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ABSTRACT

This study investigated the effect of volumetric energy density (VED) on the densification and microstructural
evolution of Hastelloy-X (HX) alloy fabricated by the laser powder bed fusion (L-PBF) process, and how these
changes affect wear and corrosion performance. Variations in VED altered melt pool geometries, which influ-
enced densification. In addition, VED also affected the growth direction of <100> cellular microstructures,
resulting in different crystallographic texture development. Specifically, high VED showed the lowest densifi-
cation with strong <100> alignment in x,y, and z directions. Meanwhile, medium VED exhibited the highest
densification with a mixed <100> and <110> crystallographic texture along the building direction, while low
VED led to moderate densification with weak <100> alignment overall. The wear and corrosion properties of the
samples varied with their densification and microstructural characteristics. In terms of wear mechanisms, a
distinct load dependence was observed. Oxidative wear dominated at low loads, where the strong (100)-oriented
crystallographic texture promoted oxide stability and improved the wear resistance. While deformation wear
prevailed at higher loads, where hardness became the determining factor. As for corrosion resistance, higher
densification, grain refinement, and high dislocation density generally facilitated passive film formation and
improved resistance. However, crystallographic texture should also be considered, since (100)-oriented regions
are more prone to corrosion than other orientations, indicating that the crystallographic texture inherent to L-
PBF processing is an important factor in corrosion behavior. The results demonstrate that optimizing L-PBF
process parameters is essential for tailoring microstructure and improving the wear and corrosion resistance of
Ni-based superalloys.

1. Introduction

mechanical strength at both room and elevated temperatures and good
oxidation resistance, thereby enabling its widespread use as a structural

Ni-based superalloys are key materials across various high-demand
industries, including aerospace, marine, and nuclear applications, due
to their superior mechanical performance and environmental degrada-
tion resistance [1-4]. In particular, Hastelloy-X (HX) is a solid
solution-strengthened Ni-based superalloy that exhibits excellent

material in current-generation aerospace and nuclear components
[5-7]. However, the conventional casting process becomes costly and
time-consuming owing to the complex and highly precise geometry of
components required in service environments. In this case, additive
manufacturing (AM), an emerging technology based on the
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layer-by-layer deposition of materials, offers significant advantages such
as simplified post-processing, improved spatial distribution, and the
capability to design compositional and microstructural features [8,9].

AM processes can be categorized into several types depending on the
feed system and energy source [10]. Among them, the laser powder bed
fusion (L-PBF) process, the most widely adopted technique, utilizes a
smaller beam size and finer powder particles, resulting in enhanced
processing accuracy, higher geometrical resolution, and improved sur-
face quality [11]. Given these advantages, extensive research has been
conducted on various alloy systems, such as Ti- [12], Al- [13],
high-entropy- [14] and Cu- [15] based alloys, as well as intermetallic
compounds [16], demonstrating the suitability of L-PBF for
high-performance applications, particularly due to its ability to achieve
significantly improved properties compared with conventional
manufacturing methods [14,17]. HX has also been considered a prom-
ising candidate for the L-PBF process. Ivekovic¢ A et al. [18] aimed to
reduce cooling rates and suppress micro-cracks during the L-PBF of HX
samples through adjustments in hatch spacing and laser beam profile. As
a result, they successfully produced crack-free samples, which exhibited
superior mechanical properties compared to conventionally manufac-
tured counterparts. In addition, Han Q et al. [19] achieved both
crack-free and further enhanced mechanical properties compared to
L-PBF of HX parts by introducing 1 wt.% titanium carbide nanoparticles
and promoting the heterogeneous microstructure. Agrawal S et al. [20]
and Yin Y et al. [21] investigated the evolution of microstructure and
mechanical properties in L-PBF fabricated HX through various post-heat
treatment conditions, in order to clarify the effects of heat treatments on
phase transformation and mechanical property optimization.

On the other hand, steep thermal gradients typically established in
the L-PBF process guide grain growth along the direction of maximum
heat flow. This condition favors the grain alignment with the preferred
crystal direction parallel to the thermal gradient, leading to the forma-
tion of elongated columnar grains. In addition, these grains are sustained
through epitaxial growth across successive layers. The overall crystal-
lographic texture evolution is governed by the interplay between the
thermal gradient direction and the epitaxial growth tendency [22,23].
The development of crystallographic texture can be tailored by manip-
ulating process parameters such as the scan strategy [12,24], energy
density (adjusted via laser power, scanning speed, etc.) [25,26], and
substrate preheating [27]. These process parameters induce variations
in crystallographic texture, which have been reported to significantly
affect the deformation behavior of HX fabricated by the L-PBF process.
Hibino et al. [28] observed distinct crystallographic textures in L-PBF
fabricated HX: (1) a single crystalline-like structure with <100>
orientation along the building direction, (2) a single crystalline-like
structure with <110> orientation, (3) a crystallographic lamellar
microstructure, and (4) a polycrystalline microstructure. These crystal-
lographic variations influenced tensile properties, highlighting the role
of crystallographic texture in optimizing the performance of HX com-
ponents fabricated by the L-PBF process. Similarly, to investigate the
effect of crystallographic texture, Sanchez-Mata et al. [29] demonstrated
that the extracted sample orientation along the building direction led to
different mechanical properties under identical processing conditions.
Additional studies collectively emphasize that crystallographic texture
development in the HX components via the L-PBF process has been
predominantly explored with respect to mechanical properties [30,31].

However, the influence of crystallographic texture on functional
properties such as wear and corrosion resistance has been insufficiently
explored in HX. Although several studies have focused on the aniso-
tropic functional behavior of HX fabricated by the L-PBF process [32,
33], and crystallographic texture-related effects have been reported in
other alloy systems [34,35], such comprehensive investigation for HX is
still lacking. This gap highlights the necessity of evaluating whether
crystallographic texture-driven effects on functional performance also
exist in HX, particularly considering its application in aggressive service
environments. The present study systematically investigates the
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influence of L-PBF process parameters on densification and micro-
structural evolution. Especially, emphasis is placed on examining how
crystallographic texture correlates to functional properties, including
tribological and corrosion behavior. By analyzing HX components
fabricated under varying volumetric energy density (VED) conditions,
the study aims to elucidate how process-induced microstructural
changes govern functional degradation mechanisms, thereby contrib-
uting valuable insights for the design of durable, application-specific
components for advanced applications.

2. Materials and methods
2.1. Sample fabrication

Fig. 1(a) shows the typical scanning electron microscopy (SEM)
image of the gas-atomized HX powder utilized for this study. The
powders have a spherical shape and the powder size distribution was
determined as Dyjg = 17.4 pm, Dsp = 33.9 pm, and Dgg = 63.1 pm using a
particle size analyzer (Fig. 1(b)). The detailed chemical composition of
the alloy is included in Table 1. As shown in Fig. 1(c), samples with
dimensions of 10 mm x 10 mm x 10 mm along the x, y, and z directions
were fabricated using an L-PBF machine (EOS M290) equipped with a
400 W Yb-fiber laser as the primary heat source. Herein, the x and y
directions are scanning directions, and the z direction is the building
direction. The bidirectional scanning with a rotation of 90° between
layers was applied, which is the so-called scan strategy XY [36]. The
building platform has been heated to 80 °C to prevent unexpected
temperature fluctuations from the laser input and to ensure consistency
during the fabrication.

2.2. Phase and microstructure characterization

As shown in Fig. 1(d), the fabricated HX specimens were cut on the
yz-plane representing the x direction by the wire electrical discharge
machine. The cross sections of specimens were then prepared as a mirror
polish surface quality using SiC paper and colloidal silica. An optical
microscope (OM) and ImageJ software were used to assess the relative
densities (relative density% = 100 % — defects density%). Phase anal-
ysis was carried out by X-ray diffraction (XRD) using Cu Ka radiation.
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Fig. 1. (a) SEM image and (b) particle diameter distribution of HX powder.
Schematic representation of (c) fabricated specimen dimensions with the
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Table 1
Elemental composition of HX raw powder (wt.%).
Ni Cr Fe Mo w Co C Si Mn B (0] N
Composition Bal. 20.93 17.89 8.73 0.84 1.46 0.01 0.18 0.01 <0.003 0.019 0.009

The XRD data were obtained by point scanning in the 20 angular range
from 30° to 80° with a 0.02° step size and a 2 s scan time per step.
Microstructural characteristics were investigated using a field emission
SEM equipped with electron backscatter diffraction (EBSD) and energy-
dispersive X-ray spectroscopy (EDS). The melt pool shape with cell
elongation was determined after etching with an HF: HNO3: H,0 = 35:
55: 100 solution at 50—60 °C for 60 min.

2.3. Mechanical property testing

Vickers hardness tests were performed in the yz-plane. Prior to the
test, the mirror-polished surface quality was prepared in the same
manner as previous densification and microstructure characterization to
exclude the influence of surface roughness. The testing was conducted
with a 1.961 N load applied for 15 s. In addition, hardness was measured
at various locations across the sample surface to ensure representative
values, and the results are presented as mean + standard deviation.

2.4. Tribological characterization

Dry sliding friction tests were performed using a pin-on-disc machine
(Model: Oscillating TRIB Otester) in the yz-plane. ASTM G99: a standard
test method for wear testing with a pin-on-disk apparatus. The samples
were mirror-polished prior to the tribological evaluation. The pin is
positioned against the counterface of a rotating disc (Al,O3) with a wear
track diameter of 2.0 mm. Loading of the pin against the disc is achieved
through a deadweight loading system. Experiments are executed on all
samples under standard loads of 2N, 5 N, and 10 N loads with a sliding
speed of 60.00 mm/s, spanning a total sliding distance of 100 m at room
temperature. The illustrative depiction of the pin-on-disc tribometer can
be seen in Fig. 2. Prior to and after each test, the samples and wear track
are cleaned using acetone. For wear track characterization, a mechanical
profilometer (Mahr MarSurf PS1) and an SEM with EDS were used for
area measurements and wear mechanism analysis.

2.5. Electrochemical corrosion testing

The electrochemical corrosion evaluation of the L-PBFed HX samples
was conducted in the yz-plane using a 3.5 wt% NaCl solution to simulate
a saline environment at room temperature. The evaluation used a three-
electrode electrochemical setup consisting of a graphite rod as the

Applied loads
2,5,and 10 N loads

Wear track

Alumina
abrasive

Sliding speed: 60 mm/s
Sliding distance: 100 m

Fig. 2. Schematic representation of the wear test apparatus with experi-
mental conditions.

6158

counter electrode, an Ag/AgCl (3 M KCl) electrode as the reference
electrode, and the HX samples as the working electrode. Prior to the
potentiodynamic scanning (PDS) tests, the open circuit potential (OCP)
was monitored for approximately 2 h to allow the system to reach a
stable equilibrium state. The PDS tests were then performed in both
cathodic and anodic directions at a scanning rate of 1 mV s~!. The po-
larization scan ranged from —0.3 V below the E,, value and continued
in the anodic direction until the transpassive region was identified. Each
electrochemical test was conducted at least three times to ensure
reproducibility, with the variation in polarization curves among
different samples determined to be 10 mV.

3. Results

3.1. Processability and densification as a function of the L-PBF process
parameters

Process maps of the surface morphology were first examined in order
to optimize the fabrication conditions. The surface morphologies of the
samples formed under different conditions were classified as wavy, fail,
good, and porous types by observing their appearance. Here, the VED
was calculated by the following equation:

P

VED=——
vd-t

@

Where P is the laser power, v is the scanning speed, d is the hatch
spacing, and t is the layer thickness. Additionally, the different colors in
red, green, and blue represent changes in d corresponding to 0.06 mm,
0.08 mm, and 0.10 mm, respectively.

As displayed in Fig. 3, predominantly wavy surfaces were observed
when 0.06 mm of d (red) was applied, particularly at high v conditions
where specimens failed to fabricate. Because the small hatch spacing
increases thermal accumulation, reduces viscosity, and increases Mar-
angoni flow [37]. Therefore, the intensified mass transfer to previous
tracks causes micro-humping. In addition, the track became more un-
stable and irregular due to discontinuous droplets in high v conditions,
which were demonstrated in previous studies [37,38]. This is a
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Fig. 3. Processability of the HX samples fabricated by the L-PBF process with
varied volumetric energy density. Red, green, and blue exhibit d variations of
0.06 mm, 0.08 mm, and 0.10 mm, respectively.
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phenomenon known as the balling phenomenon and can increase sur-
face roughness, eventually leading to sample failure. On the other hand,
due to the insufficient overlap between the laser tracks and/or unmelted
powder trapped in irregularly shaped pores, the employment of 0.10
mm of d (blue) with high v conditions was represented as a porous
surface. Therefore, the 0.08 mm of d (green) condition, which had an
overall flat and compacted surface, was intensively observed.

As shown in Fig. 4, the general relative density of the fabricated HX
samples as a function of the VED solely in the d 0.08 condition was
investigated. An increasing tendency of the relative density can be found
with increasing VED. High densification was observed in the VED range
of 35-95 J/mm>. However, further excessive VED input induces a
decrease in densification. In order to study samples of VED conditions
over a wide range, representative samples were collected for further
investigation. Hereafter, the corresponding representative samples are
referred to as HX1, HX2, and HX3, respectively. The detailed process
parameters are listed in Table 2.

Fig. 4(a—c) shows the cross-sectional images taken by OM on the yz-
plane representing the x direction of the fabricated HX samples with the
variation of the VED input. Different from previous studies [18,19], the
formation of the microcrack was not observed in all samples. Micro-
cracking in Hastelloy-X samples made using the L-PBF process is mainly
due to two factors [19,39]. Firstly, the partial dissolution of the carbide
phases because of the abrupt heating and cooling in the L-PBF process
forms a low melting point eutectic liquid film at grain boundaries.
Secondly, the liquid film can act as low tensile-strength regions sus-
ceptible to thermal residual stress, thus, leading to the formation of
microcracks. However, the carbon element in the HX powder used for
this study was very low at 0.01 wt%, which suggests that the composi-
tion contributed to microcracking mitigation. Nevertheless, the
measured relative density of the HX1 (red) sample was 98.39 + 0.13 %,
which is the lowest among the representative samples because it had
typical keyhole pores. Meanwhile, the HX2 (green) and HX3 (blue)
samples contained small gas pores and showed almost full densification
with 99.96 + 0.01 % and 99.88 + 0.05 %, respectively. From the
aforementioned detailed process parameters in Table 2, the employed P,
d, and t during the L-PBF process were identical for the representative
samples, only the v is gradually increased in steps of 400 mm/s.
Therefore, the lower relative density of the HX1 sample can be consid-
ered the formation of the keyhole types of melt pool because the slower v
results in excessively high VED input. While HX2 and HX3 samples were
fabricated under the optimal range of VED inputs that ensure higher
densification with the faster v. A similar phenomenon has been observed
in L-PBFed titanium and superalloys [38,40].

100 - POy go o0 P
(] ] .
L
98 |
g
2
G 96|
c P
(] .
2 X o 2 (BD)
'g o4 .Hx1 G “".’—",’" HX2 500 um 2
% (C) ; a Y(SDH_Ix(sn)
m v
92+
HX3 500/um
90 1 1 1 N 5 |
20 40 60 80 100 120 140

Volumetric energy density (J/mm?3)

Fig. 4. Relative density—VED plots with inset OM images were taken from the
HX samples fabricated by the L-PBF process in the yz-plane using (a) HX1 (red),
(b) HX2 (green), and (c) HX3 (blue) specimens, respectively.
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Table 2

The representative Hastelloy-X alloy samples have been produced by the laser
powder bed fusion process with the corresponding abbreviation, detailed pro-
cess parameters, and calculated volumetric energy density input.

Abbreviation Scan P v (mm/ d (mm) h VED (J/
strategy W) 5) (mm)  mm®)
HX1 XY 360 600 0.08 0.06 125
HX2 XY 360 1000 0.08 0.06 94
HX3 XY 360 1400 0.08 0.06 54

3.2. Characteristics of phase and microstructure

The normalized XRD patterns of the HX1, HX2, and HX3 are shown
in Fig. 5. The peaks of (111), (200), and (220) indicate that all the
samples only consist of y-phase without any additional phases, indi-
cating that different VED inputs have no effect on phase constitution of
L-PBFed HX samples, which is in line with the previous observation
[41]. However, the relative peak intensity of typical crystal planes varies
with the VED inputs. In the case of the HX1 sample, the (200) peak was
predominantly observed. Meanwhile, the relative intensity of the (200)
peak was the highest in the HX2 and HX3 samples, while the (111) and
(220) peaks were clearly distinguishable. Compared with the HX2 and
HX3 samples, weak peak intensities for the (111) and (220) were
observed in the HX3 sample. These results suggest that the crystallo-
graphic texture is dependent on the process parameters.

Therefore, a further detailed investigation of microstructure char-
acteristics was carried out using SEM-EBSD. Fig. 6 presents the colorized
inverse pole figure (IPF) maps according to the crystallographic texture
in the yz-plane, and the corresponding {100} pole figures (PFs), high-
angle grain boundaries (HAGBs, >15°), kernel average misorientation
(KAM), and Taylor factor maps are presented. In the IPF maps (Fig. 6
(al—cl)), the predominantly red color, which represents the (100)
orientation was observed in the HX1 sample. However, the color of the
HX2 sample was altered to a mixture of red and green, and the color of
the HX3 sample turned mainly red again. The PFs provided further
support for these results (Fig. 6(a2—c2)), the crystallographic texture of
the HX1 sample gave rise to strong <100> alignments along the x,y, and
z directions with the highest multiple of uniform density (MUD) as
22.12. Meanwhile, the HX2 sample revealed that the crystallographic
texture was composed of <100> and/or <110> components along the z
direction with slight deviation, and it exhibited a relatively high MUD
value of 11.14 because of epitaxial growth tendencies. However, the
<100> orientation along the x,y, and z directions stabilized again, with
the lowest MUD value of 7.18 in the HX3 sample. In addition, strong
crystallographic texture formation increases grain size because of the
epitaxial growth, and it suggests that the crystal alignment of

—— HX1
(200) —— HX2
——HX3
~ (111) (220)
=] A A
s
>
s
E A
30 40 50 60 70 80

26 (degree)

Fig. 5. XRD patterns of the HX1, HX2, and HX3 specimens.
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Max MUD: 22.12
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%)
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Fig. 6. For the HX1, HX2, and HX3 samples, obtained (al—c1) IPF maps and (a2—c2) PFs in the yz-plane. The corresponding (a3—c3) HAGBs, (a4—c4) KAM, and
(a5—c5) Taylor factor maps, respectively.
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Fig. 7. (a) Grain size, (b) HAGBs, (c) KAM, and (d) Taylor factor distributions with the quantitative averages for HX1, HX2, and HX3 samples, respectively.
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neighboring grains, results in a decrease in grain boundary misorienta-
tion [27]. Thus, the density of HAGBs (Fig. 6(a3—c3)) was low in the
epitaxial growth area. In addition, KAM (Fig. 6(a4—c4)), representing
the average misorientation between points on the grid and its neighbors
also showed a similar distribution. However, the Taylor factor (Fig. 6
(a5—c5)), which predicts the yield response of grain as a function of
stress and grain orientation [26,41], did not show apparent correlation.
Among the representative samples, the HX1 sample showed the lowest
Taylor factor, the HX2 sample was the highest, and the HX3 sample was
intermediate.

Fig. 7 provides quantitative values along with histograms for un-
derstanding the microstructural characteristics for (a) grain size, (b)
HAGBs, (c) KAM, and (d) Taylor factor. The development of a strong
crystallographic texture usually allowed the grain to elongate and grow
across the melt pool, as illustrated in Fig. 6. However, the HX2 sample
represented more stable epitaxial growth along the z direction, although
the HX1 sample showed higher MUD values compared to the HX2
sample. Therefore, the average grain size exhibited a slightly increasing
and then decreasing tendency, from 34.57 ym in the HX1 to 35.81 pm in
the HX2, and 28.54 pm in the HX3 samples (Fig. 7(a)). On the other
hand, the average values of HAGBs and KAM showed an ascending order
with the development of the weak crystallographic texture. The HX1
sample represented the lowest average HAGBs and KAM values of
23.14° and 0.68°, respectively. While the HX2 sample showed 34.12°
and 0.71°, the HX3 sample had the highest values at 41.04° and 0.84°
(Fig. 7(b) and (c)). In terms of the Taylor factor, the average values of the
HX1, HX2, and HX3 varied within the range of 2.45-3.23. The HX2
samples had the highest Taylor factor of 3.23.

3.3. Hardness and wear resistance

As shown in Fig. 8, the hardness of the L-PBFed HX samples was
evaluated. The lowest Vickers hardness value of 220.0 + 2.2 HV was
obtained from the HX1 sample. While the HX2 was the highest value of
239.2 4 8.6 HV, and the HX3 was in between with a value of 231.2 +
3.3 HV. The hardness tended to increase and then decrease when
changing from HX1 to HX2 and then HX3, which is expected to relate to
its wear performance.

After dry sliding pin-on-disk experiments, the widths of the wear
track were observed using the SEM (Fig. 9), and the detailed values are
summarized in Table 3. The wear track widths measured from the SEM
images were 677.7 + 18.6 pm (2 N), 1270.7 + 23.1 pm (5 N), and
1901.1 £ 18.7 pm (10 N) for the HX1 sample. For the HX2 sample, these
values were 732.3 + 19.5 pm, 1116.6 &+ 16.3 pm, and 1027.2 + 12.2
pm, for 2N, 5N, and 10 N loads, respectively. The HX3 sample showed
values of 851.3 £+ 6.2 pm, 1505.1 + 15.8 pm, and 1440.6 + 11.3 pm for
2N, 5N, and 10 N loads, respectively. Under 2 N loading conditions, the
lowest width values were observed in the HX1 samples, while increasing
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Fig. 8. Vickers hardness in the yz-plane of L-PBFed HX specimens.
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the load to 5 N or 10 N resulted in the lowest width values in the HX2
samples. In addition, the wear track exhibited a transition with
increasing applied load. Abrasive wear was initially dominant at 2 N,
followed by a mixed region of abrasive and adhesive wear at 5 N, and
eventually smeared, adhered regions became predominant at 10 N.

Furthermore, mechanical profilometer analyses were performed to
evaluate the depth of the wear tracks along with their widths. The
profiles varied both beyond the sample groups and pin-on-disk loading
conditions (Fig. 10). Under 2 N loading, the HX1 sample exhibited the
smallest wear volume, whereas at 10 N, it showed the deepest wear
track. The HX2 sample consistently demonstrated moderate wear depths
across all conditions, representing the shallowest wear at 10 N. The HX3
sample showed the highest wear depths at 2 N and 5 N, and under 10 N
loading, it displayed slightly lower wear depths compared to HX1.

Fig. 11 shows the plots of the coefficient of friction (CoF) for the L-
PBFed HX samples, and the detailed values are summarized in Table 3.
High fluctuation in CoF values was observed in all samples under the 2 N
loading condition (Fig. 11(a)), which indicates unstable friction
behavior. The average CoF value for HX1 was represented as 0.764,
while HX2 showed a slightly lower value of 0.738. In contrast, HX3
exhibited a similar average CoF of 0.768 compared to HX1, it showed
significantly higher fluctuations and deviation. Under a 5 N load, the
fluctuation and deviations were lower and stabilized more quickly
compared to the 2 N load in HX1 and HX2 (Fig. 11(b)), with the mean
CoF values of 0.939 and 0.902, respectively. In addition, although HX3
showed the lowest CoF value of 0.877, it continued to exhibit relatively
higher fluctuation and deviation compared to the other samples. At the
highest load of 10 N, the fluctuation of CoF was reduced, and the dif-
ference in the mean CoF values between the samples became less pro-
nounced (Fig. 11(c)). The average CoF values were 0.615 for HX1, 0.627
for HX2, and 0.625 for HX3, respectively. All samples reached steady-
state CoF values at the early stage.

Additionally, EDS analysis revealed significant differences in oxide
layer formation across the sample groups. As shown in Fig. 12(a—c),
high oxygen content was observed on the surfaces under the 2 N loading
condition, with atomic percentages ranging between 42.1% and 34.0%.
However, when the load increased to 10 N (Fig. 12(d)), the oxygen
content drastically decreased to 9.4%. Herein, only the results for the
HX1 sample under the 10 N loading condition are shown to avoid pre-
senting excessive data, this trend was consistent across all samples. This
indicates that the oxidative wear mechanisms are predominantly acti-
vated under low loading conditions. On the other hand, the deformation
wear mechanism manifests more distinctly under conditions of elevated
loading. Particularly, the deep grooves were observed on the formed
oxide layer (Fig. 12(d)).

3.4. Corrosion behavior

The comparative PDS curves of the L-PBFed HX samples are pre-
sented in Fig. 13. The key corrosion parameters, calculated from these
curves, including corrosion potential (E.q), corrosion current density
(Icorr), critical pitting current density (I..), and polarization resistance
(Rp), pitting potential (Ep;;), are summarized in Table 4. The HX1 sample
exhibited the highest Ecor of —105 mV, followed by HX2 at —116 mV,
and HX3 at —130 mV. It can be noted that the reproducibility of the PDS
curves, calculated based on the E.., values, was determined as + 16 mV,
+ 5mV, and + 9 mV for the HX1, HX2, and HX3 samples, respectively.
However, the differences in the measured E.; values among the sam-
ples were within a small range and are considered experimentally
insignificant.

On the other hand, all samples exhibited a passivation regime during
polarization (Fig. 13). In this case, it should be considered that the alloys
underwent localized corrosion. Therefore, to better compare the sig-
nificant corrosion differences between the samples, it would be more
meaningful to evaluate the I, values. The I o values of the specimens
followed the trend HX2 < HX3 < HXI, indicating that HX2 had the
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Fig. 9. Worn surface images of the HX1, HX2, and HX3 under increasing load conditions are shown. HX1, HX2, and HX3 were represented by (a, d, g), (b, e, h), and
(c, f, i), respectively. The applied loads of 2 N, 5 N, and 10 N correspond to (a—c), (d-f), and (g-i).

Table 3
Wear track width based on SEM images and mean CoF values.

Sample  Wear Track Widths (pm) CoF (mm®/Nm)
2N 5N 10N 2N 5N 10N

HX1 677.7 £ 1270.7 + 1901.1 + 0.764  0.939 0.615
18.6 pm 23.1 pm 18.7 pm

HX2 732.3 £ 1116.6 + 1027.2 + 0.738  0.902  0.627
19.5 pm 16.3 pm 12.2 ym

HX3 851.3 + 1505.1 + 1440.6 + 0.768 0.877  0.625
6.2 pm 15.8 pm 11.3 pm

lowest Lo (26.63 pA/cm?), followed by HX3 (33.13 pA/cm?), with both
being relatively close to each other. However, HX1 exhibited a signifi-
cantly higher I.o, approximately three times greater (84.71 pA/cm?),
suggesting a much higher corrosion rate. A similar trend was observed in
the I.. values, where HX1 displayed the highest critical current density,
further supporting its lower corrosion resistance. The lower I.o; and I
values of HX2 and HX3 suggest better corrosion resistance and passiv-
ation behavior in the given environment compared to HX1. These
findings are further supported by the polarization resistance (Rp) values,

which align with the corrosion trends. HX2 displayed the highest R,
value of 305.57 Q cm?, indicating the formation of a more protective
passive layer, whereas HX1 exhibited the lowest R, (215.61 Q cmz),
suggesting a weaker passive layer and a higher overall corrosion rate.
Another critical parameter for locally corroded alloys is the pitting po-
tential (Ep;). The Ep;; values of all three samples were relatively close to
each other. However, the HX3 sample exhibited a slightly nobler Ej;
value compared to the other samples, indicating a slight improvement in
resistance to localized corrosion.

4. Discussion

4.1. Influence of process parameters on densification and crystallographic
texture

To understand the difference in the densification and crystallo-
graphic texture formation concerning the different VED inputs, the
variations of melt pool in the yz-plane of the representative L-PBFed
Hastelloy X samples were examined (Fig. 14). In the case of the HX1
sample, although the laser was scanned alternately in the x and y di-
rections between layers, it was found that the comparatively larger melt
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Fig. 10. Representative 2d profiles of wear debris of samples under varied wear loading conditions.
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CoF results of samples under varied wear loading conditions.

Fig. 12. SEM and corresponding EDS images of worn surfaces of (a) HX1, (b) HX2, and (c) HX3 specimens under the 2 N loading conditions. (d) Worn surface results

of the HX1 specimen under a 10 N loading condition.
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Fig. 13. The comparative PDS curves of L-PBFed HX samples in 3.5 wt% NaCl.

Table 4
Key corrosion parameters of L-PBFed Hastelloy-X samples calculated from the
polarization curves.

Sample  Ecorr V) Lo (pA-cm ™) I (PA-ecm ) Rp(Qcm?)  Epi (mV)
HX1 -105 84.71 3.21 x 10° 215.61 1019
HX2 -116 26.63 0.55 x 10° 305.57 1001
HX3 -130 33.13 1.16 x 10° 297.97 1043

pool size was attributed to the heightened VED resulting from slow v
almost diminished the y direction laser scan melt pools, which was
similar observation when applied to small powder bed thickness [42].
Meanwhile, in the HX2 and HX3 samples, the melt pool size gradually
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decreased with decreasing VED, and a y direction layer was also grad-
ually visible. The melt pool size variation associated with the different
VED inputs is closely related to the pore formation mechanisms during
the L-PBF process, which are described in the previous studies [38,43,
44]. As the surface temperatures approach the boiling point due to the
laser radiation, the recoil pressure exerts an increasing force normal to
the surface, resulting in the formation of a depression. After the decrease
in temperature results is a decrease in the recoil force. Herein, the sur-
face tension increases, overcoming the effects of the recoil force.
Therefore, the direction of the melt flow velocity vector field is reversed
towards the center. This reversal is abrupt and is due to the interaction
between the recoil force and the surface tension (Marangoni effects),
which generates the trapping of gas bubbles. Therefore, pores can be
easily formed if the VED inputs are too high. However, a reduction in
VED input has been demonstrated to be an effective method of
decreasing recoil pressure and preventing the generation of pores in the
samples [38,43], and the optimal VED input range for the
high-densification sample fabrication was represented as 35—95 J/mm?>
[28], which includes the HX2 and HX3 samples in this study.

On the other hand, changes in VED are also an important factor for
crystallographic texture development, because the variations in melt
pool geometries induced by different VED inputs alter the growth di-
rection of the cellular microstructures. As shown in Fig. 14, the obser-
vation of cell structures in the melt pool indicated the occurrence of
cellular growth in all cases of examined samples owing to the high
cooling rate of the L-PBF process [45,46], Furthermore, it has been
established that the elongation direction of the cells coincides with
<100> [47], which is the easy growth direction of face-centered cubic
metals and the growth direction is perpendicular to the melt pool
boundaries along the maximum temperature gradient direction [12,48].
Therefore, the developed crystallographic texture can be estimated from
the preferred growth direction depending on the curvature of the melt
pool boundaries. Similarly, it is deduced that the high VED input in the
HX1 sample would have resulted in the formation of a narrow and deep
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X (SD)

Fig. 14. SEM images of (a) HX1, (b) HX2, and (c) HX3 specimens in the yz-plane. The solid white lines show the melt pool traces, and the yellow arrows exhibit the
direction of cell elongation. The * indicates the direction of cell growth rotated along the x and z directions.

melt pool that contributed to the cell elongation in two directions of
0° and 90° with respect to the z direction owing to the smaller curvature
of the melt pool boundaries (Fig. 14(a)). Moreover, the sufficiently
overlapped upper layer of melt pools prevents the sudden loss of
epitaxial growth [23]. Therefore, the strong <100> alignments along
the x,y, and z directions were manifested. On the other hand, the cur-
vature of the melt pool boundaries was higher as the VED input
decreased in the HX2 sample. Thus, cell growth on an incline to + 45°
along the z direction was observed at the side branching of melt pool
boundaries, and 0° along the z direction was observed at the melt pool
bottom, respectively. However, the direction was occasionally tilted to
the x and z directions (indicated with *). Because the temperature
gradient direction continuously changed with the rotation of the laser
tracks between the deposited layers (Fig. 14(b)). Therefore, even though
the epitaxial growth occurred across the layers, cell elongation with
arbitrary orientation was exhibited, resulting in slightly deviated
<100> and <110> components along the z direction. Thereafter, the
HX3 sample once more represented the two cell elongation directions,
0° and 90° along the z-direction, with a decrease in curvature of the melt
pool boundaries (Fig. 14(c)). In this instance, the induced 0° and 90° of
cell elongation due to the comparatively smaller curvature of the melt
pool boundaries promoted <100> alignments along the x,y, and z di-
rections. Eventually, the crystallographic texture formation can be
regulated by applying different VED inputs, which contribute to the
morphology of the melt pool, and similar demonstrations can be found
in L-PBFed other metals [26,49].

4.2. Effects of microstructural features on hardness and wear
performance

The various VED inputs affect melt pool dynamics, resulting in
densification and the associated crystallographic texture. This leads to
different microstructural characteristics depending on the processing
conditions, and these features will be important in determining surface
performance, such as hardness and wear resistance. Initially, hardness
was evaluated as it is a direct indicator of the underlying densification
and microstructural characteristics and is strongly linked to tribological
properties. As illustrated in Fig. 8, the hardness of L-PBFed HX samples
initially increases from HX1 to HX2, followed by a decline in HX3 as the
VED decreases. The lowest hardness in HX1 can be attributed to its low
densification, which is likely caused by keyhole pores resulting from the
excessive VED input. This is suggested that an optimal VED range
maximizes hardness by promoting sufficient densification, which may
have a more dominant influence on hardness than microstructural fea-
tures under certain conditions. A similar observation has previously
been reported [50,51], where increased densification led to higher
hardness values due to reduced defects.

In addition to insufficient densification, the microstructural charac-
teristics also explain the lowest hardness of the HX1 sample. The
microstructure in the HX1 sample was characterized by the strongest
crystallographic texture development, with a maximum MUD of 22.12.
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This was accompanied by a relatively large average grain size (34.57
pm) and the lowest average HAGBs distribution (23.14°) from epitaxial
growth. The large grain size and the following lower HAGBs distribution
contributed to the lower hardness, in accordance with the Hall-Petch
relationship [52]. Moreover, low average KAM values (0.68°) and
Taylor factor (2.45) further support the lowest hardness, reflecting a low
level of dislocation density and resistance to plastic deformation,
respectively.

In contrast, as the VED input decreased, both HX2 and HX3 achieved
near full densification. Thus, their hardness is more closely associated
with microstructural characteristics. Interestingly, the previously
observed effects of the Hall-Petch relationship were not followed in this
case. Consistent with a previous study [26], the reason can be consid-
ered that the stronger influence of crystallographic texture on the yield
strength. As depicted in Fig. 6, HX2 exhibited a mixed crystallographic
texture comprising both slightly tilted <100> and <110>, while HX3
was predominantly characterized by a <100> crystallographic texture.
Although the theoretical Schmid factor for both <100> and <110>
orientations is identical at 0.408, the actual deformation behaviour may
differ due to different stress-transfer coefficients. The stress-transfer
coefficients describe the ability of shear stress to be transferred across
grain boundaries to neighboring grains [53]. Theoretically, A coefficient
value close to 1 indicates easy transmission of slip, whereas a lower
value implies increased resistance to slip transfer across the interfaces,
thereby contributing to strengthening. From this perspective, HX2 can
be considered as a low stress-transfer coefficient due to its mixed crys-
tallographic texture, whereas HX3, with a nearly single <100> crys-
tallographic texture, is likely to have a stress-transfer coefficient close to
1. These characteristics are further reflected in the highest Taylor factor
values in HX2 (Fig. 7(d)), which indicate increased resistance to plastic
deformation as a result of its prevailing crystallographic texture.
Furthermore, HX2 exhibited a higher proportion of grain boundaries in
the higher-angle range compared to HX3, which may further support
strength through boundary-related mechanisms (Fig. 7(b)).

On the other hand, the tribological performance of the surface varied
under different loading conditions. Surface topography, microstructural
features, and mechanical properties are important parameters that
determine the wear behavior [54,55]. During the 2 N loading condition,
the HX1 sample exhibited the smallest wear width and depth, as
observed by SEM and 2D profilometer, respectively. Under 5 N and 10 N
loading conditions, the HX2 sample demonstrated the best performance.
The variation in optimal wear performance depending on the applied
load can be explained by a change in the dominant wear mechanism.
Under the 2 N loading condition, oxidative wear was significant.
Therefore, the formation of a rapid, uniform, and stable oxide film
played a key role in enhancing wear resistance. According to previous
literature [56], the oxidation rate of nickel is highest along the (100)
crystallographic orientation. Thus, the strong <100> crystallographic
texture of HX1 promoted the formation and adherence of a protective
oxide layer during the wear test. This is further supported by SEM
observation, which revealed that HX1 developed the most stable and
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continuous oxide layer among the samples (Fig. 12(a—c)). However, as
the applied load increased, hardness became the dominant factor
influencing wear performance. As shown in Fig. 12(d), the breakdown of
the oxide layer under high load conditions indicates a transition from
oxidative wear to the activation of deformation wear mechanisms,
similar to findings reported in Ref. [57]. In addition, the relatively low
densification in the HX1 led to collapse and increased material removal,
which accelerated wear. Under severe deformation conditions, the
tribological response was closely aligned with hardness values, as also
reported in previous studies [58,59]. Accordingly, HX2 with the highest
hardness showed improved wear resistance under 5 N and 10 N loads,
indicating the importance of the correlation between hardness and
tribological performance in high-load conditions.

Furthermore, the fluctuation and deviation varied in the CoF results
depending on the different applied VED (Fig. 11). Under the 2 N load,
HX1 exhibited relatively stable and plateau friction behavior, whereas
HX2 and HX3 showed periodic fluctuations. These differences in HX1
can be attributed to the formation of a continuous and adherent oxide
layer, whereas in HX2 and HX3, cyclic formation and delamination of
the oxide layers occurred during the friction, which is similar to the
results reported in Ref. [57]. Therefore, the HX1 showed the best wear
performance, even though it showed a relatively high mean CoF value in
this condition. In contrast, HX3 experienced the most pronounced wear
deterioration under the 5 N load, followed by HX1, whereas HX2
demonstrated the best wear resistance. This trend can also be inferred
from the CoF behavior. Similar to the 2 N condition, HX3 displayed
continued fluctuation and deviation in its CoF curve, suggesting that the
cyclic formation and delamination of oxide layers have accelerated
wear. On the other hand, although HX1 presented a more stable friction
response, its wear performance deteriorated under the 5 N load due to
the onset of additional deformation wear, as evidenced by the high CoF
value. This may be attributed to structural collapse caused by its lower
hardness, which is likely associated with its lower densification and
strong crystallographic texture. At the highest load of 10 N, CoF plots for
all samples became more stabilized. This stabilization is induced by high
pin-on-disk load shifts the dominant wear mechanism from oxidation
wear to deformation wear, thereby reducing the CoF deviation across all
samples. This trend is also observed in the previous literature [60],
indicating that mechanical properties such as hardness become
increasingly important for wear resistance under high loads, and the CoF
results also matched well with overall wear performance.

4.3. Corrosion response influenced by internal defects and microstructural
features

It is well known that the corrosion resistance of LPBF-fabricated
samples is primarily influenced by internal defects such as keyhole
pores formed during fabrication, both on the surface and within the
layers. These pores act as preferential sites for localized attack by
aggressive ions, leading to localized acidification inside the pores. As a
result, destabilizes the passive film and promotes pit initiation. Addi-
tionally, the diffusion of oxygen inside the pores is restricted, further
hindering passivation and accelerating dissolution. In this study, the
high relative density was observed in HX2 and HX3 samples, whereas
HX1 contained more keyhole pores, as confirmed by OM images (Fig. 4).
Post-corrosion SEM analysis revealed the presence of interlayer and
internal porosities, with clear evidence of preferential corrosion around
these defects.

In HX1, excessive volumetric energy density promoted keyhole-type
pores that act as easy electrolyte pathways and hinder oxygen diffusion,
which destabilizes the passive film and accelerates local acidification.
Restricted oxygen ingress elevates the acidity inside the pores, resulting
in locally higher solubility in these regions and increased surface con-
ductivity. Consequently, it can be said that porosities act as preferential
corrosion sites, and due to the insufficient oxygen supply, the corrosion
process persists and accelerates in these regions.
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It is well known that the corrosion susceptibility of a material can be
evaluated from its E.opr values. However, this is generally valid for pure
metals or alloys with highly stable passive films, since E.q does not
always provide a direct measure of corrosion resistance but rather re-
flects the thermodynamic tendency of the material to corrode. In
contrast, for alloys that are capable of passivation yet prone to localized
corrosion phenomena such as pitting, the I, is more reliable, as it is
directly related to electrochemical reaction kinetics and thus provides a
more realistic evaluation of the protective performance and corrosion
resistance. Therefore, I is particularly important for assessing long-
term corrosion behavior by directly reflecting the stability of the pas-
sive film. For this reason, the comparative evaluation of the corrosion
resistance of the HX alloys in this study was primarily based on I.oy
values. Notably, HX1 exhibited a higher density of these corroded areas
compared to HX2 and HX3 (Fig. 15). Furthermore, the HX1 sample
displayed the highest I o and I, values, further supporting its lower
corrosion resistance. Especially since higher I.. values indicate greater
susceptibility to active dissolution before passivation, this result sug-
gests that pores disrupt the continuity of the passive film, making
repassivation ineffective and allowing sustained corrosion attack [61]. It
can be said that these combined effects significantly reduced the overall
corrosion resistance of the HX1 alloy.

To further investigate characteristics of the passive film, SEM-EDS
analysis was conducted around the corroded regions (Fig. 16). The
elemental mapping results confirmed that Cr- and Mo-based oxides were
primary protective phases, contributing to the formation of a stable
passivation layer. In contrast, preferential dissolution of Ni and Fe was
evident, as highlighted by the dashed regions, indicating their increased
solubility in the corrosive environment. The accumulation of Ni and Fe
around the corrosion pits suggests that these elements do not contribute
to passivation. The passive film formed during anodic polarization is
most likely composed of Cr203, FeoO3, MoO2, and MoOs in the HX [33].
This confirms that Cr and Mo play a key role in passivation stability,
whereas defects around pits and pores, along with localized acidifica-
tion, drive micro-galvanic effects, accelerating corrosion.

On the other hand, while minimizing defects helps prevent localized
corrosion attack, corrosion behavior is also strongly influenced by the
underlying microstructural characteristics. Previous studies on L-PBFed
HX have shown that the passive film exhibits anisotropic behavior
depending on the cross-sections, leading to differences in corrosion
resistance [62,63]. This directional dependence is primarily attributed
to variations in the underlying microstructure across different planes.
One contributing factor is the grain refinement and the corresponding
grain boundary density, which influence how readily passive films can
nucleate. Another important factor is the distribution of dislocations.
The higher dislocation density tends to facilitate passive film formation
due to high local activation energy [63,64]. These results demonstrated
that microstructural characteristics through different process parame-
ters are critical for improving the corrosion performance of L-PBFed HX
samples.

Interestingly, although both HX2 and HX3 exhibited high densifi-
cation, HX2 showed better corrosion resistance. This is unexpected, as
HX3 had finer grain sizes and higher KAM values, which are typically
favorable for passivation. This difference may be attributed to crystal-
lographic texture. In nickel-based alloys, the {100} orientation is more
susceptible to pitting corrosion than the {110} and {111} orientations
[65]. The {111} planes offer the highest resistance due to their low
surface energy, high atomic packing density, which facilitates the for-
mation of a more stable passive film [66]. Corrosion resistance has also
been shown to follow the order {100} < {110} < {111}, owing to dif-
ferences in passive film formation behavior [67]. In this study, HX3
exhibited predominantly <100> crystallographic texture, although the
MUD values were lower than HX2. Whereas, HX2 represented the mixed
crystallographic texture with contributions from both <100> and/or
<110> orientations (Fig. 6). Therefore, it can be considered that grains
with a dominant <100> orientation in HX3 may have been more



S.-H. Park et al.

Journal of Materials Research and Technology 39 (2025) 6156-6168

=

Fig. 15. SEM images of the L-PBFed Hastelloy-X samples after the corrosion tests in 3.5 wt% NaCl: (a) HX1, (b) HX2, and (c) HX3.

Fig. 16. Elemental mapping analysis of the corrosion pit formed on the HX1
alloy after corrosion test.

susceptible to corrosion due to less favorable passive film formation.
Additionally, the relatively poor corrosion resistance observed in the
HX1 sample, which exhibited the highest MUD value and thus the most
pronounced crystallographic alignment, may hinder passive film for-
mation compared to other conditions. Overall, these results indicate that
crystallographic texture compromises the overall corrosion perfor-
mance, even when other microstructural factors such as grain refine-
ment and dislocation density appear beneficial in L-PBFed HX samples.

5. Conclusions

In this study, the effect of VED on the densification and micro-
structural evolution of HX components fabricated by the L-PBF process
was systematically investigated. Based on the resulting microstructural
characteristics, the corresponding tribological and corrosion perfor-
mance were evaluated. According to the results obtained, the following
conclusions can be drawn:

1. Different VED inputs resulted in distinct melt pool geometries, which
influenced the densification of the fabricated samples. Excessive VED
resulted in keyhole pores, resulting in relatively low densification.
While proper VED input (35—95 J/mm®) facilitated the optimized
densification.

. The variation in melt pool geometry induced by different VED
altered the growth direction of <100> cellular microstructures.
Therefore, distinct crystallographic texture evolutions were observed
in each sample. HX1 showed strong <100> alignment in all di-
rections, HX2 exhibited mixed <100> and <110> along the z di-
rection, and HX3 represented weak <100> alignments throughout.

. Hardness was found to be correlated with densification and crystal-
lographic texture with followed by grain size, HAGBs, KAM, and
Taylor factors. In addition, oxidative wear was dominant under low
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load (2 N) and influenced by surface oxide stability. Whereas,
deformation wear became significant under higher load (10 N),
where hardness played a more critical role in wear resistance.

. Corrosion resistance showed that HX2 exhibited the lowest I.opr
(26.63 pA/cm?), followed closely by HX3 (33.13 pA/cm?), indicating
superior passivation. In contrast, HX1 had the highest I o values
(84.71 pA/cm?), approximately three times higher than HX2, sug-
gesting weak passivation and higher dissolution rates. The differ-
ences can be associated with variation in densification and passive
film formation behavior influenced by crystallographic texture.

These results highlight the critical role of process parameters in
tailoring microstructural and functional properties of L-PBFed HX. Un-
derstanding the interplay between microstructural features and perfor-
mance provides the concept for the design of wear and corrosion
resistant components.
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