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This study examined process-structure relationships in laser powder bed fusion of Al,,CoCrFeNi + Cu
composites, focusing on densification, elemental distribution, and solidification cracking. Mechanically
mixed Al,,CoCrFeNi and Cu powders were processed across a range of laser powers (100-250 W) and
scan speeds (200-800 mm/s). Increased volumetric energy density (VED) improved densification, with
a plateau near 200 J/mm® yielding ~96% relative density; however, this value was still below applica- Kwangtae Son

tion-grade thresholds. At low VED, insufficient thermal input and short melt pool residence times pro- E-mail: kwangtas@alumni.usc.
moted Cu segregation, while higher VED facilitated improved elemental mixing. Elemental mapping edu

showed partial co-segregation of Ni with Cu at low energies. Solidification cracks were observed

across all processing conditions. In high VED regimes, cracking exhibited a minimal correlation with

segregation behavior and was primarily attributed to steep thermal gradients, solidification shrinkage,

and residual stress accumulation. In contrast, at low VED, pronounced Cu segregation appeared to ex-

acerbate cracking through localized thermal and mechanical mismatch.

*Corresponding author:

Keywords: Laser powder bed fusion; High-entropy alloys; Solidification cracking; Cu segregation; Mi-
crostructural integrity

1. Introduction

The AlICoCrFeNi alloy and its derivatives within the high-en-
tropy alloy (HEA) class have emerged as a focal point in recent
alloy design efforts due to their compositional complexity and
tunable properties [1, 2]. Among the principal elements, alumi-
num has been shown to exert the most pronounced effect on
both the microstructure and mechanical behavior of the alloy.
In the Al CoCrFeNi system, progressive addition of Al induces
a transformation in the primary crystal structure—from a
face-centered cubic (fcc) lattice at lower Al concentrations to a
body-centered cubic (bcc) lattice at higher concentrations. Spe-
cifically, the fcc structure dominates for x < 0.4, a dual-phase
(fcc + bec) region appears within 0.5 < x < 0.9, and a single

https://doi.org/10.4150/jpm.2025.00101
© 2025 The Korean Powder Metallurgy & Materials Institute

https://powdermat.org

bec phase becomes stable for x > 0.9 [3]. Building upon earlier
studies focused on pure single-phase matrices, recent alloy de-
velopment strategies have increasingly emphasized the deliber-
ate formation of multi-phase microstructures and/or interme-
tallic precipitates to enhance performance [4, 5].

Among the fcc-structured Al CoCrFeNi high-entropy alloys,
the Al,, composition has emerged as a particularly attractive
candidate due to its advantageous combination of mechanical
resilience and microstructural stability, especially under cryo-
genic and moderately elevated temperature regimes [6, 7]. The
stability of the single-phase FCC matrix facilitates deformation
through dislocation glide and mechanical twinning, mecha-
nisms that synergistically enhance strain hardening capacity and
confer exceptional resistance to brittle fracture, even at cryogen-
ic temperatures [6]. Additionally, its demonstrated hot workabil-
ity and resistance to thermomechanical cracking underscore its
suitability for industrial forming operations such as hot forging

277



Kwangtae Son et al,,

and rolling [7]. Despite these favorable mechanical attributes, a
notable limitation lies in its inherently modest thermal conduc-
tivity, which may hinder its deployment in applications where
efficient heat dissipation is critical—such as heat exchangers in
power plants, thermal shielding structures, or load-bearing sup-
ports interfacing with superconducting components [8]. A
promising strategy to overcome this constraint is inspired by the
recent study conducted by Mirzababaei et al. [9], who achieved
a 2.5- to 6.6-fold enhancement in thermal conductivity of 316L
stainless steel through the incorporation of 60 vol% Cu via laser
powder bed fusion (LPBF). This substantial increase highlights
the potential of Cu-rich alloying in promoting thermal trans-
port, suggesting that similar compositional modification of the
Aly,CoCrFeNi alloy may enable the development of multifunc-
tional materials that simultaneously meet structural and thermal
performance requirements.

Traditionally, the fabrication of HEAs including Al,,CoCrFe-
Ni alloy has been primarily achieved through arc melting and
mechanical alloying techniques [10]. In the arc melting route,
constituent elements are first weighed according to the desired
atomic ratios and then melted under an inert atmosphere, typi-
cally argon, using a high-temperature electric arc. Alternatively,
mechanical alloying enables the synthesis of HEA powders via
high-energy ball milling, wherein repeated fracturing and cold
welding of elemental or pre-alloyed powders result in intimate
mixing and alloy formation. These powders can then be con-
solidated through spark plasma sintering, hot isostatic pressing,
or conventional sintering. Despite the success of these tech-
niques in establishing the foundational understanding of HEAs,
both routes face challenges related to compositional homoge-
neity, limited microstructural tunability, and labor-intensive
post-processing requirements. Recent efforts have thus ex-
plored Cu additions to Al,;CoCrFeNi alloys via arc melting, re-
vealing that Cu induces the formation of coherent Cu-rich
nanoprecipitates within the FCC matrix, which effectively en-
hance yield strength through precipitation strengthening [11].
However, increasing Cu content can reduce ductility due to
strain localization and microcrack formation at precipitate—
matrix interfaces [11]. These limitations have motivated the ex-
ploration of advanced processing methods—particularly addi-
tive manufacturing—as a means to produce compositionally
complex alloys with refined microstructures and geometrically
flexible architectures [6].

In this study, Cu-added Al,;CoCrFeNi composites were fab-
ricated using the LPBF) process to establish an optimized pro-
cessing window across a range of laser powers (100-250 W)
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and scanning speeds (200-800 mm/s). The objective was to
evaluate the feasibility of producing high-performance, Cu-en-
riched Al,;CoCrFeNi-based alloys through in situ laser pro-
cessing of blended elemental powders, thereby exploring the
potential of compositional tuning for enhanced multifunctional
properties. A Cu content of 21.8 wt%—corresponding to ap-
proximately 19.6 at%—was selected not only to enable suffi-
cient Cu enrichment for Cu-rich phase formation, but also to
shift the overall composition toward a near-equiatomic Al,,Co-
CrFeNiCu configuration.

2. Experimental

2.1. Preparation of Mixed Al,, CoCrFeNi + Cu composite
powders

The Al,,CoCrFeNi powder was synthesized via a high-purity
gas atomization process at Kongju National University
(Cheonan, South Korea). High-purity elemental metals were
weighed according to the stoichiometric composition and in-
duction-melted at approximately 1600 °C to produce a homo-
geneous molten alloy. The melt was then discharged through a
boron-nitride nozzle (8 mm diameter) into a gas atomization
chamber, where high-pressure argon gas (1.3 MPa) was em-
ployed to atomize the stream into fine droplets. These droplets
rapidly solidified into spherical powders, which were collected
at the base of the chamber. The atomized powders exhibited a
smooth, spherical morphology with a particle size distribution
characterized by Dy, Dy, and D,, values of 16.9 pm, 34.0 um,
and 58.5 pm, respectively.

For the preparation of Al;;CoCrFeNi + Cu composite pow-
ders, commercially available copper powders (99.7% purity,
—325 mesh) were procured from Royal Metal Powders Inc.
(Maryville, TN, USA) and blended with Al,,CoCrFeNi powders
at a weight ratio of 21.8 wt% Cu to 78.2 wt% Al,,CoCrFeNi.
This composition was selected to develop a HEA system in
which no single element dominates the overall chemistry. Pow-
der mixing was conducted using a Retsch PM 100 planetary ball
mill (Haan, Germany). To prevent fragmentation or mechanical
deformation of particles, no grinding media were introduced
into the milling jar. A total of 500 g of blended powder was load-
ed, and the mixing was performed at 100 rpm for 1 hour. The
SEM image and chemical composition maps of mixed Aly,Co-
CrFeNi + Cu powders are given in Fig. 1. This procedure en-
sured uniform dispersion of the Cu particles within the Al,,Co-
CrFeNi matrix, resulting in a homogeneously blended precursor
powder suitable for subsequent laser processing.

J Powder Mater 2025;32(4):277-287
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Laser powder bed fusion of Aly.;CoCrFeNi + Cu powders

Fig. 1. Scanning electron micrograph with energy-dispersive X-ray spectroscopy elemental mapping of Al,CoCrFeNiCu composite powder

feedstock for laser powder bed fusion.

2.2. LPBF process of Al , CoCrFeNiCu Composite Mixture

The fabrication of Al,;CoCrFeNi + Cu composite structures
was carried out using a 20NELAB LPBF system (Coherent,
Germany). The machine is equipped with an infrared fiber la-
ser operating at a wavelength of 1070 nm and a focused beam
diameter of approximately 40 um. For the purpose of laser pro-
cess parameter optimization, sixteen cubic samples—each mea-
suring 7 mm X 7 mm x 7 mm—were fabricated simultane-
ously in a single build. These samples were spatially separated
by approximately 10 mm to minimize thermal interactions
during fabrication.

The LPBF process employed a layer thickness of 40 pm and a
hatch spacing of 40 um. To systematically investigate the influ-
ence of processing conditions on part geometry and melt be-
havior, four laser power levels (100 W, 150 W, 200 W, and
250 W) and four scanning speeds (200 mm/s, 400 mm/s,
600 mm/s, and 800 mm/s) were selected. These combinations
enabled a comprehensive evaluation of laser-material interac-

J Powder Mater 2025;32(4):277-287

tion under varying volumetric energy density (VED) condi-
tions. The corresponding VED values for each parameter set

are summarized in Table 1.

2.3. Microstructure Characterization

Following LPBF fabrication, the specimens were detached
from the build platform using a Sodick VL600Q electrical dis-
charge machining (EDM) system (Yokohama, Japan). To ex-
pose the internal features for microstructural evaluation,
cross-sectional samples were sectioned along the central plane
of each 7 mm cube in the build direction using the same EDM
system. The extracted sections were then mounted in conduc-
tive carbon-filled phenolic resin using a hot compression
mounting press to ensure mechanical stability during subse-
quent metallographic processing.

The mounted specimens underwent sequential grinding with
silicon carbide (SiC) abrasive papers, beginning with coarse
120 grit and advancing to 1200 grit to achieve a flat and uni-
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Table 1. Laser processing parameters applied in this study

Laser powder bed fusion of Aly.;CoCrFeNi + Cu powders

Laser power (W) Scanning speed Hatch spacing (um) Layer thickness VED" (J/mm’) Rotational angle  Laser travel method
(mm/s) (um)

100 200 312.50

100 400 156.25

100 600 104.17

100 800 78.13

150 200 468.75

150 400 234.38

150 600 156.25

150 800 117.19 o

40 40 67.5 Bi-directional

200 200 625.00

200 400 312.50

200 600 208.33

200 800 156.25

250 200 781.25

250 400 390.63

250 600 260.42

250 800 195.31

Volumetric energy density (VED) is an energy parameter to quantify the laser processing parameter, calibrated with an equation of P/(v-h-t). where P is
the laser power; v is the scanning speed; & is the hatch spacing; ¢ is the layer thickness.

form surface. This was followed by mechanical polishing using
1 um diamond suspension, and final surface finishing was
completed with 0.05 um colloidal silica to obtain a mirror-like
finish suitable for high-resolution microstructural analysis.

Optical microscopy was performed using a Zeiss optical mi-
croscope (Oberkochen, Germany) to assess part relative density
and surface integrity. For statistical reliability, a minimum of 10
cross-sectional images were acquired at 50 x magnification
from each sample to account for repeatability and measure-
ment uncertainty.

To further investigate elemental distribution within the print-
ed structures, scanning electron microscopy (SEM) was con-
ducted using a Hitachi TM4000 tabletop SEM (Tokyo, Japan)
equipped with a Bruker energy-dispersive spectroscopy (EDS)
detector (Billerica, MA). This allowed qualitative mapping of
elemental homogeneity and potential segregation at the micro-
structural scale.

3. Results and Discussion

3.1 Cross-Sectional Analysis of LPBF-Fabricated
Al ,CoCrFeNiCu Composite Structures

The cross-sectional micrographs of the LPBF-fabricated
Al ,CoCrFeNi + Cu composites (Fig. 2) revealed a strong de-
pendency of defect morphology on the applied VED. At lower

280

VEDs—particularly those corresponding to laser powers of
100-200 W combined with scanning speeds of 400-800 mm/
s—pronounced lack-of-fusion (LOF) defects were observed.
These defects arise from insufficient energy input, leading to
incomplete melting and poor interlayer bonding [12]. The re-
sulting melt pools are typically shallow and narrow, which in-
hibits capillary-driven consolidation and results in unbonded
regions between tracks and layers. Conversely, processing con-
ditions with higher VEDs, such as 250 W at scanning speeds of
200-400 mm/s, induced deeper, more unstable melt pools
characteristic of keyhole-mode melting. In this regime, exces-
sive energy input causes vapor-induced recoil pressure and dy-
namic melt pool instabilities, promoting the formation of gas
entrapment and spherical porosity—commonly referred to as
keyholes [13]. These observations are consistent with previous
findings in HEA systems [14], where porosity was shown to in-
crease significantly at both insufficient and excessive energy in-
put levels due to LOF and keyhole phenomena, respectively.
Importantly, none of the fabricated samples achieved a fully
dense structure, as solidification cracking persisted across the
processing window, suggesting that in addition to energy input,
factors such as elemental segregation [15], thermal gradients,
and residual stress accumulation [16] play critical roles in gov-
erning microstructural integrity during LPBE

The consistent presence of solidification cracking observed

J Powder Mater 2025;32(4):277-287
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Fig. 2. Cross-sectional view observation of fabricated composites at laser conditions of 100 — 250 W and 200 - 800 mm/s using optical
microscopy, revealing artifacts such as lack of fusions, solidification cracks, and keyholes. The building direction is vertical to the image.

in the LPBF-fabricated Al,;CoCrFeNi + Cu composites, even
under conditions optimized to mitigate LOF and keyhole po-
rosity, underscores the critical role of alloy chemistry and solid-
ification dynamics in crack formation. Solidification cracking
in HEAs is often attributed to a combination of low melt-
ing-point eutectic films, wide solidification temperature ranges,
and high thermal gradients inherent to laser-based additive
manufacturing processes [14]. In multicomponent systems
such as Al,,CoCrFeNi + Cu, the differential solidification be-
havior between constituent elements can lead to compositional
segregation at grain boundaries, particularly of Cu, which has a
relatively low melting point and poor solubility in several tran-
sition metals. Guo et al. [15] demonstrated that microsegrega-
tion of Si and N in an FeCoCrNiMn-based HEA induced local-
ized eutectic formation and weakened intergranular cohesion
during the terminal stages of solidification. A similar mecha-
nism is likely at play in the current alloy system, where segrega-
tion of Cu to interdendritic regions reduces the local solidus
temperature and promotes the formation of thin liquid films
along grain boundaries. These liquid films are susceptible to
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tensile stress-induced rupture during cooling, especially under
the high thermal gradients and rapid solidification conditions
characteristic of LPBE. Furthermore, the insufficient backfilling
of liquid into the solidification front due to poor fluidity of Cu-
rich melt may exacerbate crack propagation.

To gain a comprehensive understanding of how laser pro-
cessing parameters affect the structural integrity of LPBF-fabri-
cated Al;,CoCrFeNi + Cu composites, two data visualizations
were constructed: a relative density plot as a function of VED
(Fig. 3a) and a laser power—-scan speed process map (Fig. 3b).
As shown in Fig. 3a, the relative density of the printed parts
generally increases with VED, reaching a plateau at approxi-
mately 200 J/mm’. This behavior suggests that energy input be-
yond this threshold does not significantly enhance densifica-
tion, likely due to saturation in melt pool penetration and con-
solidation efficiency.

However, to disentangle the individual contributions of laser
power and scan speed—factors that are otherwise convolved in
the VED expression—the relative density data were further
plotted as a two-variable process map in Fig. 3b. The results re-
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Fig. 3. Relative density variation in laser powder bed fusion-printed Al,,CoCrFeNi + Cu composite with (a) volumetric energy density profile
(b) a processing window of laser power and scan speed. The maximum relative density of the printed part is = 0.96 where indicated with

dashed lines.

veal a distinct trend: relative density decreases with increasing
scan speed and decreasing laser power. Notably, at lower laser
powers (100 W and 150 W), the relative density is highly sensi-
tive to scan speed variations, indicating insufficient melting
and reduced energy coupling at high scan velocities. In con-
trast, at higher laser powers (e.g., 250 W), the effect of scan
speed on relative density becomes less pronounced, approach-
ing an apparent insensitivity within the examined range.

This phenomenon can be partially explained by the laser ab-
sorptivity behavior of metallic powders under varying power
inputs. As demonstrated by Trapp et al. [17], the laser absorp-
tivity of stainless steel 316L powders increases exponentially
from 0.3 to 0.8 as laser power increases from 50 W to 220 W. A
similar effect is likely present in the Al,,CoCrFeNi + Cu sys-
tem, where higher laser powers enhance powder-bed absorp-
tivity, promoting more efficient energy coupling and stable melt
pool formation. Consequently, this increased absorptivity at
higher powers diminishes the dependence of melt pool behav-
ior—and thus relative density—on scan speed. It also reduces
the likelihood of LOF defects, which are more prevalent under
conditions of poor absorptivity and shallow melting.

Despite these improvements, the maximum relative density
achieved in this study was approximately 0.96, which remains
below the industrially acceptable threshold (> 0.99) for critical
structural applications. This shortfall is attributed not only to
suboptimal melting dynamics but also to inherent issues in
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powder morphology, including incomplete packing and poten-
tial moisture content. Prior studies [18, 19] have shown that re-
sidual moisture in composite powders can lead to spattering
and irregular melt pool behavior, ultimately increasing porosity.
These results collectively emphasize the need for optimized
powder handling and pre-processing protocols, in addition to
refined laser parameters, to achieve full densification in
LPBF-fabricated compositionally complex alloys.

3.2. Elemental Distribution Observation of Low and High
VED Conditions

While the overall relative density of the LPBF-fabricated
Al ,CoCrFeNi + Cu composites was found to be strongly influ-
enced by VED and associated laser absorptivity behaviors, den-
sification alone does not fully account for the nature and sever-
ity of microstructural defects. As previously discussed, LOF
and keyhole-induced porosity were prevalent under low and
high energy input conditions, respectively. However, beyond
void morphology, the presence of these processing-induced ar-
tifacts may also be linked to elemental segregation, particularly
in compositionally complex systems where multi-element in-
teractions govern phase stability and local melting behavior. To
further elucidate this relationship, EDS elemental mapping was
performed on samples fabricated under the lowest and highest
VED conditions. This comparative analysis aims to correlate
the distribution of major alloying elements with the observed
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defect structures, providing deeper insight into the role of lo-
calized chemical inhomogeneity in the formation of process-in-
duced artifacts.

To further understand the influence of laser energy input on
the distribution of alloying elements and potential defect mech-
anisms, EDS elemental mapping was performed on specimens
fabricated under the lowest and highest VED conditions. At the
lowest VED setting (100 W, 800 mm/s), where the largest LOF
defects and the lowest overall relative density were observed,
significant Cu segregation was identified (Fig. 4). In contrast to
the uniform distribution of the primary HEA-forming ele-
ments (Al, Co, Cr, Fe, Ni), Cu appeared concentrated in local-
ized regions, often separated from the surrounding matrix.
Partial co-segregation between Cu and Ni was also noted,
which is thermodynamically plausible given the favorable mix-
ing enthalpy between these two elements, as reported by Mirz-
ababaei et al. [9]. Although X-ray diffraction analysis of the
Cu-enriched phases within the Al); CoCrFeNi matrix presents

: “‘t". “ ;
Fig. 4. Scanning electron microscopy-energy-dispersive X-ray spectroscopy mapping result for the lowest volumetric energy density
condition (100 W, 800 mm/s), showing Cu segregation with some Ni concentration separated from other Al;; CoCrFeNi-driven elements.

J Powder Mater 2025;32(4):277-287

Laser powder bed fusion of Aly.;CoCrFeNi + Cu powders

inherent challenges due to their limited volume fraction and
potential overlap with matrix peaks, EDS clearly identified the
presence of Cu-rich regions, consistent with prior observations
reported by Lee et al. [20]. In that study, an increased Cu feed
rate during the LPBF process led to a higher volume fraction of
Cu-enriched islands within a stainless steel matrix, which was
correlated with enhanced thermal conductivity. By analogy, the
Cu-rich domains observed in Fig. 4 of the present work may
similarly contribute to improved thermal transport, owing to
the intrinsically high thermal conductivity of Cu and its local-
ized enrichment within the composite microstructure.

The observed Cu segregation under low VED conditions is
attributed primarily to insufficient melt pool residence time
and reduced thermal enthalpy, both of which hinder the full
dissolution and mixing of Cu into the HEA matrix. Trapp et al.
[16] demonstrated that laser absorptivity—and therefore ener-
gy absorption—of metallic powders increases significantly with

laser power. At lower power levels, limited absorptivity results
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in shallow and short-lived melt pools, which do not provide the
thermal or temporal conditions required for effective diffusion
and homogenization of dissimilar powder constituents. Addi-
tionally, as described by Afrasiabi et al. [11], inadequate energy
input reduces melt pool convection and Marangoni flow, fur-
ther suppressing elemental intermixing.

In contrast, under the highest VED condition (250 W,
200 mm/s), elemental mapping revealed a much more homoge-
neous distribution of Cu throughout the matrix (Fig. 5), suggest-
ing effective melting, mixing, and solute incorporation due to
deeper and more thermally stable melt pools. Importantly, while
Cu segregation was evident at low VED, no direct correlation
was observed between this segregation and the occurrence of
solidification cracking. Cracks were detected even in regions
where elemental distributions were homogenous, implying that
cracking in the current Al),CoCrFeNi + Cu system arises from
mechanisms other than segregation-induced liquation.

One plausible explanation is the development of high ther-

Laser powder bed fusion of Aly.;CoCrFeNi + Cu powders

mal gradients and solidification-induced stresses intrinsic to
LPBF processing of compositionally complex alloys. As high-
lighted by Guo et al. [15], cracking susceptibility in HEAs may
also be governed by a combination of solidification shrinkage
and grain boundary cohesion, independent of visible segrega-
tion. Platl et al. [21] similarly reported that intergranular crack-
ing in FeCoMo alloys could occur due to intrinsic brittleness
and residual stress development, even in the absence of any sig-
nificant impurity phases or compositional heterogeneities. Ad-
ditionally, as noted by Khodashenas and Mirzadeh [14],
post-solidification tensile stresses generated during rapid ther-
mal cycling in LPBF are sufficient to nucleate and propagate
cracks in regions with unfavorable grain orientations or insuffi-
cient ductility at high cooling rates.

Now, Fig. 6a and 6b present EDS elemental maps highlight-
ing Cu-enriched regions (defined as areas containing > 50 wt%
Cu) under two representative LPBF conditions: a high VED
condition (200 W, 200 mm/s) and a low VED condition

Fig. 5. Scanning electron microscopy-energy-dispersive X-ray spectroscopy mapping result for the highest volumetric energy density

condition (250 W, 200 mm/s), showing the absence of Cu segregation.

284

J Powder Mater 2025;32(4):277-287



Kwangtae Son et al,,

(150 W, 800 mm/s), respectively. In the low VED condition
(Fig. 6a), extensive LOF cracking is observed in close proximity
to Cu-segregated zones, suggesting that the presence of un-
mixed Cu phases contributes to localized mechanical incom-
patibility and crack initiation. In contrast, under the high VED
condition (Fig. 6b), where cracking is narrower and less preva-
lent, there is neither a high density of Cu-segregated regions
nor spatial correlation between Cu enrichment and crack loca-
tion. This indicates that in the high VED regime, cracking is
more likely driven by rapid solidification-induced embrittle-
ment rather than compositional heterogeneity. A schematic

Cu-segregation EDS map at 200 W, 200 mm/s
() R EEIE (1
L} 3 fr. /'I "

Laser powder bed fusion of Aly.;CoCrFeNi + Cu powders

summarizing the distinct cracking mechanisms under both
processing conditions is provided in Fig. 6c.

Therefore, in the present alloy system, solidification cracking
under high VED conditions is more likely attributed to the
combined effects of rapid cooling, thermal stress accumulation,
and insufficient strain accommodation at the solid-liquid in-
terface, rather than elemental segregation. In contrast, at lower
VED, pronounced Cu segregation is observed and appears to
exacerbate crack formation, both in severity and frequency, by
promoting localized mechanical and thermal mismatches
during solidification. These results highlight the critical impor-

Cu- segregatlon EDS map at 150 W 800 mm/s

>

Higher energy input increases melt pool size
and residence time, promoting more uniform
mixing of Cu and the HEA matrix.

‘s::!

Al, ,CoCrFeNi

Reduced cracking
without Cu segregation

Lower Energy Condition (e.g. 150 W, 800 mm/s)

ICu

B> EAY

Lower energy input results in a smaller melt
pool and shorter residence time, leading to
Cu phase segregation within the HEA matrix.

Wider cracking arises from
thermal mismatch between
Cu and HEA

Fig. 6. Correlation between Cu segregation and solidification cracking behavior under different volumetric energy density (VED) conditions
in laser powder bed fusion-processed Al,,;CoCrFeNi + Cu composites. (a) EDS elemental map under a low VED condition (150 W, 800 mm/s).
(b) EDS mapping under a high VED condition (200 W, 200 mm/s) (c) Schematic illustration comparing the dominant cracking mechanisms
under low and high VED conditions. Red regions in (a) and (b) are where Cu concentration is higher than 50 wt%.
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tance of optimizing thermal gradients and promoting grain re-
finement to mitigate cracking in LPBF-processed, composi-
tionally complex alloys. Potential strategies to mitigate cracking
frequency in LPBF-fabricated alloys include preheating the
build substrate to reduce thermal gradients and suppress ther-
mal shock during processing [22], modifying laser parame-
ters—such as employing pulsed rather than continuous wave
lasers to control energy input and cooling rates [23]—and in-
corporating strengthening dispersoids, such as oxide particles,
to enhance crack resistance through microstructural stabiliza-
tion [24].

5. Conclusion

In this study, Al,;CoCrFeNi + Cu composite were fabricated
via LPBF using systematically varied laser powers (100-250 W)
and scan speeds (200-800 mm/s) to explore the process-struc-
ture relationships governing densification, elemental distribu-
tion, and defect formation. The key findings and conclusions
are summarized as follows:

1. Relative density improved with increasing VED, reaching a
plateau near 200 J/mm’, while low VED led to pronounced
LOF and Cu segregation due to insufficient melt pool resi-
dence time. In contrast, high-VED conditions promoted
uniform Cu dissolution and suppressed segregation.

2. Cracking persisted even under homogeneous composi-
tions at high VED, driven mainly by thermal gradients,
shrinkage, and stress buildup. At low VED, Cu segregation
further promoted cracking via local thermal and mechani-
cal mismatch.

3. Suppressing defects in LPBF-fabricated HEA composites
requires not only appropriate energy input but also strate-
gies to refine grains, reduce thermal stress, and tailor alloy-

ing elements to minimize cracking susceptibility.
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This study presents a cost-effective approach to fabricating near 3-Ti alloys via in-situ alloying during
laser powder bed fusion (L-PBF). A blend of non-spherical pure Ti, 3 wt.% Fe, and 0.1 wt.% SiO,
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nanoparticles was used to induce B-phase stabilization and improve flowability. Twenty-five process

conditions were evaluated across a volumetric energy density range of 31.75-214.30 J/mm?®, achieving
a maximum relative density of 99.21% at 89.29 J/mm®. X-ray diffraction analysis revealed that the
[3-Ti phase was partially retained at room temperature, accompanied by lattice contraction in the o'-Ti
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structure, indicating successful Fe incorporation. Elemental mapping confirmed that the Fe distribution
was homogeneous, without significant segregation. Compared to pure Ti, the Ti-3Fe sample exhibited
a 49.2% increase in Vickers hardness and notable improvements in yield and ultimate tensile
strengths. These results demonstrate the feasibility of in-situ alloying with low-cost elemental pow-

ders to produce high-performance near B-Ti alloys using L-PBF.

Keywords: Laser powder bed fusion; 3-Ti alloy; Flowability; In-situ alloying; Mechanical properties

1. Introduction

Titanium (Ti) and its alloys are widely employed in various
sectors, including aerospace, biomedical fields, and mobility,
due to their high specific strength, exceptional corrosion resis-
tance, and superior biocompatibility [1, 2]. Ti is an allotropic
metal, exhibiting two primary equilibrium phases: the a phase,
which exhibits a hexagonal close-packed (HCP) structure at
lower temperatures, and the B phase, which exhibits a body-cen-
tered cubic (BCC) structure at higher temperatures. The me-
chanical properties of Ti alloys are influenced by the ratio of al-
loying elements incorporated to stabilization of each phase [3,
4]. Ti alloys are typically classified as a-Ti, a+p-Ti, or -Ti alloys
based on the phase stability at room temperature. The -Ti al-
loys investigated in this study are characterized by improved
processability and biocompatibility due to the stabilization of
the P phase. These alloys are further classified as near 3, meta-
stable B, or stable B Ti alloys, depending on the content of ele-

https://doi.org/10.4150/jpm.2025.00213
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ments that stabilize the  phase.
The molybdenum equivalent (Mo,,) formula, as defined in
equation (1), is employed to categorize B-Ti alloys.

Mo, = 1.0(wt.% Mo) + 0.67(wt.% V) )
+ 0.44(wt.% W) + 0.28(wt.% Nb) + 0.22(wt.% Ta)

+ 2.9(wt.% Fe) + 1.6(wt.% Cr) + 1.25(wt.% Ni)
+ 1.70(wt.% Mn) + 1.70(wt.% Co) — 1.0(wt.% Al)

This formula provides a numerical measure that quantifies
the degree of stabilization of the  phase, based on the addition
of molybdenum (Mo), a well-known B-stabilizer. A higher Mo,
value signifies enhanced P phase stability. According to this val-
ue, B-Ti alloys can be classified as detailed in Table 1 [5]. For
instance, in this investigation, the incorporation of iron (Fe), a
B phase stabilizing element, at a concentration of 3 wt.% yields
an Mo, value of approximately 8.7, resulting in the formation
of a near B-Ti alloy. This near B-Ti alloy is characterized by a
microstructure wherein the a phase is distributed within the
matrix, thereby improving the alloy's strength and lowering the
B-transus temperature, which confers advantages in hot forging

https://[powdermat.org
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Table 1. Classification of 3-Ti based on Mo, values [5]

Type of Ti Mo, value
B-rich Ti 0~5
Near 3-Ti 5~10
Metastable -Ti 10~30
Stable 3-Ti >30

and precision forming operations [6]. 3-stabilizers are typically
categorized into isomorphous elements (e.g., Mo, Nb, V),
which are fully soluble in Ti, and eutectoid elements (e.g., Fe,
Co), which exhibit partial solubility [5, 7]. Specifically, Fe, being
an eutectoid element, is more abundant in the Earth's crust
compared to isomorphous elements, rendering it a cost-effec-
tive choice. Additionally, Fe contributes to solid solution
strengthening, which has led to extensive research into the in-
corporation of Fe into Ti alloys to develop low-cost B-Ti alloys
[8-13].

Meanwhile, Ti and its alloys present significant machining
challenges at room temperature. Their low machinability hin-
ders the production of intricate shapes required by advanced
industries when using conventional methods such as casting or
forging. Several studies have explored the use of additive man-
ufacturing (AM) technologies, employing metal powders, to
overcome these limitations in Ti alloy production [14-16]. One
such method is laser powder bed fusion (L-PBF), which in-
volves the selective irradiation of a laser onto thin layers of
metal powder, each approximately 30 pm in thickness, to con-
struct three-dimensional structures. Among various additive
manufacturing techniques, L-PBF offers superior dimensional
accuracy and high design flexibility, making it particularly suit-
able for fabricating complex Ti alloy geometries. In the produc-
tion of B-Ti alloys via the L-PBF process, it is essential to use
pre-alloyed spherical powders containing B phase stabilizing el-
ements as alloying constituents to ensure a smooth process.
However, the production of pre-alloyed powders is generally
costly and, depending on the composition ratio, can be difficult
to achieve, which often results in the inability to produce pow-
ders with specific compositions.

Therefore, in this study, B-Ti alloys were fabricated using an
in-situ alloying process applied to non-spherical pure Ti pow-
der, which was individually mixed with B phase stabilizing ele-
ments, rather than utilizing pre-alloyed powders, to facilitate
alloying during the L-PBF process. This approach not only al-
lows for the precise design of alloys with the desired composi-
tion ratios but also ensures cost-effectiveness, as the powders

J Powder Mater 2025;32(4):288-298
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are not subjected to alloying or spheroidization processes and
are mixed separately [17]. Indeed, studies utilizing the advan-
tages of the L-PBF based in-situ alloying process for alloy de-
sign and production have been documented. For example, a Ti-
34ND alloy was successfully produced using the in-situ alloying
technique with Ti and niobium (Nb) powders, where the chal-
lenges of porosity and unmelted particles were addressed by
adjusting process parameters [18]. Similarly, another study
demonstrated the potential of producing functional composites
with hardness gradients by utilizing Ti and Mo powders in the
in-situ alloying process, facilitated by layer-by-layer energy
control [19]. Research has also been conducted to examine
process variables and mechanical properties during manufac-
turing, not solely focused on alloy design. However, when using
elemental powders with varying melting points and densities,
these powders can melt and diffuse during processing, leading
to alloying and potentially causing local concentration gradi-
ents or microstructural inhomogeneities, depending on the
process conditions [20]. To ensure successful in-situ alloying, it
is crucial to optimize L-PBF process parameters, such as laser
power and scan speed, and to analyze the relative density and
microstructure of the resulting specimens.

In this study, the Fe content was set at 3 wt.% to produce a
near (-Ti alloy that stabilizes the  phase while allowing the co-
existence of the o phase. The mixed powder used in the in-situ
alloying process was prepared by incorporating 0.1 wt.% SiO,
hydrophobically treated oxide nanoparticles to improve the
flowability of the non-spherical pure Ti powder. In a previous
study, our research team confirmed the enhancement of flow-
ability and oxide-based strength through the dry coating of
SiO, nanoparticles with non-spherical hydrogenation-dehydro-
genation (HDH) Ti-6Al-4V powder [21]. We employed the
same technique to prepare the mixed powder for this study.
Optimal process conditions were determined by combining 25
process variables within the volumetric energy density (VED)
range of 31.75-214.30 J/mm’, ensuring that specimens with a
relative density of 99 % or higher were produced. Additionally,
pure Ti specimens were fabricated under the same conditions
and used as a control group to assess differences in microstruc-
ture and mechanical properties based on the alloy composition.
The phase composition and elemental distribution of the fabri-
cated specimens were analyzed using X-ray diffraction (XRD)
and energy dispersive spectroscopy (EDS), and the microstruc-
ture of the layered specimens was examined using optical mi-
croscopy (OM) and scanning electron microscopy (SEM).
Vickers hardness measurements and tensile tests were conduct-
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ed to evaluate the mechanical properties and confirm changes
resulting from the addition of Fe.

2. Experimental

In this experiment, non-spherical pure Ti powder (<45 pm,
Samhwa Steel), spherical Fe powder (40-50 um, Avention), and
hydrophobic surface-treated SiO, nanoparticles (5-15 nm, Sky-
spring Nanomaterials) were used. To assess the size and distri-
bution of the base Ti and alloying element Fe powders, particle
size analysis (PSA; Particle Size Analysis, Shympatec, HELOS
QUIXEL) was conducted. To improve the flowability of the
non-spherical pure Ti powder, SiO, nanoparticles were
dry-coated at a 0.1 wt.% ratio using a turbula mixer at 3000 rpm
for 3 hours. Fe powder was then mixed with the SiO,-treated Ti
powder at a 3 wt.% ratio under the same conditions.

To evaluate the flow characteristics of the mixed powder and
its suitability for the PBF process, Hall flowmeter measurements
were conducted, and apparent density and tap density were
measured using a tap densimeter. The time it took for 50 g of
powder to fall through a standard funnel with a 25 mm diame-
ter orifice was measured five times, and the average time was
used for Hall flowmeter analysis. For a quantitative evaluation of
flow characteristics, the Hausner ratio, calculated as the ratio of
apparent density to tap density, was derived and compared.

The mixed powder was used to fabricate specimens with di-
mensions of 10 X 10 x 5 mm using an L-PBF machine (AnyX-
120, CSCAM). The additive manufacturing process was carried
out in a high-purity argon atmosphere, with recoating speed,
layer thickness, and hatch spacing fixed at 30 mm/s, 0.03 mm,
and 0.14 mm, respectively. Laser power and scan speed were
set as process variables, resulting in the fabrication of 25 speci-
mens with different laser powers and scan speeds.

For phase analysis of the fabricated specimens, X-ray diffrac-
tion (XRD; D8 ADVANCE, Bruker) was performed within a
20-90° diffraction angle range at 3 °/min, and elemental distri-
bution was analyzed using energy dispersive spectroscopy (EDS;
ZEISS, Gemini360). Microstructural analysis was carried out
using scanning electron microscopy (SEM; ZEISS, LEO “SU-
PRA 55”), and optical microscopy (OM; ZEISS, Axioscope 5).

To compare the mechanical properties before and after alloy-
ing, Vickers hardness measurements were performed with a
500 gf load and 10-second dwell time for 10 cycles, and the av-
erage value was calculated. Tensile tests were conducted using
ASTM E8 specimens (Fig. 1) produced under the same condi-
tions, and the average value was derived after three measure-
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ments using a tensile testing machine (SHIMADZU CORPO-
RATION, AG-Retrofit).

3. Results and Discussion

3.1 Powder preparation

The morphologies of the Ti and Fe powder used in this study
are shown in the SEM images in Fig. 2(a) and (b). Fig. 2 (a)
particles produced via HDH process exhibit a non-spherical
morphology, whereas (b) particles produced by gas atomization
feature a rounded, spherical shape. Fig. 2(c) presents the parti-
cle size analysis results, indicating that the d50 of Ti is 32.19 pm
and that of Fe is 42.66 pm. Given that the size difference be-
tween the Ti base material and the Fe alloy element powder is
several pm, powders with a relatively small particle size differ-
ence were selected to ensure the stability of the mixed powder
and the process. No Fe peaks were detected in the X-ray dif-
fraction (XRD) pattern after powder mixing (Fig. 2(d)), which
can be attributed to the low Fe content of 3 wt.%.

The results of the flowability evaluation, which confirm the
applicability of the L-PBF process to the mixed powder, are
presented in Table 2. A previous study conducted by our re-
search team [21] demonstrated that the addition of 0.1 wt.%
SiO, nanoparticles to non-spherical Ti-6Al-4V powder signifi-
cantly improved its flow characteristics, making it suitable for
the L-PBF process. Therefore, a similar evaluation of the flow-
ability of Ti-3Fe powder, both before and after dry coating with
0.1 wt.% SiO, nanoparticles, was performed. The Ti-3Fe pow-
der mixture without SiO, addition exhibited extremely poor
flow properties, making measurement with a Hall flowmeter
unfeasible. In contrast, the Ti-3Fe + 0.1 wt.% SiO, powder mix-
ture showed flow properties comparable to those reported in
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Fig. 1. Schematic of the tensile specimen according to ASTM E8
standards
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Fig. 2. (a), (b) Scanning electron microscopy image of Ti and Fe powder, (c) particle size analysis results of the powder, (d) X-ray diffraction

patterns before and after mixing of the powders

Table 2. Flow characteristics of Ti-3Fe mixed powder before and
after the addition of SiO,

Ti-3Fe Ti-3Fe + 0.1 wt.% SiO,
Hall flowmeter (Standard, s/50 g) ~ No flow 92.61 + 3.14
Hall flowmeter (Carney, s/50 g) No flow 16.75 £ 0.94
Hausner ratio 1.40 1.15

previous studies. Specifically, the Hausner ratio, which is calcu-
lated by dividing the apparent density by the tap density, indi-
cates excellent flowability when it approaches 1 [22]. The mixed
powder with SiO, addition exhibited even better flow proper-
ties, with a value of 1.15 — approximately 0.05 lower than the
values reported in previous studies. The flow property evalua-
tion results when SiO, nanoparticles were added to Ti-3Fe
powder were comparable to, or in some cases superior to, those
observed in previous studies that successfully achieved layer-
ing. Therefore, we conclude that there should be no issues in
applying the L-PBF process to this material.

J Powder Mater 2025;32(4):288-298

3.2 L-PBF process and sample fabrication

Even when the same material is used, characteristics such as
microstructure and relative density can vary depending on the
process conditions for specimens produced by the L-PBF pro-
cess. This variation arises because the morphology and geo-
metric structure of the melt pool formed during the process are
influenced by the process variables. Therefore, it is essential to
determine the optimal combination of the four key L-PBF pro-
cess variables: laser power (P), scan speed (v), hatch spacing (h),
and layer thickness (t). The volumetric energy density (VED),
calculated using equation (2), serves as a quantitative thermo-
dynamic indicator and is primarily used to optimize the L-PBF
process [23].

P

v-h-t

In this study, the process conditions were optimized by fixing

VED = )

the layer thickness and hatch spacing, while laser power and
scan speed — the variables related to the laser irradiation — were
selected as the primary variables. A total of 25 process condi-
tions, involving different laser power and scan speed settings
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within the VED range of 31.75-214.30 J/mm”’, were combined
to produce the specimens shown in Table 3.

As mentioned above, VED is a thermodynamic quantitative
indicator, meaning it quantifies the amount of energy injected
per unit volume. However, it does not account for the geomet-
ric behavior determined by the depth of the molten pool
formed during the process, nor its internal dynamics [24]. For
example, even when two specimens yield the same VED value
with different combinations of process variables, their micro-
structures and mechanical properties may vary depending on
the specific variables employed. Therefore, in this study, VED
was not used as an absolute indicator for process optimization,
but rather as a comparative value between different process
conditions. Optimization was performed based on the relative
density and microstructure analysis of the produced samples.

3.3 Phase and microstructure analysis
XRD pattern analysis of the produced specimens (Fig. 3) re-

Cost-effective fabrication of near 3-Ti alloy via L-PBF

vealed that the o’-Ti peak was dominant overall, although some
B-Ti peaks remained at room temperature. This is due to the
transformation of the p phase into a’ martensite caused by the
rapid cooling during the L-PBF process. As no peaks corre-
sponding to the a-Fe phase or the intermetallic compounds
TiFe or TiFe, were observed, it can be inferred that Fe exists in
a dissolved state within the Ti lattice rather than as a separate
phase. Furthermore, when comparing the XRD patterns of
pure Ti specimens produced under the same conditions, it was
observed that the o’-Ti peak of Ti-3Fe shifted slightly towards
the high-angle region (increased 20). Peak shifts to the low- or
high-angle regions can result from various factors, but in this
study, we focused on the changes in the Tj lattice caused by the
addition of Fe to interpret this phenomenon.

The atomic radii of Ti and Fe are generally known to be 147
pm and 126 pm, respectively [25]. According to the Hume-
Rothery rule [26], two atoms can form a solid solution through
substitution when the difference in their radii is within 15 %. Ti

Table 3. L-PBF process conditions and resulting volumetric energy density (VED)

Scan speed

Hatch spacing

Layer thickness VED

Sample number Laser power (W) (mm/s) (mm) (mm) (J/mm’) Relative density (%)
1 80 600 0.14 0.03 31.75 93.66
2 80 500 0.14 0.03 38.10 94.63
3 80 400 0.14 0.03 47.62 95.08
4 80 300 0.14 0.03 63.49 96.20
5 80 200 0.14 0.03 95.24 96.96
6 100 600 0.14 0.03 39.68 97.48
7 100 500 0.14 0.03 47.62 97.57
8 100 400 0.14 0.03 59.52 96.47
9 100 300 0.14 0.03 79.37 95.73
10 100 200 0.14 0.03 119.05 97.90
11 120 600 0.14 0.03 47.62 98.68
12 120 500 0.14 0.03 57.14 98.91
13 120 400 0.14 0.03 71.43 97.12
14 120 300 0.14 0.03 95.24 96.31
15 120 200 0.14 0.03 142.86 97.98
16 150 600 0.14 0.03 59.52 98.52
17 150 500 0.14 0.03 71.43 99.12
18 150 400 0.14 0.03 89.29 99.21
19 150 300 0.14 0.03 119.05 98.83
20 150 200 0.14 0.03 178.57 99.01
21 180 600 0.14 0.03 71.43 99.07
22 180 500 0.14 0.03 85.71 98.63
23 180 400 0.14 0.03 107.14 98.62
24 180 300 0.14 0.03 142.87 98.92
25 180 200 0.14 0.03 214.30 98.56
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Fig. 3. X-ray diffraction patterns of Ti-3Fe and pure Ti fabricated specimens, and enlarged regions (D and (2) for peak shift analysis

and Fe have a radius difference of approximately 14.29 %, which
means they fall within the range where solid solution formation
is feasible during alloying. Therefore, when the relatively small-
er-radius element Fe is dissolved into the Ti matrix, lattice con-
traction occurs in the solid solution, resulting in distortion and
a decrease in interplanar spacing and lattice constants [27]. The
interplanar spacing (d) was calculated using peak angle (20) of
the (0002) and (10170) planes of o’-Ti (in Fig. 3) by plugging it
into Bragg’s law (3). The derived interplanar spacing was then
used to calculate the lattice constants (a, ¢) of the a-Ti HCP
structure using equation (4), thereby confirming the change in
lattice constants [28].

n\ = 2dsinf (3)
1 4 h2+hk+k2+12 @
dpyy 3 a’ c?

The calculation results are presented in Table 4. The theoreti-
cal calculations, based on the peak angle, reveal that the lattice
constants a and ¢ of Ti-3Fe decreased by 0.14 % and 0.51 %, re-
spectively, compared to pure Ti with no Fe added. This indi-
cates that the reduction in interplanar spacing and lattice con-
stants, caused by the addition of Fe, resulted in a shift of the
XRD peaks towards the high-angle region. This suggests that
the Fe elements added during the powder mixing stage formed
a solid solution with Ti.

The results of the relative density measurements according to
the VED of 25 specimens are shown in Fig. 4(a). While there
was a general trend of increasing relative density with higher

J Powder Mater 2025;32(4):288-298

Table 4. Interplanar spacing (d), lattice constants (a, ¢), and
calculation results

Pure Ti Ti-3Fe
dyo (A) 2.559 (20=35.09°) 2.557 (20=35.11°)
do, (A) 2.341 (20=38.40°) 2.329 (20=38.65°)
a(A) 2.957 2.953
c(Ad) 4.682 4.658

VED values, no specific correlation, such as a linear propor-
tional relationship, was observed. However, specimens within
the 70-90 J/mm® range exhibited relatively high relative densi-
ties. Specimen #18, with a VED value of 89.29 J/mm”, had the
highest relative density at 99.21 %. EDS mapping of specimen
#18 in Fig. 4(b) reveals that the added Fe is uniformly distribut-
ed throughout the Ti matrix. Accordingly, specimen #18 was
designated as the optimal condition, and all subsequent analy-
ses were performed on specimens fabricated under that setting.

Fig. 5 show OM and SEM images of Ti-3Fe and pure Ti spec-
imens fabricated under the same conditions in their as-built
state. As shown in Fig. 5(a) and (b), both types of specimens
formed a non-equilibrium lamellar o’ martensite phase due to
the rapid melting and cooling that occurs during the L-PBF
process. The same microstructure is observed in the SEM im-
ages in Fig. 5(c) and (d), which is typical of specimens pro-
duced by L-PBE Ti alloys containing 3 wt.% Fe exhibit the
same o’ martensite-dominated microstructure as pure Ti speci-
mens, as they correspond to near B-Ti alloys and undergo no
phase transformation. When approximately 9 wt.% or more of
Fe is added, dendritic-shaped TiFe or TiFe, precipitates are typ-
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Fig. 5. (a), (c) Optical microscopy images of pure Ti and Ti-3Fe as-built specimens, (b), (d) scanning electron microscopy images of pure Ti
and Ti-3Fe as-built specimens

ically observed [29]. However, such intermetallic compounds Ti-3Fe specimens with that of 25 pure Ti specimens, both of
were not observed in this study due to the low Fe content. which were under the same process conditions. The average
values obtained from 10 measurements are presented in Table

3.4 Mechanical properties 5. The hardness values for the Ti-3Fe and pure Ti specimens
Fig. 6 shows a graph comparing the Vickers hardness of 25 were 470.80 HV and 315.56 HYV, respectively, showing an im-
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provement in hardness of Ti-3Fe alloy approximately 49.19 %
compared to pure Ti. This enhancement is attributed not only
to the solid solution strengthening effect caused by the incor-
poration of Fe into Ti lattice (as confirmed in Section 3.3), but
also to oxide dispersion strengthening resulting from the addi-
tion of SiO, nanoparticles to improve flowability. Two
strengthening pathways are distinguished. Fe (composi-
tion-driven) acts as a P-stabilizer and dissolves in the Ti ma-
trix; the absence of Fe or Ti-Fe intermetallic reflections togeth-
er with high-angle XRD peak shifts (lattice contraction) evi-
dences solid-solution formation. This composition change
provides a direct contribution to the observed increases in
strength/hardness and aligns with the work hardening behav-
ior in some stress-strain curves. SiO, (microstructure-driven)
promotes martensite grain size reduction under the L-PBF
process (pinning-assisted refinement). In our research team’s
previous study [21], SiO, treatment of Ti-based powders pro-
duced an ~36.8 % decrease in martensite grain size verified by
EBSD IPF maps, accompanied by higher hardness/strength,
supporting a grain-refinement-mediated contribution relevant
here. Because dispersion-related effects were not quantitatively
isolated in the present dataset, we do not assign a numerical
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Fig. 6. VED-Vickers hardness graph of Ti-3Fe and pure Ti specimens

Table 5. Comparison of average Vickers hardness values for
specimen #18 Ti-3Fe and specimen #18 pure Ti

Specimen Vickers hardness (HV)
Ti-3Fe 470.80 + 29.34
Pure Ti 315.56 + 4.65

J Powder Mater 2025;32(4):288-298
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partition between the Fe and SiO, contributions. This limita-
tion is deemed addressable by targeted nanoscale characteriza-
tion-e.g., high-resolution TEM/STEM-EDS (and, where ap-
propriate, APT or synchrotron XRD)-which is expected to en-
able quantitative resolution of dispersion-related contribu-
tions.

The Ti-3Fe alloy exhibits superior strength compared to pure
Ti due to the solid solution strengthening effect and the oxide
dispersion strengthening effect induced by the addition of SiO,
nanoparticles, both of which were discussed in the previous
section. As shown in Fig. 7 and Table 6, which present the
stress-strain curve and tensile properties derived from actual
tensile tests, the yield and ultimate tensile strengths of the Ti-
3Fe alloy increased by 44.6 % and 52.3 %, respectively, com-
pared to pure Ti. However, the elongation of the Ti-3Fe alloy is
slightly lower than that of pure Ti, which can be attributed to
lattice distortion caused by addition of Fe, as observed previ-
ously. While the addition of Fe enhances strength through solid
solution strengthening, it also induces brittle behavior due to
stress concentration caused by lattice distortion [30, 31]. In
summary, the addition of Fe improves yield strength, tensile
strength, and hardness through solid solution strengthening
and the oxide dispersion strengthening effect of the added SiO,
nanoparticles. However, lattice distortion leads to embrittle-
ment, resulting in a decrease in elongation.

Meanwhile, in the stress-strain curve shown in Fig. 7, pure
Ti exhibits a nearly horizontal curve with little increase in
stress until fracture occurs after yield, shows a tendency for
stress to increase even after the yield point. This behavior is
typical characteristic of work hardening, which results from
delayed necking due to the continuous accumulation of dislo-
cations within the Ti-3Fe alloy during plastic deformation.
Work hardening refers to the phenomenon where the strength
of a material increases as the degree of deformation increases
during plastic deformation. Accordingly, in this study we in-
terpret the work hardening as arising from two indirect effects
associated with Fe addition. First, Fe addition primarily ele-
vates the initial yield strength via solid-solution strengthening,
while also giving rise to lattice distortion and solute-induced
stress fields that can impede dislocation motion and retard dy-
namic recovery. As Fe is solubilized into the Ti lattice, as previ-
ously described, lattice distortion and a stress field arise due to
differences in atomic radii, which induce the solid solution
strengthening effect [32]. The stress field generated at this
stage acts as additional resistance during dislocation move-
ment, delaying their rearrangement and annihilation. As a re-
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Fig. 7. Stress-strain curve of Ti-3Fe and pure Ti specimens

Table 6. Tensile test results for each specimen: yield strength,
ultimate tensile strength, and elongation

Properties Ti-3Fe Pure Ti

Yield strength (MPa) 1063.85 + 50.63  735.73 = 2.16
Ultimate tensile strength (MPa) 124545 + 44.86  817.66 + 8.83
Elongation (%) 522 + 0.26 14.33 + 1.10

sult, the dislocation density retention time increases, and stress
continues to accumulate, serving as a mechanism that pro-
motes work hardening. Second, based on reports that solute
alloying in Ti alloys reduces the stacking-fault energy (SFE)
[33], Fe addition likewise leads to an approximately linear de-
crease in SFE; since lower SFE generally increases strain hard-
ening [34], we regard this as an additional indirect effect of Fe
addition. Therefore, in the elongation region of Fig. 7, the Ti-
3Fe alloy shows a post-yield rise in stress indicative of work
hardening, confirming that Fe addition not only induces sol-
id-solution strengthening but also contributes to work harden-
ing. In contrast, the pure Ti specimen exhibits an essentially
flat post-yield segment, and no discernible work hardening
was observed for pure Ti under our test conditions.

4., Conclusion

In this study, near B-Ti was produced by adding 3 wt.% of Fe
powder, a eutectoid B-stabilizer, and 0.1 wt.% of SiO, nanopar-
ticles to improve flowability to pure Ti powder, and then in-
ducing alloying during the process using an in-situ alloying
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method. To compare the microstructure and mechanical
properties before and after Fe addition, pure Ti specimens
were used as a control group for comparative analysis.

- Based on two process conditions (laser power and scan
speed) of L-PBE, 25 specimens with different process con-
ditions were produced, and the process conditions were
optimized for specimens with a relative density of 99 % or
higher. To analyze the effect of the alloying element Fe,
pure Ti specimens were produced under the same opti-
mized process conditions, and their microstructure and
mechanical properties were compared and analyzed.

- XRD pattern analysis confirmed the presence of the
phase at room temperature and the peak shift phenome-
non in the high-angle region. In this study, we interpreted
this phenomenon by focusing on the decrease in interpla-
nar spacing and lattice constants due to dissolved Fe in the
Ti matrix. The lattice constants a and ¢ of the actual HCP
structure were calculated to have decreased by 0.14 % and
0.51 %, respectively, using equations (3) and (4). Addition-
ally, EDS mapping confirmed that Fe was uniformly dis-
solved throughout the specimen.

When comparing the mechanical properties of pure Ti
specimens and Ti-3Fe specimens, the hardness of Ti-3Fe
specimens improved by approximately 49.19% compared
to pure Ti specimens, and the yield strength and ultimate
tensile strength increased by 44.6 % and 52.3 %, respective-
ly. However, the elongation of the Ti-3Fe specimen showed
a slight decrease compared to the pure Ti specimen, which
was attributed to brittleness induced by internal stress con-
centration resulting from lattice distortion.
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The development of high-performance metal filters is essential for maintaining ultra-clean environ-
ments in semiconductor manufacturing. In this study, cross-sealed honeycomb filters were fabricated
using STS316L powder via material extrusion additive manufacturing (MEAM) for semiconductor gas
filtration. The effects of filter geometry (4 or 9 channels) and sintering temperature (850°C, 950°C, or
1,050°C) on performance were examined. First, 4-channel and 9-channel filters sintered at the same
temperature (950°C) exhibited similar porosities of 50.08% and 50.57%, but the 9-channel filter
showed a higher pressure-drop (0.26 bar) and better filtration-efficiency (3.55 LRV) than the 4-chan-
nel filter (0.19 bar and 3.25 LRV, respectively). Second, for filters with the same geometry (4-channel)
increasing the sintering temperature reduced porosity from 64.52% to 40.33%, while the pres-
sure-drop increased from 0.13 bar to 0.22 bar and filtration-efficiency improved from 2.53 LRV to 3.51
LRV. These findings demonstrate that filter geometry and sintering temperature are key factors gov-
erning the trade-off between air permeability, pressure-drop, and filtration efficiency. This work pro-
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1. Introduction

Porous metals are solid materials containing numerous inter-
nal pores, and they have been extensively studied and applied
in various industries due to their unique properties such as en-
hanced surface area for adsorption and catalytic activity, light-
weight characteristics, and energy absorption [1-4]. In particu-
lar, maintaining an ultra-clean environment is crucial in semi-
conductor manufacturing processes, and high-performance
metal filters are required to effectively remove fine particles and
contaminants present in process gases [5-7]. Most commercial
filters have simple disk or cylindrical geometries, which limits

https://doi.org/10.4150/jpm.2025.00234
© 2025 The Korean Powder Metallurgy & Materials Institute

https://powdermat.org

their ability to simultaneously improve filtration efficiency by
capturing impurity particles and reduce the pressure drop,
which refers to the difference in gas pressure before and after
the filter [8, 9].

With recent advances in additive manufacturing (AM) tech-
nology, the demand for metal filters with complex internal ar-
chitectures and optimized performance has been increasing
[10-12]. Among various 3D printing-based filter fabrication
methods, such as Powder Bed Fusion (PBF), Directed Energy
Deposition (DED), and Material Extrusion Additive Manufac-
turing (MEAM), PBF and DED typically rely on laser-based
equipment, which involves high capital and operating costs and
imposes restrictions on usable materials [13-15]. In contrast,
MEAM does not require lasers, which results in lower initial
investment costs and enables the use of a wide range of feed-
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stock materials. Additionally, the absence of mold fabrication
enhances cost efficiency, makes it suitable for prototyping, and
provides greater design flexibility for easily creating complex
and precise structures [16-20]. Compared with the simple tube-
or disk-shaped filters commonly available on the market, the
complex internal channel geometry of the filters developed in
this study is expected to enhance filtration efficiency by diversi-
fying airflow paths and increasing the contact area with parti-
cles. These design advantages can be particularly beneficial in
industrial fields such as semiconductor processing, where
high-purity and high-efficiency filtration are required [21, 22].

In this study, the fabrication and pore characteristics of ST-
S316L-based metal powder filters with a cross-sealed honey-
comb shape using the MEAM process were systematically in-
vestigated, focusing on filter geometry and the evolution of
pore structure with varying sintering temperatures. Two filter
designs with identical outer dimensions (20 mm in diameter
and 25 mm in height) but different internal flow channel num-
bers (4-channel and 9-channel) were produced to analyze the
effects of structural complexity on porosity, air permeability,
gas pressure drop, and filtration efficiency. Furthermore, three
sintering temperatures (850, 950, and 1,050°C) were employed
to examine microstructural changes and the corresponding re-
duction in porosity, followed by quantitative evaluation of vari-
ations in air permeability and filtration performance. Through
this approach, this study aims to elucidate the combined effects
of geometry and sintering conditions, which are two key vari-
ables influencing the performance of metal filters, and to pro-
vide fundamental data for establishing optimized design strate-
gies for the development of high-performance metal filters.

2. Experimental Section

The manufacturing process of the honeycomb filters pro-
duced in this study is illustrated in Fig. 1. The process involves
mixing the STS316L metal powder with the binder, pelletizing
the mixture, and then shaping it using the Material Extrusion
Additive Manufacturing (MEAM) process. This is followed by
solvent debinding and thermal debinding to remove the binder,
and finally sintering to produce the final filters, which were
then subjected to characterization.

The chemical composition of the STS316L metal powder
(Daido, Japan) and the M1 binder (Atect, Japan) used in this
study are presented in Table 1 and Table 2, respectively. The
STS316L powder and M1 binder were mixed in a weight ratio
of 86.34 wt.% to 13.66 wt.% to prepare the feedstock. The pre-
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pared feedstock was used to fabricate two honeycomb filter
structures with different internal flow path complexities: a
4-channel design and a 9-channel design. Fig. 2 shows the
modeling images of these filters, where Fig. 2(a) and (b) depict
the overall geometry and cross-section of the 4-channel filter,
and Fig. 2(c) and (d) show those of the 9-channel filter. The in-
ternal channels were designed with cross-shielded sections at
the top and bottom to force the fluid to pass through the inter-
nal walls. Both filters were designed with the same external di-
mensions (20 mm in diameter and 25 mm in height), but the
total wall volume and mass were increased in the 9-channel de-
sign due to the greater number of internal channels.

MEAM-based additive manufacturing was performed using
an RPT_CME300 (REPROTECH, Korea) system under the
following conditions: nozzle diameter of 0.4 mm, nozzle tem-
perature of 175°C, bed temperature of 65°C, layer height of 125
um, and printing speed of 35 mm/s. The green parts were im-
mersed in n-heptane for 24 h to perform solvent debinding, re-
moving the low-molecular-weight binder components SA
(stearic acid) and PW (paraffin wax), followed by thermal
debinding in an argon (Ar) atmosphere, where the temperature
was ramped to 800°C at a rate of 1°C/min and held for 1 h to
remove the high-molecular-weight binders EVA and PE. Sub-
sequently, the debound specimens were sintered under high
vacuum (5 x 107 torr) at 850, 950, and 1,050°C for 1 h to eval-
uate the effects of sintering temperature on the pore structure.

Sintering temperature was set as one of the key process vari-
ables to analyze its effect on the pore structure and filtration
performance of metal filters. The powder used was STS316L
stainless steel, which has a melting point of approximately
1,400°C. Therefore, sintering was conducted below the melting
point, selecting a temperature range where neck formation be-
tween particles and pore retention are balanced. Generally, the
sintering process is divided into initial, intermediate, and final
stages, with the intermediate stage being most suitable for filter
fabrication, as it ensures sufficient neck growth to secure me-
chanical strength while maintaining an adequate level of pene-
trating pores. In contrast, in the final stage, excessive densifica-
tion eliminates pores, reducing permeability and impairing the
filter’s functionality. Based on this theoretical background and
previous studies, we selected the range of 850-1,050°C corre-
sponding to the intermediate sintering stage. [23, 24]

The particle morphology of the STS316L powder was exam-
ined using field emission scanning electron microscopy (FE-
SEM, SU-70, Hitachi, Japan) in order to characterize surface
features. The particle size distribution was measured using a la-
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3

3D Printing Process- MEAM

MEAM Process

|
(Material Extrusion Additive Manufacturing)
1t Debinding Process
for Solvent Evaporation
(For 24 h, n-Heptane) Motor
< Hopper
2" Debinding Process Screw
for thermal the composition of organic materials :
(Max. Temp. 800 °C, in an Ar atmosphere) Heater
‘ Holder
. . “— Nozzle
Sintering process
4-channel type filter 9-channel type filter ]

in a high vacuum of <5 x 10~ torr in a high vacuum of <5 x 107 torr

850°C x lhr -
950°C x lhr 950°C x 1lhr
1.050°C x lhr -
Characterization
Filter performance
Pore characterization analysis P
measurement
Microstructure Atrpermesbilicy
Stosily Pressure drop
4 Filtration efficiency

4-channel type
filter

9-channel type
filter

Fig. 1. Schematic flow chart illustrating fabrication of STS316L-based gas filters and conceptual images of the MEAM process used in this

study.

ser diffraction particle size analyzer (PSA, LS13 320, Beckman
Coulter). The microstructure of the sintered filters was exam-
ined using scanning electron microscopy (SEM, JSM-IT300,
JEOL, Japan). The porosity was quantified based on SEM
cross-sectional images using the Image] software. Air permea-
bility was evaluated using a Gas Permeameter (GP-101A, Porous
Materials Inc., USA) by measuring the flow rate versus gas pres-
sure curves, and the gas pressure drop (AP) and filtration effi-
ciency (Log Reduction Value, LRV) were quantitatively assessed
following the international standard test method SEMI F38,
which evaluates the particle removal efficiency of gas filters.

3. Results and Discussion

The STS316L powder used in this study served as the key raw

J Powder Mater 2025;32(4):299-308

material for fabricating filters via the MEAM process. The parti-
cle morphology and size distribution of the powder significantly
affect not only printability, forming density, and sintering be-
havior, but also the final porosity and air permeability. Fig. 3(a)
shows an FE-SEM (SU-70, Hitachi, Japan) image of the powder
surface, which exhibits an overall irregular morphology. This is
attributed to rapid and irregular solidification mechanisms in-
herent to the water atomization process. Fig. 3(b) presents the
particle size distribution, measured using a laser diffraction par-
ticle size analyzer (PSA, LS13 320, Beckman Coulter), which
shows a normal distribution with a single peak in the 10-100
um range. The median particle size (Ds,) was approximately 50
pm. These characteristics confirm the suitability of the powder
for stable material flow during MEAM processing and for con-
trolled pore structure development during sintering.
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Outer wall:
Surface-sealed
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sealed

Fig. 2. Schematic images showing modeled filter geometries for the MEAM process. (a) 4-channel type filter, (b) cross-sectional image
exhibiting gas flow along with porous structures, (c) 9-channel type filter, (d) cross-sectional image exhibiting gas flow along with porous

structures.

Table 1. Component analysis of STS316L powder (Daido, Japan)

Mn Ni Cr Cu Mo V Other
0.02 08 02 12 17 - 2.5 - -

Component C Si
wt.%

Table 2. Component analysis of M1 Binder (Atect, Japan) used
for pelletizing

Component PW EVA 198 SA
wt.% 57 20 20 3

PW, paraffin wax; EVA, ethylene-vinyl acetate; PE, polyethylene;
SA, stearic acid.
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The metal powder filters fabricated via the MEAM process
were designed with two types of internal flow channel struc-
tures: 4-channel and 9-channel. Their external appearance and
cross-sectional images are shown in Fig. 4. Fig. 4(a) presents
the overall morphology and top/bottom views of the 4-channel
filter sintered at 950°C, while Fig. 4(c) shows those of the
9-channel filter under the same conditions. As observed in the
top and bottom views, both filters adopt a cross-shield configu-
ration, in which the upper and lower sections are alternately
blocked. Fig. 4(b) and (d) illustrate the internal wall structures
(indicated by red dashed lines) of the 4-channel and 9-channel
filters, respectively. Compared with the 4-channel design, the

J Powder Mater 2025:32(4):299-308
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S|

Volume (%)
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1 10 100
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Fig. 3. Characteristics of the STS316L powder used in this study, (a)
a surface morphology of water atomized particles (D, = 49.70 um)
showing an irregular shape, (b) particle size distribution curves.

9-channel filter provides more finely divided flow paths, which
increase fluid dispersion and particle contact probability. In ad-
dition, the cross-shield design guides the fluid to enter through
the upper opening, pass through the internal walls, and exit
from the lower opening.

Although both filters were designed with identical outer di-
mensions (20 mm in diameter and 25 mm in height), differ-
ences in the number of channels and the total volume of inter-
nal walls resulted in variations in mass. The 4-channel filter
weighed approximately 13.9 g, while the 9-channel filter
weighed 17.1 g, which can be attributed to the increased frac-
tion of metallic walls in the latter. Cross-sectional analysis of
the internal walls, as shown in Fig. 4(b) and (d), revealed that
the 4-channel filter had an internal wall cross-sectional area of
0.74 cm? and a wall volume of 1.85 cm?, whereas the 9-channel
filter had values of 1.26 cm? and 3.16 cm?, respectively. This in-
creased internal wall structure enlarges the effective filtration

area for particle capture but simultaneously raises flow resis-

J Powder Mater 2025;32(4):299-308
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tance, which can impact air permeability.

Fig. 5 presents the microstructures and porosity of specimens
sintered at 950°C. The porosity data were obtained by perform-
ing three measurements each at the center and edge regions of
every specimen, resulting in a total of six measurements per
specimen, which were then averaged and expressed with stan-
dard deviations. Differences between measurement locations
were negligible. In the microstructural images, the STS316L
particles appear as bright regions, whereas the pores are ob-
served as dark regions. Fig. 5(a) and (b) show the microstruc-
tures of the 4-channel and 9-channel filters, respectively, where
no significant differences were observed between the two ge-
ometries. This indicates that comparable microstructural uni-
formity was achieved under identical MEAM and sintering
conditions. Fig. 5(c) displays the porosity results, revealing val-
ues of 50.42% (standard deviation 0.80) for the 4-channel filter
and 50.53% (standard deviation 0.93) for the 9-channel filter,
suggesting that the number of internal channels had no mean-
ingful influence on microstructural uniformity or porosity.

Fig. 6 shows the microstructures and porosity of 4-channel
type filters sintered at different temperatures (850, 950, and
1,050°C). The microstructures in Fig. 6(a)-(c) reveal progres-
sive densification with increasing temperature, as the STS316L
regions become coarser while the pore regions diminish. Ac-
cording to the porosity results shown in Fig. 6(d), quantitative
image analysis of the metallic and pore areas indicated a gradu-
al decrease in porosity from 63.68% at 850°C to 50.42% at
950°C, and further to 39.38% at 1,050°C. The corresponding
standard deviations were 0.73, 0.80, and 0.96, all below 1, con-
firming the reliability of the measurements. In particular, speci-
mens sintered at 1,050°C exhibited a pronounced reduction in
pore size and number, along with the formation of a continu-
ous metallic network, indicating the development of a
high-density structure.

Air permeability represents the relationship between gas flow
rate and applied gas pressure across the filter, where a steeper
slope in the flow rate—pressure curve indicates superior perme-
ability. As shown in Fig. 7(a), the 4-channel filter exhibited
higher flow rates than the 9-channel filter, demonstrating better
air permeability. Air permeability represents the relationship
between the gas flow rate and the applied pressure across the
filter, where a steeper slope in the flow rate-pressure curve in-
dicates superior permeability. As shown in Fig. 8(a) and (b), the
4-channel filter exhibited higher flow rates than the 9-channel
filter, thereby demonstrating superior air permeability.

Gas pressure drop (AP) is another critical parameter for eval-
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(b) .
(d) I

Fig. 4. Photographs of two different pore-structured filters fabricated by the MEAM and sintering process at temperature of 950°C: (a)

4-channel type filter showing top and bottom views, (b) cross sectional photograph indicated by a red-dotted line along the inner walls (c)

9-channel type filters showing top and bottom views, and (d) cross-sectional photograph indicated by a red-dotted line along the inner walls.

uating filter performance and is defined by the equation AP =
P
pressure of the gas introduced at the filter inlet (P

This represents the difference between the
) and the
pressure measured at the outlet after passing through the filter

upstream Pdownstream‘

upstream

(Pyownsiream)- A higher pressure drop indicates greater energy loss
within the filter, reflecting increased resistance to gas flow.

Filtration efficiency, another key performance metric, quan-
tifies the ability of the filter to remove particles from the gas
stream. In this study, filtration efficiency was expressed as the
Log Reduction Value (LRV), which is calculated by counting
the number of particles in the gas before and after filtration and
then applying a logarithmic transformation. A higher LRV in-
dicates a greater degree of particle removal, and thus, superior
filtration performance.

Experimental results showed that the 9-channel filter exhibit-
ed a higher pressure drop compared to the 4-channel filter due
to its larger internal wall area and volume, which increased flow
resistance. However, this structural characteristic also provided
a greater effective surface area for particle capture, thereby im-
proving filtration efficiency. Consequently, the 9-channel filter
achieved a filtration efficiency of 3.55 LRV, surpassing the 3.25
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LRV of the 4-channel filter. In summary, the 9-channel filter
presents a trade-off: while the increased flow resistance results
in higher pressure drop, it simultaneously provides enhanced
filtration efficiency. This highlights the coexistence of advantag-
es and limitations depending on the intended design objectives.

The effect of sintering temperature is shown in Fig. 8(a) and
(b). The results were obtained from tests conducted using the
4-channel filter, with the channel configuration fixed to isolate
the effect of sintering temperature. As sintering temperature in-
creased, air permeability decreased while gas pressure drop in-
creased. Filtration efficiency improved from 2.53 LRV at 850°C
to 3.25 LRV at 950°C, and to 3.51 LRV at 1,050°C. This behav-
ior results from pore shrinkage and densification due to en-
hanced neck growth among particles, which reduces porosity
but enhances particle interception.

In summary, differences in air permeability, gas pressure
drop, and filtration efficiency are governed by internal channel
complexity and wall structure. The 9-channel filter achieved
higher filtration efficiency but exhibited lower permeability and
higher pressure drop, reflecting a trade-off relationship. Simi-
larly, higher sintering temperatures reduce porosity and perme-
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Fig. 5. Comparison of polished surface morphologies (showing similar pore structures) of (a) 4-channel type filter and (b) 9-channel type

filter fabricated by the MEAM process, after sintering at 950°C, and (c) comparison of porosity between 4-channel and 9-channel type filters
fabricated by the MEAM process, after sintering at 950°C.
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Fig. 6. Polished surface morphologies of 4-channel type filters fabricated by the MEAM process and sintered at (a) 850°C, (b) 950°C, and

(c) 1,050°C, showing progressive densification with increasing temperature. (d) Quantitative porosity variation as a function of sintering
temperature.
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Fig. 7. Filter performance evaluation of 4-channel and 9-channel
type filters fabricated by MEAM and sintered at 950°C: (a) air
permeability test results showing flow rate-pressure curves, and
(b) comparison of pressure drop (AP = P,-P,,,,) and filtration
efficiency (LRV: log reduction value).

ability but improve filtration performance. These findings
highlight the importance of simultaneously optimizing filter

geometry and sintering conditions for balanced performance.

4., Conclusion

In semiconductor manufacturing processes, removing fine
particles and contaminants that may cause wafer defects is crit-
ical for maintaining an ultra-clean environment. In this study,
honeycomb-type metal filters with identical outer dimensions
(20 mm in diameter and 25 mm in height) were fabricated us-
ing the Material Extrusion Additive Manufacturing (MEAM)
process, and the effects of internal channel numbers (4-channel
and 9-channel) on pore characteristics and filtration perfor-
mance were systematically investigated. From a component de-
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Fig. 8. Filter performance evaluation of 4-channel type filters
fabricated by the MEAM process and sintered at different
temperatures (850°C, 950°C, and 1,050°C): (a) air permeability test
results showing flow rate-pressure curves, and (b) comparison of
pressure drop (AP = P, -P,,,,) and filtration efficiency (LRV: log
reduction value).

signer’s perspective, the optimal number of channels may vary
depending on the intended application. If air flow is the prima-
ry concern, the 4-channel configuration is more advantageous,
whereas if filtration efficiency is the priority, the 9-channel
configuration is more suitable.

The results showed that the porosity values of the 4-channel
and 9-channel filters were 50.57% and 50.08%, respectively, with
negligible differences. However, significant variations were ob-
served in air permeability, gas pressure drop, and filtration effi-
ciency. The 4-channel filter, with its simpler internal geometry
and smaller wall area (0.74 cm?) and volume (1.85 cm?), exhib-
ited lower flow resistance and superior air permeability. Con-
versely, the 9-channel filter, having a larger wall area (1.26 cm?),
demonstrated higher filtration efficiency (3.55 LRV) but re-
duced air permeability and increased pressure drop (0.26 bar).
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The sintering temperature was also a critical factor: as it in-
creased, the microstructure became denser, and porosity de-
creased from 64.52% at 850°C to 40.33% at 1,050°C. This den-
sification led to reduced air permeability and increased gas
pressure drop (0.13 bar to 0.22 bar), while filtration efficiency
improved from 2.53 to 3.51 LRV due to enhanced particle cap-
ture by finer pore structures.

These findings confirm that internal geometry and sintering
temperature are two key design parameters that jointly affect
the trade-off between permeability, pressure loss, and filtration
efficiency. The results underscore the need for an optimized
design strategy that balances filtration performance and energy
consumption. This study provides valuable insights and quanti-
tative effects of geometry and heat treatment conditions on fil-
ter performance, offering valuable data for the development of
advanced metal filters and structural optimization for high-pu-
rity industrial applications, including semiconductor manufac-
turing.
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Evaluation of Mechanical Properties of Pure Ni Coatings on a Type
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This study compares pure Ni coatings deposited on type 316H stainless steel using high-velocity
oxy-fuel (HVOF) and directed energy deposition (DED) processes. Microstructural analysis showed that
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DED produced more uniform claddings with fewer pores, while HVOF resulted in incomplete melting

and cracks. Elemental diffusion of Cr and Fe from the substrate into the cladding was evident in DED
samples, especially at higher laser power, but minimal in HVOF due to low heat input. Vickers hardness
testing revealed that DED claddings had higher hardness near the interface, which was attributed to

*Corresponding author:
Jeoung Han Kim
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solid solution strengthening and reduced porosity. Although HVOF better suppressed diffusion, it ex-
hibited inferior mechanical properties due to internal defects. Overall, the DED process demonstrated
superior coating quality and mechanical performance, suggesting its suitability for corrosion-resistant
applications requiring both structural integrity and thermal stability, such as molten salt reactors.

Keywords: Molten salt reactor; HVOF; DED; Nickel; Cladding

1. Introduction

284 gJ7<]—§(Molten Salt Reactor, MSR)+= A& 7155t oy
A BibE BRE A S AN YARR, 7129 73 29 ¥
A2 (Light Water Reactor, LWR)?]| H|3} =2 &g, T 1
53 A AA”, A9 /A T oI A ]141:}[1 -3].
E;], 4% E UAZ(Small Modular Reactor, SMR) JE|Z -
do| 7hsote] 571, v, YAR] A I35 5 HdR S8 £
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Fo] o, ol 7|E YAZS} 3o FEHH. ot AAl=
A2 A A5 A A Al2F Q) S FA ARt
AE =01, FHAL T A] 8ol FEEHHE di7] FollA
wh2 7] 18k 0] 23F ke qAIShs dEE 7ML 9lo], A
SN sttt 2 of#fel ojfole Etokal, ASkEA
E8U2 AL20A F2A O A%t FAE Fske A7 3l

MSRE] 4835 Adfiot= A4 714 AAR X H= 1L lrH4,
5]. ASME Boiler & Pressure Vessel Code Section III Division 5
o =, MSRO]| &8 753t 24 & 2.25Cr-1Mo, Modified
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Ni cladding on 316h via high-velocity oxy-fuel and directed energy deposition

71#o2E 57 4 mm9] STS316H WAE A&t oM, 9
F 2242 Table 19 A A5

S0 AHgE B2 Hoganas(A gl A A2t <& 99.99
wt% °149] Ni &oln, ARXAIZREE A3 5459 A &
2 Mo <0.01 wt%, Mn <0.002 wt%, V <0.001 wt% =<=°]ct.
22 50 pum % 150 pm AE ARESE] AE REE 50-150 pm
HE 21¥.2H, Image] AZE01S &85t 33}t AvlF
ojujz] £4& Bl B Y= F 102 pmE SH =12

AS A 28 35 $5E 3.1 g/min, 9 2% 7HAEE €
99.99%°] Ar 7FA7F AREE T B3 8-85E2] AISHE WAIsH]
5 5L Ar 7HAE ElolA A PtollA 300 mL/ming] FF
O HB7IAR FASHT EYE Raycus 1500 W THo] &
glolAE AREsIl oM, 450 W H 550 WOl & 7H4] #lo]A] &
Z0= 747k AEE Atk F AlE 2R A7 &&= 850
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CFCFC "€(2}# Counter - W+ Face HH5) 202 FUSHA 4]
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Table 1. Chemical composition of as-received STS316H metal analyzed by SEM-EDS and inductively coupled plasma-optical emission

spectrometry (weight %)

Component Fe Cr Mo Mn v
STS316H Bal. 17.07 2.16 0.7 0.04
Pure Ni powder - - <0.01 <0.002 -

SEM-EDS, scanning electron microscopy with energy dispersive X-ray spectroscopy
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3. Results and Discussion AeE A =S HeEi
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Fig. 2. Cross-sectional scanning electron microscopy image and compositional line profile of the high-velocity oxy-fuel-coated layer.

J Powder Mater 2025:32(4):309-314

311




Won Chan Lee et al,,

450 W2} 550 W= A7gslon, ojo] w2 QJid=ke 712} 254 J/
mm ¥ 31.1 J/mmZE ARXFE AT o]e} Zo] YFFo| Z7I5H 7]
oz RE FHYS WIFe| Y4 S A S E I g ¥

A 71573 B 5 57 Aol T ol g 2T 4= QT
719 32 DED 34 % STS316H 7|9 Alof| A% Ni SHd=

o w22 9 24 24 IS dEhdn:. 29 BAE 54
A2 STS316H 7|3 AF-E FFS AF7H] 2F 400 pm2] #
215 Qu|sh, el Z2ukd 4 3k yehdnt, T8 3-()=
go]x &3 450 W, 27 £ 850 mm/min A4 J5H &
Hols, 718 3-(b)e LT 270 £%=(850 mm/min)oflA] o] A]
S5 550 W= S7HAA 25T g Hojen, & 27 2F
oA ZNFSH 715 Aeloll= F3T 86F A BAHUL

H, Cr, Fe, Ni &9 5k EXE & H 7|eh S gS 71 24
AA7} HeslA LEEL 450 W ZZ0|A= & 7]50] T}%}Q

9o}, T FHoIE|R] gkgkt}, v, 550 W RAOAL 7%

Ni cladding on 316h via high-velocity oxy-fuel and directed energy deposition

Cr %4 Fe®] 24 3
tEgoR Y E‘:I* = S5 AQ0 HA
1% 4% STS316H 7] ol A Ni EHHgE71A9
ki AP E EDS HE4 g
4-(@)E CrY 244 £x %, % 4-(b=FeY 24 &
oj%u, DED 5% 243 HVOF 3% 7t2] jo|& H|i
4 A3}, HVOF 340l 13 29 A&A Axet 5UsH
ZHGS Wl Cr € Fe AHo] E4ts]%] ¢kttt ¥, DED &
AolHe 7o g R FHIS YFOE T3S & Fito] &
=] Qi
E£3], glo]A &8o] &2 550 W Z7oA= 450 W 2740 H]
*J A7t o 4A depton, o= d g9 F7tol wet
49 AT H97F FE S-S HolEr) olg Ak
DED M*ow glo]A &¥o] Cr ¥ Fe} o A4 2
IS W A Ao & G v)Hthe A AARRIT

°H

7+ 0

'

9k ofy g} Al QTS 233 g S ARtofA] ZFo] ﬂré}ﬂo*
ot & AFoA= g Fo] FF Aol 71Q1%E A1A A 3.3 2 AARAM| 0|2 B EEY
o3k kA A SgE ] Ugromg I Wbl oAU 2o 1% 5% STS316H 7]%3 Ni 2GS0l thsfl gt vjA A
gt AR g X FHolof gt} Tt o)A &8 SR 7 %(Vickers hardness, HV0.1) &% 235 Yehditt. A= &%
Qe 8§ F<o] =y I= Q5| €4 &8 E= E 71AK & 2 24 7|9 AEE 71EH0 mo=E A5t #@iﬂ‘}i
Tl FEHAL 7HsAd0] o, o)= FF AF 3 AL t}. DED 33 E0IA £8 450 W)2.2 AxH SIS W2
Boll ot gee] e 2 aUt Qi $hH, B FojjA] o]ojx] &= 7159] B/do] Zof, HVOF 57 tv] ARtHo 2 =2 A& &
T Matrix Melt pool DED Cr-K
] MreK
T N
e
g A, i
100 — ’W‘y‘
: L I I B BN B
0.000 100.000 200.000 300.000 400.000 500.000
Distance(um)
50~ Matrix Melt pool DED Cr-K
- —f 'M .Fe.-K
: M( Ni-K
S 300
£
100 \‘MW
LR RS LEERE EEARN EARRS RALES REEEY RE
0.000 100.000 200.000 300.000 400.000 500.000 600.000
Distance(um)

Fig. 3. Cross-sectional scanning electron microscopy image and compositional line profile of the directed energy deposition-processed layer:

(a) laser power 450 W, (b) laser power 550 W.
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This study investigated the effects of oxidative firing parameters and raw material characteristics on
the pelletization of Australian and Minh Son (Vietnam) iron ore concentrates. The influence of firing
temperature (1050°C-1150°C) and holding time (15-120 min) on pellet compressive strength was ex-
amined, focusing on microstructural changes during consolidation. Green pellets were prepared using
controlled particle size distributions and bentonite as a binder. Scanning electron microscopy and en- Nguyen Hoang Viet
ergy-dispersive X-ray spectroscopy analyses revealed that grain boundary diffusion, liquid phase for- E-mail: viet.nguyenhoang@hust.
mation, and densification significantly improved mechanical strength. X-ray diffraction confirmed the edu.vn

complete oxidation of magnetite to hematite at elevated temperatures, a critical transformation for

metallurgical performance. Optimal firing conditions for both single and blended ore compositions

yielded compressive strengths above 250 kgf/pellet, satisfying the requirements for blast furnace ap-

plications. These results provide valuable guidance for improving pellet production, promoting the effi-

cient utilization of diverse ore types, and enhancing the overall performance of ironmaking operations.

*Corresponding author:

Keywords: Iron ore pelletization; Oxidative firing; Compressive strength; Microstructural evolution

I. Introduction

Pelletizing iron ore fines has become an essential step in mod-
ern iron and steel production, driven by the declining availabili-
ty of high-grade lump ores and the growing need to make effec-
tive use of finer iron-bearing materials [1-8]. By agglomerating
fine particles into pellets, the process not only improves furnace
efficiency but also enhances key metallurgical properties such as
reducibility and mechanical strength. In addition to pelletiza-
tion, other agglomeration techniques such as compacting and
briquetting are also gaining attention as viable routes for recy-
cling iron ore fines and waste streams [9-12]. These technologies
offer greater flexibility in raw material use and can be adapted
for various reduction environments, supporting both sustain-
ability and cost-effectiveness in ironmaking.

Pelletization technology originated in Sweden and Germany

https://doi.org/10.4150/jpm.2025.00129
© 2025 The Korean Powder Metallurgy & Materials Institute

https://powdermat.org

in the early 20th century, where initial advancements demon-
strated that pelletized fines outperformed lump and sintered
ores in reduction efficiency. In the mid-20th century, the Unit-
ed States further industrialized the process, particularly with
low-grade Taconite ores. Since the 1960s, pellet production has
expanded globally, reaching hundreds of millions of tons annu-
ally [5, 13-15].

Ongoing research has focused on improving pellet quality [1,
16-18]. Studies have explored the development of new organic
binders (e.g., Pefidur) to replace traditional bentonite, thereby
reducing impurities and enhancing metallurgical properties.
Other investigations have aimed to modify the mineral struc-
ture of pellets, producing self-fluxing or dolomite-containing
pellets to improve blast furnace performance. Enhancing ener-
gy efficiency through heat recovery and the use of alternative
fuels has also been widely investigated [19-23].

In Vietnam, iron ore pellets are increasingly incorporated
into blast furnace operations at facilities such as Hoa Phat
Dung Quat Steel Joint Stock Company and the Viet - Trung
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Mining and Metallurgy Co.,Ltd. Reports indicate that incorpo-
rating 20-25% pellets into the blast furnace charge enhances
productivity, reduces coke consumption, and lowers the cost of
pig iron production. Moreover, pellet usage addresses the chal-
lenge of limited domestic reserves of high-grade magnetite ore.

Despite global progress in pelletization research, systematic
studies examining the specific influence of oxidative firing pa-
rameters—particularly firing temperature and holding time—
on the mechanical performance of pellets from local Vietnam-
ese ores are lacking. These factors are essential for maximizing
pellet quality and ensuring the viability of domestic ores in
high-efficiency blast furnaces [10-12, 24].

This study aims to fill that gap by systematically examining
the effects of oxidative firing temperature and duration on the
compressive strength of iron ore pellets made from Australian
and Minh Son concentrates. By correlating microstructural
evolution with mechanical performance, the research seeks to
define optimal firing conditions that enhance pellet strength—
supporting the development of efficient and localized pellet
production technologies in Vietnam.

I1. Materials and Methods

2.1. Raw Materials and Pellet Preparation

Iron ore concentrates sourced from Australia and Minh Son
Company (Vietnam) were used in this study. Both materials
were supplied by Hoa Phat Hai Duong Steel Joint Stock Com-
pany [10, 11]. Indian bentonite, with the chemical composition
shown in Table 2, was added as a binder at an addition rate of
approximately 1.5 wt%. Fig. 1 presents SEM images and parti-
cle size distributions of the Australian and Minh Son iron ore
concentrates. In Fig. 1a, the Australian concentrate exhibits a
fine and relatively homogeneous microstructure, with particles

displaying mostly angular shapes and narrow size variation. In

Table 1. Chemical composition of iron ore concentrates

Enhanced compressive strength of fired iron ore pellets

contrast, the SEM image of the Minh Son concentrate (Fig. 1b)
reveals a coarser texture, where particles are larger, more irreg-
ular in shape, and display a broader size range. The corre-
sponding particle size distribution curves (Fig. 1c and 1d)
quantitatively confirm these observations. The Australian ore
features a much finer distribution, with a median particle size
(dso) of approximately 13 um, while the Minh Son ore shows a
ds, of around 50 um, indicating the presence of significantly
coarser grains.

2.2. Firing, Mechanical Testing, and Microstructural
Characterization

In this study, four iron ore compositions were prepared:
100% Australian ore (denoted as I0: 100A), 100% Minh Son
ore (I0: 100M), and two blends — 90% Australian + 10% Minh
Son (IO: 10A-90M) and 20% Australian + 80% Minh Son (IO:
20A-80M). Green pellets were formed using a disc pelletizer,
incorporating bentonite and water under controlled conditions.
Following pelletization, the green pellets were evaluated for
mechanical intergrity using a 5 kgf press [25]. As shown in Fig.
2, all samples satisfied the typical requirement of approximately
1 kg per pellet [1, 2], consistent with reported values for blend-
ed magnetite-hematite ores (1.25-1.55 kgf/pellet) [26]. The
pellets were subsequently oxidatively fired in a silicon carbide
(SiC) electric furnace at target temperatures of 1050°C, 1100°C,
and 1150°C, with holding times of 15, 30, 45, 60, 90, and 120
min. Compressive strength was then measured post-firing,
based on testing a minimum of five pellets per condition to en-
sure statistical reliability.

The schematic diagram of the pelletization process is pre-
sented in Fig. 3. It illustrates the drying of iron ore concentrates,
followed by blending with a binder and water spraying, green
pellet formation, heat hardening to produce fired pellets, and

subsequent evaluation of their properties.

Chemical composition, %wt

Ore type -
TFe FeO SiO, ALO, CaO MgO S P
Australia 65.5 26.80 8.0 0.5 0.2 0.5 0.001 0.014
Minh Son 66.5 20.67 5.0 0.7 0.1 0.1 0.061 0.002
Table 2. Chemical composition of Indian bentonite powder
) ) Chemical composition, %wt

Binder material -

Fe,O, Sio, ALO;, CaO MgO
Indian bentonite type 12.37 62.99 20.67 1.14 1.32
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Fig. 1. Scanning electron microscopy images and particle size distribution of (a, ¢) Australian and (b, d) Minh Son iron ore concentrates.

Microstructural analysis of the fired pellets was performed

— 10: 100A

using scanning electron microscopy (SEM). Elemental distri-

bution was investigated via energy-dispersive X-ray spectrosco-
py (EDS) on fracture surfaces and cross-sections. Phase identi-
fication was conducted using X-ray diffraction (XRD), with

powdered samples obtained from ground fired pellets. The dif-

Force (kgf)

fraction data were analyzed using Profex software and support-
ing tools [27, 28] to identify crystalline phases and assess oxida-
tion transformations.

0 | | . .
01 - 7 I11. Results and Discussion

Time (min.) 3.1. Compressive Strength Testing
Fig. 2. Strength of green pellets over time. Fig. 4 presents the compressive strength of oxidatively fired
pellets at various temperatures and holding times. At 1050°C,
the pellets exhibited relatively low strength, with the 100% Aus-
tralian ore (I0: 100A) reaching only 122.78 kgf/pellet. Extend-

ing the holding time led to progressive improvement, achieving
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Pellet feed materials

Fig. 3. Schematic representation of the iron ore pelletization process.
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Fig. 4. Compressive strength of (a) IO: 100A pellets fired oxidatively at 1050°C, 1100°C, and 1150°C, and (b) blended pellets fired at 1150°C

with holding times of 15, 30, 45, 60, 90, and 120 min.

180.26 kgf/pellet after 60 min and 210.36 kgf/pellet after 120
min. As the firing temperature increased, a notable enhance-
ment in mechanical performance was observed. At 1100°C and
1150°C, the IO: 100A pellets achieved compressive strengths of
238.54 kgt/pellet and 244.77 kgf/pellet, respectively, after just
15 min of holding. Further increases in holding time at 1150°C
resulted in continued strength gains: 244.77 kgf/pellet at 15
min, then increasing to 290.94 kgf/pellet at 30 min, 319.18 kgf/
pellet at 45 min, 348.86 kgf/pellet at 60 min, and a maximum of
370.01 kgf/pellet at 120 min.

The performance of blended compositions at 1150°C also fol-
lowed a similar trend, with compressive strengths measured at

318

60, 90, and 120 min as follows: 327.59, 337.59, and 370.01 kgf/
pellet for IO: 100A; 274.48, 286.27, and 314.84 kgf/pellet for the
20% Australian + 80% Minh Son blend (IO: 20A-80M); 253.43,
272.31, and 299.57 kgf/pellet for the 10% Australian + 90%
Minh Son blend (I0: 10A-90M); and 186.00, 208.00, and 257.00
kef/pellet for 100% Minh Son (I0: 100M). These results indicate
that the minimum strength requirement for blast furnace feed-
stock (=250 kgf/pellet) [23, 29] was satisfied under specific
conditions. The IO: 100A pellets met the requirement after 60
min at 1100°C and from 30 min onward at 1150°C. Blended
pellets (I0: 20A-80M and I0: 10A-90M) reached the threshold
after 60 min at 1150°C, while IO: 100M required 120 min.

J Powder Mater 2025;32(4):315-329
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The improvement in compressive strength with increased
temperature and holding time is attributed to the melting of the
bentonite binder and localized fusion at ore particle interfaces,
which enhance densification and the mechanical integrity of
the fired pellets [2].

3.2. Morphological Changes of Fracture Surfaces

Fig. 5 presents the X-ray diffraction (XRD) patterns of (a) the
initial Minh Son and (b) Australian iron ore concentrates, and
(c) typically fired pellet. In these patterns, label (1) corresponds
to the main diffraction peaks of the magnetite phase, and label
(2) corresponds to the main diffraction peaks of the hematite
phase. The analytical results are consistent with the initial in-
formation indicating that the Australian and Minh Son ores are
primarily magnetite-type ores.

Fig. 6 shows the observation of the fracture surfaces after
compressive strength testing clearly revealed changes in color
and morphology of the IO: 100A pellets. At firing temperatures
of 1050°C and 1100°C, the pellets exhibited a dark brown color,
characteristic of Fe,O; (hematite) powder. At 1100°C, the color
became lighter brown due to the transformation of coarse
Fe,O; crystals. Fracture surfaces at these temperatures also
showed fragmented powder remnants after strength testing, in-

15 min R— i
T LLLRREEET T T
11 ;i:‘ ‘“j |

Enhanced compressive strength of fired iron ore pellets

dicating weak bonding between ore particles. At 1150°C, the
brown color significantly faded, and the pellets exhibited a
grayish-blue color. The fracture morphology shifted to larger
fragments instead of powdery breakage as observed at lower
temperatures, and no fine powder residues were collected after
testing. This suggests that inter-particle bonding was signifi-

v Fe0O,
e Sio,
» Fe,O
, > 23
> l >y

Intensity (a.u.)

L.J..:..._LI_L_I____J_XL.L (b)
G.M&.LM ()

40 50 60 70 80
2 Theta (degree)

Fig. 5. X-ray diffraction patterns of the original ore samples: (a) IO:
100M and (b) IO: 100A concentrates, (c) fired pellet.

Fig. 6. Fracture surfaces of Australian pellets oxidatively fired at (a) 1050°C, (b) 1100°C, and (c) 1150°C for holding times of 15 and 120 min.

J Powder Mater 2025:32(4):315-329
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120 min

Fig. 7. Fracture surfaces of Minh Son pellets oxidatively fired at 1150°C for 15, 30, 45, 60, 90, and 120 min.

Fig. 8. Scanning electron microscopy images of fracture surfaces of Australian pellets oxidatively fired at (a) 1050°C for 30 min, (b) 1100°C
for 30 min, (c) 1100°C for 120 min, and (d) 1150°C for 30 min

J Powder Mater 2025;32(4):315-329
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cantly enhanced, likely due to the formation of a liquid phase
during firing, contributing to the densification and strengthen-
ing of the pellets.

Consistent with these observations, Fig. 7 shows the fracture
surfaces of 10: 100M pellets (100% Minh Son ore) oxidatively
fired at 1150°C for varying holding times. Clear changes in sur-
face color and morphology were observed with increasing fir-
ing duration. At short holding times of 15 and 30 min, the pel-
lets retained a reddish-brown hue, indicating incomplete oxida-
tion and limited sintering. The fracture surfaces in this range
were relatively powdery, suggesting weak inter-particle bond-
ing. As the holding time increased to 45 and 60 min, the sur-
face color gradually darkened, and fracture morphology began
to show more coherent fragments. At 90 and especially 120
min, the pellets exhibited a grayish tone with denser and more
compact fracture surfaces. The absence of fine powder residues
and the shift toward blocky fracture pieces indicate improved
sintering behavior, likely due to enhanced grain boundary dif-
fusion and the onset of local liquid-phase formation. These ob-
servations are consistent with the increasing compressive

Enhanced compressive strength of fired iron ore pellets

strength reported for IO: 100M at extended firing times.
High-resolution scanning electron microscopy (SEM) images
at x3000 magnification of the fracture surfaces of Australian
pellets fired at 1050°C for 30 min, 1100°C for 30 and 120 min,
and 1150°C for 30 min are presented in Fig. 8. As shown in Fig.
8a, the fracture surface of the pellet fired at 1050°C for 30 min
exhibited discrete, sharp-edged particles—characteristic of the
raw ore powder—with weak interparticle bonding, which ac-
counts for the low compressive strength observed. At a higher
firing temperature of 1100°C for 30 min, both trans-particle
and inter-particle fracture features were observed, correspond-
ing to a compressive strength approaching 250 kgf. When the
holding time was extended to 120 min at 1100°C, stronger
bonding between particles became evident, sharp particle edges
disappeared, and the fracture mechanism shifted toward grain
boundary failure, indicating the formation of a more cohesive
microstructure and resulting in compressive strength exceeding
250 kgf. Similarly, the pellet fired at 1150°C for 30 min showed
significant improvement in grain boundary cohesion due to
liquid phase diffusion, and trans-particle fracture was domi-

Fig. 9. Fracture surfaces of pellet samples oxidatively fired at 1150°C for 60 min: (a) 100% Australian ore, (b) 80% Minh Son + 20% Australian,

(¢) 90% Minh Son + 10% Australian, and (d) 100% Minh Son ore.

J Powder Mater 2025;32(4):315-329
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nant, achieving a compressive strength above 250 kgf.

The characteristic fracture surfaces of pellets fired at 1150°C
for 60 min are shown in Fig. 9. It can be observed that pellet
porosity varied notably:

« In Fig. 9(a) (100% Australian ore), most fractures occurred
through particle breakage, corresponding to the highest
compressive strength.

« In Fig. 9(d) (100% Minh Son ore), a mixture of large and
small grains was observed, with fractures still occurring but

with weaker interparticle bonding, resulting in the lowest
strength.

o When blending (c) 10% and (b) 20% Australian ore into
Minh Son ore, particle bonding was notably improved.

SEM image analysis showed that increasing the firing tem-
perature from 1050°C to 1150°C or prolonging the holding
time enhanced the solid bonding between fine ore particles.
The edges of the ore grains became more rounded, and the
dominant fracture mechanism shifted towards trans-particle
fracture.The morphological changes of the fired pellets after
oxidative firing can be explained by the following factors [18,
30-32]:

1. When fired at high temperatures in an oxidative atmo-
sphere, magnetite ore particles begin to oxidize, forming
Fe,0, nanocrystals that grow and create bridging connec-
tions between particles. At 1050°C, this bonding can en-
hance pellet strength; however, due to the low temperature,
the growth of Fe,O; crystals is limited, resulting in insuffi-
cient compressive strength (only reaching 122-210 kgf/
pellet), making the pellets unsuitable for blast furnace
feedstock.

2. The recrystallization of Fe,O, occurs when pellets are fired
above 900°C. Complete transformation from magnetite to
hematite takes place between 1050°C and 1150°C. Newly
formed hematite crystals grow and bond tightly, signifi-
cantly increasing pellet strength. The highest compressive
strength was achieved for pellets oxidatively fired at
1150°C with a 2-h holding time.

3.3. Elemental Analysis in Fired Iron Ore Pellets

To gain deeper insight into the elemental distribution and its
correlation with pellet structure and mechanical properties, en-
ergy-dispersive X-ray spectroscopy (EDX) and elemental map-
ping analyses were conducted on representative samples. These
include fracture surfaces and cross-sections of pellets fired at
1150°C under varying conditions, as shown in Fig. 10 to 14.

Fig. 10 illustrates the EDX spectra obtained from various ob-
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servation points on the fracture surface of an I0: 100A pellet
(100% Australian ore) fired at 1150°C for 30 min. The analyzed
area lies along the boundary between hematite particles and is
marked by a higher concentration of Si in addition to Fe and O.
This indicates the possible presence of SiO, at grain interfaces,
which may lead to the formation of silicate-rich phases influ-
encing sintering behavior and the bonding between particles.
In contrast, points located within the grain interiors (e.g., Fig.
10b and 10d) were primarily composed of Fe and O, consistent
with hematite (Fe,O,). Meanwhile, grain boundaries (e.g., Fig.
10a and 10c) exhibited enrichment in light elements such as
Na, K, Mg, and Al, indicating localized concentrations of alkali
and alkaline earth metal oxides. This segregation is believed to
facilitate liquid-phase formation during firing, enhancing par-
ticle cohesion and promoting pellet densification [1, 33]. Elena
Yazhenskikh’s research [33] supports this, showing that eutectic
temperatures in the Na,0-SiO, and K,0-SiO, binary systems
are as low as 789 °C and 743 °C, respectively, while the ternary
K,0-Na,0-Si0, system reaches a eutectic point at just 540 °C
— critical for phase evolution during sintering.

Fig. 11 presents the EDS elemental mapping image of an IO:
100M pellet (100% Minh Son ore) fired at 1150°C for 120 min.
The mapping clearly shows a heterogeneous microstructure
with Si and O-rich phases distributed in isolated domains,
while Fe-rich zones dominate the matrix. This microstructural
contrast suggests incomplete homogenization, which correlates
with the relatively lower strength of Minh Son pellets compared
to Australian ore.

The corresponding EDX point spectra in Fig. 12 confirm
these observations. Fe and O dominate the matrix composition,
while isolated regions show higher concentrations of Si, Al, Na,
and K. These regions likely represent residual gangue phases or
partially sintered mineral inclusions.

For blended pellets, Fig. 13 and 14 show the elemental map-
ping and point spectra of I0: 20A-80M pellets fired at 1150°C
for 60 min. The elemental maps indicate that Fe and O are
more continuously present throughout the pellet matrix com-
pared to 10: 100M, while Si-rich regions, although still observ-
able, appear as smaller and less isolated domains that are more
closely associated with the surrounding iron oxide phase. This
integration of Si-rich areas into the Fe—O matrix, as opposed to
forming large or segregated regions, is likely to facilitate stron-
ger bonding between particles. These microstructural features
are consistent with the higher compressive strength observed in
the blended pellets compared to those made solely from Minh
Son iron ore.

J Powder Mater 2025;32(4):315-329



Ngo Quoc Dung et al., Enhanced compressive strength of fired iron ore pellets

cpsfeV

10

o

a

Lt A

7 r T r r r T

i Energy [keV] 14
iy
79.61 54.07
(0] 17.97 42.60
Si 1.82 2.46
Al 0.34 0.47
Mg 0.26 0.40
5 cps/eV.
6
5
\
3 | |
2
1
0 ’ - ™ T T T
’ ! ¢ Energy l:EV] * . "
[ comene Lo e
83.46 60.21
(e} 14.82 37.32
Si 1.72 2.47
5 cps/eV.
| |
\ l | T
Enerav [k!Vl b
m
45.52 59.89
Si 33.55 25.15
Al 9.25 7.22
K 3.88 2.09
Na 5.03 4.61
230 Fe 2.76 1.04

Ch0 MAG:3000x HV:15kV WD:9.6 mm Px:85nm

Fig. 10. Energy-dispersive X-ray spectroscopy elemental analysis spectra at specific observation points on the fracture surface of an Australian
pellet fired at 1150°C for 30 min
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Fig. 11. Energy-dispersive X-ray spectroscopy mapping image of a Minh Son pellet fired at 1150°C for 120 min.
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Fig. 12. Energy-dispersive X-ray spectroscopy elemental spectra at specific observation points on a Minh Son pellet fired at 1150°C for 120

min.

Moreover, the quantitative EDX data (in the inset of Fig. 10,
12 and 14) support these visual findings. For instance, pellets
with higher compressive strength consistently exhibit Fe weight
fractions above 80%, while lower-strength samples show elevat-
ed Si and alkali oxide content, especially at grain boundaries.

These results confirm that:

o Fe-O-rich domains correspond to well-sintered hematite
phases contributing to strength,

o Si-rich and alkali-enriched regions tend to localize at
boundaries or pores, potentially reducing interparticle
bonding,

« and blending coarse Minh Son with fine Australian ore
helps refine elemental distribution and promote consolida-
tion.

Ultimately, elemental analysis via EDX demonstrates that

chemical homogeneity and selective enrichment of sinter-

J Powder Mater 2025:32(4):315-329

ing-aid oxides at key interfaces are critical for optimizing pellet
strength under oxidative firing.

To further elucidate the improvement in homogeneity and
compressive strength observed when blending Minh Son with
Australian ore, it is useful to consider the micromechanical the-
ory of particle bonding in porous media. According to the
Rumpf equation [1, 21]:

]__
oo = a[u] T cost
€ d

where o is the compressive strength, € is the fractional po-
rosity, y is the liquid surface tension, d is the average particle
size, and 0, is the liquid-solid contact angle. This relationship
predicts that the compressive strength of the pellet is inversely
proportional to the average particle size and porosity, and di-
rectly proportional to the degree of liquid-phase bonding at
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Fig. 13. Energy-dispersive X-ray spectroscopy mapping image of a blended pellet (80% Minh Son + 20% Australian) fired at 1150°C for

60 min.

particle contacts. Blending the finer Australian ore (ds, = 13
um) with the coarser Minh Son ore (ds, = 50 um) results in a
more optimized particle packing, reducing the effective porosi-
ty (e and average particle size (d) within the green pellet. This
bimodal particle size distribution allows the fine Australian
particles to fill the interstitial voids between coarser Minh Son

326

grains, leading to a denser and more homogeneous microstruc-
ture. As predicted by the Rumpf equation, such improvements
in packing and particle bonding - especially in the presence of
liquid-phase sintering aids at high temperature—directly trans-
late into increased compressive strength and structural unifor-
mity of the fired pellets. Therefore, the enhanced homogeneity
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Fig. 14. Energy-dispersive X-ray spectroscopy elemental spectra at specific observation points on a blended pellet (80% Minh Son + 20%
Australian) fired at 1150°C for 60 min.
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and mechanical properties of blended pellets can be quantita-
tively explained by this theoretical framework, in agreement
with both the microstructural observations and mechanical
testing results of this study [1, 17, 21].

IV. Conclusion

This study investigated the influence of oxidative firing pa-
rameters and raw material characteristics on the pelletization
behavior and mechanical properties of iron ore concentrates.
Pellets were prepared from Australian ore, Minh Son ore, and
their blends, with firing conducted at temperatures ranging
from 1050°C to 1150°C and holding times from 15 to 120 min.
The results demonstrated that both firing temperature and du-
ration significantly affect the compressive strength of the pel-
lets, with higher compressive strength values achieved at
1150°C and prolonged holding times. Among all compositions,
pellets made from 100% Australian ore (IO: 100A) exhibited
the highest compressive strength, exceeding the industrial
threshold of 250 kgf/pellet even at moderate firing durations.

Microstructural analysis revealed that improved strength is
associated with the disappearance of sharp-edged particles, the
development of trans-particle fracture, and enhanced grain
boundary bonding. SEM-EDX and elemental mapping indicat-
ed that liquid-phase formation—facilitated by the localized en-
richment of alkali and alkaline earth oxides—played a key role
in promoting densification and interparticle bonding.

Furthermore, blending the coarser Minh Son concentrate
with the finer Australian concentrate (e.g., I0: 20A-80M and
I0: 10A-90M) led to noticeable improvements in pellet
strength compared to using Minh Son ore alone. This high-
lights the effectiveness of optimizing particle size distribution
and raw material composition. The results offer practical in-
sights for improving iron ore pellet production from mixed ore
sources, with clear benefits for sintering efficiency and me-
chanical performance in industrial-scale ironmaking.
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Co-Cr alloys are widely used in cutting tools and turbine components due to their high strength and
resistance against wear and corrosion. However, scrap generated during hardfacing is often discarded
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due to impurities and oxidation, and research on its recycling remains limited. This study aimed to op-

timize the recycling process of Stellite 6 scrap to reduce waste and minimize costs while maintaining
material quality. Melting, casting, and powdering processes were designed using HSC Chemistry,
FactSage, and COMSOL Multiphysics, with optimization of key parameters such as the crucible materi-
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al and temperature control. The recycled alloy and powder were analyzed using X-ray fluorescence

analysis, inductively coupled plasma optical emission spectroscopy, and X-ray diffractometry, showing
mechanical and chemical properties comparable to commercial Stellite 6. The Co and Cr contents were
maintained, with a slight increase in Fe. These findings demonstrate the potential for producing
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high-quality recycled Stellite 6 materials, contributing to the sustainable utilization of metal resources

in high-performance applications.

"These authors contributed equally
to this work.

Keywords: Stellite 6; Cobalt-Chromium Alloy; Hard facing; COMSOL Multiphysics; Recycling
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Fig. 2. Simulation results for reactivity with the crucible material based on thermodynamic calculations
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Cp: Heat capacity

ki Thermal conductivity
T: Temperature
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Fig. 3. Cross-sectional mesh structure applied to thermal-fluid analysis
Table 1. Material properties used for induction heating thermal-fluid calculations
Material Properties Air Water Copper Stellite
Density (Kg/m’) 1,900 5,200 8,940 7,760
Thermal conductivity (W/m*K) 0.3 1,000 400 225
Specific heat capacity (J/Kg*K) 1,369 5,200 385 610
Electrical conductivity (S/m) or Electrical 4E’ 5.5E° 6E 2.5E*
resistivity (ohm*m) (Electrical conductivity) (Electrical conductivity) (Electrical conductivity)  (Electrical resistivity)
Relative permittivity 45 1 1 1
Relative permeability 1 80 1 1
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Fig. 4. (a) Magnetic field density variation with output changes, (b) temperature variation inside the material over time
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Fig. 5. Simulation results for temperature distribution in relation to high-frequency induction furnace output conditions

Table 2. Output and coil gap conditions used in high-frequency heat transfer analysis

Parameter Value
Coil power [kW] 53 (Maximum operating power of the coil)
Frequency [kHz] 3
Operation Time [min] 50
CI (m) C2 (m) C3 (m) C4 (m) C5 (m)
0.01 0.02 0.04 0.05
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Fig. 7. Recycling process of Stellite 6 scrap: (a) Stellite 6 scrap, (b) ZrO,-coated A120; crucible used for melting, (c) molten scrap alloy poured
into the crucible, and (d) recycled Stellite 6 as-cast alloy obtained after casting.
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Fig. 8. Composition analysis of as-cast Stellite 6 (ICP-OES and XRF)
and commercial Stellite 6 (XRF). ICP-OES, inductively coupled
plasma optical emission spectroscopy; XRE X-ray fluorescence
analysis.
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Fig. 11. Analysis results of commercial Stellite 6 powder: (a) field-emission scanning electron microscopy, (b) energy-dispersive X-ray

spectroscopy.
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Fig. 12. Atomizer apparatus and in-process views for metal powder atomization

Table 3. Atomizing conditions applied to recycled Stellite 6
powder fabrication

Parameter Value

Power [kW] 23
Vacuum level of vacuum chamber [Torr] 9.0*10”
Nozzle type Direct injection type
Orifice diameter [mm] 4
Atomizing gas Ar
Atomizing pressure [bar] 25
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Fig. 14. Field-emission scanning electron microscopy and energy-dispersive X-ray spectroscopy. analysis results for recycled Stellite 6 powder:

(a) 100 pm sieve size, (b) 200 um sieve size
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Influence of Powder Particle Size on the Microstructure of UO, Fuel

Pellets with High Gd,0; Content
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The recent development of small modular reactors (SMRs) and the adoption of higher-enrichment fu-
els have intensified the need for advanced burnable absorbers to ensure effective reactivity control
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and extended fuel cycles. Among various designs, UO, fuels with high Gd,0, (gadolinium oxide) con-

tent provide notable benefits; in particular, they are compatible with established fabrication methods
for burnable absorber fuels. However, achieving a homogeneous dispersion of Gd,0, at high loading
levels remains challenging, and the frequent occurrence of phase segregation and non-uniform micro-
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structures can limit fuel reliability and performance. Overcoming these limitations requires an under-
standing of the powder characteristics and mixing behaviors during fabrication. In this study, we in-
vestigate the effects of the initial particle size and mixing method of UO, and Gd,0, powders on the
microstructure and mixing homogeneity of high-Gd,0,-content fuels. The findings indicate that both
the mixing method and the preparation state of the starting powders significantly affect the resulting

microstructure and mixing uniformity.

Keywords: UO,; Gd,0;; High Gd,0;; Burnable absorber; Nuclear; Nuclear fuel; Material

1. Introduction
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Influence of particle size on UO,-Gd,0; fuel

2. Experimental
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Table 1. Summary of specimen names and processing conditions used in this study

Specimen name Mixing method Gd,O; content (Wt%)
b Simple blendi 8
imple blendin,
B17 P g 17
S8 S 8
Sieve mixing
S17 17
b Planet illi 8
anetary millin;
P17 Y & 17
Specimen name Mixing method Gd,0; content (wt%) U0, Gd,0,
S17-AA As-received As-received
S17-AP . . As-received Planetary milled
Sieve mixing
S17-PA Planetary milled As-received
S17-PP Planetary milled Planetary milled
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3. Results and Discussion
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Fig. 1. Scanning electron microscopy images of as-received UO, and Gd,O, powders : (a) As-received UO,, (b) As-received Gd,0O;, (c) Milled

UO, powder, (d) Milled Gd,O, powder.
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Fig. 2. Scanning electron microscopy images of UO,-~Gd,O, mixed powders prepared by different mixing methods: (a) simple blending 17

(B17), (b) sieve mixing 17 (S17), (c) planetary milling 17 (P17).

=it ol2fgt nA|st 2 FUSh= AR 2F WS WY S STHIA
A AR E EEA7|0, A U T F AT AR F4
o] felstA A8 o & wetEr

Fig. 2= UO,2t Gd,0; % 4 #4] 3HS AX =9 ¥slE
SEM olm| A& Hwgt Axtolrt. B17 ¥ (Fig. 2(a)2 4
Gd,0, 4A} EAl=lo] 9ot 20 um °14Fe] diE 3 A7} of
5] 24 25 Fd/go] Wokth. ol2fet iy S-A = AF Al
U0, A5aits Ashstal, 5291 Adst 1|d 9 7|3 3
S /T 7FsAdol &

S17 ®(Fig. 2(b) A £ &1 Gd,0, w27} 7hA =1
SAAZE Aot EFF FYg0] FAE QAT o= &F IFlA
Ho} 43 A3 2F HES 7heoA o, 718 BR9 ExtES
&stek 4= Qltk. P17 B (Fig. 2(0)2 44 U o2 =7t o
HASIA] 2L UO,2F Gd,0,7t e+ L sHA| &At=]o] S-A7F Akl
t}. o]2|gt u|A|sh FUTH= A AT E £ol1, £F =49
ST A YUskE Sxlsto] gk AR P00 FEokA &

YAZ 18] UO,% Gd,0,7t B2
sHA EFEEA A Y F 715 FAol FEEFAT HES
HetEh Ad 29S8, S17)2 T &3 oiy] Wt FAAE A
o], ol Ad &3 Bl SHAZE AR AL £3F w2 /gol A
H A3z Bt 53], 54 9P, P17)2 7HY w2 Uk
Ui ow, 1oy Egto g Yzt 3717} ulAstE 1l S5
AE A FgE AR Btk Gd,0, Tl 8 wt%olA 17
wt%= S7Feol| wheh, o] A Axke} vz 2(13] AjHE o
2 424 =7t Zdasks Aol Uehgth o= G0, T 5
7F=2 Qe &4 3 F 718 B/3°] S7FotaL A3kt Asid A
2 gtEch oYt A v E3HB17)01A 7P ZA YEr

we e exo e

J Powder Mater 2025;32(4):344-353

100

Il Gd,0; content-8wt%
99 | ™! Gd,0, content-17wt%

98 | 98.0597 87
97 -
96
95 -

04 |

Relative Density(%)

93 -

92 |-

91 |-

Simple Blending Sieve Mixing Planetary Milling

Fig. 3. Relative densities of UO,-Gd,O; pellets as a function of
mixing method and Gd,O, content.
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Fig. 4. Microstructures (optical microscopy) of UO,-Gd,0; pellets with different mixing methods and Gd,O, contents (8 and 17 wt%):
(a) simple blending 8 (B8), (b) sieve mixing 8 (S8), (c) planetary milling 8 (P8), (d) simple blending 17 (B17), (e) sieve mixing 17 (S17), (f)

planetary milling 17 (P17).
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Fig. 5. Microstructures (optical microscopy) of UO,-Gd,O, pellets with different mixing methods and Gd,O, contents (8 and 17 wt%) :
(a) simple blending 8 (B8), (b) sieve mixing 8 (S8), (c) planetary milling 8 (P8), (d) simple blending 17 (B17), (e) sieve mixing 17 (S17), (f)

planetary milling 17 (P17).
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conditions (AA, PA, AP, PP) (right).
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Fig. 9. Pore visualization (in red) of UO,-Gd,O; pellet microstructures using image analysis based on Fig. 8. and pore size distribution
histograms of UO, - Gd,O; pellets fabricated under different powder mixing conditions (a) S17-AA, (b) S17-PA, (c) S17-AP, (d) S17-PP.
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Effect of Fe and Cr on w Phase Formation in Metastable -Ti Alloy
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This study investigated the effects of Fe and Cr contents on w phase formation and transformation
during solution treatment and the subsequent aging process, for which four model alloys with varying
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Fe and Cr contents but keeping Mo equivalent of ~ 12.6 were prepared by plasma arc melting and

fabricated into plates by hot forging followed by hot-rolling. The atherrmal w phase was observed in
all Ti alloys after solution treatment followed by water quenching through XRD and TEM analysis. The
largest volume fraction of athermal w phase is formed in Ti alloy with only Fe 4 wt.% among all Ti al-

*Corresponding author:
Sun-Young Park
E-mail: sunyoung@kaeri.re.kr

loys, leading to the highest Vickers value due to hardening effect w phase. It was found that not only
Mo equivalent but also each characteristic of B stabilizing elements should be considered to under-

stand a microstructure evolution and mechanical properties.

Keywords: Beta titanium alloy; Aging; Omega phase; Hardness

1. Introduction
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7] J8l 87E= Mo B MoE)°] 127} H =% FA5H3 oM Fe
I Cro 244 HMsA FFE AASHI F2, 9F, 4 7
4 B3 dFS BAE AZ5HAL, A5 2](Solution treat-
ment, ST), A& Zo]] T2 v 2A& EAstgow vAA 3
T ARS8l 1A 544 WskE BASHIT

2. Experimental Section

a YA Fedt Cro] 7k i vAltx 9 Ak £/ Wt
£ 2l517] ¢3fl Ti-8Cr (8Cr), Ti-3Fe-2Cr (3Fe-2Cr), Ti-4Fe
(4Fe) 2 o AA 9 AXE X Pskict. Fedt Cro] A7 A
204 = FAISH=T A3 AT oo E HAsIlon,
Zgota-43] 7|HE o]-&ato] 500g 2] HEF YLoE AR
stdct. 1% 1)) o] A AxE ol Ee=R, S0 d F

Hot forging

1200°c/4h

Temperature

Forging

o

B

Effect of Fe and Cr on omega phase formation in beta Ti-alloy

A& XYt 1200C 2=ofA o|F 3 & 70% 7 e
E7F TF 5HAL, 1100C 2Z00A] oE g & 2 ¥oZ 1o
50% A TAEE 7 A IPste] 2 4 mm FAY BAR
Azt 2ol e pE FAT 4= e 813 2 (Solu-
tion Treatment, ST)S 93l 2= 950C oA 302 A & 4 &
A& AP, Bt dAnFE ol-&oto] P 2T} GASHA E]
9] mA x2S TS

A=) A= 42 ICP-AESY H4=47|(ONHP, Elatra)s
Boll ERIst L, nARA S Aol AlES A W] 4
oF Aot % Siup2Esto] #400~#24002] SiC paper®t 3 um, 1
pm ThoJolRE A ATA-E o]-&5to] WA Aulstiet. 11 £ 85%
Z55(H,0) + 5% E4HHE) + 10% Z4AHHNO,) T oz of
Aot Fstdn g U F3dAFA 1] (Transmission Electron
Microscope, TEM, JEM 2100F, JEOL)< ©]-&5}o] 37 ¥4 3

-

R
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/ Heating
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1
i8S ==
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Fig. 1. (a) Schematic illustraction of the procedure for fabricating Ti alloy plate (b) Typical optical microscopy images of Ti alloys.
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F st wE vjA|x2 0] HIkE BESIith FaY A 24

Al 31" £47]|(X-ray Diffraction, XRD, Empyrean, PANalyti-
cal) & &l SRAsIAT. TS, A==20A9] 71A1H 5442 B7Tst
| I5ke] AL HEA ™ (Vickers hardness, HM-200, Mitu-
toyo)= YSIAT. BIAL HEAIH2 0.2kgf SH52= 102 &
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3. Results and Discussion

Ti &= W 49 A2 LdHHE 02 Mo T (MoE) A5&
Bl B TH20]. Cardoso®t Ho 52 “d=20l4 B A= H4
Hog FA57| 9ol 8 == 4 MoE gtol oF 1092 Hirst
AcH3, 211, & AtollA A" Ti T2 ohx 4 () 7|5ke =2
Fe®t Cr 949 F30|E 2801, 3 13} Zo] HE RAA
MoE ~ 12.6°] H =5 HAA =t

MoE (wt.%) = Mo+0.67V+0.44W+0.28Nb+0.22Ta (1)
+2.9Fe+1.6Cr+1.25Ni+1.7Mn

A, & S ANA B A4S P8 ARt B Qb Akl
Fe & Cro] S-&3F o3t A8 342 B3 FEEHeH, 19
1(b)oll A & &= Qlol HE &a2 ST & Bt 249 371 9F 363
um®] 5% % HY(equiaxed grains) 725 ZH= AL Ik
HeRt A BAS 915 5793 XRD #4] Aol b2, T 29
o] BE Ti FFolA B 4ol F8 o8 EXste AL gelst
Fom B A A= 7P ARt 21E 1=1l B (110)00141 9]

<)
314 13 g o]-85t9 1L, Bragg 9 FRACERE a = 0325
1 0.6 nm=E AKXEE I} o]= ST Fo= g Aol HFH o= {4
=3 S-S vEbdT) E8E XRD 248 55 f A 2ol o 4ol
RS & S AR, HAAE HE(w(1122)/p (110)Z Hlst
AL 1l 4Fe T2 13.75%, 3Fe-2Cr T2 1.9%, 8Cr 4.12%
& 4Fe TaollA B 2/ Bls) @8] B2 F9 w Aol AT
< AT 5= AUk Ti FF9] vA 22 E 4 B4E B
SHA 1ketstr] Y15 TEM S4< 28stlet. 19 3004 & 4= 9l
%ol Z Ti =9 &9 2 "HolA H5T AHFG Ax3d

(SAED, Selected-Area Electron Diffraction) H¥S E3f w A9

Table 1. Nominal composition (in wt.%) of Ti-Fe-Cr alloys,
denoted 8Cr, 3Fe-2Cr, and 4Fe

Ti Fe Cr (@] N Moeq

Ti-8Cr Bal. 7.69 0.15  0.001 12.6
Ti-3Fe-2Cr 3.15 2.03 0.16  0.002 12.7
Ti-4Fe 429 0.14  0.005 12.6
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S| UEhA] ehglsole E6taL 3 Woll o 4ol 348
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S =2RE A2 DF-TEM °["|AE B p 4 Hell &= i 3719
w A YRSl HiEo] Qe AL gRlstglon, XRD M9 A}
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Zho] S=isHA UrEbHT.

e 94 2 H7Hge] UE o 4 340l 71AIA 40 rlA=
FFZ gRlot] s AR HAA He A i 17 49
2t 8Cr T2 419+5.8 HVO| 7FY W2 Ak e Yehde
), 3Fe-2Cr T2 484+3.8 HV, 4Fe 332 541+5.7 HV F =
£ Uetsilth o] 25 Fe &% 371l whet a9 Ak grol F3
oA Z7tehe AL & S ek TS A AT F AR HEE oF
et s 2H= Ti-12Mo ¥59] HIAA ALk g2 oF 330HVA =
2 MoEtt Fe ¥ Cr oA B 2 A& 57 23E = A
< & & tHR3]. o]#gt A3t Asol=27kA] 81lo] l=d], &
Sst2 58 Uehd 18 73} 83 (Solid solution hardnening,
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Fig. 2. XRD diffraction profiles of all Ti alloys after ST.
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7 = [110],

Fig. 3. SAED pattern corresponding [110]p zone axis of Ti alloys after solution-treated at 950°C for 30min followed by water-quenched and

dark field image taken using the green circle diffraction spot.
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540 2

S54145.7
520 |
500 |

480 ‘ 484+3.8
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460 |
440 |
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400 1 - -
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Fig. 4. The Vickers hardness of Ti alloys after ST.
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Fig. 5. (a) XRD diffraction profiles of all Ti alloys after aging time of 1hr at 400°C and (b) dark field TEM images of 4Fe alloy after aging time

of 1hr at 400°C.

Alloy

Fig. 6. The Vickers hardness of Ti alloys after ST and aging time of
1hr at 400°C.

7|(atomic size)2t A} FZ(electronic effect, e/a)7t ATt YAk
A719] B 714 421 Ti 94ot0] YA} 27] Aol7t 245 4
AHY d Y Fot] o A FZ SAAZ 5= STt Fedt
Cr 7} 126 pm, 128 pm ©2 Ti (147 pm)2} §Hg2}o] 7} -AFst
oZ oA —6‘31-101] o)X JFe. QARG Ao 2 B 4= 9} AHx};
Tz 7 L at.% 2 1HE uf Fe Y47 Cr Bt e/a g

y-Ke
o T

358

S7HA1717] wEe] Fe Y47t 0 A P30 vlAl=
g 4= A=l 2 Aol = at% DT
FrASHES AAI5H7] wiizol] o] FF E3t KAkt
ol = HIEE @ A2 2004 S5 92 Zgo)A
{111} B ‘1101]/‘1 371‘ A2 B-¥ = E=shuffle mechanisme 5OH
AAEE Ao A A St} [24-28]. whekA] 8Cr TF2] 4
4] B/ gl A 4Fe Bt} YA 57t 7] wEe] ¥ LH
219 o]-5o] A= o] o] ZHE o 4F2] FAdo] oA H ﬁ—i%
4= ok 7ﬂjl,]_z4 O 4Fe -2 -8 YA}=F tjjy] L= o435}
AIHE HolFal 9loH, 4Fe haolA 5T o 4 A 2t
WE}"}EE]SCr SRt A S UERH QI

o A9 B 9 71AA As anE Z2lst] fske] 400°Cell
A 1AIZE A EAEE JPeFALL, XRDE of-&sto] A 485 21
Yotdet. 19 59F Zo], A& 1AIZE o] ol § AJo] 8 o=
FAE o, ST o] 5] H|sl w Aol sigsh= 214 19| A7

3
=5

7h BE YR BEE F71% Aoz AR HHIN w4
o 4% EE 4% $80] F/1HULE L 5 AT EF TEM

S4E Bl 0 A 2717t ST o] ¢H o} AgAet 371 /1 A& E<lst
k. old w2 A= WSS SlstaA}t otglom, 1 Avk= 119
63t 2t} ST o] 9] et vl u S wf K& gollAl 1417 A
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7.0 HV 8Cr $5-2 544+3.6 HV &2, o] A3] Fe g#o] E24=
AETF & AEE UEhlle Aol UErth XRDEF TEM
24 Ao A gelgt At Zol, ol2jt Ti =9 43t @2
400COlA1 9] 1AI7F AlE AP B2t w o] AFoERE o A9
73t a7t o ds] anE o s A8 A0 & 4= Qlth.

4. Conclusion

B AFoAE Mo B 9F 12.6°02 A5+ AEfof A Feg}
Crol 2/4& gejoto] AA & AxH B-Ti T2 vlA|=Z] 8}
& B4k A 5792 APoktt. 2U(quenching) I 5
A AR FHEE w A2 BE Ti gl TEEoH,
5] Fedl 4 wt.% 87He 243004 71 =2 A8 &9 0 4ol
=Gt ol BE ol B A4 oF8/do] fARol: Etstar
Uehd 232, FedA7t Cr B} o 4 B4 &340 o]= 4
= 4%t 895 FEAA 7P B2 HIAA AL E 2=t 7195t
At} 400ToNA 1A A& A Al ZE T FFoA 0 A9 =2
717} ST o] SEt} F7toh= A& ERlstqit. 1 A3 F3igt 4%
735t a3 yepgton ST o] 4FetaolA 7MY =2 F=
T2 UESItE £ A4S B9l p A Pl ZEEke ast
Uaol| mat o A B4 &0l SEA ol=gh nARA 1AL
Aol S vFS gRlotglon, & A= FF Ti 7|5 B
e A7 B AT AR AA Al S 94 HEE AASH= 7
Z AFE 7] T 5= S Ao dH
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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.
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3. The review committee shall acquire and investigate any in-
ternal records or other publications related with cheating.
4.In the case of unintended mistakes or errors, the review

committee shall finish the investigation promptly.

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

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

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

sealed.

Supplementary Provision

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

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

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

Enacted: June 17, 2016

Chapter 1 General Provisions

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

2. Ethics Committee

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

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

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

tion of the Editorial Committee.

Chapter 2 Research Misconduct

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

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

gardless of whether it is submitted beforehand or afterwards.

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

mented, the correct description must be clearly stated.
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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,
the full reference being cited at the end of the text. References
should contain all the names of the authors together with their
initials, the title of the journal, volume number (Bold type),
year and the first page number as below. References to books

should contain the names of the authors, the title (the names of
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editors), the publisher name, location and year as below.

[1]7]. D. James, B. Wilshire and D. Cleaver: Powder Metall,,
33 (1990) 247.

[2] I. H. Moon: J. Korean Powder Metall. Inst., 1 (1991) 66.
[3] H. E. Exner and G. Petzow: Sintering and Catalysis, G. C.
Kuczynski (Ed.), Plenum Press, New York (1976) 279.

[4] D. R. Dank and D. A. Koss: High Temperature Ordered
Intermetallic Alloys, C. T. Liu (Ed.), MRS Symp. Proc.
Vol. 133, Pittsburg, PA (1989) 561.

[5] Daido Steel: USA, US 5,193,607 (1993).

[6] M.G.Kim and ]J.H.Kim: Korea, KR 0041070 (2010).

[7] Germany: DIN EN ISO 11876N, Hardmetals.

[8] ASTM B213:03, Standard Test Method for Flow Rate of
Metal Powders.

[9] J. C. Kim: M.S. Thesis, Title of Dissertation, Dachan Uni-
versity, Seoul (2011) 123.

[10] J. C. Kim: Ph. D. Dissertation, Title of Dissertation, Han-

kook University, Seoul (2011) 123.

5) Tables and Figures

Tables: type each table on the separate page, number consecu-
tively in Arabic numerals and supply a heading. Figures for best
results submit illustrations in the actual size (300 dpi) at which
they should be published. The line drawings and the photo-
graphs should be originals and sharp images, with somewhat
more contrast than is required in the printed version. Each fig-
ure should be typed on a separate page. The figure captions

must be included.

6) Equations

Equations are placed must be clearly printed and numbered se-
quentially with Arabic numbers enclosed with round parenthe-
ses at the right-hand margin.

Ex)f = feo+(f0—foo)exp(—yr/y'r) (1)

4, Peer-review

All manuscripts are treated as confidential. They are peer-re-
viewed by at least 3 anonymous reviewers selected by the editor.
Letters to the editor are reviewed and published on the decision
of the editor. The corresponding author is notified as soon as
possible of the editor’s decision to accept, reject, or request revi-

sion of manuscripts. When the final revised manuscript is com-
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pletely acceptable according to the KPMI format and criteria, it
is scheduled for publication in the next available issue. Rejected

papers will not be peer-reviewed again.

5. The accepted manuscript

1) Copyright:

Upon acceptance of a paper, the author(s) will be asked to
transfer the copyright of the paper to the publisher, The Korean
Powder Metallurgy & Materials Institute. This transfer will en-

sure the widest possible dissemination of the information.

2) Proofs:

Proofs will be sent to the corresponding author for checking be-
fore publication and will not be returned to the author, unless
requested otherwise. Only typographical errors may be correct-
ed. Any substantial alterations other than these may be charged
to the author. All joint communications must indicate the name

and full address of the author to whom proofs should be sent.

3) Reprints:
The authors are entitled to 50 reprints or a PDF file of the article
without additional charge, but are charged for additional reprints

exceeding 50 in addition to the nominal publication charge.

4) Publication charge:

The publication fee is US$200 up to 6 pages, and US$30 per
additional page regardless of a member or a non-member. Ad-
ditional fee for acknoledgement is US $100. For color printings,
US$100 per color page is charged to authors regardless of the

membership.

6. Code of ethics

We can secure the ethics required for scientific research
through this code of ethics; and we intend to raise the value of
our journal through the addition of originality and integrity to
our journal. Therefore, all authors of theses, review committee
members and editorial committee members shall observe this
code of ethics in order to reject any dishonesty in the publica-
tion of theses and secure the integrity of any research. For the
policies on the research and publication ethics not stated in this
instructions, International standards for editors and authors
(http://publicationethics.org/international-standards-edi-

tors-and-authors) can be applied.
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Article No:

Article Title:

By:

It is hereby agreed that the copyright of the above article is transferred to The Korean Powder Metallurgy & Materi-

als Institute. However, the author(s) reserves the following:

1. All proprietary rights other than copyright, such as patent rights.
2. The right to reuse all or part of this article in other works.

3. The right to use the article for the author’s personal use provided the copies are not offered for sale.

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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