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Metal additive manufacturing (AM) facilitates the production of complex geometries with enhanced
functionality. Among various AM techniques, laser powder bed fusion (LPBF) is distinguished by its
precision and exceptional mechanical properties achieved via laser fusion deposition. Recent advance-
ments in AM have focused on combining LPBF with post-processing methods such as cold rolling,
high-pressure torsion, and forming processes. Therefore, understanding the forming behavior of
LPBF-processed materials is essential for industrial adoption. This study investigates the
stretch-flangeability of LPBF-fabricated 316L stainless steel, emphasizing its anisotropic microstruc-
ture and mechanical properties. Hole expansion tests were employed to assess stretch-flangeability in
comparison to wrought 316L stainless steel. The results demonstrate that LPBF-processed samples ex-
hibit significant anisotropic behavior, demonstrating the influence of microstructural evolution on
formability. These findings contribute valuable insights into optimizing LPBF materials for industrial
forming applications.

*Corresponding author:
Hyoung Seop Kim

TEL: +82-10-4366-6596
E-mail: hskim@postech.ac.kr

Keywords: Hole expansion ratio; Laser powder bed fusion; 316L stainless steel; Sheet metal forming;
Stretch flangeability

1. Introduction result in the formation of non-equilibrium microstructures.

These microstructures are characterized by dislocation cell

Metal additive manufacturing (AM) is an advanced technol-
ogy that facilitates the production of intricate structures with
multifunctional capabilities [1]. Among various AM tech-
niques, laser-based processes like laser powder bed fusion
(LPBF), which utilize laser fusion deposition, stand out for
their high dimensional precision and superior mechanical
properties [2-4]. In LPBE, a high-energy laser beam scans a
powder bed selectively, inducing localized melting and solidifi-
cation layer by layer. This process provides unparalleled design
flexibility, enabling geometric optimization tailored to specific
service conditions. Additionally, the rapid heating and cooling
cycles inherent to LPBE along with its localized thermal effects,

https://doi.org/10.4150/jpm.2025.00017
© 2025 The Korean Powder Metallurgy & Materials Institute

https://powdermat.org

structures and heterogeneous grain morphologies [5]. Such
unique features significantly enhance the strength and perfor-
mance of LPBF-processed materials. Lemarquis et al. suggested
that applying cold rolling on the AMed samples enhances me-
chanical properties [6, 7]. Similarly, Al-Zubaydi et al also pro-
posed that severe plastic deformation via high-pressure torsion
results in exceptional mechanical performance [8-10]. There-
fore, the postprocessing of high deformation on the AMed
sample holds a high potential for achieving excellent mechani-
cal properties, which was not obtainable in conventional mate-
rials. These hybrid approaches necessitate additional forming
processes to produce parts with customized shapes. Further-
more, the low productivity issues of the AM process can be
complemented by combining the AM process with sheet metal
forming [11, 12]. The hybrid fabrication approaches that inte-
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grate sheet metal forming with AM have recently been pro-
posed [11, 12]. Therefore, as the use of AM materials spreads, it
is increasingly important to study the forming processes appli-
cable to these materials to fully harness their potential. While
these methods sacrifice some of the design freedom inherent to
AM, they successfully enhance the mechanical properties of the
final components. Moreover, hybrid fabrication approaches
that integrate sheet metal forming with AM have recently been
proposed [11, 12]. This approach offers two key advantages: the
high productivity of sheet metal forming and the design flexi-
bility of additive manufacturing, paving the way for broader in-
dustrial applications. However, further research on the forma-
bility of AM-processed materials is necessary to fully unlock
their potential in industrial settings.

Formability is a critical parameter for the industrial applica-
tion of structural materials, enabling the efficient production of
components with complex geometries through high-productiv-
ity stamping processes [13]. Among the various formability
factors, stretch-flangeability is particularly important, as it is
closely linked to edge cracking during forming operations.
Edge cracking occurs when substrates with sheared edges un-
dergo forming, resulting in crack initiation and propagation
due to pre-existing damage at the edges [14]. This mode of fail-
ure is especially challenging because it cannot be predicted us-
ing traditional forming limit diagrams [14]. Paul et al. [15] re-
ported the relationship between the hole expansion ratio and
the tensile properties including yield strength, ultimate
strength, normal anisotropy, total elongation, and post elonga-
tion. Generally, high coefficient normal anisotropy and excel-
lent post-uniform elongation are reported to have a superior
hole expansion ratio. Meanwhile, Yoon et al. [16] suggest a clear
correlation between hole expansion ratio and fracture tough-
ness rather than tensile properties. Their studies directly exam-
ined the relationship between fracture toughness and HER,
confirming a linear correlation. They attributed this to the fact
that materials with higher fracture toughness demand greater
energy for crack initiation and propagation, making
through-thickness crack formation more challenging.

To address this issue, stretch-flangeability is commonly eval-
uated using hole expansion tests (HET). The resulting hole ex-
pansion ratio (HER) serves as a quantitative metric to measure
the resistance of a material to edge cracking. This study aims to
investigate the interplay between the unique microstructure of
LPBF-processed materials and their stretch-flangeability, offer-
ing valuable insights for their broader industrial adoption.

88

Formability of LPBF-fabricated materials

2. Experimental

2.1. Fabrication

An M2 series 5 LPBF machine was utilized to fabricate 316L
stainless steel samples from the stainless steel powders. The
spherical powders, produced via gas atomization, had an aver-
age particle size of ~31.8 pm and were suitable for LPBF pro-
cessing (Fig. 1). The LPBF processing parameters are as follows:
a laser power of 370 W; a hatch spacing of 0.09 um, a laser scan
speed of 1350 mm/s, a layer thickness of 50 m, and a 67° rota-
tion between layers. These LPBF-processing samples are re-
ferred to as the LPBF sample. For comparison, a wrought 316L
stainless steel plate was annealed at 1050°C for 30 min, referred
to as the wrought sample. Fig. 1c. illustrates the directions for
the present samples.

2.2. Microstructural analysis

For microstructural analysis, specimens were polished with
SiC papers up to 1200 grit and then 0.04 um colloidal silica sus-
pension. Electron backscatter diffraction (EBSD) and backscat-
tered scanning electron (BSE) analysis were performed using a
field emission scanning electron microscope (FE-SEM). The
EBSD data were interpreted using TSL-OIM 7 software.

2.3. Mechanical tests

Uniaxial tensile tests were at a quasi-static strain rate of
1x10” along the rolling direction using a instron 1361 univer-
sal testing machine. The tensile samples were prepared with a
flat dog-bone shape with dimensions of 5 mm gauge length and
2.5 mm width. The strain was measured with a ARAMIS digi-
tal image correlation system.

Hole expansion tests (HET) were conducted using a scaled-
down testing system mounted on a universal testing machine
[13, 14]. Figure 2 illustrates the HET system and the specimen
dimensions. The circular specimens, 10 mm in diameter and
0.5 mm thick, were punched with a 2 mm center hole. Before
hole punching, to prevent the effect of surface roughness, the
specimen surfaces were polished with SiC papers up to 1200
grit. The HETs were carried out with a conical punch at a
punch speed of 1 mm/min. The final diameter was measured
until the crack fully propagated through the thickness on the
hole edge. The hole expansion ratio (HER) was calculated us-
ing the equation [17]:
ds —do 1)

dy ’

where d, and d; represent the initial and final hole diameters,

HER =

J Powder Mater 2025;32(2):87-94
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Fig. 1. (a) Particle size distribution of the STS powders and (b) Scanning electron microscopy micrograph. (c) A schematic showing the

fabrication of the present sample and its directions.

respectively. The hole expansion tests were conducted on five
samples of each alloy.

3. Results and Discussion

3.1. Microstructure

EBSD-inverse pole figure (IPF) of the LPBF and wrought
samples are shown in Fig. 3. The X and Z directions represent
scanning and building directions, respectively. The wrought
sample shows fully recrystallized, exhibiting equiaxed FCC
grains, with an average grain size of 115.4+6.8 um and a low
GND density of ~4.5x 10" m”. The grain boundaries act as the
sites of crack initiation and propagation during plastic defor-
mation, potentially deteriorating the stretch-flangeability. Inter-
estingly, the LPBF-processed two samples show the unique mi-
crostructural evolution with high anisotropic microstructure,
due to the non-uniform heat source of laser fabrication. The
microstructure of the X-plane exhibited a semi-elliptical grain

J Powder Mater 2025:32(2):87-94

morphology perpendicular to the build direction. This is at-
tributed to the heat flow of the molten powder during the LPBF
process, radiating outward from the center of the laser scan. In
The X-plane of the LPBF sample, the average grain size was
~58.0+33.0 um with a GND density of ~1.1x 10"’ m”. Mean-
while, the Z plane shows the bimodal grain morphology with
an average grain size of ~45.4+26.5 pm and GND density of
~1.2x 10" m™. The grain size distribution of the LPBF sample
on the Z plane shows the two peaks indicating that the bimodal
grain morphology (Supplementary Fig. S1). The higher GND
density of the LPBF sample than the wrought sample arises
from the high thermal stress during laser deposition.

The BSE image shows the presence of cellular structure in the
LPBF sample, as shown in Fig. 4. It is attributed to the cellular
solidification due to ultrafast cooling rate, deformation-induced
dislocations from thermal stress, and geometrically necessary
dislocations (GND) by the thermal heterogeneity. During so-
lidification of AM, solute elements are rejected and segregate

89
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(a) (b)
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Fig. 2. Schematics of (a) hole expansion test (HET) tools and (b) the specimen dimension.

Fig. 3. Electron backscatter diffusion inverse pole figure maps of the (a) wrought sample and the LPBF sample on (b) the Z plane and (c) the
X plane. LPBE laser powder bed fusion.
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into the inter-cellular dendritic regions, leading to a micro-
structure where cell boundaries contain a higher concentration
of solute elements compared to the cell interiors [18]. Addition-
ally, localized melting and solidification lead to dynamic ten-
sion/compression cycles [18]. The thermal stresses during laser
deposition induce dislocation formation. The elevated tem-
perature of the deposited material reduces yield strength, pro-
moting easier plastic deformation [18].

3.2. Mechanical properties

Fig. 5a displays the engineering stress-strain curves of the
present samples. The wrought sample shows a lower yield
strength of ~254 MPa with high ductility (~0.96 of total elonga-

Fig. 4. Backscattered scanning electron image of the LPBF sample.
LPBE laser powder bed fusion.

(a)
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tion) owing to full recrystallization. Notably, both tensile sam-
ples of LPBF exhibited superior tensile strength compared to
the wrought sample. This is attributed to the hierarchical mi-
crostructure, which combines heterogeneous grain morpholo-
gy and a sub-structured cellular structure, enhancing the mate-
rial's strength [5]. The LPBF sample exhibits anisotropic me-
chanical properties [9]. Specifically, the sample along the X di-
rection demonstrates higher strength compared to the Z direc-
tion, which is attributed to its finer grain size and high GND
density.

Strain hardening rate (SHR) curves of each sample are plot-
ted in Fig. 5b. The two drop regions in SHR are associated with
easy glide and dynamic recovery. The wrought sample shows
superior strain hardenability with stable deformation. This is
because of the recrystallized grains with coarse grain size and
low GND density.

The results of hole expansion tests are shown in Fig. 6. As
shown in Fig. 7, the crack is fully propagated through the thick-
ness of the specimens. The wrought sample exhibited the high-
est HER of ~19.4. The high elongation and coarse grains gener-
ally lead to excellent stretch-flangeability. Interestingly, signifi-
cant HER differences were observed depending on the direc-
tion in the LPBF sample. It indicates that the microstructural
anisotropy significantly influences stretch flangeability. The bi-
modal structure on the Z plane of the LPBF sample produces
the strain partitioning between the fine and coarse grains, gen-
erating stress concentration and damage evolution [19-21].
Therefore, the strain partitioning from bimodal grains may re-
sult in an inferior resistance to crack initiation and propagation
during the forming. To understand the anisotropic behavior of

(b)

3000

Wrought
——LPBF - X direction
——LPBF - Z direction

MPa

* 2500

N
(=
o
o

1500

500 |

0.0 0.1 0.2 0.3 04 0.5 0.6
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Strain Hardening Rate
>
S

Fig. 5. (a) Engineering stress-strain curves and (b) strain hardening rate curves of the wrought and LPBF samples. LPBE, laser powder bed

fusion.
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forming, the fracture mechanism in two cases needs to be fur-
ther investigated. Consequently; it is recommended to perform
forming operations on the X plane of the LPBF-processed
building parts.

The deformation path in the hole expansion test closely re-
sembles that of a uniaxial tensile test. Specifically, when consid-
ering the major strain (g,) versus minor strain (g,) during de-
formation, the strain path for conical punching follows a uni-
axial tensile mode (g, =-2¢,) [15]. The hole expansion ratio
can be linked to the mechanical properties obtained from ten-
sile testing. The crack-resistant properties during the forming
test can be correlated with tensile properties in the direction on
the plane of HET specimens, when considering the direction of
major strain (Figs. 2 and 3) [15]. For instance, X-plane HET

Fig. 7. Specimen after hole expansion testing of the LPBF samples in the (a) X and (b) Z directions. LPBF, laser powder bed fusion.
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samples experience major strain on the X plane, which is relat-
ed to the Z direction in tensile samples (Fig. 1c).

Figure 8 displays the relationship between ductility and hole
expansion ratio. The high ductility of the sample generally leads
to a high hole expansion ratio. LPBF Z plane shows the inferior
hole expansion ratio related to its ductility, which is attributed
to its bimodal grain morphology. During the deformation of
heterostructured materials, the stress concentration occurs at
the interface, leading to damage evolution [20, 21]. Therefore,
the interface between coarse and fine grains in the Z plane is
vulnerable to cracking, which deteriorates the crack initiation

and propagation resistances.

4. Conclusion

Recent studies have demonstrated the potential of hybrid
strategies combining additive manufacturing (AM) with pro-
cesses such as cold rolling, high-pressure torsion, and forming
processes to enhance material properties. Therefore, for AM
materials to gain broader industrial acceptance, further investi-
gation into their formability is essential. This study examines
the metal-forming behavior of laser powder bed fusion (LPB-
F)-processed 316L stainless steel to address this gap. Hole ex-
pansion tests (HET) were performed on both wrought and
LPBF samples in two orientations: the scan direction and the
building direction. The results reveal pronounced anisotropy in
the stretch-flangeability of LPBF materials, which can be at-
tributed to their unique anisotropic microstructure. These
findings provide valuable insights into the relationship between
the microstructural characteristics of LPBF materials and their
forming performance, emphasizing the importance of direc-
tional properties in industrial forming operations. By under-
standing and addressing the anisotropic behavior of LPBF ma-
terials, their potential for broader industrial applications can be
further unlocked.
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This study investigated the ultra-low-temperature (4.2 K) tensile properties and deformation mecha-
nisms of stainless steel 304L manufactured via laser powder bed fusion (LPBF). The tensile properties
of LPBF 304L were compared to those of conventional 304L to assess its suitability for cryogenic ap-
plications. The results revealed that LPBF 304L exhibited a significantly higher yield strength but lower
ultimate tensile strength and elongation than conventional 304L at 4.2 K. The temperature depen-
dence of the yield strength also favored LPBF 304L. Microstructural analysis demonstrated that LPBF
304L features a high density of dislocation cells and nano-inclusions, contributing to its greater
strength. Furthermore, strain-induced martensitic transformation was observed as a key deformation
mechanism at cryogenic temperatures, where austenite transformed into both hexagonal-closed
packed (HCP) and body-centered cubic (BCC) martensite. Notably, BCC martensite nucleation occurred
within a single HCP band. These findings provide critical insights into the mechanical behavior of LPBF
304L at cryogenic temperatures and its potential for applications in extreme environments.
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1. Introduction

The hydrogen economy has emerged as a key alternative for
reducing carbon emissions and mitigating greenhouse gases [1,
2]. With the increasing use of hydrogen in various sectors—in-
cluding renewable energy, fuel cells, and the aerospace indus-
try—the demand for materials that can perform reliably in hy-
drogen environments is expected to grow steadily [3-6]. In par-
ticular, liquid hydrogen (LH,) has attracted significant attention
due to its high gravity energy density (33.3 kWh/kg) and excel-
lent storage efficiency compared to gaseous hydrogen. Howev-
er, because LH, boils at -253 °C, it is imperative to evaluate the
safety of materials intended for use in such ultralow tempera-
ture environments.

Metal additive manufacturing (MAM) technologies have

https://doi.org/10.4150/jpm.2025.00066
© 2025 The Korean Powder Metallurgy & Materials Institute
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revolutionized production by enabling the fabrication of geo-
metrically complex components that are unattainable through
traditional manufacturing methods [7, 8]. Among various ma-
terials used at cryogenic temperatures, 304L stainless steel
(STS) is highly favored owing to its outstanding stability and
mechanical properties under low-temperature conditions [9-
12]. In particular, laser powder bed fusion (LPBF) utilizes a
high-power laser to locally melt selected areas of metal powder.
The rapid cooling and solidification in LPBF enable hete-
ro-structuring and hierarchical microstructure. Moreover, the
uniform thin-layer deposition—on the order of tens to hun-
dreds of micrometers—allows for excellent mechanical proper-
ties to be achieved, provided that optimal process parameters
are employed.

Despite these advantages, metallic materials fabricated via
AM frequently exhibit notable microstructural defects such as
porosity, dislocation network-induced substructure, texture,
and oxide formation during AM [13-15]. While controlled mi-
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crostructural defects can sometimes impart strengthening ef-
fects and enhance mechanical performance, excessive defects
are detrimental to mechanical behavior of materials. This is
particularly critical in ultralow temperature environments,
where the primary carriers of dislocation glide may be restrict-
ed, and reduced phase stability can lead to phase transforma-
tions from face-centered cubic (FCC) to body-centered cubic
(BCCQC) structure. Consequently, microstructural defects can
have a more pronounced adverse effect on mechanical proper-
ties at cryogenic temperatures. Thus, it is essential to evaluate
the performance of AM materials under these conditions be-
fore considering their application in cryogenic environments.
In the present study, we address these challenges by investigat-
ing the tensile properties of LPBF-manufactured STS 304L at
4.2 K. We discuss the correlations between the microstructure
and tensile properties and compare the performance with that
of conventional commercial STS 304L to provide a comprehen-
sive understanding of the potential of AM materials for cryo-
genic applications.

2. Experimental procedure

2.1. Materials

Table 1 shows the chemical compositions of LPBF 304L and
conventional 304L, which were chosen for their similar compo-
sitions to facilitate a direct comparison of their microstructures
and tensile properties. The chemical compositions of both
LPBF and conventional stainless steels are based on the manu-
facturer's mill sheet specifications. The LPBF 304L was pro-
duced using gas-atomized AISI 304L powder with an average
particle size of 37 um. The metal 3D printer ProX DMP 300
from 3D Systems was employed for the LPBF process. This
printer utilizes a continuous laser with a spot size of 100 pm
and a 175 W laser beam that traverses the powder bed at a
speed of 1000 mm/s. The laser scanning strategy involves a 90°
rotation between successive layers, resulting in a rectangular
specimen with dimensions of 90 mm x 23 mm X 5 mm.

2.2. Ultralow temperature (4.2 K) tensile testing
Ultralow temperature tensile tests were performed using a

4 K tensile properties/microstructure of LPBF 304L

liquid helium tensile testing machine at the Korea Institute of
Materials Science (KIMS) [16]. The system continuously sup-
plies liquid helium to cool the specimen, and once the attached
cryogenic temperature sensor stabilizes at 4.2 K, the tensile test
is started. Dog-bone specimens with gauge dimensions of 12.0
x 3.0 x 1.2 mm?® were fabricated in accordance with ASTM
E8. The tensile tests were conducted at an initial strain rate of 1
x 107",

2.3. Microstructural observation

The microstructures were examined using a field-emission
scanning electron microscope (FE-SEM; MIRA3, TESCAN)
and an electron backscatter diffraction (EBSD) detector (Nord-
lys Nano, Oxford Instruments). EBSD images were collected
under optimized conditions at an accelerating voltage of 20 kV
and a working distance of 12 mm. In addition, the electron
channeling contrast (ECC) technique was utilized to investigate
dislocation structures, with ECC images acquired at 30 kV and
a 7 mm working distance. For sample preparation, an automat-
ic polisher (Dualprep 3-AP4, Allied) was used. All specimens
were ground using silicon carbide papers (#400-#2000) and di-
amond suspensions with an average particle size of 1 pm, fol-
lowed by a final polishing step with colloidal silica (average
particle size of 0.04 um).

3. Results and Discussion

3.1. Initial microstructure

Fig. 1 shows the initial microstructural characteristics of
LPBF 304L (a-c) and conventional STS 304L (d-f), as revealed
by inverse pole figure (IPF) maps, phase maps, and ECC imag-
es. The IPF map of LPBF 304L obtained from a plane perpen-
dicular to the build direction reveals a grid-like grain structure
with an average grain size of 31.6 um (Fig. 1a). This grid pat-
tern is characteristic of LPBF processes where the build direc-
tion rotates by 90° between successive layers [17, 18]. Notably,
no §-ferrite is detected in LPBF 304L, which is entirely austen-
itic (Fig. 1b). In contrast, the conventional 304L consists of
equiaxed grains with a few annealing twins, exhibiting an aver-
age grain size of 58.7 um (Fig. 1d). It predominantly comprises

Table 1. Chemical composition of conventional STS 304L and LPBF 304L powder. (wt. %)

Wt % Fe Si Mn P Cr Ni Mo Co N @ O
Conventional STS 304L Bal. 0.45 1.67 0.031 18.21 8.06 0.14 0.21 0.14 0.028 -
LPBF 304L powder Bal. 0.75 1.39 0.02 18.95 9.71 - - 0.11 0.02 0.10

LPBE, laser powder bed fusion.
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Fig. 1. (a, d) Electron backscatter diffusion inverse pole figure (IPF), (b, e) phase maps, (¢, f) electron channeling contrast (ECC) image of (a-c)
LPBF STS 304L and (d-f) conventional STS 304L indicating the initial microstructure. LPBE laser powder bed fusion.

austenite, with a minor fraction (1.6%) of d-ferrite observed
(Fig. le).

Further insights into the microstructures were obtained
through ECC analysis. As shown in Fig. 1c¢ (LPBF 304L) and
Fig. 1f (conventional 304L), the LPBF 304L exhibits a high den-
sity of dislocations arranged in a cellular structure. This dislo-
cation cell structure likely results from the rapid solidification
and repetitive thermal cycling inherent to the LPBF process,
which generates and accumulates dislocations that subsequent-
ly arrange themselves to minimize the internal energy [19].
Additionally, small, dark oxide particles, which presumably
formed during the LPBF process, are observed. Conversely, the

J Powder Mater 2025:32(2):95-103

ECC image of conventional 304L (Fig. 2e) shows a near ab-
sence of dislocations, with the equiaxed grains and 8-ferrite
clearly visible in the IPF and phase maps.

Due to the nature of the LPBF process, the formation of ox-
ides and porosity can occur during fabrication. During print-
ing, the oxygen level in the chamber was maintained at approx-
imately 0.2%. The as-received powder contained 106 + 5 ppm
of oxygen, which increased to 440 + 12 ppm in the printed
material. This 334 ppm increase suggests the formation of ox-
ide particles within the SS304L matrix during processing. Oxy-
gen content was measured using a LECO TC-436 nitrogen-ox-
ygen analyzer. Porosity in conventional STS 304L is typically
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Fig. 2. (a) Engineering stress-strain curve at 4.2 K and (b) cropped image in (a) showing a different discontinuous plastic flow behavior of
conventional 304L (blue line) and LPBF 304L (red line). LPBE laser powder bed fusion.

negligible, owing to its homogeneous and densely compacted
manufacturing process. In contrast, LPBF 304L exhibited a po-
rosity of approximately 0.01%, as determined by micro-CT
analysis using a Phoenix Vtomex M system from Waygate
Technologies.

3.2. Ultralow temperature (4.2 K) tensile properties

Fig. 2a presents the tensile properties of LPBF 304L and con-
ventional 304L in a liquid helium environment (4.2 K). At 4.2
K, conventional 304L exhibits a yield strength (YS) of 549.8
MPa, an ultimate tensile strength (UTS) of 1.81 GPa, and an
elongation of 56.5%. In contrast, the LPBF-manufactured STS
304L shows a higher YS of 777.8 MPa, but a lower UTS of 1.31
GPa and an elongation of 27.5% compared to conventional
304L. Although the UTS and elongation of LPBF 304L are infe-
rior, its yield strength exceeds that of conventional 304L by over
40%. This implies that LPBF 304L exhibits superior structural
stability at cryogenic temperatures (i.e., liquid helium and/or
liquid hydrogen) compared to conventional 304L, thereby facil-
itating the design of lighter metallic components.

Both materials display pronounced discontinuous plastic
flow (DPF) phenomenon, characterized by load-drop in stress—
strain curves. Such serrations with an unstable oscillation are
typically attributed to dynamic strain aging (DSA) during de-
formation at intermediate temperatures [20]. However, at 4.2 K
the thermal energy is insufficient to activate DSA, implying
that alternative mechanisms must be responsible for the serrat-
ed behavior. Two prevailing models have been proposed:
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1. Mechanical instability model: Seeger et al. [21] reported
that dislocation interactions among different slip systems
lead to the formation of Lomer-Cottrell (L-C) locks. At
cryogenic temperatures, limited thermal activation causes
dislocations to accumulate until the stress concentration
reaches the theoretical shear strength, at which point a
sudden collapse of the L-C locks results in a stress drop.
Therefore, the sequential formation and collapse of these
locks are considered to the origin of serration at extremely
low temperatures.

2. Thermomechanical instability model: First proposed by
Basinski [22], this model suggests that plastic deformation
results in dislocation multiplication, which converts me-
chanical work into heat. Due to the very low specific heat
at cryogenic temperatures, localized plastic deformation
can lead to temperature spikes of several tens of Kelvin.
This adiabatic heating lowers the flow stress locally, caus-
ing a sudden stress drop.

Although it is not definitively established which mechanism
predominates, both models invoke the localized buildup and
subsequent collapse of dislocations to explain the stress drops.
Notably, as the strain increases, the serrations become more
pronounced (Fig. 2b), and the magnitude of the stress drops
grows. This is likely due to the enhanced accumulation of dis-
locations and L-C locks as the deformation proceeded. Al-
though LPBF 304L exhibits roughly 40% higher yield strength,
its stress drop is slightly lower, measuring at 120 MPa com-
pared to 144 MPa for conventional 304L. This indicate that

J Powder Mater 2025;32(2):95-103
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LPBF 304L experiences fewer temperature spikes or a slower
rate of dislocation generation and accumulation, and that dif-
ferences in physical properties (e.g., the strength of local L-C
locks or specific heat variations due to compositional differenc-
es) govern the extent of the stress drop.

3.3. Temperature dependence of yield strength for LPBF
and conventional 304L

Fig. 3 illustrates the yield strengths of both conventional 304L
and LPBF 304L as a function of temperature. In addition to the
4.2 K tests, tensile experiments were conducted at room tem-
perature (298 K) and in liquid nitrogen (77 K) to assess tem-
perature dependence. The yield strength data over these three
temperatures were fitted with an exponential function from 4.2
K to 298 K, described by [23]:

oys(T) =Uaexp(—%) + oy (1)

Where 0, 0, and C are fitting constants. Here, o, represents
the thermal (temperature-dependent) component of yield
strength, while ¢, accounts for the temperature independent
(athermal) part.

Table 2 presents the fitting constants for both conventional
304L and LPBF 304L. The results reveal that LPBF 304L has
higher values for both the thermal-dependent fitting constant
(0,) and athermal (0,) components compared to conventional
304L. In current alloys, the yield strength generally stems from
the intrinsic lattice resistance to dislocation motion, referred to

900
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Fig. 3. Exponential function-fitted temperature dependence of the
yield strength of conventional and LPBF 304L. LPBE, laser powder
bed fusion.
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as the friction stress (Aoj,), combined with additional strength-
ening increments from multiple sources: the initial dislocation
density (Agy,), solid solution effects (Ag,,), precipitates (Aoy),
and grain boundary (Ao, via the Hall-Petch relationship).
Hence, the yield strength can be expressed in a general form as:

oy =0 + Avgis + Aogs + Aoppe + Ao g (2)

Considering these strengthening components of yield strength,
the higher athermal constant (¢,) for LPBF 304L is due to
the influence of oy, Aoy, Ao,
negligible due to the little difference in composition between
the two alloys. In LPBF 304L, we can see that the initial

dislocation density is higher than conventional 304L, with a

Aoy, The influence of Ao, is

large number of dislocation cells (Fig. 1c and 1f). Additionally,
nano inclusions, appearing as black dots, are widely distributed
in large numbers. This distribution enhances the strengthening
contributions of Aoy, and Ac, . Furthermore, the friction stress
0;, increases due to the combined effects of the high initial
dislocation density and the presence of nano inclusions, which
enhance the intrinsic lattice resistance to dislocation motion.
Consequently, even though the average grain size of LPBF
304L (58.7 pm) is larger than that of conventional 304L (31.6
um)—thus granting conventional 304L a higher strengthning
contribution from the Hall-Petch relationship—once the
other strengthening factors are taken into account, the overall
yield strength of LPBF 304L remains higher, as evidenced by
the athermal constant (o).

Thermal-dependent constant (o,) is also found to be higher
in LPBF 304L, indicating a significant increment in yield
strength as the temperature decreases. In this context, friction
stress (d;,) plays a major role. Generally, friction stress is pro-
portional to the magnitude of the Peierls-Nabarro barrier,
which refers to the shear stress required to move dislocations
through the crystal lattice along a specific direction. While the
Peierls-Nabarro barrier is negligible in pure FCC metals, mak-
ing them relatively insensitive to temperature changes, the ma-
terial in this study exhibits increasing yield strength at cryogen-
ic temperatures, suggesting a larger Peierls-Nabarro barrier.

Table 2. Fitting constants of the temperature dependence of yield
strength for conventional and LPBF 304L

0, (MPa) C 0, (MPa)
Conventional 304L 312.6 226.6 185.9
LPBF 304L 3719 198.6 478.4

LPBE laser powder bed fusion.
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This can be attributed to the large number of dislocation cells
and nano inclusions in LPBF 304L, which hinder dislocation
movement and thus require greater activation energy, thereby
increasing the Peierls-Nabarro barrier. At ultra-low tempera-
tures, the available thermal energy to activate these dislocations
is even more limited, so the Peierls-Nabarro barrier is expected
to be larger still. Consequently, the yield strength increases fur-
ther as the temperature decreases, and its temperature depen-
dence also becomes more pronounced.

As aresult, LPBF 304L has a higher initial dislocation density

4 K tensile properties/microstructure of LPBF 304L

and contains more nano-inclusions, which leads to a higher
thermal constant (0,) and thus a higher yield strength at room
temperature. This also increases the Peierls-Nabarro barrier,
thereby raising the temperature-dependent constant (o,) of the
yield strength in LPBF 304L compared to conventional 304L.

3.4. Deformation behavior

Fig. 4 shows the deformed microstructure of LPBF 304L after
tensile testing at 4.2 K. IPF map for the deformed specimen at
4.2 K reveals that the original grid-like grain structure evolved

¥ — Austenite 65.2 %)
@ - Martensite 20.9 %
€ — Martensite 2.0 %

“Schmid Factor
{111}<110>
027

{111}<110>
0.27

Fig. 4. 4.2 K Deformed microstructure of LPBF 304L. (a) Inverse pole figure (IPF) map, (b) phase map, (c) geometrically necessary dislocation
(GND) map, (d) Schmid factor mapping (red: FCC phase, blue: BCC phase). LPBE laser powder bed fusion; FCC, face-centered cubic; BCC,

body-centered cubic.
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into numerous deformation bands as strain was accommodat-
ed (Fig. 4a). In the phase map (Fig. 4b), these deformation
bands are predominantly identified as the BCC phase, with a
minor presence of the Hexagonal-closed packed (HCP) phase.
It is worth noting that the volume fractions measured were
65.2% FCC, 20.9% BCC, and 2.0% HCP, respectively. These
BCC bands are primarily generated by deformation and are in-
dicative of strain-induced martensitic transformation (SIMT)
[24, 25]. In stainless steels with low stacking fault energy (SFE),
SIMT is known to alleviate strain concentration and promote
more homogeneous deformation [26, 27]. Given that SIMT
typically occurs in stainless steels with SFE in the range of 15—
20 mJ/m* [27-29], it is evident that the primary deformation
mechanism at 4.2 K in this material is the transformation to
HCP or BCC martensite, facilitated by its low SFE. Fig. 4c pres-
ents a map of geometrically necessary dislocations (GNDs), re-
vealing a substantial density of dislocations with an average
GND density of 9.32 x 10"/m’. The GND density is notably
higher near the BCC martensite regions, suggesting that the
BCC martensite effectively impedes dislocation motion. More-
over, BCC martensite formed where the dislocations concen-
trated. Furthermore, the Schmid factor map (Fig. 4d) presents
how well the external load (primarily in the tensile direction) is
geometrically aligned with each grain’s active slip system (or
dislocation activity). A higher Schmid factor indicates that the
slip system more readily contributes to deformation. SIMT at
4.2 K shows that it activates the slip system in the BCC region,
which in turn relaxes the stress concentration in LPBF 304L, al-
lowing for more uniform deformation.

4 K tensile properties/microstructure of LPBF 304L

To further elucidate the deformation mechanisms, ECCI
analysis was performed on the deformed specimen at 4.2 K.
Fig. 5 shows ECC images of a tensile fracture surface obtained
at 4.2 K. Here, we present ECC images from a region exhibiting
partial SIMT (a) and one predominantly undergoing SIMT (b).
For the partial SIMT region (Fig. 5a), numerous dislocations
and stacking faults are visible in FCC domain where SIMT has
not yet occurred. In contrast, the region to the right of the
dashed line is characterized by abundant HCP bands and local-
ized BCC martensite formation. This observation is consistent
with the EBSD results in Fig. 4 and clearly illustrates the evolu-
tion of dislocation behavior before and after SIMT. On the oth-
er hand, the ECC image reveals that LPBF 304L has a low SFE
yet still retains some FCC domains. This outcome is likely due
to the presence of numerous micro-defects, such as pores, in
the additively manufactured material, which impede further
progression of the SIMT and lead to premature fracture, leav-
ing a portion of the FCC domains untransformed.

Fig. 5b provides a detailed view of the nucleation of BCC
martensite, further corroborating the role of dislocation accu-
mulation and SIMT in the deformation process. ECCI observa-
tions across multiple regions reveal that BCC martensite nucle-
ates and grows via SIMT within a single HCP band. Although
the exact nucleation sites of the fully developed martensitic re-
gions cannot be identified, this transformation behavior differs
from that typically observed in conventional STS under cryo-
genic conditions. it is generally reported that SIMT of STS re-
sults in BCC nucleation at the intersection of HCP bands [30,
31]. Ho et al. [30] and Kruml et al. [31] reported that at low

Fig. 5. Electron channeling contrast (ECC) image of a tensile sample deformed at 4.2 K showing (a) dislocation behavior and (b) strain-

induced transformation.
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temperatures, due to the low SFE, a perfect dislocation splits
into two Shockley partial dislocations. The migration of these
partial dislocations leads to the formation of HCP bands by in-
troducing stacking fault. They also noted that the BCC marten-
site, which forms between two HCP bands, does not transform
directly from austenite (FCC) to martensite (BCC). Instead,
austenite first transforms into the energetically stable HCP
phase, which then transitions into BCC martensite at the HCP
band intersection. However, in the case of LPBF 304L, BCC
nucleation occurred within a single HCP band, which differs
from previous reports [30, 31]. This is likely due to the low ac-
tivation energy for BCC martensite formation, which results
from differences in the degree of activation of the slip system
and austenite stability [32-34].

4., Conclusion

In this work, the ultra-low temperature (4.2 K) tensile prop-
erties and deformation mechanisms of stainless steel 304L
manufactured via laser powder bed fusion (LPBF) were investi-
gated. The summarized conclusions are as follows:

1. The LPBF-manufactured 304L exhibited a significantly
higher yield strength at 4.2 K compared to conventional
304L. This enhancement is attributed to the high initial
dislocation density and the presence of nano inclusions,
which increase lattice resistance to dislocation motion.

2. The LPBF 304L exhibited a greater temperature depen-
dence in yield strength compared to conventional 304L.
The Peierls-Nabarro barrier, influenced by initial disloca-
tion interactions and nano inclusions, contributed to this
effect, highlighting the material’s unique response to cryo-
genic conditions. In addition, a discontinuous plastic flow
(DPF) was observed at 4.2 K, which was attributed to dif-
ferences in the intrinsic physical properties.

3. Both HCP and BCC martensite phases were observed in
the deformed microstructure, confirming that SIMT plays
a critical role in the plastic deformation of LPBF 304L at
4.2 K. This transformation helps accommodate strain and
contributes to mechanical stability under extreme condi-
tions.

4. Unlike previous reports where BCC martensite nucleates
at the intersection of HCP bands, this study observed BCC
formation within single HCP bands in LPBF 304L. This
distinct transformation pathway requires further investiga-
tion to fully understand its implications on mechanical be-
havior.
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5. The superior yield strength and deformation characteris-
tics of LPBF 304L indicate its potential for applications in
cryogenic environments, such as hydrogen storage and
aerospace structures. However, its reduced ductility and
susceptibility to microstructural defects must be carefully

considered in design and processing.
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A hybrid energy harvester that consisted of thermoelectric (TE) composite film and electrospun piezo- Revised: December 24, 2024
electric (PE) polymeric membranes was constructed. TE composites were fabricated by dispersing inor- Accepted: December 30, 2024
ganic TE powders inside polyvinylidene fluoride elastomer using a drop-casting technique. The polyvi-

nylidene fluoride-trifluoroethylene, which was chosen due to its excellent chemical resistance, me- *Corresponding author:
chanical stability, and biocompatibility, was electrospun onto an aluminum foil to fabricate the ul- Kwi-I Park

tra-flexible PE membranes. To create a hybrid energy harvester that can simultaneously convert heat E-mail: kipark@knu.ac.kr

and mechanical energy resources into electricity, the TE composite films attached to the PE membrane

were encapsulated with protective polydimethylsiloxane. The fabricated energy harvester converted *Hyomin Jeon and Cheol Min Kim
the outputs with a maximum voltage of 4V (PE performance) and current signals of 0.2 A (TE perfor- equally contributed to this work.

mance) under periodical heat input and mechanical bending in hybrid modes. This study demonstrates
the potential of the hybrid energy harvester for powering flexible and wearable electronics, offering a
sustainable and reliable power source.
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2 N,N-Dimethylformamide (DMF) -&tljo]l &aiA]# A7|3At
£ ol&sto] Ul FEHRIS A&ttt o]F Polydimethylsi-
loxane (PDMS)E ©|-83t0o] HoZ07 FHF|FI FAsIaL Al
%74 Sl stelBYE FH-4A oA sHIAEE Al&skeich
xﬂ?ﬂ-ﬂ @]X—] JJJE,Q_ o 7] EX ug7]- XT-x]E" O]_Q_’o‘]—o:] xﬂﬂﬂzﬂ
(Seebeck coefficient), A7, T+ E|(Power factor)S H7t
skt A FA-4A 0}01 Bt ofuA] SHAE = 84
Q1 2% 71 YoM B9 HIAEES Jdste] &9 MG I A
=2 =X 0]—93\]:]—. 1?_1—_@“75‘ o] Z3] Bﬂ%EO]— O]—X—]XJO] }5:]_7]7(—] =g8o

= = JESRCIR = STEaE
FAIBHAAL, FH 4 VO] AAH 0.2 yA2] AFE SASHAH
5000%19] ¥h 9] WPl S4ak 7L el

m~ﬂ

2. Experimental Section

2. Ay
2.1 Bi,Te; 7|2t9]
OFAE(Acetone, »99.8%; Daejung, Korea)Z DMF () 99.5%;
7:39] AR 2 St Emo n-typed
Bi,Te,,Se,; (BTS, VI Semiconductor Materials Group Co. Ltd,
China), p-type9] Bi,;Sb,;Te; (BST, VI Semiconductor Materi-
als Group Co. Ltd, China) ¥% 121 PVDF(Kynar Flex-
2801-00, Arkema, France)E 7ol wHt7|E o]l 2441t
ol wHIAA Eafistitt. 29 4 52 "= E€d 5
A& AAst7] s Ed 2o K70 - 85 wid)oll wheh £33
Al &HZ A&t A2 §4S =& 714" (Drop-casting)
S B AlEE 3x 3 em® 2719 R 71Eejol 22 mxskaL
70°C 220]A 247t o] AZx5to] EH EBE2 sk

B S EE M=

Daejung, Korea)s
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2.2 M7|UA SHEE 0|8 U™ HE 2l M=

P(VDE-TrFE) (PVDE:TrFE = 70:30 mol %, Poly-K Inc.,
USA) 28-S otXlE3 DMF7} 7:39] A= S3bd |l
715kl 50 TONlA 24A17F oA} wHkste] 15 wt% P(VDF-TrFE) &
HE Aottt EFulE 7ol 15 kv AgS A7HF 1
mL - h'9] §Fo 2 H7|HPAL 34 FFetH oy, FUt Ui
HEH IS A7 Yl 574 T Sk 30% °l5tE FA|5kALE o]
T A7ARE Ui WEH RIS 80T o] QEA 24417 oJAf A
Zoto] R &uiE A ASEI 2 H, 145TC A 2417t Bt EA =
sto] H714 A4S FIAA oA Ui WE /1S skt

2.3 GM-UM 7]HHO| 510|E2| = Of|LfX| SHAIAE] K=

H2517] Qe 4 e WEF QL 9o
% PDMSE FGHH. o]F Yz HEF
&S n-typed p-type AR 34 vl
g S U(Foil)Tt M o ZAIE o]&5}
Ho= dAgstglon, dAd 9 4H A7) A5
£ Egol7] 9Iall shlAE 9 A-shie] Ak ol ZA(CW2400,
Chemtronics Co.)& ©l-&sto] 24 AZstith A Yo
ABEgela 94 458 BosiF7] Ao 44-94A stojue=
SHAEE PDMSZ E.3(Encapsulation)st¥itt. o5 #|2He sf
olB |t ofA] SHIAH O] P 5 T Il R A71EES
Bl FAS WH9 E5S 3 PR MEe fdote Y
(Poling) 3782 AP0, 100T A 200 kV/cm2] AL 44]
7k 53t 17kskgT

)
i)
:

(@)
()
()
o
3
B
[6%]
()
B
1o
BN o
(S
lo

o
4o
=
Y
i
ok
e
N
= )
g

2.4 27 24 2 E4 Hot

XA 318 £4(X-ray diffraction, XRD; Empyrean, Malvern
PANalytical, UK)2 &l @4 £29] 275t 725 &2kl
on, 34 9& 9 A U WEHRIY nY AT FAE I
st7] {8l F=AFA R (Scanning Electron Microscopy, SEM;
JEOL, JSM-IT700HR, Japan) ¥4 48513t} AAT[E|(2612
B, Keithley), tHA'd &4 AA®(3706 A, Keithley), =2 EH|H
(3706 A, Keithley) ¥ DC H¢ &5 FA(GPP 1326, GW In-
stek) = 744 % 4-point Probe 715t 84 54 B7F Z*(TCH-
1, SnM)E AH&sto] dd ZEY Al A%, Y2 (Conduc-
tance) 3 T2/ E| (Power factor)E B7IoIRt. 4 TE0) H=
H 4719 2B Helo] AxK(Peltier device)oll 28] LEof
A B 2= Aot AR A= &7k, olF B9 @4 52
A AlG=eF A EA(Conductance) 71 AAIZEO.Z AklE|o] 7
FE 7S AR SEE AYEA ghol Z2HE 71

Aol 53 F 94 BB GUHOE Lhro] A2, 1ol
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Bl A A% AR} A7) A= RS Foto] ARSI
2

)
)

d YA sHIAE Q] 714 ASE Hrkeh] Yo Ed
A s 578 ALEE 501 94 A1) oF dofl 2= FHH]
£ FAs517] Yol sHEF o] E(MSH-20D, Daihan Scientific) %
Yz A= (RW3-3025, Lab Companion)E ©]-8-5t0] 1124 9l
AEE Ptk dAE fAF LEAE AHESte] et &
Lapol 5 AAIZte g gelstlon, AFHA(RS-200 W, IET
Labs, Inc.)E &3l 1k Q~1 MQ #9]9] LHEAFE 224 Q17}st
itk £A0[E (2612 B, Keithley)E & /== HoF A7t &
U= BrrotloH, 2210 £/ FoldaYgy AR = 39l
o Z=&5Hleh

o
9 ouH) 240) 4 ETe) 29 AL L ARE 2H]
A

F71421 23 W9E 7iete] v
EHIAEE sttt A4E 7] AS= HAAS7](Electrome-
ter, 6514E, Keithley, USA)E ©|-&3f AR =|o] AATtO=E 7|55
Aok S8E A714 A7t A aAke] 4 atof] ofjt Anke
= gRlsty] ol A4t AA 54 A2 RHR Adst] &

gok= 33 29A Bl AE(Polarity switching test)s =335t}

2.7 70 AXI| 510|E2|E K| SHHIAE M5 Ht

A BA-9bd sfolBE|E 2410 52 78] f1s) A
A B 54 AAES EEt vhEAo| F7]2 HF HA
EZ 109 Mg¥ste 71E g YzhS S0 24 E sk o]
o e A7) As= AAS7E B3l AA =] SA-44d ot

[
o|BZ|E Aol A A HF A Ado] A=A,

3. Results and Discussion

3.1 HZE ST S&H LEn &4 HEy 2l
Fig. 1(a)o]l 4 L5 A= Ho] tigt A= Uehigl
PVDFe} ¥4 g S¢ote] I 234 84S AZst, o]
£ f9 71Hol #YsHA Zasto] {ATt
th. Fig. 1(b)= P(VDF-TYFE) &4 e W E#H Q13 G- of
o|BZ|E o7 SHIAE 9] A2t FAgol T3t HAEE RS

o 24 9 b EAaAet sto]He|E o] shE|A
o AlRFE2 A ol 71&skch

Fig. 2()= A2 n-type ¥ p-type 24 BE] XRD &
5 yebd Zolch AbgE BSTE BTS 272 mfele
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Fig. 1. (a) Schematic illustration of the procedure for fabricating the thermoelectric composite film. (b) Schematic diagrams showing the
fabrication process of electrospun P(VDF-TrFE) membranes and hybrid energy harvesters based on thermoelectric films/piezoelectric

membranes.

]CPDS 50-0954, JCPDS 49-1713¢] 7154 m=Ea 4

0° F<Lol4 PVDFY| #a7} YA Uettes A& i}‘ﬂ%}‘aw
Flg. 2(b)= P(VDF-TrFE) Ui HE Q19| SEM¥} XRDEA] 23}
£ Uepd Zlolt}. SEME 53 P(VDF-TYFE) Wi HE#H 10 1
S T A, A7 FA9 Ui A7 AR S gelst
Act. 4A Ui WHERle] XRDEA A}, 19-20° ZA A A
9] 13E Yehf=t, ol (100) 24 A= 3] -0 3
FEtch. P(VDE-TrFE) We 9B Q1 A& 13 A7 AL 5740
17RYo] QI7tEEd], ol P(VDF-TYFE)9] £4 A& £3

2

/\’] al
o Wi A17]7] el B trehs W0 Bt 24
Z7KS 21 4= k. Figs. 209 2(d) &= SEM B %t &
A e W f B olu| S Uehiic. A% 24 B3 BE
2 9 100 ym A A= A0 BlE|glon], BST 8 BTS &
A o] 7140 AAH 02 & BAES Selg 4 Ugich
3.2 93 23 TW2o| ¥H £4

H LU o] mE 94 Wl 4% HAst 19
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4-point probe 7|5te] AH 574 B7F HAE ol &3 2 EF2
A7, A Aot whHE S S5k Figs. 3(a) 2F 3(b)
= n-type A E3kHo] dAEA ZAHZS YR
251.3 uV/K9] A A2} 0.633 S/cme] M7 M =Z=7t ZH= 9]
a1, 75 wt%olA o SIHEE BT Figs. 3(c) ¢ 3(d=
p-type®] &A EIHA I 54 SRS Ul A
-196.4 uV/K2] A A} 0.82 S/cm2] A7 HAEE7F S =)
o1 p-type E3F 75 wt%ol A o st HE S Hitk 2 BT

91 75 wok 01459 eI B S5l s S
QIth. o] ATH: L Y S A DA BYA A9
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wo] g5Jo] WAlsle] A wgo] FABS ol

3.3 510|H2|= O|L{X| SHIAE|S] Tl Wi AS W7} Za
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=
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Fig. 2. (a) X-ray diffraction patterns of thermoelectric composite films and inorganic Bi-Te-based particles. (b) Scanning electron microscopy
(SEM) image and X-ray diffraction patterns of the electrospun P(VDF-TrFE) fibers-based membrane. (c, d) Cross-sectional SEM images of
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fabricated n- and p-type thermoelectric composite films.
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Fig. 3. Absolute Seebeck coefficient, electrical conductivity, and power factor of thermoelectric films with various n-type (a, b) and p-type
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Fig. 4. (a) The voltage-current-power curves of the fabricated devices. (b) The mechanical stability test results of piezoelectric and
thermoelectric parts of the flexible energy harvester during bending up to 5,000 cycles. (c, d) Open-circuit voltage (c) and short-circuit

current (d) characteristics of the piezoelectric component.
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Fig. 5. (a) Schematic diagram of the measurement system for characterizing the thermoelectric and piezoelectric energy conversion efficiency
of the fabricated energy harvester in hybrid mode. (b, ¢) The measured short-circuit current (b) and open-circuit voltage (c) of the hybrid

energy harvester under periodical heat input and mechanical bending.
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Energy harvesting has become a crucial technology for sustainable energy solutions; in particular, the
utilization of ambient water movement in hydrovoltaic generators has emerged as a promising ap-
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proach. However, optimizing performance requires an understanding of structural factors affecting en-

ergy harvesting, particularly capillary effects. This study aimed to improve hydrovoltaic generator per-
formance by adjusting internal fiber density, which influences water transport and ion mobility. Using
cold isostatic pressing, cellulose acetate (CA) loading in a urethane mold was varied to optimize inter-
nal density. As CA loading increased, the fiber arrangement became denser, narrowing capillary path-
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ways and reducing proton mobility. While open-circuit voltage (V,J remained stable, short-circuit cur-

rent (/s decreased with higher CA mass. The sample with a loading of 0.3 g exhibited the highest en-
ergy harvesting efficiency, achieving lsc = 107.2 pA, V,c = 0.15V, and power (P) =
provides insights into methods of improving hydrovoltaic generator efficiency through internal struc-

tural modifications.
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2. Experimental Section
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Cellulose acetate @ @ @ @ Q

L:30mm,®:7.5mm ’

Preparation of mold and cellulose acetate Cold Isostatic Pressing (CIP) Sample after CIP process

80°Cfor10 h
T4 o

Vi

Isostatic
press

“10s

Coating solution
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DI water ’ -T“um oV er »

Carbon black

+ /J
Surfactant /

>

Preparation of coating solution Dip coating process Drying process at 80°C for 10 hours

Fig. 1. Schematic of the fabrication process for the cellulose acetate-based hydrovoltaic generator (insertion of cellulose acetate into the
urethane mold, cold isostatic pressing (CIP) at different masses, conductive dip coating, and drying at 80°C for 10 hours).
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Fig. 2. Experimental setup for measuring the performance of the hydrovoltaic generator.
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Fig. 3. (a) Photograph of cellulose acetate before processing (L: 25 mm, @: 6 mm) and chemical structure of cellulose acetate. (b)
Transmission electron microscopy image of black nanoparticles (inset: carbon black powder). (c) Nitrogen adsorption-desorption isotherm of
carbon black. (d) Schematic of surfactant-assisted dispersion mechanism and molecular structure of cationic surfactant (CTAB). (e) Fourier
transform infrared spectra of cellulose acetate, carbon black, and carbon-coated cellulose acetate (generator). (f) Zeta potential distribution of

the conductive solution.
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Fig. 4. (a) Schematic illustration of the transpiration mechanism in nature and its application to cellulose acetate fiber microchannels. Water
absorption, capillary flow, and evaporation contribute to ion movement and energy generation. (b) Scanning electron microscopy images
of cellulose acetate fibers with different mass conditions and ratios of fibers (0.3 g, 0.4 g, and 0.5 g), showing variations in fiber density. (c)
Mlustration of ion transport within cellulose acetate fiber microchannels under different fiber densities, demonstrating the effect of mass on

moisture capillary and charge distribution.
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(L) (b) Open-circuit voltage (V,.) measurements over time for different cellulose acetate mass conditions. (c) Effect of cellulose acetate mass
on the power of the generator and photographs of samples (0.3 g, 0.4 g, and 0.5 g).
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Extraction of MgSO, from dolomite and synthesis of Mg(OH), in

Bittern
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Synthesis of high-purity magnesium hydroxide using dolomite and bittern is important for use in vari-
ous applications. We synthesized magnesium hydroxide using bittern and dolomite, which are domes-
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tic resources. In Bittern, there is a high concentration of Mg® ions, but the impurity Ca** ion content is

also significant, requiring a purification process to remove it. There are two main methods for this pu-
rification. Firstly, there is a separation method that utilizes the difference in solubility between Mg*"
ions and Ca*" ions by using sulfuric acid on dolomite. Adding MgSO0, solution from dolomite to Bittern
removes Ca’" ions as CaS0,. This process simultaneously purifies Ca impurities and increases the Mg/
Ca ratio by adding extra Mg®" ions. In this study, purified bittern was obtained by using dolomite and

*Corresponding author:
Yoolin Kim

TEL: +82-31-645-1427
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E-mail: yjkim@kicet.re.kr

sulfuric acid to extract MgS0,, which was then used to purify Ca®* ions. High-purity Mg(OH), was syn-
thesized by optimizing the NaOH and NH,OH ratio as an alkaline precipitant. Mg(OH), synthesis tech-
nology made by effectively removing Ca ions from dolomite and bittern can contribute to domestic pi-

lot production.

Keywords: Dolomite; Bittern; MgS0,; Sulfuric acid; Mg(OH),

1. Introduction

FASPE I (Mg(OH),) W AA19F Aok 4199 daz
ARG ERE 7] AlmolH, A4 Al EkEC] EatE A SRS
o] doju7] o] FAA=A F=i= =Holtt. [1-3]. Mg €
B oot FERRE 4, 3ok oY, AW S HHe B
3 &2 = QltH4, 5). WA B2 FEYUE 2= Magnesite(Mg-
CO,)2t Dolomite (#2-4], (CaMg(CO,),) 5°] Slct. HL4e
SEUolA A2 S A Hles FEALCRE Wik, R,

https://doi.org/10.4150/jpm.2025.00073
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A 5o8 AREEL 9lom, 3R CaCO,2 MgCO,7t
Fid 19] &2 =3k o] QIoHl, 6]. wehA e W Mg™ A
g o]&at7] YafA] 2 HR9 Ca” FFE Alolske Zol &
[t} FEALY] H§- AR o83t o F WRo] d¥tHolr] o
ol Ato]w A FArdol gt &of ZolE o] 8T &
H,S0,%E °l&5to] Mg™ & S04} gitt. o]= A4 ¢
Aol ZPAIA Mg(OH),E B 5= QLo Ao 3t
Feol2 59 E4E ol 5ol 9df 1= Mg(OH), & 2471
o} E¢EES0] X HollE Mg(OH),= thet $-849
o] &7 o, olo] 7H8ALES o83 98-99%9] 1
Mg(OH), 9] &3 & A7]%0] Atdol E asir}. thE Mg 3+
el 8= ClI'a Na* o]20] 7Hg gho] Zgs]o]gl3 Mg™ o]

L 12 of

9]
o r|r

il
)

o Ao
@£

%
H1 oo

gL

https://[powdermat.org



HyunSeung Shim et al.,

9] geFo] A7] wgol AAFRA T ML F2 == A 5
Zo] " Qsirt(7]. o] 7 sfrol| 4] o] 2w eHS 55 Na*
75t -gjo]H, s H]E] Mg™ o]0 s%E|o]
2 H]&o| siHEt JhH 0= o} HA|7F a5t
t}. 0|23t Ca™* o2& A Ash= WO R2E SO, & H7hste, 1t
4 4l Ca* 0] 2 SO, 0] 23} HF-EA|A 0|54 1 (CaSO,-2H,0)
2 JAAA AAT S QlTH4]. o]F Ca’ o] AAH 7k 9714
A7AA (NH,OH, NaOH )& 37l Mg(OH),E 42 + AUt
[71. 2k Wl Mg 3} Ca™*2 Z7gstol glol pHY H3FS W],
o] £ 49 IA=E pH7F hEERE 37 7+ A% pHY| A3t
o} {47 Mg(OH), «==°] 310 523+ 84o[chs].

ol 7= Mg™ o] & HIFAR WAy} 71545 o] &3] a8

20 g Mg F& % Ca™ AASH 1&&9 Mg(OH), Fgsk=

ATE AFYsteiet. W3t H,50,5 ol-&sto] +5H MgSO, &

7ol F7ksto] Eof tigh &=t ¥ CaSO,E IAAIA
(Bittern + MgSO, — MgCL, + CaSO,2H,0 }) Ca™ E+ES %
Alstaict. 7hpo] WA oA F=EH MgSO,E X71sHH H,S0,&
A7t ol o} 2 pH A& &9 A7 A4 AMEE &
A & 9lo, 79 Mg™ o] TS TUMIA BEHY &= F

7tell 71 = it

2. Experimental Section

2.1 M=z 2 247171

H1-2-A]2 DAIA] S tot HA4e] B 2-AS T A= U(Pulver-
sette 12, Fritsch, Germany)< ©]-8df tA3 7H4& & ¢
A} 27|15 2438193, ©]F Particle Size Analysis (PSA, LA-
950V2, Horiba, Japan)&4s &3l &Ittt FAA = 4
& % o2 S EA51] s HARIA Bgof ARE-sh3itt.

H,S0, (H783hs, 95 %)= S7TE 183l et = F314

Table 1. Reaction condition of H,SO, Dolomite

Extraction of MgSO0, from dolomite, synthesis of Mg(OH), in bittern

ARESFRT. 570l AR Al NaOH (94t} 50 %)<t
NH,OH("4F2te, 28 %) AH&8IAT. At 4 A=
X-ray diffraction (XRD, Model D/Max 2500, Rigaku, Japan)<
£3)| Cu-Ka radiation (\ = 1.5406 A)2.& 10° - 80 °2] 24 A9
oA 4° min" 9] FAREE AAHAFE EA451% 01, X-ray fluores-
cence (XRF, Model S1 TITAN, Bruker, USA)®} Inductively
Coupled Plasma Optical Emission Spectrometry (ICP-OES,
Model SPECTRO ARCOS, Thermo Fisher Scientific, USA)=
BEZ B4+ Transmission Electron Microscope (TEM,
Model CM 200, Philips, Netherlands)& 53 &4-2 715t}

2.2 H,S0,2 0|23t Mi2M L Ca® MAH X MgSO, £&
ul.9-4 0] JE B4E fJoto] ICP 9 XRF 42 AAI5HT.
A A3 w24 W Mg”, Ca™* o] FAHEE o1 AT, Mg™
S A7) 9I5f Ca™ Eej7F "asitt webd 28491 Ca¥ AASE
lste] thEat 22 A9 JgPstelt). WA H,50,2 BHA
71 A31(CaSO,)F e 7t 14| A= HA= o] Wed W Ca™'&
AAZ = ATK1).
o))
CaCOj3 - MgCO3 + 2H,S0O4 — CaSOy4 |
+ MgSOy4(aq) + 2CO; + 2H,0

o]z 2ol Tjgt CasO,2} MgS0,] B3I ol 2 o] gt 1
o LA Mgs0,8% A4S 913 cherst 4% AN 4
#& AT Table 12 WA H,50,9) SES 24sle]
URSA1Z1 A9 EA0l ol JhA] Med B KAEE e
o ol Wene g WA Mede faau(pul-

versette 12, Fritsch, Germany)Z 53] 100 um ©|3t2 £25}0]
B FHE ARSIt
Condition 1 (sample 1~3)oA+&= 9] Ca™* A &S

Condition Sample Dolomite (g) H,SO, (%) (Doi\ggieter:alflljs 0,) Stirring time (h)
I 1 10 1 1:2 24
2 10 5 1:2 24
3 10 10 1:2 24
1I 4 5 5 1:4 24
5 10 5 1:2 24
6 15 5 1:1.3 24
it 7 10 5 1:2
8 10 5 1:2
9 10 5 1:2 6
10 10 5 1:2 24
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= H,S0, skol s 212} sttt W43} H,50,9 &
H&Z 128 1783 Aol A k= H,S0,9] HAE 5&& o
27 sto] A4S HFstATt 10 % H,S0, 4L olgate 1, 5
% H,S0, &M A x5kl o] & WA 10 gofl 713t F 24417 &
QF wrkske] MgSO, 8HE A &5ttt

Condition II (sample 4~6)01A41%= 2|29 Ca™ A|A &L Ue}
W= 247t H,50,9 vl 2Harat okyltt. H,S0,9] 5% 5
%2 175kl W24 9] K5, 10, 15 g2 ZAst0] W47} H,S0,
o] ErleS 2. o] & 244t Bt wHksto] MgSO, &%
< Az

Condition IIl (sample 7~8)°IA1= &9 Ca™ AA &&& U
B 243t H,50,9] ¥HeAIZHS 2a1A) shoich WA 10 g
ol H,SO, &% 400 mlE Z7Foto] ¥HSAIZH2~24 h)S =&t
o] pHoll T2 Mg™ 0] 29| & 153t} o] - 24A17F B2t 1
vtsto] MgSO, &4 A|=5}k9iTt.

1-8¥ ME 1% WHkE300 rppm o2 WHEste] §RE-A]7] 1L o]
%, 8000 rpm o2 1027 UHEF sl AHEE 6 d2

MgSO, &2 ICP-OESZ AES 243513}

Fig. 1 W3} 715 &850 1% Mg(OH),E +5
ohe W] mALoltt, WM} Zh4o] 2 Fol9lE Ca’'
AA}7] flote] A= B2 Fejo] We-4-E H,50, 8o ¥
11 CaSO,Z A AlA ¥4 9] Ca™ & A|AsH= g7, FH
A= 0]F Aozl MgSO, &ML 7kt §hgAIA 7k 2] Ca™
< CaSO, FHE A A|A AASH: Zgolrt. uprEto R Hdof
%1 MgCl, 8ol NH,OHE F7Fsto] Mg(OH), & 5513t

ﬂl

i

2.3 MgSO,2 0|28t 7t L Ca™ |
240] 42 $42 95to] ICP L XRF 242 A5
A A3} g5 v]3] B2 v]&2] Mg*, Ca’* o]2°] I

Mg"& &7] 9gt Ca™* B&j7t Dasitt 7k 5 Ca™ ol

&
5]

ot
3R
=

A

flo
fo

Dolomite
(CaMg(CO5),)

M92+

CaS0,(S)
_—

Cl-

Ca?+

Sea Bittern

Extraction of MgSO0, from dolomite, synthesis of Mg(OH), in bittern

102 AAsH] Y3l (H,50, &) MgSO,E ol&sttt. 7+
W Mg/Ca ¥1&S& Z7H1A 1&E MgSO, S AlZstoict. 7o
MgSO, & H7IotA =™ £ gt §3=7F ¥ CaSO,

(0.255/100 ml)}= FHE 0] Ca™ FES THAAZ & QlTHI] ().
@

Bittern + MgSO, — MgCl, + CaSOy - 2H,0 |

ojuf A1t MgSO, &2 A AgolA HHsiet oz,
5 %<] H,SO,2F H-2-49] EH]&-S 1122 447k wytseto] Alx &
ZHe9t BREAIA CaSO,E #eloto] tZs 145 AxsH3rh
o] Zkoll H71ste] 300 rpmoll Al 2A17F B2t wHHS: ZIsYst
t}. 0% 8000 rpmO A 1087F YAl EE]5to] Ca*o] HA|E 7k

2 Azt Ca¥'ol FAE 714k ICPE HEL B4}

2.4 Ca”0| HHIE k01 H7 1A HHE H7I5101 Mg(OH), HIZE
Mg(OH),= 7Frell d7178 JAAE H7kskd 47118 22 W
©] OH-0]20] 7= o] Mg* o] 2¥} ¥-&-5to] Mg(OH),2| &l
2 JHEH0G).
®)
MgCly + 2NaOH — 2Mg(OH), | +2NaCl
MgCl, + 2NH,OH — 2Mg(OH), | +2NH,Cl
Mg(OH),9] < flsll Ca’o] HAIH 2ol A7 A
¢l NaOH® NH,OHS| EH|&S 128 sto] 22 £ < 300
rpmOlA] 241759 F85] wRES M ystoict. whgol Bt A4
£-2 8000 rpmOlAl 1087F YaEste] JAES At A
E2 SHSE AREoto] 23] AlAS oiolth AlAo] daE BAE
AZ719141 24417 B A2 F H20] Mg(OH),
. 53t Mg(OH),= XRD, ICPE 53] A+

¢

o it
SC LA

il

CaSO,(S)
)

/e
333

Mg(OH),

(\

Fig. 1. Schematic diagram of the process of obtaining Mg(OH), with dolomite and sea bittern.
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Table 2. ICP-OES data of dolomite provided by 4 companies

Extraction of MgSO0, from dolomite, synthesis of Mg(OH), in bittern

Component (wt %)
e €0 MgO SI0; ALO; Fe.O; (Exceptzztrall\/lg Ca)
w 30.6 21.3 0.33 0.21 0.17 0.71
K 30.5 21.7 0.22 0.12 0.09 0.43
S 30.9 21.3 0.21 0.18 0.14 0.54
D 30.8 21.6 0.15 0.08 0.08 0.30
Table 3. ICP-OES data of bittern and seawater of company H
Component (wt %)

Sample B 2 2 2+ = +

Cl SO, Ca Mg K Na
Sea water 1.93 0.27 0.04 0.13 0.04 1.07
Sea bittern 16.82 0.006 1.66 3.30 4.21 2.65
Sea bittern/Sea water 8.72 0.02 41.5 25.4 105 2.48
Table 4. ICP-OES data for MgSO, at different sulfuric acid concentrations
Sample (H2.0,) Component (ppm) . Ratio (%)

Mg Ca Si S Mg/Si Mg/Ca

1% 1304 529.8 5 2001 260.8 2.46
5% 3288 651.2 8.6 12110 382.3 5.05
10 % 3357 703.4 9.1 33310 368.9 4.77

3. Results and Discussion

I
1z

A

[=)
|

L

=
9= 2421

3.

-
_

g AEo] M@ AT LS o]-85to] 1 m ofstE R4t
%At Table 2 2 245 W4 9] [CP #4] ZZ}oltt. CaO=
30.5~30.9 wt%, MgO+= 21.3~21.7 wt%2 #-2-49] o] 24 g}s}
Z/37} S5t =JotH10]. 4719] SIAZRH
A TEOE 42O FHEATHE EEE SO, ALO,, Fe,0,7F &4
Skt o] F DA R4 9] F&48HE E&E(Si0,, ALO,,
Fe,0)59 AL 0.3 wt%Z 7P WA S3E AL AT =
ASiTh wEbA 1= Mg(OH), ARE g MgSO, &9 Az
Aol &5 AA 7} o2 Si0, TFo| 7Fg 22 DALY W&
A& R8-SR

i)

4

UL WA

3.2 7t 42 Bz}

A4t 5E ol 2RBLS BIHAA Na'E AF 523 89
o2 Mg olo] FARolth 7H4:0] e Fohy] 9stol
ICP #41 % 0] L 2SIk Table 32 45 2 7149
ol & g sl Tl k40] SRS WIS B4 Afolct. 14
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Aol B2, 7 Mg™ 0] 3.3 wt% 7HA 1L 9191, Ca™,
K' 0]2 5 T2 B8 T3t tfo 2 el 28 FRIstqch
ol o] v Mg ol 25 4812 5= o] 9lo B T
Mg" ol 88707 F&o| 7Fsoltt. aHARt Ca™ o] 22 3]
& oiH] 415812 =2 v SR 2517 g2 Ca™'E A&H 0=
A A oF 150 Mg(OH),& Y& = Slth.

3.3 M2} Cot3H H,S0,2] S0 T2 MgSO,8% =&
W47} 1,50,9) 5HH2-e E) 14 42] CaSO,Z A7 5}
T 89 4o|MgSO,E B 5+ THA).
@)
CaCOg3 - MgCO3 + 2H,S04 — CaSOy4 | +
MgS04(aq) + 2CO; + 2H,0

£l thet &8=7t W& CaS0O,(0.255g/100 ml)= JHEHEE
Ca™ o]2& W7} H,50, 8HOZRE AT 4 Slck. £
gt B =7t A H 0= =2 MgSO, (35.1g/100 m)&= 8
ol /e & EAstn & 315} Hh-gof o]-85}7] Golsttt. °o]F %

Mg 0129 SEE F7H41717] A3 BH 02 4G 5 ek,
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WA W Ca™* AA F I&E9 MgSO, 84S A7] 943
H,50,9] &=, 247 H,50,9] mol H], ¥-g-A17HS Hststo] 3
7] A9e AFYsHATt. Table 4= H,50,9) vES 2HEslo] A
2 MgSO, &2 ICP AFto|t}. H,S0,9] &kol e Mg™ °]
2 ¥t ELEY ¥ dels] s s AES s}

Al7]11 FEE o]-&5to] CaSO, 5 AlAsHth H,80,9] s=7t 5
7¥obd BE 4] & go] F7Ih= A& Rl 4= A °]
£ F88S0,” o]0 Ca™ o] 23} HHE o]F7| ot 1 %
H,50,& AH&ol= A9, 4% A iolA 7P W2 A4 =
< Bt} ol= 5% H,80,0] W47} §EE-61A] ghof &)
7] g9k, o= FE3F H,50,0] BaFHS HojZEr}.

T3S % H,80,00 B8] 5 % H,S0,2 AH8dh= 45 Ca, Sit
9] st Z7FhE ERIE 5= Qlrt. ol H,50,9] %42 Z7t] <
o @ 2-Aof E3He
5] Mg™ 9] A%tk
A oA = AL IES 5= AT 5 %<2 10 % H,S0,& A&t
AS-5 BW F 5EoA Mg™ 3% T2 553288 ppm,
3357 ppm) 10 % =5 ARERE B Cast SiE HIER EEY
F20] 2% F7IES ST S Al 11 23 Mg/EwE vl

(Mg/Ca, Mg/Si)°l 5 %°l4 7Fg &8kt °l= H,80,9 5&=7t

Mg' ol & B335l7] et 520 5% H,S0, AH&°] Agee
1% &= Uit T, T HEollA 3HS) BE] & AolE 5 %
H,SOFto2® WA i Ca** A|AdE FEatthe A 5ed
gt

3.4 H,SO, 3} M2Mo| = H|F Moy M2 MgSO,8H &
HhS-2] (5)% Wie-4 0 2 HE] MgSO,2 $&511 Ca™ ol
AA}7] gt stehgrg-4lolct,
)
CaCOj3 - MgCO3 + 2H,S0,4 — CaSOy | +
MgSOy4(aq) + 2CO2 + 2H,0

o|2A o 2= WRAY H,80,0] 1:29] Hl&= RH33th 18

Extraction of MgSO0, from dolomite, synthesis of Mg(OH), in bittern

UM | BB} 71e 344, A9A 810 = Qls) AA| wt
SHIek= Apo|7t EAgict. whEbA H,S0,9] ¥ 2 Hoh= Ao
2 We-43t H,50,9] Hl&-S ¥stAA MgSO, &9 U Mg* ol
&g FRlstlet. Table 52 W43} H,80,9] & Hl&S 2435t
o] A2 MgSO, &4 ICP Aot} WL4of 5 % H,50,& 3
7Fste] 24 hr <t HRSAIA T CaSO,= TEE o]&3to] A A5}
Aot H,S0,2 o A7kt A-(HeA1} H,50,9] HlE 1:4) 7}
32 5= Mg 7 2 559 Cadt Si wEE EATh
H,SO, &= 11785kl W24 9] FZ 5 goflA] 10 g2 = &3
(W-2-A: H,50,9] Hl&o] 1:4014 1:28 #3}e off), MgSO,H
Mg™ 9] HEE 2871 SV AE Kot 3g MgSO, &2
Mg" 23 S ERIg &= Qlrt. w43t H,50,9] Hl&°] 1:4
A F2 Mg* o] ] 2 F& BE S Aotk B4
9] o] 10 gollAl 15 gO & 715t B¢, 58 Mg o9 5=
£ 938 #4Ast9oH, Ca, Si, 9] HrE S/ Belsart.
ol& WL 3} H,50,9] Hl&o] 1:1.3%] FLE g o w24
O 2HH Mg" JES HHTOR FE5]olE AL o9 5k
7b BE5ITHAL S 4= Qlck. Egh, whSof ARSE WA o]
37t HH] Ca 5E& AZ F7IRE Z& Hof Ca™* o AAd =
SEOHA ottt & 4= Qivk 1 A3} Mg tiH] 34 EwE9] Y]
&(Mg/Ca, Mg/Si) #4ot g}, wHebA] ¥@A7} H,50,9 Hl&
o] 1:227} H &% §RSA7]E o] Ca*'& HIET EaE TS J

£315He 229 MgSO, 89 52 g vl&olek oj ARt

0

[o]

3.5 H,SO it 2 M o] HESA|ZH| IE MgSO,8% ==
H,S0, -&9o] Soi3le= H|A o WA Bdg do] wiks
Foouch. et o g vEgAI7o] AojdE YHER] Heke
2 F7FoI, WESAIZE S7he AAd AStR oofxict. whehAf
5ol MgSO, 8 50 B
g 249 W RHAIZFE =&t gt Fig 2+ H,S0,7+
W40 Wk AlZte] @ pH WSt e xolch MgSO,9t
CaSO,= °F A714E WEE ¥HgSHHA pH7F S7Foke 2 &
A 4= A WEEAZEo] S71etel whek pHE 141704 1413
308714 F43] S715HAAL, 4413 o] % pHe 7.12 ASH| &
A=, o= $4F Y Helol sigetet. whebA MgSo, &4 &

Table 5. ICP-OES data for MgSO, by different molar ratios of sulfuric acid and dolomite

Sample (Dolimite:H,SO,) Component (ppm). : Ratio (%)

Mg Ca Si S Mg/Si Mg/Ca
1:4 3288 651.2 8.6 12110 382.3 5.05
1:2 6825 468.2 1.0 8039 6825 14.57
1:1.3 6246 514.9 1.7 8814 3674 12.13
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d& W, 4417t ARk A] giREe] HEgo] [RE e ol
Itk Table 62 WHE AJZHS: 2ste] & MgSO, 82| ICP

Ztolct. ¥hg A7} YJHE CaSO,= LEE ol8ste] AATA
ok ®EAIZE] 2417104 24A17E0 2 FIKRtel et Si skt
S7FeIATE 01919 U40] A Wt 247F o] % 2EE YA
Fol 2 Aol7} gltar wasiint. Mg/Si IS a5t 2413t
HHSShe Zlo] A9 whgAIZkoIL M4 W Si FFET Ca™
9] o] A EoF Mg” 9 AE=E HolEE 7 2 W
8900|188, Mg/Ca®] ¥l&o°] 7H &1L, WA o2 A1
< I3t 4A]3ho] HZ 9| Rl AlZtol2kaL e ¥
Zbol mhE /889 XRD 24 2HE Fig. 300 HER ATt st
AZto] 2417 7% oF4] W24 (JCPDS 83-1530)°] 8-31=14] &
of golle A& XRD peakE &3l AT & Qlrt. wHt AJgto]
4A| 7t oA HEE W24 0] XRD peak”t A=A 2L CaSO,(JCPDS
37-1496) peakit EAJst= 2 Kol Wi24o] &3] e A

< SISkt 2y ant AjZke] S71ES weE 0l S
7kst7] AlFekict. thget Ad M-S vEehlS o BTt

Ly cETAC

e

o)

pH
(6]

Time (hour)

Fig. 2. The pH data of MgSO, according to stirring times of sulfuric
acid and dolomite.

Extraction of MgSO0, from dolomite, synthesis of Mg(OH), in bittern

3.6 MgSO,= 0|88t 7t L Ca™ XA

7 Y Ca** ol AIASH] fIsf Eoll tigk CaSO,7 MgSO,
9] &= AolE ol-gstarat gt CaSO, (0.255/100 mbell HsH
=2 MgS0,(35.1g/100 m})9] &3&= Ca™* 022 CaSO, LA E
A=, Mg 482 &N W ol A= 245t sto] Mg ot

(d) ® Caso,
V (Ca-Mg)CO,
(©)
L
~
~
{0 .
% | ()
g ®
C
(@)
9
I l ! k.)\_,_/t
10 20 30 40

Two theta (deg)

Fig. 3. XRD pattern of precipitate after dolomite and sulfuric acid
reaction according to stirring time: (a) 2hr, (b) 4hr, (c) 6hr, (d) 24hr.

Table 6. ICP-OES data for MgSO, by different stirring times of sulfuric acid and dolomite

) Component (ppm) Ratio (%)
Sample (time) = =
Mg Ca Si S Mg/Si Mg/Ca
2h 7419 483.3 1.7 8762 4364.1 154
4h 7956 434.6 52.3 9421 152.1 18.3
6h 6571 571.7 122.8 10070 53.5 11.5
24h 7326 533.7 160.1 9244 45.8 13.7
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o
o

Ca®* o] 29] w2AQ Hel7t s s 2tk MgsO,& 1k
AL 0] 29] FFUOE A= B9 MgOH), AFA 74 U
Mg F8 g0l EAI0] Ca®* TS 2 % k. 7t F4o

APt MgS0,9 pHE T34 pHEHE &
Mg(OH), 44 A B2ad 9714 AaA] A§%L 2% 5= ek

o] 7krofl MgSO, &< 715te] 7H Wi Ca™* & AAetaiA} sttt
Bittern + H3SO4 — CaSO4 - 2H,O + HCI ©6)
Bittern + MgSO,4 — MgCl, + CaSO,-2H,0 | (7)

Table 72 Ca™"& AAIT 7H=(tds 702 Ca™ g HAISHA
&2 7k=9] ICP AFolth. MgS0, 942 5 %2] H,S0, 894
ARgSERloH, WA H,50,2] EH&0] 1:27F HES 4A7Hs
QF wHt ¥ A|A A% Sk o] % A £33 MgSO, & et HF
SAIA AE CaSO,E #elsto] s k5 Axskitt A
o A3} Mg*ol22 4.63914 5.652 S7I3t HhH, Ca’*ole2
1.71914 0.032.2 &3] Z4astch

3.7 Ca™*0] HHIE 701 Q714 AHMIZE H715101 Mg(OH), M=
HqZg 7t 4714 AAAE Hrketd 714 B4 Y9
OH-o]2°] 7k W9] Mg* ol Aglste] Mg(OH),o] FEi=
A" T. Mg(OH),+= 50°C °Jstoll A pH7F 10.5~11.5 AFo] Y uf
7ol 2 dojub= AL I &= SlrH12]. 1= Mg(OH),
£ Az Y= 8949 pH7E 9.5~12.5 Y] Yol A g5
of S}yl B B7HE flof s 12t 9714 IHA(NaOH
9} NH,0H)9] §H& H|E 1:2& 5] Mg(OH), S #7353 tHs-1,
8-2).
MgCly + 2NaOH — 2Mg(OH), | +2NaCl  (8-1)

Table 7. ICP-OES data of decalcium bittern and bittern

Component (wt %)
Sample
Mg Ca SO,
Bittern 4.63 1.71 0.0056
Decalcium bittern 5.65 0.03 1.32

Table 8. ICP-OES data of Mg(OH), synthesized using NH,OH, NaOH

Extraction of MgSO0, from dolomite, synthesis of Mg(OH), in bittern

MgCl, + 2NH,OH — 2Mg(OH), | + 2NH,Cl (8-2)

Table 8= Tz 7+=9} NH,OHE ©|-&3to] 43 Mg(OH),
9] ICP ZAolct. |71 HHAZ NaOHE A7t E9] &9
pH= 13.8, NH,OHE 7I3t A1&9] pH: 112 SH =]l 7H
o] 5o Qli= FEHE o] 23} ¥4 H,S0, ¥ & EafH CO,
7} 9] o & Ca’*o]20] Ca(HCO,),= &A1t} 7Hpo
NaOHE 7}oh= 49 €9 pHE 13.82 Ca’* o]2°] CaCO,Z
AHEH).

Ca(HCO3)2 + 2NaOH — CaCOg3 l +NaCOs3 + 2H,0 (9)
wehA ZHpEo NaOHE 7Ishe 4% ©4H#(CaCO,)52

+E5 Helth I3 NH,OHE ©]8sto] et 4%, 99.1 %
9] 1% Mg(OH), 7F g E A& g1 4= Qirt. o3 Ay
AIH= Fig. 49] XRD Ao A= & =&dth. NaOHE ©]835t
o] g3t ¢ CaCO,(JCPDS 05-0586)2] peak”} T2E
NH,OHE ©]&3sto] &% HfolA= XRD &4

Mg(OH), (JCPDS 44-1482) peakito] 243 21e 4
o}, mEhA] 7S o]85 Mg(OH), A% THollA 4714 A
& %F¥7Il NH,OHE AH&ste] pHE 11°]st2 FA|5t,
Ca(OH), B3-S IJAstaL 1&= Mg(OH),E 4 &= St

4, Conclusion

il =]
& Aot & Aol AHgEs WA 2ol Ca® o]

3l H,S0,& €83l CaSO, & FA AlZ = Sl W2-40f H,S0,
< 7l Ca’*o] AAHE 1% MgSO, &9

CaSO,2 MgS0,2] E°f Hgh & Xfo]E o83t HiHo= 1
&&0 MgSO, &4 5 % 2| H,S0,2 °1-§sto] #e-A47} H,S0,
o] ¥rgHI7F 12 4 W A& 5= AT MgSO, €49 pH

A7k 4A7F 0|1 FHE pHZE 7.12 LS HA =0, Mg, Ca ¥
S o] 29| F2 BhE AlZto] & S A o= AL FRIskT

Sample oH Component (wt %)

Mg(OH), CaO SiO, ALO, Fe,0, K,0 Na,O SO,
2M NH,OH 11 99.1 - 0.2 0.2 - 0.1 - 0.7
2M NaOH 13.8 96.0 3.8 - 0.1 - - 0.1 -
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(@) |——NH,0H v
Y
3 L
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Fig. 4. XRD pattern and TEM image of Mg(OH), by basic catalyst.

Ca*" o] 20] A A" MgSO, &= 79| Ca*'& AAsH=t| AM&H
o, 7o MgSO, 5 H7Fohe A9 Ca™* AlAL 1 & Mg™ &
w7t 7keb, 4340149 pH 28-S {13 4714 JAAA 9
FE =Y 5 Ak I HHE Bl HH 9 MgSO, &Y = =
& v o2 A X3 MgSO, 89S 0]85ko] 7H: W Ca’* o]
< CaSO, FHE A Attt 1 A3 Ca™ 022 F 98 % AA
=100, upA]uko 2 7oAl Ca™ o] A|A g MgCl, 8]
A7 HAAE 7Hs 4w EH S Mg(OH), (271 2F 50 nm)
& At ek Mg(OH),7t 8=+ pH 242 MgCl, &
Hol| 7143 FAAE H7kste] gelstaict. k47191 NH,O0HE
o]-83519S o pH7F 112 &% 99.1 %2] Mg(OH),Z ¥ &
et U AL WA, kol A] Ca™t o] 29 AR A AAS T
3 1= |7 FH 9 Mg(OH), = 23ich

il
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Effect of Building Orientation on Tensile Properties of Hastelloy X
alloy Manufactured by Laser Powder Bed Fusion
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In this study, the effect of build orientation on the mechanical properties of Hastelloy X fabricated
by laser powder bed fusion (LPBF) process was investigated. Initial microstructural analysis revealed
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an equiaxed grain structure with random crystallographic orientation and annealing twins. Intra-

granular precipitates identified as Cr-rich M,;Cs and Mo-rich M¢C carbides were observed, along
with a dense dislocation network and localized dislocation accumulation around the carbides. Me-
chanical testing showed negligible variation in yield strength with respect to build orientation;

*Corresponding author:
Young-Sang Na
E-mail: nys1664@kims.re.kr

however, both ultimate tensile strength and elongation exhibited a clear increasing trend with

higher build angles. Notably, the specimen built at 90° exhibited approximately 22% higher tensile
strength and more than twice the elongation compared to the 0° specimen.

Young-Kyun Kim
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Keywords: Laser powder bed fusion; Ni-based alloy; Hastelloy X; Microstructure; Mechanical prop-
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1. Introduction

Hastelloy X (HX)= 118 73t
FE-dd 2 Al H R4 AY A
542z 3 HXe 7IAEE], F57] A dad 45, 7k
Y7 AR BE 5 Tt A BokolM d] Z85 AL ltH4-
6l. 12y 145 et HX 752 Al&sh | fsiAe 5343
@/dol a7HT 71E 7k A2 E oYt 34 Ttk

ol
Z
N
i
by
TE
i
o
oy
<t
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AM 372 34+ CAD (Computer-Aided Design) 2 &< 7|
Hro g EARE FH9 ZAHE FES Axste 7lecitlL,
13]. B3R 42 Aofstr] AshA F7ks0] 845H= 2 54
I 22 AM 3 Hold 7|5t AfEs Alee & A
[14, 15]. o]#12F AM 378E % laser powder bed fusion (LPBF)
382 5 E el M g et TeR, w2 Ae Al

Iof w3t vlA| 2 A A|o7} 7hs sl AR H o= gol E-8-F AL 9L
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tH16). LPBF 332 HE A&=+e 4 E4 A4 HF4E& 7
ujx|x2lo] P/Ag=|H, o] = <l M= 7|AH E/o] ol ut
g} gEtx|& olabAdo] WAYRHH17, 18]. o]d oHHA] AT i
9 AM 24 9 FFolA Z5HoE HHAEY, 53] 23 W3
(Build Direction, BD)2 LPBFZ A|ZH A7A 7142 E40]
Z TS 1A= 83 A= Z-E]ITHL9, 20]. A7HA] LPBF
34 ¥4 HH5E B9l HX 3 AR 24 /hAdste = oagst
A7 = o] eHo, 10, 13, 21, 22]. T A Wl w2
1A B4 Wsto] Tt A= tiF= 24 9 3 9o v
of gg=lo] glom theFet A% Wl whE 42 B35 A

o|th23, 241.

N

& Aojslo] HX g2 A %3}k
ZAyetTt. 0|9k 874 LPBF 2o A|ZE HX §29] 7|44
g0l A5 wWgo] nX= TS &Ik

2. Experimental Section

LPBF 3742 & Hastelloy X (HX)E A=35t7] 915 EMLAS]
TS olgFlon, 34 24 U3 Zth Laser power:
370W, scan speed: 950 mm/s, Hatch spacing: 110 um % Layer
thickness: 30 um. LPBF &7ollA4 A& oA U (Volumetric
Energy Density, VED)= 578 8737 nlAl22] @4 583t
AR ZEY o 4] ()22 Fo=TH19]:

P

€0
v-h-t

VED =

o17]4, Pi= laser power, vi= scan speed, hi= hatching spacing,

Tensile properties of LBPF-built HX

ti= layer thicknessE 2|u]git}. & Aol 4] 285 A4 o7 Y
T 118.0 J/mm’ 2 & AXTE| T A1 /42 ASTM E8 49
W Al P2 AZSHATHLPBE-built HX). 5714 2% LPBF-
built HX®9| 7|A4 £ v]Al= A5 FFY &= Lokl 9
3 A5 LFY 4rg Alofsto] AlHS AxSHAH. 4Te 07,
45°, 60° 5 90°% 27} Aoj=|3lom, 0°= AlHe] HE FHolE
of tish 2=, 90" FA 27 Al2H F4-5 Ut

27] v|A| 23] B2 915) SiC papers #100~2000) 2 1 pm di-
amond suspension ©]-§-5t] 7] A1%] Anlslitt. o]F HA W=
% FAPAAFE ] 4 (field emission scanning electron microscopy,
FE-SEM, MYRA 3 XMH, Tescan, Czech) % A7} g ZE=}
AE ou]Z] 7]WH(electron channeling contrast image, ECCI, volt-
age of 30 kV with a BSE detector, working distance of 7 mm), I
U A FAF £33 7](energy dispersive spectrometer, EDS, ultim
max, oxford, United Kingdom) ¥ A} &5} Akt 3] (electron
backscatter diffraction, EBSD, Nordlys CMOS detector, Oxford,
United Kingdom)Z ©|-&5to] w4221 A stal 2Ask3ih
EBSD #419] A%, Aull& 2710 4= 2 um] step sizeE, 1H&
Z7° A= 2F 180 nm] step sizeS 2-&-5iTt.

A2 QA B s A=A R 7] (universal testing machine,
Instron-5982, Instron, USA)E &-&5to] B71=dct. o, 7]
P £t 10°/s2 Ao, 7 24 E2 33] §HEste] A]
I AFPsto] A= FESA.

o

3. Results and Discussion

vy

2] 12 LPBF &Aoo 2 A 2% HXQ A& vieko] tisf 90° =
3 AE A|HO nARAL EBSDE EA5E Axjo|t}, gukA el F

20 30 40 50 60
Misorientation angle, °

Fig. 1. EBSD analysis results of LPBF-built HX: (a) inverse pole figure map, (b) phase map, (c) misorientation distribution map.
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o

o= A% wrought HXE polygonal 23 Ho] F2 F4
2 4HA SltH22]. olek €], LPBF-built HX®| 27
PF map ("1¥ 1(a))= &1 B3R BT A AL A
A v EES AR EA AL B T AeE
7 FY 2¥e] A HA (serrated grain boundary) HA] 2l
ATH25]. T3 o] o]'d® 4% (annealing twin)o] TEEL
. oldf, Bt AHHO] A7]= 80.2 umE =9t} Phase
map (C1% 1(b)ollA= Zeet A&4o] ERIE|A] o, FCC
DS 7HAE AoZ YERth 3712402 misorientation dis-
tribution map (C1% 1(0)& oAM= Z2HHS 54 WFo g 3
S22 S P 2 FAAAR] 2 vigS Hols Ao ® &
=|9ict. YnbH o= LPBF 3402 AlxHE F4 9 I AdE
34 & RHEEE 88 9 81 o) 93 2ol A5 WS
e} 474t epitaxial grain growth JE|S] w|AI22E J/d3t
1B HREE 2 ARRAE UEidle ZoE dEA At
[26, 27]. Liu 5281 A5 A% 574 24 w2t Azo] 244
FHE 28T 4 Atk Bstelth. §3], LPBF 374004 oy
A A&7t AT 79 epitaxial o] FES| o]F0]X]|A] Ao}
columnar 24 2] THH|7} WolA| 11, 7&4;‘* o8 E43% 3
B9 24 "o] Uehhs A3 ERITH29]. 3, =2 ovA ¢
LoA= AT WS e FCC 728 2= A8 4% <001)
Az o] A== W, oldA] D=7k Robx® <100> +
<110> EE& <101> + <111> W3] F29)AQ1 27 Hfgfo]
T A ATH28). wHEbA], 2 Aol A AR&-E LPBE-
built HX& & o8 B2 ofjvfx] 9= 27004 A|xE o] Bt
23 PAkol 2AHT FA9] 2 vigks 2= 2o R olsid &
UL

19 2+= LPBF-built HX®] 27] vlAz 2] thgt ul&
EBSD #4] A& HolErth WA band contrast image (CL¥
2)F &3l 2™ UiFol 4= 9 nm 9] HEE0] EAck=

r—i

[ RN
flo rlr of
pu)
|o

_YL_‘rﬂmEZ
ﬂ‘o?d

A

Neno-pree
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Aoz Rl ol 4EE2 54 S U2t AEd &
B2 et en, oj2fet &2 Mg A5 Az 54 5 T4
Sh= WaF3 8-2l(directional solidification) ¥ 710 wHE 84
4 E(solute element segregation) @43l 23 FJH A=

A= ETH30]. IPF map (C1% 2(b)°l41+= nm A2# Q9] annealing
twino| A= 01, annealing twinE2 AL U= AAHH
W54 99 BAE A= AR U F7MH 22 GND
map (17 2(c)Z &3l 715k F4 % 1H(geometnca]ly neces-
sary dislocation, GND) U&= 4] Huto]] 44 @ oz B
A= 9lct. gubA o LPBF 342 oF 10° - 10° K/sJ g
2 Qs Az 34 F B0l LA as-built FEollA =2 A
e 2= A 0= d#fA ArH31-33]. Zhang 534> LPBF
FTHoE AxE HX ol A &7t Aol whet
GND Z&7t #ashs 43S gRlstglon, ol J|A] drrt
F7HESE o & ¥8go] 4, ofo] Wt GND EE E§
377 flzol=tal Attt &, GND map (C13E 2(c)°lIA
BRI 4= gl%ol, LPBF-built HX7} %2 GND HEE 2= 2
& @2 oy dxg Qs TSt 4899 F2]o] AgtE ],
olof wret 27 Wi A 919 4 T AlTEQY] WiEo = A
= Sl
T 202004 HEE
ot7] 13 SEM/EDS 4
A5ttt SEM ©ln| A& 53] S
o o]l2% F7] £XE Z= A o= e
DI g2 FY(point 3) 0.2 FEEITE. EDS mappingS 55l
2o AEE2 71 A (matrix) HH] Crd4:9] o] 7 &3
SHIL Sl Alo® Uit 4S540 Fedt 245 BASH] 9
3l EDS point #42& 535t3{th. ¥4 o} 52 AZE(point 1) W
o Crd Cda J%*%La 9F33.3% 9 11.5 % O& FA 5
om o= 71219 Cr % C ¥4 FFETt 2 ol 2og &

do
i

oi

]H T um
7 o2 F % (point

o

Fig. 2. High resolution EBSD analysis results of LPBF-built HX: (a) band contrast map, (b) inverse pole figure map, (c) geometrically

necessary dislocation map.
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SHum

Tensile properties of LBPF-built HX

Precipitate Matrix Precipitate Matrix
El nt #1 #2 #3 #4
ement  wt%)  (wt%)  (wt%)  (wt.%)
Ni 29.59 47.9 27.3 42.8
Cr 33.32 23.7 23.1 20.7
Fe 13.01 17.9 22.3 16.2
Mo 11.47 7.8 11.2 8.2
C 12.45 9.4 11.4 9.7

Fig. 3. SEM image and the corresponding energy dispersive X-ray spectroscopy (EDS) mapping results of of LPBF-built HX.

carbide.

/A=At o]F Bl aid AEE-2 Cr-rich M,,C, 2.2 FE2E]
ATH35]. §H, Adrid o2 ¥ 4EE(point 3)°ll= Mo 949
o] 717 tiH] 2 o' EA QI &, AEE9] H o]
= 949 4 Atolof| 7|QlskE A0 R FEE W AHiF o2 B2
A&E2 Mo-rich M,CE HHEtH36]. o17]4 LPBF-built
HXOA gA== g©sHE-2 LPBF 539 w2 -1 IHoflA i
Yot das ol ofsf BTl Hare vl }loH24].
LPBF-built HX2] 2749 W55 Hds] £4]517] 915 ECC ©]
0] 2] B4 FYSHATHCLE 4). 13 4ol 241 Aduto] 24
nAlgE A9 MEA7E A=A = Ao] ERI=Ie o= o
41 EBSD GND map (“1% 2(c))9] 3= thas thE P2 B A
t}. o]2fgh &foli= EBSD 715t GND £4-2 49 nm =59 step
size (180 nm)E °J-8-5fl £44= ¥ ECC °|v[A= <=4 nm O] 0}

of mAlet A9 27 A4t 7hsstel = 7AR1 A9 s5e

H

X
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precipitafé

Yojo=z ﬁ‘H’ﬂ% Z= 9lt}. 712 4(b) 1% Cr-rich ¥ Mo-rich
S FHo) A7 A== 4ol oA UERdT o= &
o] E-58o ool YIS M9 o5 JATFo=H, T FH

1% 5= LPBF-built HX9] 235 93H0°, 45°, 60°, 90°)°] o=
g2 A A1 AE YERd AolH, i 10 2 A|H9] 0.2%
offset FEZE, Hdf I Z= d A4ES FEotatt. =

= 247} 296 MPa, 287 MPa, 297 MPa '@ 298 MPa& &% &0
A3 W] w2 Zpol= ulmlgh =EAS FRIT 4= U W,
) QG A 9 AL AHZ Aot ZU1e) waEt F5e 5
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Table 1. Tensile properties of LPBF-built HX by build orientation

Tensile properties of LBPF-built HX

Specimen Yield strength [MPa] Ultimate tensile strength [MPa] Elongation [%]
0° 296 £ 5 585 + 8 211+ 1.0
45° 287 £ 6 622 £ 10 262 + 1.2
60° 297 £ 4 678 £ 7 333 % 1.5
90° 298 £ 3 716 £ 6 47.0 £ 2.0
800 LPBF 3704 A5 W AlojE &l 7144 5= 24T 5
S 700 -| A= AlARRETE
o
E. 600 -
0 4. Conclusion
@ 500 -
»
o 4001 2 ¢Atoll A= LPBF 342 53l AZ2H HXY nAR4E &
c ) - » e
€ 300- Hstglom 7141 B4 vlAle A5 Wl tfa) ARk,
2 - ulH22 B A2 Pele) AP A9 A )
I —— HX45° Fol BIHLH ol ML e X D= 2ANA epi-
i 1007 e taxial 4&o] QAH QY] YrOZ WHE: AHY Yroj:
0 . . - - . Cr-rich M,,C; ¥ Mo-rich M,C &8}&0| £4sH g©slE F1H
o cieering strain o ol 2517t WS Bl AT, ol 74 3TE A 7
MYMBSSHRY SEAIL, 46 549 49 WE BakRo] A9 olF oA o] 7191 A

Fig. 5. Tensile stress-strain curves of LPBF-built HX tested along
different building directions (0°, 45°, 60° and 90°).

7t AE Bk o 1 A=E 0°°llA4] 585 MPa, 90°°llA]
716 MPa&, oF 22% TFAE oW, A4E EI 472 21.1%,
26.2%, 33.3% 2 47.0%= ERI=]o] 90° A|HO| 0° AJH thH] F

Hj ool AAES UEilth AY d+Eo] 2 H5 AR F
oA 25 B2 a9 71418 B0 F-oniet L HA=
Ao 2 BHIEo] gt} Ozer 512312 LPBF-built HX g=ollA]
AE TFE 90°= AoFS ], 0° AW thH] A4lE&o] dAI5]| FF
AFEltky B 15199tk Chen S[371& LPBE 3402 A|2¥ IN-
738LC TS o2 A2 9 112 Q1 EA4S Wt A3 2
E 2% HYolA 90° A|Ho] 0° AlH iH] FARBHAY 93t 2l
f AT 9 AAES ERITAL AASkeIT &, LPBF 74004 &
FoFe QU E49 Wk 94 et 2¥HAH o F LPBF
oA A5 WFE 90° =2 AAsHH, 07 AlHo vl 3 F &
2] ¢ golsiA 249 el fElsta, A9 ek WolA|
og AHA SItH38l. olHF nA| R A EHo R <l
LPBF-built HXS] 90° AJH-2 0° A|HE T} A/Jo] 9514 LEt
doh 2aFo g, EO“& 34 27 stolAE AF WEFS 90°E
Aot A9 A4lET 1T Frrt == AT HolH, o=

i oH 01)14 ON
od o

2,

rlr
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Effect of the Initial Porosity of Needle Coke-Pitch Carbonized
Blocks on Impregnation-Related Physical Properties
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Carbonized blocks with different porosities were prepared by varying the particle size of the filler and
subsequent impregnation. The impregnated carbonized blocks were re-carbonized. The use of smaller
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particles in the filler in the carbonized block was associated with larger porosity, smaller pore size, and

a higher impregnation ratio. The block with the smallest average particle size (53 pm), CB-53, had a
porosity of 35.9% and pores of approximately 40 um, while the block with the largest average particle
size (413 um), CB-413, had a porosity of 30.5% and pores of approximately 150 um. CB-53 had the

*Corresponding author:
Jae-Seung Roh
E-mail: jsroh@kumoh.ac.kr

highest bulk density, electrical resistivity, flexural strength, and impregnation ratio. This is due to the
large porosity, which is believed to be due to the presence of more interfaces between particles during
the re-carbonization of the impregnated carbonized block, resulting in a better pore-filling effect.

Keywords: Needle Coke; Carbonized Block; Impregnation
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2. Experimental Procedure
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Table 1. Particle size distribution data for coke
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Fig. 1. Particle size distribution of coke.

Sample name o Coke particle size
. ; Sieving range
Carbonized block Re-Carbonized block D,, (um) Dy, (um) Dy, (um)
CB-53 RCB-53 =75 um ~ +25 ym 25.8 53.0 94.4
CB-109 RCB-109 -125um ~ +75 um 59 109.0 175.0
CB-187 RCB-187 -212 ym ~ +125 um 254 187.0 306.0
CB-329 RCB-329 -300 yum ~ +212 um 179.0 329.0 527.0
CB-413 RCB-413 —425 um ~ +300 um 304.0 413.0 560.0
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Table 2. Coal-based binder pitch and impregnation pitch specifications

Binder pitch Commercial impregnation pitch Impregnation pitch
Softening point (°C) 110 80 ~ 100 90
TI (wt.%) 22~28 0~3 16
QL (wt.%) 4~8 16 ~ 24 3
Coking value (wt.%) 54 42 ~ 46 47
Ash (Wt.%) 03 0.05 0.1
Needle cokes Binder Pitch [ Impregnation pitch }
| ]
L ¥
Sieving e R
Mixing
=75 pm ~ +25 pm, .
-125 pm ~+75 pm, N (801 20 wt.%) Y, .
212 pm ~+125 pm, - L . Impregnating
300 pm ~+212 pm, .
425 pm ~+300 pm Kneading
(170°C, 30min)
\ T J x 1,2, 3 times
( R
Unidirectional pressing
L (100MPa) ) Re-Carbonizing
e : ™\ (1000 °C X 60min, 2 °C/min, in N,
Carbonizing

(1000 °C X 60min, 2 °C/min, in N)
N 2

Fig. 2. Experimental Procedure.
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ER=VA/IL 4

ER = Electrical resistivity (uQm), V = Voltage drop between
voltage terminals (V),

A = Cross-sectional area (mm’), I = Magnitude of electrical
current (A),

L: Distance between contact points (mm)
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o Flexural strength (N/mm?), P: Maximum load (N), L: Sup-
port span(mm)
b: Specimen width (mm), d: Specimen thickness (mm)
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3. Results and Discussion
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Fig. 3. Microstructure observation position.
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Fig. 4. Properties of carbonized and re-carbonized blocks by particle size. (a) Bulk density and (b) porosity.
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Fig. 8. Microstructure of CB and RCB by particle size (x100).

Table 3. Impregnation property changes of particle size-specific carbonized blocks

Samples Bulk density (g/cm’) Open porosity (%) Imglgg ?;: ;on Electn(c;lag;s)lstmty Flexu(r;/l{;;r)ength
CB-53 1.33 13.00% 359 -26.40% 74.8 -26.60% 10 81.30%
RCB-53 1.503 26.4 54.9 18

CB-109 1.362 10.20% 34.1 -22.70% 67.3 -26.10% 10 69.70%
RCB-109 1.501 26.3 49.8 16.9

CB-187 1.37 9.20% 334 -21.30% 63.1 -21.60% 9.2 60.80%
RCB-187 1.496 26.3 49.5 14.7

CB-329 1.416 7.70% 31.1 -19.80% 59.3 -21.80% 8 93.70%
RCB-329 1.525 25 46.4 15.5

CB-413 1.425 7.00% 30.5 -18.90% 57.8 -21.60% 7.7 75.60%
RCB-413 1.525 24.7 453 135
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loying elements like carbon or chromium are introduced to im-

1. Introduction of high entropy alloys

prove strength, hardness, or corrosion resistance. The principal

The development of advanced materials has greatly impacted
human civilization. Metals and alloys, such as bronze, iron, alu-
minum, and titanium, have been crucial throughout history.
Bronze was used for over 1,000 years starting in the Shang Dy-
nasty, the Iron Age spanned about 3,000 years, and aluminum
and titanium alloys have been developed for over a century and
sixty years, respectively [1, 2]. Metals and alloys are crucial in
many areas of life, including agriculture, housing, and defense.
Conventional alloys are typically composed of one main ele-
ment, with minor amounts of other elements added to enhance
specific properties. For instance, steel is based on iron, and al-

https://doi.org/10.4150/jpm.2024.00430
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element defines the alloy's fundamental characteristics, while
the additional elements fine-tune its performance for specific
applications. The conventional alloy design applies to alloys like
Fe, Cu, and Al, modern alloys, such as Inconel 718, feature
more complex compositions. The principle of bulk amorphous
alloys requires at least three elements [3, 4]. Although tradi-
tional methods face limitations, the complexity of alloy compo-
sitions continues to increase, as illustrated in Fig. 1.

Unlike conventional alloy designs, the novel class of high en-
tropy alloys (HEAs) have been independently developed by J.
Wei and Cantor et al. in 2004 [5, 6]. Though the chemical com-
position of HEAs is complex, HEAs show thermodynamically
stable solid solution phases such as face centered cubic (FCC),
body centered cubic (BCC), and hexagonal close packed (HCP)
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of HEAs [18].

phases, resulting in high configurational entropy [7, 8]. The
phase composition, microstructure and mechanical properties
are influenced by the four core effects of HEAs including the
high entropy effect, sluggish diffusion effect, lattice distortion
effect, and cocktail effects [9, 10]. As a result of those four core
effects, HEAs often show attractive properties such as high
strength-ductility, high fracture toughness, good thermal sta-
bility, excellent corrosion, and wear resistance, as a result, HEAs
have been applied in various emerging applications [11].
Among various HEAs, the CoCrFeMnNi HEA, also known as
the Cantor alloy, which has garnered significant attention due
to its unique combination of mechanical properties, such as ex-
cellent strength, ductility, and toughness, especially at cryogen-
ic temperatures. The enhanced mechanical properties of this
HEA at cryogenic temperatures are mainly attributed to the
FCC HEAs usually possess low stacking fault energy, leading to
a transition in the deformation mechanism from the conven-
tional dislocation plasticity at room temperature to deforma-
tion-induced twinning at cryogenic temperatures [12]. Howev-
er, this alloy system exhibits relatively low yield strength and
hardness at room temperature, which limits their engineering
applications. Therefore, numerous strengthening mechanisms
including precipitation strengthening, twinning-induced plas-
ticity (TWIP), phase transformation strengthening (TRIP), and
grain boundary strengthening have been developed to enhance
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the strength and ductility of FCC-based HEAs [13, 14]. It is
worth noting that the mechanical properties of HEAs are
strongly influenced by their microstructural characteristics,
which depend on the processing route, understanding the evo-
lution of microstructure in powder metallurgy (PM) processed
CoCrFeMnNi HEA is crucial. Therefore, the present study fo-
cused on highlighting recent developments in the microstruc-
ture of CoCrFeMnNi HEA and their effects on mechanical
properties, aiming to enhance performance for advanced engi-
neering applications.

1.1. Definition of HEAs
In general, HEAs can be defined based on composition and
entropy. Here’s a definition based on composition:

1.1.1 Composition based definition

In terms of composition, HEAs consist of five or more prin-
cipal elements with nearly equi-atomic concentrations ranging
between 5% and 35 at. %. It is defined as follows.

Nmajor = 5, bat% < ¢; < 35at% (1)
Nminor > 0,¢; < bat% (2)
wheren, ., and 1, represent the number of major and minor
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elements in an alloy system, respectively. Additionally, ¢, and c;
denote the atomic percentages of these elements. Additionally,
minor elements (<5%) were added to enhance the mechanical
properties such as the ductility, toughness, strength, creep,
oxidation, etc. [15]

1.1.2. Entropy based definition

Based on the definition of entropy, HEAs or medium entropy
alloys (MEAs) are determined by high mixing entropy, which
includes configurational, vibrational, magnetic dipole, and
electronic randomness entropy. The total entropy change due
to mixing can be expressed as the sum of these contributions
are as follows [16].

ASmia = ASTT + ASIL + ASTEY + ASTE(3)
For equimolar alloys, configurational entropy increases with
the number of elements, which can be estimated using the
following equation.

AScons = Rlnn 4)

where  is the number of components and R is the universal
gas constant. When the alloys with AS_ , greater than 1.61 R
classified as HEAs, while those with AS_ ; falling within the
range of 0.69 R and 1.61 R, the alloy system is categorized as
medium entropy alloy. From the entropy definition, the alloys
with less than five elements, such as quaternary alloys, can
also exhibit high-entropy characteristics if the AS_  exceeds
this threshold. It is important to note that a higher number of
elements in the alloy results in a higher mixing entropy, which
lowers the Gibbs free energy of mixing and stabilizes solid
solution phases over secondary or intermetallic compounds
[17].

1.2. Core effects of HEAs
1.2.1. High entropy effect

The high-entropy effect in HEAs plays a crucial role in stabi-
lizing solid-solution phases, primarily by reducing the Gibbs
free energy and suppressing the formation of ordered phases,
particularly at elevated temperatures. This phenomenon arises
from the significant mixing entropy due to the multiple princi-
pal elements in the alloy, leading to atomic structural disorder
and randomness. As dictated by the second law of thermody-
namics, the equilibrium state is achieved when Gibbs free ener-
gy is minimized, and higher entropy has been shown to in-
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crease the stability of solid-solution phases. Consequently, the
high-entropy effect enhances the mechanical properties of
HEAs, including improved strength, hardness, and resistance
to deformation through solid-solution strengthening. Further-
more, it contributes to enhanced thermal stability, as well as in-
creased resistance to corrosion and oxidation [19].

1.2.2. Sluggish diffusion

The sluggish diffusion effect in HEAs results in slower atom-
ic movement within the crystal lattice than that of conventional
alloys. As a result, HEAs have been widely used for high tem-
perature applications considering their exceptional strength
and structural stability. In addition, sluggish diffusion effect
promotes the formation of a stable phases, increases the recrys-
tallization temperature, restricts the phase transformation and
intermetallic compounds, and enhances resistance to grain
growth, thereby improving the stability and durability of HEAs
[20]. While sluggish diffusion has been commonly observed in
many HEAs due to the high configurational entropy, recent
studies have highlighted that the diffusion behavior can be in-
fluenced by specific elements within the alloy. For example,
Mn-containing alloys such as CoCrFeMnNi HEA exhibit a typ-
ical behavior as Mn does not significantly promote sluggish
diffusion due to its similar atomic radius with other elements
like Fe, Cr, and Ni, resulting in less lattice distortion [21]. Addi-
tionally, Mn stabilizes the FCC phase, which typically allows
faster diffusion compared to BCC structures. Furthermore, the
relatively high self-diffusion coefficient of Mn element enhanc-
es atomic mobility, diminishing its contribution to the sluggish
diffusion effect [22]. It is worth mentioning that the diffusion
behavior in HEAs is more complex than previously thought
and is influenced not only by the configurational entropy but
also by the atomic size, electronic structure, and bonding inter-
actions of the individual elements. Therefore, the role of slug-
gish diffusion effect in particular HEAs remains a subject of
debate and may vary depending on the specific composition
and microstructure of the alloy. Therefore, further research is
required to better understand the sluggish diffusion effect, es-
pecially in the case of Mn-containing HEAs.

1.2.3. Severe lattice distortion effect

Lattice distortion in HEAs arises from the presence of multi-
ple elements with different atomic sizes and valance electron
concentration [23]. The greater atoms push away their neigh-
bors and smaller atoms have enough space around them, as a
result, strain energy associated with lattice distortion raises the
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overall free energy of the HEA lattice. The variations in crystal
structure and bonding energies among the elements further
amplify lattice distortion, as the electronic structure and asym-
metric bonding differ from site to site within the lattice. In ad-
dition, the severe lattice distortion effect impedes dislocation
movement and improved solid solution strengthening, leading
to improve the strength and hardness of HEAs. Furthermore,
the severe lattice distortion effect increased the electron and
phonon scattering, as a result, reduces the electrical and ther-
mal conductivity [24].

1.2.4 Cocktail effect

Professor Ranganathan initially proposed the "cocktail ef-
fect," which describes how the inclusion of diverse elements in
HEAs impacts their microstructure and properties. Altering
the composition of these elements can significantly enhance
the alloy's performance [25]. This enhancement is due to the
synergistic interactions between the various elements, which
result in improved thermal stability, corrosion resistance, and
overall strength and toughness [26].

2. Fabrication of HEAs by powder metallurgy
route

The fabrication route of HEAs plays a significant role on the
microstructure and mechanical properties. Traditionally, Most
of the HEAs are processed through conventional methods such
as arc melting and vacuum induction melting [27]. Since the
processing temperature of these methods like arc melting can
exceed 3,000°C, elements with low melting points, such as Mg
and Zn, may evaporate. This evaporation complicates the pre-
cise control of the composition of the HEAs. Additionally,
coarse-grained microstructures, and lack of compositional ho-
mogeneity is challenging during the processing of HEAs. For
example, Cu tends to segregate from other elements because of
its positive mixing enthalpy with many elements. Moreover,
this processing method may not be suitable for current indus-
trial practices due to the high cost of equipment and constraints
on product shape and size. It is worth mentioning that micro-
structural characteristics can adversely affect the mechanical
properties and performance of the alloys. Therefore, an addi-
tional thermo-mechanical process becomes a necessary step to
optimize the microstructures and enhance the mechanical
properties. These additional methods are cost-expensive and
high maintenance [28]. Therefore, PM is an effective method to
produce high performance HEAs, and fabrication techniques
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of PM were schematically represented in Fig. 2.

2.1 Mechanical alloying

To address these challenges, PM associated mechanical alloy-
ing (MA) has emerged as a powerful technique for the fabrica-
tion of nanocrystalline HEAs [29]. Mechanical alloying is a sol-
id-state PM process, which can be used to prepare the alloy
powders using either a high or low-energy ball miller. During
MA, powder particles experience fracturing, cold welding, and
rewelding behavior, thereby deforming the powder particles
and inducing structural defects (i.e., grain boundaries, disloca-
tions, and stacking faults) [30]. In recent years, MA has been
widely utilized to produce nanocrystalline HEA powders, and
uniformly distribute the oxide nanoparticles into base HEAs.
Compared to conventional HEAs, PM HEAs show superior
mechanical properties resulting in the grain boundary
strengthening and dislocation strengthening induced by SPD
during MA. It is found that most of the solid solution phases
formed in HEAs after milling within 15-40 h. However, the
formation of amorphous HEAs occurs often because of pro-
longed milling hours. For example, complete amorphization
was observed in AIBCFeNiSi and AIBCeFeNiSi alloys after 140
h and 240 h of MA, respectively [31]. Therefore, PM associated
mechanical alloying is an effective method to produce nano-
crystalline HEAs with uniform chemical composition with less
fabrication cost. Additionally, PM can be used to process ele-
ments with different melting points, thereby preventing the
evaporation of low melting point elements. Despite its advan-
tages, PM faces challenges such as prolonged milling time for
alloying and possible contamination of the powder from sourc-
es such as process control agents (PCA) and grinding media.

2.2. Gas atomization

The second most common method for preparing HEA pow-
der is gas atomization, which is ideal for additive manufactur-
ing applications. This rapid solidification technique produces
powders with excellent compositional homogeneity, precise
particle size, and controlled morphology. It can be able to pro-
duce mass scale production and improves the quality of the re-
sultant HEAs, making it a promising approach for industri-
al-scale applications [32]. Atomization has recently become a
significant technique for producing pre-alloyed powders. In
this process, high-pressure gas, water, or plasma is used to
break liquid metal streams into droplets, which then cool and
solidify into spherical particles. By optimizing the process con-
ditions, it is possible to produce powders with the desired par-
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Fabrication of HEA powders by powder metallurgy
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Fig. 2. The process of producing HEA powders through mechanical alloying and gas atomization, followed by their consolidation using

various sintering techniques [24].

ticle size, uniform distribution, and excellent sphericity. For ex-
ample, employing high cooling rates is effective in preventing
compositional segregation and minimizing atomic ordering,
which helps in avoiding the formation of intermetallic com-
pounds. Water atomization is similar to gas atomization, but it
uses water jets instead of high-pressure gas. Powders produced
through water atomization typically have a lower degree of
sphericity compared to those made by gas atomization. This is
because large droplets with high surface tension tend to form
nearly spherical particles, while smaller droplets with lower
surface tension result in more irregularly shaped particles [33].
Due to unique advantages such as excellent morphology, flow-
ability and homogeneous chemical composition, gas-atomized
HEA powders are particularly well-suited for additive manu-
facturing applications.

2.3. Sintering techniques

In PM route, sintering involves heating metal powders below
their melting point to form a dense material. Initially, particles
bond at contact points by forming small necks through surface

J Powder Mater 2025:32(2):145-164

and grain boundary diffusion. As sintering progresses, necks
grow, and pores begin to shrink due to material transport via
mechanisms such as bulk and grain boundary diffusion. In the
final stage, pores are largely eliminated, grain growth occurs,
and the material approaches its theoretical density. Thus far,
most HEAs utilized spark plasma sintering (SPS) to produce
high performance HEA bulks with excellent density in short
durations by applying temperature and pressure. Owing to the
less holding time for the sintering, effectively prevents grain
growth [34]. For example, Joo et al. [35] investigated the struc-
ture and properties of CoCrFeMnNi HEA by systematically
controlling the MA time and SPS temperature. They demon-
strated that the FCC phase remained stable after SPS, although
carbon contamination led to the formation of Cr carbides near
the surface. Additionally, they observed that increasing the MA
time enhanced the phase stability, while higher SPS tempera-
tures and reduced contamination levels were necessary to
achieve improved tensile ductility. Wei Ji et al. [36] synthesized
an equiatomic CoCrFeNiMn HEA using MA and SPS. They
observed the formation of a solid solution with a refined mi-
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crostructure (~10 nm) consisting of both FCC and BCC phases
during MA. After SPS consolidation, only the FCC phase re-
mained, with the HEA bulks exhibiting a compressive strength
of 1987 MPa. Additionally, a magnetic transition, associated
with structural coarsening and phase transformation, was ob-
served during the SPS process. In addition, PM is an effective
method for preparing composite structures, especially for ho-
mogeneous distribution of nanoparticles into HEA matrix and
refine the microstructure. Dai et al. [37] fabricated ALO; rein-
forced CoCrFeMnNi HEA composites using MA and SPS. The
addition of ALO,; refined the grain size by approximately 48.5%
and enhanced the hardness by 56.7% compared to the original
HEA matrix. Additionally, the compressive yield strength in-
creased by 74.7% due to grain boundary strengthening com-
bined with Orowan strengthening mechanisms. Kang et al. [38]
investigated the effects of varying MXene weight percentages
(0-10 wt.%) on the microstructure, wear behavior, and me-
chanical properties of CrMnFeCoNi HEA. The addition of
MZXene led to grain refinement, forming FCC and HCP phases
in the composites, significantly improving hardness from 205.8
HV to 617.6 HV and yield strength from 390 MPa to 1403
MPa. Furthermore, the addition of MXene enhanced wear re-
sistance and reduced the coefficient of friction.

On the other hand, high-pressure torsion (HPT) has been
widely utilized to enhance the strength and hardness of HEAs
via deforming the microstructure of cast or sintered products.
In this process, reduce the grain size of the HEAs with an in-
creasing number of turns and increase the dislocation density.
Indeed, HPT enables us to show gradient deformation in terms
of grain size and dislocation densities from the center to the
edge of the sample. For example, Liu et al. [39] noticed that
MEA bars have high strength at the edges because of the high
dislocation density and a high-volume fraction of nano twins.
The center of MEA bars is ductile because of a low dislocation
density and a low volume fraction of nano twins. These gradi-
ent microstructures enable simultaneously improved strength
and ductility. Shahmir et al. [40] reported a CoCrFeMnNi HEA
was processed by HPT under 10 GPa at room and cryogenic
temperature. It shows that increased straining and decreased
deformation temperature caused deformation-induced marten-
sitic transformations. Moon et al. [41] reported the deforma-
tion-induced phase transformation in FCC Co,,Cr,.Fe,,Mn-
»Ni, HEA during cryogenic HPT and the results showed the
FCC to HCP. To achieve a superior combination of strength
and ductility, many works have developed post-annealing and
deformation methods to modify the phase and structural char-
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acteristics.

The present review focuses on the fabrication of HEAs by
PM techniques. The primary goal of this review is to explore
advancements in microstructural tailoring of HEAs through
PM and their effects on improving mechanical properties. Fur-
thermore, it also covers recent literature on grain refinement,
dispersion strengthening, and various heterogeneous structures
such as harmonic, bimodal, multi-metal lamellar composites
and thermomechanical methods have been discussed.

3. Microstructural evolution in CoCrFeMnNi
alloy using powder metallurgy techniques

Indeed, extensive research has focused on improving the
strength of CoCrFeMnNi HEA through microstructural tailor-
ing and optimized processing routes. Recent developments in-
clude grain boundary strengthening, dispersion strengthening,
and the design of heterogeneous structures such as harmonic,
bimodal, multimetal-lamellar composites and hierarchical
structures. Additionally, thermomechanical methods have been
employed to tailor the microstructure and optimize the me-
chanical properties. These advancements make CoCrFeMnNi
HEA highly effective for demanding structural applications.

3.1 Grain boundary strengthening

Grain boundary strengthening is achieved by grain refine-
ment that can enhance strength and hardness of HEAs. As the
grain size decreases, the number of grain boundaries increases,
which impedes dislocation movement. This increased resis-
tance to dislocation slip results in greater strength and hard-
ness, as smaller grains act as barriers to deformation and im-
prove the overall mechanical properties [42]. Originally,
FCC-structured CoCrFeMnNi HEA exhibits low yield strength
and hardness, therefore grain refinement is an effective strategy
to enhance its properties by Hall-Petch strengthening effect.
For example, Otto et al. [43] observed the Hall-Petch effect in
CoCrFeMnNi HEA through reducing the grain size from 155
um to 4.4 pm, which significantly increased the yield strength
from approximately 180 MPa to about 350 MPa at room tem-
perature, with only a slight impact on ductility. Further de-
creasing the grain size to around 50 nm through severe plastic
deformation resulted in a dramatic increase in yield strength,
up to 1.95 GPa, although this improvement was accompanied
by a significant loss in ductility [44]. Most of the HEAs
strengthened by conventional techniques such as accumulative
roll bonding, HPT, and equal channel angular extrusion, as well
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as surface mechanical attrition and grinding, are used to
achieve nano- or ultrafine-grain structures through thermome-
chanical processing and severe plastic deformation [45]. In
contrast to the costly and time-consuming techniques, PM is
widely used to produce ultrafine-grained structures. Nowadays,
the rapid solidified gas atomization method has been widely
used to produce HEAs with high quality, spherical shape, less
oxidation and mass production applications. Despite gas atom-
ization being suitable for large-scale production, it has limita-
tions in precise size control, which can result in lower strength
and hardness. In contrast, the subsequent milling process al-
lows for fine-tuning of grain size by adjusting milling time and
speed, enabling effective grain size reduction and enhancing
mechanical properties via grain boundary strengthening. It is
worth mentioning that milling process offers a significant ad-
vantage over gas-atomization when it comes to controlling par-

Microstructural evolution in PM CoCrFeMnNi high entropy alloy

ticle size and shape, which are crucial for grain boundary
strengthening. With the aim of enhancing the strength of
gas-atomized CoCrFeMnNi HEA, Nagarjuna et al. [46] con-
ducted high-energy mechanical milling on the gas-atomized
powder at different intervals to refine the grain size. The parti-
cle refinement of the HEA powder with milling time was con-
firmed by the surface morphology and cross-sectional micro-
structure of the HEA powders at various milling times (Fig. 3).
The as-atomized powders are spherical with smooth surfaces
and a dendritic microstructure (Fig. 3(a) and 3(al)). After 5
minutes of high-energy mechanical milling, the powders start
to deform, showing signs of fracturing and flattening (Fig. 3(b)
and 3(b1)). After 10 minutes, the powders transform into flake-
shaped particles due to severe plastic deformation, with frac-
turing further refining these flakes (Fig. 3(c) and 3(cl)). After
30 minutes of milling, the powders particles showed irregular
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Fig. 3. Scanning electron microscopy images of CoCrFeMnNi high-entropy alloy (HEA) powders (a) as atomized and milled for 5, 10, 30,
and 60 min (b-e). The corresponding cross-sectional microstructures are shown in Fig. 3(al-el), respectively, Fig. (f and g) are the EBSD
inverse pole figure images of as atomized and 60 min milled HEAs, respectively. (h) Compressive stress-strain curves [46] and (i) Strength-

ductility trade-off observed in various HEAs [50].
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shapes from continuous flattening and fracturing (Fig. 3(d)).
Fig. 3(d1) reveals that severe plastic deformation has led to the
formation of lamellar cracks, signaling the beginning of powder
refinement. After 60 minutes of milling, the particle size effec-
tively reduced and partially turns into a spherical shape due to
surface deformation, and the particle size seems to stabilize,
likely due to cold-welding (Fig. 3(e) and 3(el)). This refine-
ment process led to a significant reduction in grain size, which
contributed to improved mechanical properties, including en-
hanced strength and hardness, by promoting grain boundary
strengthening. Further, the grain refinement was investigated
using the electron backscatter diffraction (EBSD) analysis in
Fig. 3(f and g). It shows that average grain size of atomized
HEA and 60 minutes milled HEAs were 30 um and 6 pm, re-
spectively. The typical reduction in grain size by milling caused
to increases the density of grain boundaries or interfaces, which
effectively blocked the dislocation motion, thereby enhancing
the strength and hardness of HEAs. To realize the effect of
grain size on mechanical properties, compressive stress-strain
curves were presented in Fig. 3(h). It shows that compressive
yield strength (CYS) of HEA bulks increased significantly with
milling time. For instance, the CYS of atomized HEA bulk is
370 MPa with a fracture strain over 60%. With milling times
extended up to 60 minutes, the CYS increases to 1050 MPa,
though the compressive strain reduces to 30%. Based on these
results, it has been observed that grain refinement by milling is
a cost-effective approach to enhance the mechanical perfor-
mance of HEAs. Similarly, the typical enhancement in strength
of CoCrFeMnNi HEA by refining the microstructure was ob-
served in previous literature [47-49]. Fig. 3(i) displays the ulti-
mate tensile strength versus elongation to fracture in CoCrF-
eMnNi based alloys system with grain sizes. It has been report-
ed that HEAs with coarse grained structures exhibit low
strength with high elongation, while the nanocrystalline struc-
tures exhibit high strength with low elongation. Therefore, op-
timum grain size for better strength and ductility is always
challenging research for advanced structural applications.

3.2. Dispersion strengthening

Dispersion strengthening is a highly effective method for en-
hancing the mechanical properties of HEAs by incorporating
fine, stable particles or reinforcements into the matrix. This
technique boosts hardness and strength by restricting disloca-
tion movement and refining the microstructure [51]. The fab-
rication of HEA composites is influenced by the processing
route. Conventional melting methods, such as casting and arc

152

Microstructural evolution in PM CoCrFeMnNi high entropy alloy

melting, are often unsuitable for producing oxide disper-
sion-strengthened (ODS) composites due to issues with com-
positional inhomogeneity and coarse grains. In contrast, PM is
preferred method for producing composite HEAs due to its
benefits, including uniform reinforcement distribution, preven-
tion of elemental segregation, fine grain sizes, and achieving
full density without porosity [52]. For instance, Hadraba et al.
[53] achieved up to 70% strength improvement in CoCrFeMn-
Ni/yttria composites at 800°C. Rogal et al. [54] increased the
compressive yield strength of an Al,O,-strengthened CoCrF-
eMnNi HEA from 1180 MPa to 1600 MPa using MA and HIP.
Xiao et al. [55] found that PM significantly improved the wear
resistance and hardness of CoCrFeNiMnCx by precipitating
hard M7C3 carbides and reducing porosity. Ravi et al. [56] ob-
served that adding 2 wt.% carbon nanomaterials, such as
graphite flakes, graphene nanoplatelets, and carbon nanotubes,
increased carbide precipitation, enhancing wear resistance. Yim
et al. [57] prepared TiC-reinforced CoCrFeMnNi HEA com-
posites by mixing TiC nanoparticles into water-atomized HEA
powder, followed by low-energy mixing and SPS sintering.
They compared the morphology of original HEA powders (Fig.
4a) with TiC-reinforced HEA powders (Fig. 4b) after milling.
The HEA-TiC powders exhibited a flaky morphology, while the
HEA powders showed an irregular shape. This difference sug-
gests that TiC addition causes localized hardening and results
in a distinct morphological change during milling. Further, the
grain size of HEA and HEA-TiC composite bulks was studied
by the EBSD inverse pole figure (IPF) maps (Fig. 4(c and d). It
was observed that the HEA-TiC composite has a smaller aver-
age grain size (5.1 um) compared to the HEA without TiC (10.6
um). Fig. 4(e) shows the compressive stress-strain curves of
HEA and HEA-TiC composite bulks, indicating the addition of
TiC content increased the yield strength from 508 MPa to 698
MPa and the fracture strength from 1527 MPa to 2215 MPa.
The true stress-strain and strain hardening rate curves shown
in Fig. 41, suggesting that strain hardening rate decreases after
yielding for both materials, it remains higher in the HEA-TiC
composite. To realize the effect of TiC NPs in the strain hard-
ening behavior, TEM analysis was carried out for the 2%
strained composite HEA (Fig. 4g and h). It reveals dislocation
pile-up at the TiC/FCC matrix interface and bowing of disloca-
tion along the TiC interface. It is evident that TiC nanoparticles
enhance strain hardening by impeding dislocation movement.
These results demonstrate that incorporating reinforcements
into HEAs via PM is an effective approach for strengthening
HEAs with controlled microstructure and achieve the required
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Fig. 4. (a) Scanning electron microscopy (SEM) images of milled high-entropy alloy (HEA) powders. (b) SEM of milled HEA-TiC powders.
(¢, d) EBSD inverse pole figure maps of sintered HEA and HEA-TiC. (e) Compressive stress-strain curves. (f) True stress-strain and strain-
hardening curves. (g) Transmission electron microscopy of 2%-deformed HEA-TiC showing dislocations at the TiC/FCC interface. (h)

Dislocation bowing at the TiC/FCC interface [57].

properties.

Thus, powder metallurgy is an effective method for produc-
ing composite structures. By incorporating fine, stable particles
in HEAs, it impedes dislocation motion and promotes grain re-
finement, resulting in increased yield strength, hardness, ther-
mal stability, and superior wear resistance.

3.3. Heterogeneous structures

In general perspective, enhancing strength without compro-
mising ductility highlights the importance of microstructural
engineering in alloys. Consequently, various methods are now
available to optimize the microstructure of CoCrFeNiMn
high-entropy alloys (HEAs) to meet the demands of a wide
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range of industrial applications. Former studies reported that
conventional ingot metallurgy associated with severe plastic
deformation (SPD) and subsequent annealing methods exhibit
uni-dimensional or partially bi-modal structures, which exhib-
its uncertainty between strength and ductility due to lack of
controlling fraction of coarse- and fine-grained regions and
their spatial distribution [58]. To overcome the strength and
ductility trade-off synergy, developing heterogeneous micro-
structures such as harmonic structure, bimodal grain struc-
tures, lamellar structures have emerged as promising in design-
ing advanced materials. In homogeneous materials, strength is
typically enhanced through conventional mechanisms like solid
solution strengthening, precipitation hardening, dislocation
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hardening, and grain boundary strengthening. However, the
outstanding strength and ductility observed in heterogeneous
structure materials cannot be fully explained by these tradition-
al methods alone. In heterogeneous materials, the deformation
process unfolds in three stages. Initially, both soft and hard do-
mains deform elastically. As plastic deformation starts in the
soft domains while the hard domains remain elastic, strain gra-
dients and geometrically necessary dislocations (GNDs) form
at the interfaces, generating back-stress that strengthens the
soft domains and enhances overall yield strength. In the final
stage, both domains deform plastically, with the soft domains
taking on higher strain and the hard domains experiencing in-
creased flow stress. This results in strain partitioning and fur-
ther strengthening due to back-stress, improving both strength
and ductility in heterogeneous structure materials [59]. The de-
formation behavior of heterogeneous materials is graphically
represented in Fig. 5.

3.3.1. Harmonic structures

The harmonic structure (HS), which includes coarse-grained
areas within a three-dimensional ultra-fine-grained shell, is an
effective design strategy for enhancing the strength and ductili-
ty of metallic materials. Conventional thermo-mechanical pro-
cesses, such as cold rolling and annealing, often result in
uni-dimensional or bi-dimensional structures with difficult
control over hard and soft domains, leading to anisotropy and
variability in mechanical properties. Thus, PM combined with
mechanical milling is the most convenient method to produce
HS via controlled milling parameters with low cost. Originally,
atomized HEA exhibits poor strength with good elongation. To
enhance the strength and ductility of HEAs, some of the recent
studies developed harmonic structure using the atomized pow-
ders by controlling the milling time and speed. In a previous
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Fig. 5. Strengthening mechanism of a heterogeneous structure [59].
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study [60], HS was developed in CoCrFeMnNi HEA by adjust-
ing milling time, starting with atomized HEA powder. To ob-
serve the morphological changes of powders, SEM analysis was
carried out for the initial (Type A) and harmonic structured
(Type B and C) HEA powders. The as-atomized HEA powders
were spherical with an average size of 97 um (Fig. 6a). After op-
timizing high-energy milling to develop a harmonic structure,
the powders became coarser. After milling for 90 minutes,
powder particles first refined through fracturing but later
coarsened due to cold welding, forming a gradient structure
with surface-to-interior deformation (Fig. 6b). Further increas-
ing milling time to 120 minutes refined the surface layers, re-
sulting in a finer microstructure at the powder boundaries, as
shown in Fig. 6(c). After sintering by SPS, the microstructures
of homogeneous and harmonic structured HEAs were exam-
ined. It was observed that Type A HEA showed closely packed
powder boundaries with no porosity (Fig. 6d). Besides, Types B
and C HEAs differ from the homogeneous Type A HEA by
having soft coarse-grained cores with hard fine-grained shells
(Fig. 6e and f). Additionally, Types B and C vary in the size and
distribution of these regions. In Type C HEA, the fine-grained
regions at the powder boundaries are more pronounced than in
Type B HEA, due to a higher fraction of fine-grained regions
resulting from increased milling time. This variation is influ-
enced by the degree of plastic deformation during powder pro-
cessing. Soft coarse grains enhance ductility by allowing dislo-
cation motion, while hard fine grains improve strength by hin-
dering dislocation movement. The original Type A HEA bulk
displays a homogeneous microstructure with an average grain
size of approximately 30 um [46]. To investigate the gradient
microstructure from the surface to the center of the powder,
EBSD analysis was conducted (Fig. 6g). It has been observed
that the grain size decreases from the center to the interface due
to plastic deformation, with fine-grained regions outlined by
white dotted lines. The magnified EBSD images from Fig. 6(g)
show detailed microstructural changes at the center and inter-
face, as seen in Fig. 6(h) and (i), respectively. The center region
consists of coarse-grained structures with an average grain size
of approximately 20 um, while the surrounding regions contain
fine-grained structures with an average grain size of around 4
pm. The interface thickness for the type C HEA is about 150
um, which is larger than that of type B HEA (~90 um). A thick-
er interface along with smaller grain sizes may contribute to
enhanced strength in the HEA by promoting grain boundary
strengthening. Moreover, the significant difference in grain size
from center to interface develops mechanical incompatibility,
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Fig. 6. (a) Scanning electron microscopy (SEM) images of as-atomized CoCrFeMnNi high-entropy alloy (HEA) powder (type A). (b, c)
SEM of bimodal powders from 90 min (type B) and 120 min (type C) milling. (d-f) Corresponding SPS-fabricated bulks. (g) EBSD inverse
pole figure (IPF) image showing harmonic structure in type C HEA, (h, i) Magnified IPF images from center and interface of type C, (j)
Compressive stress—strain curves for homogeneous vs. harmonic structures [60].

resulting in back stress during deformation. Consequently, Fig.
6(j) shows the HS HEAs with higher compressive yield strength
(CYS) than homogeneous structures. Type A HEA has a CYS
of 370 MPa and a strain >60%. Type B and C HEAs have CYS
values of ~730 MPa and ~760 MPa, with fracture strains of
~56% and ~51%, respectively. Type C HEA offers slightly better
CYS and lower fracture strain than Type B, due to its higher
proportion of fine grains at the interface. Similarly, harmonic
structure was developed in various alloys such as SUS304L steel
[61], Co-Cr-Mo [62], pure Ni [63], and copper [64] and FeMn-
CoCr [65] by controlling the milling parameters. On the other
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hand, Banik et al. [66] investigated how harmonic structures
affect the wear behavior of CoCrFeMnNi HEA processed by
powder surface deformation and subsequent SPS. They found
that this HEA offers better wear resistance compared to 304 L
stainless steel and maraging steel under low applied loads.
However, its wear resistance decreases at higher loads due to
the removal of fine grains. Wang et al. [67] found that the core-
shell network structure of CoCrFeMnNi HEA improves corro-
sion resistance over traditional coarse-grained or ultraf-
ine-grained structures. They found that a shell fraction of
around 30% provides the best corrosion resistance. From the
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literature survey;, it is noteworthy that developing HS in HEAs
is advantageous for enhancing strength and ductility.

3.3.2. Bimodal structure

Grain refinement is an efficient method to enhance strength
of HEAs but typically reduces ductility. To address this, devel-
oping bimodal microstructures with both fine and coarse
grains can improve both strength and ductility [68]. Thus, PM
is a useful method for achieving these optimal microstructures
in HEAs. It is known that PM involves severe plastic deforma-
tion through mechanical milling to produce ultrafine or na-
no-sized powders, which are then combined with coarse pow-
ders in specific ratios before consolidation. For example, Lee et
al. [69] developed a bimodal grain structure by using gas-atom-
ized CoCrFeMnNi HEA powders by mixing coarse and fine
powder. The powders were mixed in a low-energy mixer using
mass ratios of coarse to fine powders such as 1:9, 2:8, 4:6, 6:4,
and 8:2. The mixing process of coarse and fine powders was

(a)
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schematically represented in Fig. 7(a and b). The mixed pow-
ders were then sintered using SPS, corresponding microstruc-
tures with coarse to fine powders as 1:9, 2:8, 4:6, 6:4, and 8:2
mass ratios, as shown in Fig. 7(c-g), respectively. The grain size
was affected by the initial powder size, with a higher proportion
of coarse powder resulting in larger grain size. By mixing fine
powders with coarse powders improved interfacial bonding,
resulting in a pore-free microstructure. To demonstrate the ef-
fect of the bimodal microstructure with varying mass ratios of
coarse to fine particles, the tensile strength and ductility results
are shown in Fig. 7(h). The results showed that adding coarse-
to-fine particles with a mass ratio of 2:8 showed the highest
yield strength of 491.95 MPa and an elongation of 19.64%. Fur-
ther increasing the proportion of coarse particles beyond this
ratio led to a decrease in strength. However, the strength re-
mained higher (~41%) than that of fine grained CoCrFeMnNi
HEA. The significant strength enhancement in the bimodal
structure is mainly due to the optimized balance between dislo-
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Fig. 7. (a) Fabrication of bimodal grain structure in CoCrFeMnNi high-entropy alloy (HEA) via powder mixing. (b) Schematic of bimodal
structure. (c-g) Scanning electron microscopy images of microstructures with coarse powder ratios: (c) 1:9, (d) 2:8, (e) 4:6, (f) 6:4, (g) 8:2.
(h) Tensile strength and elongation with different ratio of coarse particles, (i) Transmission electron microscopy images at 3% and (j) 5%

deformation of bimodal CoCrFeMnNi HEA [69].
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cation movement and grain boundary strengthening. In the bi-
modal microstructure, fine grains make it more difficult to in-
troduce new dislocations, contributing to higher yield strength.
Thus, the 2:8 coarse-to-fine particle ratio proves to be the opti-
mal configuration. This ratio not only promotes dislocation in-
troduction but also maintains a favorable balance between the
strengthening effect of fine grains and the ductility offered by
coarse grains. However, the bimodal HEA exhibited an unex-
pected trend: strength increased noticeably, while elongation
decreased with the introduction of coarse grains. In particular,
the elongation slightly increased with the addition of coarse to
fine particles at ratio of 6:4 even though strength reduced. This
differs from typical bimodal structure produced by convention-
al melting methods with homogeneous microstructure that
usually exhibits highest elongation. In contrast, PM involves
sintering, which can result in porosity and weaker intergranular
bonding due to the limited driving force for sintering in coarse
particles, restricting particle migration and reducing the con-
tact area between particles. The decrease in elongation in PM
HEAs with the addition of coarse particles is therefore attribut-
ed to these microstructural differences and residual stresses. To
assess the strengthening effect of the bimodal structure, elec-
tron channeling contrast imaging and TEM analyses were per-
formed on the 2:8 sample after 3% and 5% deformation. After
tensile deformation under 3% strain, coarse particles had low
dislocation density, while fine particles had significantly higher
density (Fig. 7i). Under 5% strain, dislocation densities increase
in both coarse and fine particles, with fine particles showing a
marked increase and the formation of dislocation cells (Fig. 7j).
It has been observed that dislocations accumulated at the grain
boundaries with an increasing tensile strain. The formation of
dislocation cells, which hindered dislocation movement, acted
like grain boundary strengthening. Dislocations accumulated
mainly at the boundaries of coarse grains, enhancing strength
by effectively suppressing plastic deformation, especially in fine
grains. The dislocation density in bimodal HEAs with a 2:8 ra-
tio was five times higher compared to that in sintered HEAs
with fine powders. In another study, a bimodal grain structure
was developed by Xiang et al. [70] achieved by incorporating
nanoscale grains from the TiZrNbTa HEA into pure Ti with a
coarse grain size. The homogeneous mixing of fine and coarse
powders offers high strength from fine particles due to their
blocking of dislocation mobility, while the coarse particles con-
tribute to ductility and toughness by passing through the dislo-
cation mobility. By carefully controlling the PM process, mate-
rials with bimodal microstructures can be engineered to pro-
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vide superior performance for a wide range of applications. As
aresult, yield strength of 1426 + 30 MPa, a fracture strength of
2133 + 88 MPa, and an acceptable compressive strain of 22.3%
+ 1.8%. It has been demonstrated that heterogeneous struc-
tures enhance strength and ductility through HDI strengthen-
ing, which results from mechanical incompatibility between
hard and soft regions. This HDI stress comes from the com-
bined effects of back stresses and forward stresses caused by
dislocation pile-up and accumulation [71]. Moreover, similar
behavior was observed in various heterogeneous structures,
such as FeMnCoCr HEA processed by cold deformation and
annealing [72] multigradient heterostructured CoCrFeMnNi
HEAs using laser deposition on highly deformation [73] and
lamellar heterogeneous Fe,, osNi,, ;Co,,5Al,, ;Cr; B, s HEA
through thermomechanical process. From these results, it has
been observed that bimodal grain structure tunes mechanical
properties by combining the advantages of fine and coarse
grains. Fine grains enhance strength through grain boundary
strengthening, while coarse grains improve ductility and tough-
ness by providing more room for plastic deformation. This
structure optimizes overall toughness, fatigue resistance, and
controlled deformation behavior, resulting in a material with a
balanced combination of strength and ductility suitable for var-
ious applications.

3.3.3. Multi-metal lamellar composite structures

Recently, multi-metal composites have gained significant at-
tention in materials engineering to address the long-standing
strength-ductility trade-off. The conventional methods includ-
ing grain refinement and work hardening enhance the strength
but often reduce ductility. To address this, the development of
multi-metal lamellar composites consisting of soft and hard
layers with mechanical incompatibility >100 % have drawn
great attention. These materials exhibit superior mechanical
properties that surpass those predicted by the rule of mixtures,
which typically estimates composite properties based on the
average of its constituents. The strengthening of heterogeneous
lamellar structures comes from the interaction between soft
and hard regions during deformation. As the soft regions plas-
tically deform, constrained by the still-elastic hard regions,
strain gradients form, generating geometrically necessary dislo-
cations (GNDs) at the interfaces. This constraint and increased
dislocation activity lead to enhanced strength and toughness,
giving HLS superior mechanical properties over homogeneous
materials. For example, Karthik et al. [74] prepared a
multi-metal lamellar composite using HPT. The multi-metal
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composite consists of CoCrFeMnNi and Inconel 718 reinforce-
ment, indicating a well-bonded interface and ultra-fine grains,
which was confirmed by STEM image (Fig. 8a). TEM micro-
graphs of CoCrFeMnNi HEA annealed at 700 °C show a par-
tially recrystallized structure, with some grains displaying an-
nealing twins and others retaining high dislocation densities.
Additionally, the brittle o-phase was observed at grain bound-
ary triple junctions (Fig. 8b). In CoCrFeMnNi HEA, the forma-
tion of the o-phase may be due to local chemical fluctuations or
segregation, suggesting that phase stability in HEA can be in-
fluenced under certain conditions. Further Fig. 8(c) shows the
TEM micrographs of the IN718 showed ultra-fine grains with
high dislocation densities in the 700 °C samples. Further, EBSD
IPF maps (Fig. 8d) show a uniform equiaxed grain structure at
the CoCrFeMnNi/IN718 interface after annealing, indicating a
stable interface with no new phases up to 700 °C. Fig. 8(e)
shows the tensile stress-strain curves of multi-metal composites
processed by HPT and post heat treatment at 700 and 800 °C

(b) CoCrFeMnNi

/ b

£)] CoCrFeMnNi
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for 1 h. The as-HPT samples had very high strength (~1800
MPa) but no ductility due to high dislocation density. Anneal-
ing improved ductility, with samples treated at 800 °C achieving
a yield strength of ~900 MPa, an ultimate tensile strength of
~920 MPa, and an elongation of ~40%, effectively overcoming
the traditional strength-ductility trade-off. The CoCrFeMn-
Ni-IN718 multi-metal lamellar composite outperformed the
monolithic CoCrFeMnNi alloy and most other multi-metal
composites (Fig. 8f), showing an excellent balance of strength
and ductility.

It has been demonstrated that developing multi-metal lamel-
lar composites through HPT followed by annealing results in a
uniform grain size distribution and enhanced interfacial bond-
ing. This approach ensures consistent material properties and

improvement in structural integrity.

3.3.4. Thermal Mechanical Processing.
It has already been mentioned that HPT can be used to refine

2000

© 1200
E — 800 °C %

a = 900
01200 £

= g

& e £ 600
2 oo — |2
= st

o 400 £ 300
£ =

[-11]

=

m o v o

t\ | CoCrFeMnNi |
Present work
. N *
PM HPT
+
AM Wrought

10 20 30
Engineering Strain (%)

20 30 40 50 60p4
Elongation (%)

Fig. 8. (a) Scanning transmission electron microscopy (STEM) micrographs of CoCrFeMnNi-IN718 multi-metal composite after high-
pressure torsion annealed at 700 °C for 1 h (b) CoCrFeMnNi high-entropy alloy (HEA) bulk showing o-phase, (c) IN718 and (d) EBSD map
of the CoCrFeMnNi/IN718 interface.; (f) IN718 bulk showing §-phase. Insets in (e) and (f) show electron diffraction patterns. (e) Tensile
stress-strain plots of the composite. (f) Yield strength vs. elongation compared to monolithic CoCrFeMnNi HEA [74].
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the microstructure by applying large strains, which enhances
the strength of HEAs [75]. Conducting HPT at ambient tem-
perature helps prevent grain growth and oxidation issues asso-
ciated with high-temperature sintering. This method effectively
densifies materials and overcomes traditional milling and sin-
tering limitations. Recently. Asghari-Rad et al. [76] and his
team showed that room-temperature densification and na-
no-structuring of CoCrFeMnNi HEA powder can be achieved
with HPT followed by annealing. Firstly, atomized HEA pow-
der was pre-compacted into disks by HPT at 5 GPa for four
turns, and then annealed at 700 °C and 800 °C, which can be
schematically presented in Fig. 9(a). Fig. 9(b) shows the XRD
patterns of atomized HEA powder, indicating a single-phase
FCC structure. After one turn of HPT, the FCC peaks broad-

Microstructural evolution in PM CoCrFeMnNi high entropy alloy

ened due to strain and grain refinement, and after four turns, a
BCC peaks appeared, indicating a martensitic transformation.
In Fig. 9(c), TEM image of four turns HPT HEA showed a
nanocrystalline structure with an average grain size of about 40
nm. The inset of selected area electron diffraction (SAED) pat-
tern confirms the presence of FCC and BCC-martensite phases.
Fig. 9(d) shows the dark-field TEM image obtained from the
BCC spot shows the distribution of BCC-martensite in the
structure. Fig. 9(e) provides a high-resolution (HR)-TEM im-
age of a grain, while Fig. 9(f) shows that the FFT patterns reveal
FCC structure in the grain interiors and a mix of FCC and
BCC phases at the grain boundaries. The HPT-processed sam-
ples were annealed under various conditions to refine their mi-

crostructure and enhance tensile properties. The EBSD IPF
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Fig. 9. (a) Fabrication of CoCrFeMnNi HEA by high-pressure torsion (HPT) and post annealing. (b) X-ray diffraction patterns of the HEA
powder and HPT-processed HEAs. (c) Bright-field transmission electron microscopy (TEM) image of the four-turns HPT-processed HEA
with selected area electron diffraction patterns, (d) Dark-field TEM image, (e) HR-TEM image, and (f) FFT patterns of the marked areas in (e).
EBSD-inverse pole figure maps of the post-HPT annealed samples; Annealed at (g) 700 °C for 15 min, (h) 700 °C for 60 min, (i) 800 °C for 15
min, (j) 800 °C for 60 min and (k) Tensile stress-strain curves of the HPT and post-HPT annealed HEAs [76].
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maps in Fig. 9(g-j) reveal that annealing at 700 °C for 15 min-
utes results in an equiaxed microstructure with an average
grain size of 340 nm. As the annealing temperature and dura-
tion increase, the grain size grows; it reaches 844 nm after an-
nealing at 800 °C for 60 minutes. Moreover, Fig. 9(k) shows the
tensile stress-strain curves of HPT and post-HPT annealed
HEAs, suggesting four-turn HPT HEA exhibits a high tensile
strength of about 1867 MPa, with limited elongation. Post an-
nealed HEAs showed an increase in ductility but yield strength
decreases with temperature due to reduction in dislocation
density and grain growth. The formation of sigma phase at 700
°C caused to reduce elongation. The best performance is
achieved with annealing at 800 °C for 60 minutes, resulting in a
yield strength of 754 MPa and an elongation of 58%, due to its
ultra-fine grain structure and high dislocation density.

It is worth mentioning that HPT followed by annealing offers
significant advantages for tuning mechanical properties. HPT
refines grain size and increases dislocation density, enhancing
strength and hardness. Subsequent heat treatment further opti-
mizes the microstructure by relieving internal stresses, con-
trolling grain growth, and managing phase transformations.
This combination allows for precise adjustments to properties
such as ductility, toughness, and overall workability, making the
material suitable for specific engineering applications.

3.3.5 Developing hierarchical microstructure via additive
manufacturing

In recent years, powder metallurgy-based additive manufac-
turing (AM) technology has emerged as a transformative pro-
cess with numerous industrial advantages, such as reduced
processing times, high dimensional accuracy, and minimal ma-
terial wastage [77]. These benefits make it an ideal method for
producing complex metallic parts. Since the physical, chemical,
and mechanical properties of AM products are influenced by
the feedstock powders, the fabrication of high-quality powders
has drawn great attention in materials engineering. Among
various powder fabrication routes, gas atomization is a well-es-
tablished rapid solidification method for producing alloy pow-
ders with a spherical shape morphology, narrow size distribu-
tion, compositional uniformity, low oxidation risk, and the ca-
pability for mass production. These characteristics make
gas-atomized powders highly suitable for AM applications, en-
suring improved flowability, better packing density, and consis-
tent properties in the final product. Among various AM tech-
niques, binder jetting and powder bed fusion have emerged as
promising methods for producing high quality HEAs.
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1. Binder Jet Printing: Recently, binder jet printing technique
has gained attention in metal additive manufacturing due to
its simplicity and high productivity. The method uses binder
and metal/ceramic powders as feedstock, with the binder ap-
plied to adhere the powder particles at room temperature.
The parts are then densified through processes such as cur-
ing, sintering, or hot isostatic pressing (HIP). Although BJP
is suitable for certain applications, its non-fusion nature lim-
its its use for HEAs, with successful implementations in Al-
CoCrFeNi and CoCrFeMnNi alloys [78].

2. Powder Bed Fusion: Powder bed fusion methods like selec-
tive laser melting (SLM) and electron beam melting (EBM)
utilize focused energy sources to melt powder layer by layer,
resulting in dense structures without post-processing. The
higher solidification rate in these techniques promotes the
formation of finer grain structures and increases dislocation
density compared to other methods. By applying focused en-
ergy, laser powder bed fusion (LPBF) enables precise control
over the microstructure, density, and mechanical properties
of HEAs [79].

Thus far, various HEAs have successfully utilized AM tech-
nology to produced HEAs with high quality parts and investi-
gated the microstructure and mechanical properties. For exam-
ple, Zhu et al. [80] successfully developed hierarchical micro-
structure in CoCrFeMnNi HEA via SLM technique by adjust-
ing the laser power (P: 160-290 W) and scanning speed (V:
1500-2500 mm/s). For this, high quality CoCrFeNiMn HEA
powder was fabricated by gas atomization. The morphology of
CoCrFeMnNi HEA powder examined by SEM analysis, show-
ing a spherical-shaped powder with an average particle size of
36 um (Fig. 10(a)). The EBSD inverse pole figure map of the
HEA powder in Fig. 10(b) shows a polycrystalline microstruc-
ture. The as-built HEA by SLM technique showed a hierarchi-
cal structure, including melt pools, columnar grains, sub-mi-
cron cellular structures, and dislocations with an average size of
0.34 £ 0.04 pm, where the cell walls are decorated with a high
density of dislocations and the interiors are clean (Fig. 10c).
Furthermore, the mechanical properties of the as-built HEA
were assessed through stress-strain curves, which demonstrat-
ed an excellent balance of strength and ductility, as shown in
Fig. 10(d). For instance, the as-built V2000 HEA exhibits a sig-
nificantly higher yield strength (oy) of 510 MPa, nearly twice
that of the as-recrystallized counterparts. Post-heat treatment,
although oy decreases due to the recovery of the cell structures
but the ductility improves. The post-mortem bright-field
STEM image in Fig. 10(e) reveals an effective dislocation trap-
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Fig. 10. (a) Morphology of gas atomized CoCrFeMnNi HEA powder (b) EBSD inverse pole figure (IPF) map of the powder, (c) Bright-field
scanning transmission electron microscopy (STEM) image showing the cellular structure, (d) Engineering stress—strain curves of the samples
under different conditions, and (e and f) show the bright-field STEM images of an as-built sample strained to fracture [80].

ping and retention mechanism within the cells, leading to an
increased dislocation density inside the cell walls. Additionally,
planar slip bands shown in Fig. 10(f), interact with cellular
structures to form a three-dimensional dislocation network.
The deformation behavior of the as-built HEA was primarily
governed by hierarchical dislocation activities, with deforma-
tion twinning also contributing to plastic flow. It has been ob-
served that the fabrication of hierarchical structured CoCrF-
eMnNi HEA by SLM technique with superior strength and
ductility, offering a promising alternative to conventional man-

ufacturing techniques.

4, Conclusions and future directions

In conclusion, PM emerges as a highly effective method for
fabricating HEAs with customized microstructure and en-
hanced mechanical properties. By adapting PM techniques in
developing HEAs, overcomes the limitations of traditional
melting methods, such as segregation and coarse-grained den-
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dritic microstructures. PM offers precise control over micro-
structural features, including grain size and uniform chemical
composition. The review highlights several such as grain re-
finement through the Hall-Petch effect, dispersion strengthen-
ing with fine particles to impede dislocation movement, and
the development of heterogeneous microstructures such as
harmonic, bimodal, multi-metal lamellar structure and hierar-
chical structures, significantly enhance the strength and ductil-
ity of HEAs, making them more suitable for a wide range of de-
manding engineering applications. Additionally, thermome-
chanical treatments, such as HPT followed by annealing is the
most effective PM route for further refining grain sizes and tai-
lor microstructural features to enhance mechanical properties.
Therefore, PM offers advantages for producing HEAs with op-
timized properties for demanding engineering applications.
However, the fabrication of novel HEAs remains challenging
due to issues like elemental segregation and incomplete alloy-
ing, which can lead to the formation of metastable phases. To
address these problems, precise control of powder mixing and
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sintering parameters is essential for uniform element distribu-
tion, effective diffusion, and defect reduction. The mechanical
properties of HEAs depend on their phase stability. Controlling
phase transformations and avoiding brittle phases during PM
processing are key to maintaining high strength and toughness,
especially at room temperature. Identifying cost-effective and
sustainable alloying elements is crucial for making HEAs more
commercially viable for widespread structural applications. In-
corporating reinforcement phases can improve HEAs strength
at room temperature. To ensure superior mechanical perfor-
mance, especially at elevated temperatures, it is crucial to opti-
mize particle size, concentration, and bonding between HEAs
and nanoparticles. Further investigation into heterogeneous
microstructures is essential to balance strength, ductility, and
toughness in HEAs. Future research should focus on under-
standing the mechanisms behind their strengthening and de-
formation. Utilizing machine learning and computational
modeling to predict optimal alloy compositions and micro-
structures that can improve mechanical properties while reduc-
ing trial-and-error experimental methods.
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Code of Ethics for
the Journal of Powder

Established: 2007. 10. 23

Full Text

First published in April 1994, with the purpose for the revital-
ization of technical exchange between Academics & Industry in
Powder Metallurgy related advanced studies. Journal of Powder
Materials is currently published on a bi-monthly basis.

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

search.

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

1. The criteria of the authorship

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

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

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

C. Final approval of the version to be published.

D. Agreement to be accountable for all aspects of the work in
ensuring that questions related to the accuracy or integrity
of any part of the work are appropriately investigated and

resolved.
2. The duty of the author

The author of thesis shall explain the results and discussions of

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

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

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

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

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

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

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

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

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

and the preservation of biological diversity and protection
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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.

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

nal reviewer.

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

The editorial committee member shall retain full responsibility

and authority to carry out the procedures to approve or reject a
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submitted thesis for publication in the journal. Each editorial
committee member shall cooperate with the journal reviewer
and other editorial committee members shall observe and carry
out the following items.

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

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

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

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

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

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

be appointed for the screening process.

Chapter 4. Activities of the review
committee

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

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

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

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

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

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

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

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

C. The review committee shall carry out an investigation
promptly and fairly at the editorial committee member's

request. The investigation shall notify, carry out and finish
based on the following guidelines.

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

2. The review committee shall provide an opportunity for ex-
planation to the person or organization subject to investi-

gation within 30 days of written notice.

https://powdermat.org

3. The review committee shall acquire and investigate any in-
ternal records or other publications related with cheating.
4.In the case of unintended mistakes or errors, the review

committee shall finish the investigation promptly.

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

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

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

sealed.

Supplementary Provision

1. This code of ethics shall be in effect from October 23,
2007.

2. This Revised code of ethics shall be in effect from March 6,
2020.

3. This Revised code of ethics shall be in effect from February
10, 2022.
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Misconduct-Related Regulations

Enacted: June 17, 2016

Chapter 1 General Provisions

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

2. Ethics Committee

(D The ethics committee of The Korean Powder Metallurgy
& Materials Institute will be formed to deliberate and de-
cide on the regulations.

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

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

tion of the Editorial Committee.

Chapter 2 Research Misconduct

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

4. Simultaneous Submission
Submitted papers may not be submitted to other domestic or
foreign academic journals simultaneously, or as a duplicate, re-

gardless of whether it is submitted beforehand or afterwards.

S. Duplicated Publication
(D Dissertations published in other domestic or foreign aca-
demic journals may not be duplicated.
(2) When submitting a research report or a part of a doctoral
or a master’s thesis as it is, or if it is corrected or supple-

mented, the correct description must be clearly stated.
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6. Plagiarism

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

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

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

1. Forgery is the act of untruthful creation of false data or re-

search results that do not exist.

2. Falsification refers to the act of artificial manipulation of

research materials, equipment, processes, or distorting re-
search contents or results by modifying or deleting data ar-

bitrarily.

Chapter 3 Deliberation and Resolution
Procedures

8.Judgment of Research Misconduct

(D If there is a report on research misconduct within or out-
side the institute, the chair of the Editorial Committee
must convene the committee to collect relevant data and
confirm the credibility of the report.

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

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

@ The Research Ethics Committee shall make a unanimous
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decision on whether there has been a case of research
misconduct. If there is a disagreement between the two
parties, it shall be decided by a vote of 3/5 of the attending

committee members.

9. Discipline and Result Processing
(D A person who violates research ethics shall be subject to
and notified of a disciplinary action through the following
measures:
1. Member expulsion
2. Prohibition of contributing to the Journal of Powder Met-
allurgy
3.If the article is published, the article will be deleted. Papers
that are scheduled to be published cannot be published.
4. Relevant organizations will be notified of ethics violations.
5. Other disciplinary actions that are deemed necessary
(2 The content of the violated research ethics shall be posted
on the homepage after a two-week protest period.
(@ The contents of the disciplinary action in Items 2, 3, and 5
of Clause 1 shall be notified in the name of the edi-
tor-in-chief after the decision of the Research Ethics

Committee. The contents of disciplinary action in Items

https://powdermat.org

10. Objection

(D A researcher who is judged for a research misconduct
may file an objection only once within one month from
the date of notification, if the decision of the Research
Ethics Committee or the reason for misconduct is unrea-
sonable.

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

Supplement

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

the resolution of the Board of Directors.

2. Effective Date
1. This regulation shall be effective beginning on the date of
the Board of Directors’ approval (June 17, 2016).
2. This Revised code of ethics shall be in effect from February
10, 2022.
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Written Oath of Observance of Powder Materials
Research Ethics

Article title:

Author name:

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

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

1. T swear that I shall observe The Korean Powder Metallurgy & Materials Institute’s Research Ethics Code and regulations related to
research misconduct, and have written this article through honest and rigorous research.

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

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

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

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

All authors must sign this Written Oath of Observance of Research Ethics, but in case of necessity, the correspondent author can ob-

tain the consent of other authors and replace them.

All Authors:
Signature Date Signature Date
Signature Date Signature Date

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

referred to above”
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Instructions for authors

The Korean Powder Metallurgy & Materials Institute, found-
ed in 1994, is a research journal that primarily aims to publish

original research papers on a bi-monthly basis.

1. Forms and contents of publication

- Original Papers: This form of publication represents origi-
nal research articles on various aspects of powder metallur-
gy, namely fabrication, characterization, and forming of
metal powders for advanced industrial applications.

- Letters or Rapid Communications: Short reports of original
researches are accepted for publication.

- Critical Reviews or Reports : Invited or submitted review
papers and technical reports are accepted.

The journal overall serves as a much-desired international
platform for publications of wide researches in materials science.
The emphasis, however, has been given on originality and quali-
ty of the paper rather than quantitative research. Short reports
on material development, novel process or properties are also
welcome. The following list of topics is of particular interest to
the journal: (1) Powder fabrication techniques, (2) Characteriza-
tion, (3) Compaction and sintering methods, (4) Heat treatment
processes in powder metallurgy, (5) Industrial application of
powders, (6) Powder process control, (7) Particle modification,

(8) Particle motion and rheology, and (9) Particle growth.

2. Submission of papers

1) Manuscript should be submitted online at the KPMI home-
page (http://www.kpmi.or.kr) or e-mail to the KPMI (jour-
nal@kpmi.or.kr)

2) File type: MS Word files according to instructions below.
Pictures and photos should be submitted in JPG or TIFF for-
mat (300 dpi).

3) Prior to publications: Submitted manuscript must not previ-
ously been published in a journal and it is not being simulta-

neously considered for publication elsewhere.

3. Preparation of manuscripts

1) All papers should be written in English and SI units should
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be used throughout. Abbreviations should be defined the first
time they occur in manuscript. Manuscripts should be typed
on a paper of A4 format with 2.5 cm margins (right, left, top,

bottom), and double-spaced, using Times Roman 11 font.

2) Structure of the manuscript:
The Title : The tile should be carefully chosen to indicate as clear-
ly as possible the subject of the manuscript. The first letter of
each word should begin with a capital letter except for articles,
conjunctions, and preparations. The first word after a hyphen
should also be capitalized such as “Variation of Magnetic Proper-
ties of Nd-Fe-B Sintered Magnets with Compaction Conditions”.

Bylines should include all those who have made substantial
contributions to the work. The first author should be the major
contributor of the work. All authors' names should be written
in full. At least one author should be designated with a sign as
the corresponding author.

Affiliations should include the following information in the
order of Institute, Department, City, Zip Code, and Country.

Abstract and Keywords : Each paper should include 120~200

words abstract and five key words for use in indexing.

3) Text: Description headings should be used to divide the pa-
per into its component parts as below.

1. Introduction

2. Experimental

3. Results & Discussions

4. Conclusions

Acknowledgement (This is author's option.)

References

List of Table and Figure captions

Tables and Figures

4) References:

References should be indicated in the text by consecutive num-
bers in square parentheses, e.g. [1, 2, 5-7], as a part of the text,
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