 2016).
2.  This Revised code of ethics shall be in effect from February 

10, 2022.
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Written Oath of Observance of 
Research Ethics

To Editor-in-chief of the Journal of Powder Materials

I, as a contributor to the Journal of Powder Materials, hereby declare that I have abided by the following Code of Research Ethics of 
The Korean Powder Metallurgy & Materials Institute while writing this article.

1.  I swear that I shall observe The Korean Powder Metallurgy & Materials Institute’s Research Ethics Code and regulations related to 
research misconduct, and have written this article through honest and rigorous research.

2.  I swear that I have not published this article elsewhere and have no plan to submit this article in other journals until the delibera-
tion is over.

3.  I swear that I have not committed any research misconducts that can be defined as a violation of Research Ethics, such as forgery 
(falsification), alteration, plagiarism, duplicate publication, etc., that compromises academic integrity.

4.  I swear that I acknowledge the legitimate efforts of participating researchers and did not make unreasonable authorship of those 
who have not contributed to the research.

5.  I swear that I shall take full responsibility for all problems and disadvantages that may arise from noncompliance with the Research 
Ethics if found guilty of any of the above-mentioned research misconducts.

All authors must sign this Written Oath of Observance of Research Ethics, but in case of necessity, the correspondent author can ob-
tain the consent of other authors and replace them.

One author on behalf of all co-authors:
“I warrant that I am authorized to execute this copyright on behalf of all the authors of the article 
referred to above.”

Article title: 

Author name:

All Authors:

Signature Date Signature Date

Signature Date Signature Date

283https://powdermat.org



Instructions for authors

https://powdermat.org284

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 
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5. The accepted manuscript

1) Copyright:
Upon acceptance of a paper, the author(s) will be asked to 
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김택수 한국생산기술연구원 오승탁 서울과학기술대학교 최준필 한국기계연구원

김형섭 포항공과대학교 오왕근 (주)양우메탈 최한신 지아이텍

김홍물 하나에이엠티 오익현 전남테크노파크 최현규 현대제철

김효섭 한국생산기술연구원 유봉영 한양대학교 최현주 국민대학교

김휘준 한국생산기술연구원 유지훈 한국재료연구원 한유동 한국재료연구원

김희수 월드인덕션 윤덕용 KAIST 현승균 인하대학교

노기민 한국지질자원연구원 윤준철 현대제철 홍순직 공주대학교

류성수 한국세라믹기술원 윤중열 한국재료연구원 홍순형 KAIST

류시완 ㈜풍산홀딩스 윤태식 대신강업㈜ 홍현선 성신여자대학교

류호진 KAIST 은광용 ㈜기술과가치 황득규 현대모비스㈜

박 준 제이피씨㈜ 이 빈 경희대학교 황병철 서울과학기술대학교

박경태 한국생산기술연구원 이 성 국방과학연구소 민군협력진흥원

본 학회지는 한국연구재단의 평가결과 등재학술지로 선정되었습니다.

“본 사업은 기획재정부의 복권기금 및 과학기술정보통신부의 과학기술진흥기금으로 추진되어 사회적 가치 실현과 국가 과학기술 발전에 

기여합니다.”
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