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ABSTRACT ARTICLE HISTORY
In this work, the effects of printing path switching (0° and 90°) at high linear energy density on the Received 30 September 2024
grain structure transition and mechanical properties of directed energy deposition-arc (DED-Arc)

Inconel 625 alloys were explored. Microstructural analysis on the DED-Arc 625 with near-equiaxed KEYWORDS

Additive manufacturing;

grains under tensile loading revealed that the deformation initially occurs through planar disloca- strain hardening;

tion glide, followed by the formation of dislocation walls and ‘locking-clamping’ structures, which deformation mechanisms;
contribute to strain hardening. The interlayer interfaces did not induce adverse effects on mechan- high temperature

ical performance. Additionally, the near-equiaxed grain structure maintained superior mechanical performance; near-equiaxed
properties at elevated temperatures up to 700 °C. grains
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IMPACT STATEMENT

This work explores the impact of printing path switching on the grain structure transition and
mechanical properties of Inconel 625 alloy manufactured by DED-Arc. The deformation mechanisms
and the influence of layer interfaces on the performance of DED-Arc Inconel 625 with near-equiaxed
grains were examined and the high temperature performance of the fabricated components was
evaluated.

1. Introduction and capability to fabricate large-scale complex structures

Among the various additive manufacturing (AM) tech- [1-6]. In recent years, Inconel 625 manufactured via
nologies, directed energy deposition using electric arc ~ DED-Arc has emerged as an optimal choice for numer-
(DED-Arc), has gained significant attention for its short  ous high-temperature and extreme applications due to
manufacturing cycle, high material utilization efficiency,  its exceptional mechanical properties [7-10]. However,
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the typical microstructure of DED-Arc alloys, charac-
terized by a strong <001 > oriented columnar grain
structure, presents challenges to their mechanical per-
formance, particularly in achieving an optimal balance
between strength and ductility [2,5,6]. To address this
issue, Li et al. [11] demonstrated that increasing the elec-
tric current and, and thereby raising the linear energy
density (LED), can effectively facilitate the transition
of the grain microstructure into a near-equiaxed struc-
ture. This microstructure evolution enhances the mate-
rial’s strength while causing only a marginal reduction
in ductility. Consequently, compared to its columnar-
grained counterpart, the DED-Arc Inconel 625 alloy with
anear-equiaxed grain structure exhibits supervisor over-
all mechanical performance. Nevertheless, despite these
advantages, several critical issues remain unresolved.
First, the influence of printing path switching on grain
microstructure evolution is not yet fully understood.
Studies [12-15] have indicated that interlayer rotation
can facilitate the transition from columnar to equiaxed
grains. However, these investigations primarily focus on
the laser powder bed fusion (LPBF) [12-15] process,
with an emphasis on how interlayer rotation influences
the initial microstructure and mechanical properties,
while paying limited attention to DED-Arc. Second, as
a low stacking fault energy (SFE) alloy, Inconel 625 may
undergo planar dislocation slip and deformation twining,
both of which contribute to strain hardening during plas-
tic deformation [16-19]. However, in the near-equiaxed
grain structure of DED-Arc Inconel 625, the predomi-
nant deformation mechanism responsible for enhancing
strength while only slightly reducing ductility remains
unclear.

Furthermore, the unique interlayer interface charac-
teristics inherent to additive manufacturing significantly
influence the mechanical properties of Inconel 625, yet
this aspect remains underexplored [20-24]. Earlier inves-
tigations [20-23] have suggested that the microstruc-
tural differences between the interlayer interface and the
intralayer may lead to the localized strain accumula-
tion at the interface, potentially causing premature fail-
ure at the interface. This effect may be even more pro-
nounced at elevated temperatures, where interlayer inter-
faces could have a greater impact on deformation unifor-
mity and overall mechanical performance. Therefore, a
comprehensive understanding of the influence of inter-
layer interfaces on the mechanical properties of DED-
Arc Inconel 625, particularly under both ambient and
high-temperature conditions, is of critical importance.
To further expand the application of DED-Arc Inconel
625 in high-temperatures, a comprehensive and in-depth
evaluation of its high-temperature mechanical properties
is essential. Such an investigation will provide valuable

theoretical insights and practical guidance for optimiz-
ing DED-Arc processing parameters and enhancing the
overall mechanical performance of Inconel 625.

2. Materials and methods

Cold metal transfer (CMT) based on the electric arc was
utilized as a heat source to deposit the NiCrMo (Inconel
625) wire with a diameter of 1.2 mm under a gas protec-
tion of 70% Ar+ 30% He. The spacing between passes
in the inner region was 3 mm, with an offset of 3 mm
from the contour to the inner region. The trim length
for the present DED-Arc processing was 15 mm. After
depositing each layer, the welding gun was lifted by 2.5
mm. To ensure stable arc ignition, the electric voltage
was initially set to 14 V during the first layer of printing.
However, in subsequent layers, the voltage stabilized at
13.4 V. Previous research [11] has shown that to mini-
mize parameter interactions, the electric current should
be the sole variable used to adjust the LED. In this study,
the electric current, travel speed, and wire feed speed
were set to 116 A, 0.6, and 4.6 m/min, respectively, result-
ing in a calculated LED of 140 J/mm. Here, it is worth
mentioning that the first printed layer was excluded from
the structural characterization and mechanical testing to
eliminate the influence of unstable voltage on the results.
For each layer, an outer contour with a thickness of 2.5
mm was initially printed, as illustrated in Figure 1(a). The
printing directions for internal deposition on odd and
even layers were rotated by 90°, designated as the X-axis
and Y-axis, respectively (see Figure 1(b)). Ultimately, a
cylinder with a diameter of 50 mm and a length of 100
mm was fabricated, as shown in Figure 1(c). Additionally,
the same processing parameters were used to fabricate
the 0° DED-Arc 625 alloy, where the subsequent layers
are not rotated, allowing for a direct comparison of the
effect of printing path switching (0°/90°). After depo-
sition, samples in the Y-Z plane were extracted using
electrical discharge machining (EDM) for microstruc-
ture and mechanical characterization. To observe the
as-deposited microstructures, all samples were initially
mechanically polished with SiC sandpapers, followed by
0.5 pm diamond paste. Then, electro-polishing was per-
formed at room temperature using a 10% HClO4 solution
at 14 V for 30 s. The X-Ray Diffraction (XRD) was con-
ducted using Cu radiation at 40 kV and 40 mA. For
optical microscopy (OM) observations, polished sam-
ples were etched for 30 s in an etchant composed of
15 ml CH3COOH, 10 ml HCI, and 10 ml HNOs3. The
OM observations were characterized by a Leica CTR6
optical microscope. The microstructure and elemental
distribution were examined using a Carl Zeiss AG scan-
ning electron microscope (SEM), equipped with Electron
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Figure 1. (a,b) Process of DED-Arc. The Z-direction is the building direction (BD), and the arrows indicate the movement of the arc; (c)
As-fabricated sample with substrate. (d) X-ray diffraction and compositional analysis (local SEM morphology and elemental distribution

maps).

Backscatter Diffraction (EBSD) and Energy Dispersive
Spectroscopy (EDS) units (with the spot size of 50 nm).
EBSD data was processed using MATLAB MTEX, HKL
Channel 5 and Image ] software. To ensure statistical
reliability, more than 200 grains were analyzed. For the
Kernel Average Misorientation (KAM), the 2nd neighbor
rank, corresponding to a step size of 700 nm, is suitable
to obtain information. Transmission electron microscopy
(TEM) foils (in the middle of the tensile specimen) with
electron transparent area were prepared by electropol-
ishing in a Struers Tenupol-5 unit, using an electrolyte
consisting of 100 ml HCIO4 and 900 ml Ethyl alcohol
at a voltage of 20.5 V and a temperature of —25 °C.
TEM observations were performed using a FEI Tecnai 20
microscope operated at 200 kV.

Microhardness tests were conducted using a Qness
Q10A + Vickers microhardness tester, applying a 200 g
load for 10 s. Microhardness measurements were per-
formed at five different locations and at the same depth
to enhance the accuracy and consistency. Tensile tests

were carried out on an Instron 5982 tensile machine with
a strain rate of 3 x 10™* s~1. A Digital Image Correla-
tion (DIC) system was used for precise strain measure-
ment. Tensile testing was repeated at least three times
for each sample to verify the repeatability of mechani-
cal property measurements. As illustrated in Figure 1(c),
all dog-bone-shaped specimens with a gauge section of
5 mm (length) x 2 mm (width) x 1.2 mm (thickness)
for testing at room temperature were cut from the Y-Z
plane using Electrical Discharge Machining (EDM), with
the tensile axis (TA) aligned parallel to the build direc-
tion (BD). Each rod-shaped tensile specimen had a gauge
length of 30 mm and a diameter of 5 mm, and tests were
conducted at seven different temperatures (400, 600, 650,
700, 750, 800, and 850 °C). The as-cast Inconel 625 alloy
was also subjected to high-temperature tensile testing
under the same conditions for comparison. The samples
were heated to the target temperature at a rate of 6 °C/min
and held at that temperature for 30 mins before loading
was imposed.
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3. Results and discussion
3.1. Microstructure characterization

The XRD pattern of Figure 1(d) depicts that the printed
Inconel 625 sample with 90° printing path switch-
ing exhibits a face-centered cubic structure, with no
detectable secondary phases such as carbides. How-
ever, the EDS map reveals the presence of niobium-
and titanium-rich precipitates, with an average radius
of approximately 0.8 pm and volume fraction of 0.66%.
The discrepancy between XRD and EDS results for the
precipitates could be attributed to the limited resolution
of laboratorial XRD sources [11,25]. In contrast to the
columnar grain structure observed in the 0° DED-Arc
Inconel 625 (as is shown in Figure S1), which exhibits
a strong <001 > orientation (similar to other reports
on DED-Arc alloys [2,5,6]), the 90° DED-Arc sample
(refer to Figure 2(a)) shows intersection angles between
the columnar dendrites and the deposition direction.
The growth direction of dendrites is governed by the
maximum temperature gradient, which does not always
align with the deposition direction [25,26]. Figure 2(b—d)
present a detailed view of the 90° DED-Arc microstruc-
ture. Due to heterogeneous nucleation and uneven heat
dissipation at the boundary of the molten pool [25], a
fine isotropic dendrite structure forms at the layer bound-
aries. Figure 2(e) illustrates a grain structure, with an
average length of 527 £5 pm and a width of 172+7
pm (obtained through Image J software) according to the
high angle grain boundaries (HAGBs, > 15°), giving a
grain aspect ratio of approximately 3.06. The sample is
characterized by near-equiaxed grain features. Further-
more, a fine-grained structure with an average grain size
of 37 &2 pm, comprising approximately ~ 3.4% of the
material, is observed at the layer boundaries. These grains
are notably smaller than these located away from the
boundaries, which have an average grain size of 232 + 16
1im, as determined by equivalent diameter through EBSD
analysis. Additionally, the corresponding inverse pole
figures (IPFs) for the X, Y and Z axis are shown in
Figure 2(e). In the Z-axis (parallel to tensile axis, TA), a
relatively random orientation is observed. Based on high
LED, printing path switching promotes the formation of
a near-equiaxed grain microstructure. It is important to
note that under low LED conditions, the effect of print-
ing path switching is limited, as it does not facilitate the
transition from columnar to near-equiaxed grains [11].
As aresult, the columnar grain growth tendency is main-
tained, while formation of equiaxed grains is suppressed.
This finding underscores the importance of combining
high LED conditions with printing path switching for
promoting the grain structure transition from colum-
nar to near-equiaxed grains. Under high LED conditions,

the temperature gradient in the melt pool can be sig-
nificantly reduced, weakening thermal convection effects
and creating a more favorable environment for equiaxed
grain nucleation and growth. Additionally, high LED
may increase the depth of the remelted layer. While this
adds complexity to the thermal cycle, it also provides
more opportunity for recrystallization, contributing to
grain refinement. Meanwhile, under high LED condi-
tions, printing path switching becomes more effective in
disrupting the growth of epitaxial grains. This disruption
not only provides new nucleation sites for grain forma-
tion but also promotes the development of more equiaxed
grain nuclei within the melt pool. These nuclei then
grow into equiaxed grains, thereby altering the overall
grain structure of the material. In conclusion, controlling
the grain structure in additive manufacturing requires
the combined influence of high LED and printing path
switching. High LED creates favorable conditions for the
nucleation and growth of equiaxed grains, while print-
ing path switching helps disrupt epitaxial grain growth
and promote equiaxed grain nucleation within the melt
pool. Therefore, implementing a printing path switch-
ing under high LED conditions is an effective strategy to
facilitate the transition from columnar to near-equiaxed
grains, thereby optimizing the material’s microstructure
and properties.

3.2. Mechanical response at room temperature

As shown in Figure 3(a;), the near-equiaxed sample
exhibits high yield strength (~401 & 12 MPa), ultimate
tensile strength (~ 724 &£ 5 MPa), and tensile elongation
(~57 £ 5%). Although the elongation of the 90° DED-
Arc Inconel 625 is slightly lower than that of the 0°
DED-Arc Inconel 625 (~ 66 +4%), reflecting a reduc-
tion of ~9%, its advantage in strength is particularly
notable. The yield strength and ultimate tensile strength
of the 90° are significantly higher than those of the 0°
sample, which are 291 £ 8 and 621 & 8 MPa (Figure Slc),
respectively, representing an increase of approximately
110 and 103 MPa. Notably, a slight concavity observed in
the true stress—strain curve within the true strain range of
8-25% indicates the occurrence of secondary strain hard-
ening in this strain range [11]. Figure 3(a;) reveals the
dynamic relationship between true strain and work hard-
ening rate, showcasing a typical three-stage strain hard-
ening behavior that is common in alloys with low SFE
[27,28].In stage A (5-8% true strain), the work hardening
rate undergoes a continuous decrease, approaching G/50
(where G is the shear modulus, 78 GPa), reflecting the
rapid plastic deformation and dislocation accumulation
experienced by the material during the onset of loading.
Then, in stage B (8-25% true strain), the work hardening
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Figure 2. Optical microscopy image of the as-deposited sample: (a) macrostructure and (b—d) detailed microstructure of dendrites and
layer boundaries. (e) EBSD orientation map of plane YOZ. The black lines represent high angle grain boundaries (HAGBs, > 15°) and the
grey lines represent low angle grain boundaries (LAGBs, 2—15°). The color code is IPF coloring-Z inserted at the lower left corner; and at
the bottom, crystallographic texture obtained on the X, Y and Z axis, respectively.

rate experiences a gradual recover, reaching approxi-
mately 1880MPa (G/40), indicating the occurrence of
secondary strain hardening. Ultimately, in stage C, as
the material approaches fracture, the work hardening
rate gradually decreases. Furthermore, combined with its
high tensile strength and ductility, the sample exhibits
an exceptionally high tensile strength-ductility product
(~41.3 GPa*%) and a yield strength (~401 MPa) that
far exceeds that of 0° DED-Arc Inconel 625 sample and
other Inconel 625 alloys prepared by DED-Arc reported
in the literature (see Figure 3(a3) [7-10,29-35]. More-
over, when compared to commercially available hot-
rolled Inconel 625 alloy, which boasts a yield strength
of 348 MPa and a tensile strength-ductility product of
32.1 GPa*% [36], the near-equiaxed sample undoubtedly
demonstrates a superior combination of strength and
ductility at room temperature.

Interestingly, the near-equiaxed sample exhibits an
average grain size of 232+16 pm (with a similar
equivalent diameter obtained through EBSD process-
ing), and its yield strength exceeds 400 MPa, significantly
higher than that of the standard hot-rolled Inconel 625

sample with smaller grain sizes (<130 pm) [36]. To
elucidate the reason behind the high yield strength of
the near-equiaxed sample, the contributions of various
strengthening mechanisms were calculated. The primary
strengthening mechanisms in metallic alloys include
solid solution strengthening (o), dislocation strength-
ening (0 4;s), grain boundary strengthening (og,), and
precipitation strengthening (o ). Therefore, the total
contribution to yield strength can be expressed as in Eq.
(1), and the detailed calculations are provided in the
Supplementary materials appended to the paper:

Ocal = 00 + Opre + Ogb + 055 + 0O4is (1)

where o represents the friction stress. Figure 3(by)
presents the calculated contributions of each strength-
ening mechanism, with grain boundary strengthening
(0 gb), solid solution strengthening (o s), and dislocation
strengthening (o 4;) contributions, these being ~95,
~ 174, and ~ 114 MPa, respectively. The calculated total
yield strength of the near-equiaxed grain sample is ~411
MPa, which aligns well with the experimental result (411
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Figure 3. (a) Mechanical properties: (a1) tensile stress-strain curves. (ay) Work hardening rate versus true strain. (a3) yield strength versus
the PSE compared with another reported DED-Arc Inconel 625 [7-10,29-35]. (b) Deformation structures evolution: (b1) EBSD orientation
map overlaid with the longitudinal microhardness (average with standard deviation). (b;) TEM micrograph with corresponding SAED
pattern ([011] zone axis insets). (b3) Kernel average misorientation (KAM) data of the representative structures. Blue, green and red colors
in the rainbow bar represent low ( < 1°), medium (from 1° to 3°) and high (from 3° to 5°) misorientations, respectively. (b4) Calculated
contributions of each strengthening mechanism. (bs) Distribution of grain boundaries and (bg) dislocation density at different true strains.
(b7) EBSD orientation map and the average longitudinal microhardness with standard deviation at 20% true strain. (bg) Fracture and
evolution of deformation structures: Orientation map of YOZ plane at the fracture. Layer-to-layer interfaces are marked with white lines.

vs. 401 MPa). Given that the composition of the DED-
processed 625 sample is similar to that of the hot-rolled
625 sample [36], the effect of solid solution strength-
ening on the yield strength is nearly identical. While
grain boundary strengthening contributes ~112 MPa,
this contribution is relatively modest compared to the
hot-rolled Inconel 625 samples with smaller grain sizes
[36]. Thus, it can be concluded that dislocation strength-
ening is the primary factor driving the superior strength
performance of the near-equiaxed grain sample.

To explore the underlying mechanisms responsible
for the superior work hardening and tensile ductility of
the near-equiaxed samples, the dynamic evolutions of
microhardness and deformation substructures at differ-
ent strains with EBSD and TEM were investigated care-
fully. Prior to tensile loading, the microhardness along
the building direction (Figure 3(b;)) does not exhibit sig-
nificant changes at the layer interfaces, maintaining an

average hardness of ~240+7 HVj,. Even when the
sample is deformed to 20% (Figure 3(b7)), though the
average hardness is significantly promoted to ~ 335 424
HV due to the strong strain hardening, the fluctuations
of the hardness at various locations are still quite similar
to those in the undeformed sample. No drastic changes
on the hardness around the interface are detected. As
shown in Figure 3(bg), the orientation map of the frac-
ture surfaces reveals similar structural features, indicat-
ing that the fracture occurs within the grain, consistent
with a typical transgranular fracture mode. Furthermore,
at the strain of ~57%, the printing layer should the-
oretically elongated to approximately ~4 mm, which
aligns well with the measured distance between the frac-
ture surfaces and the layer interfaces (~2.03 and ~2.42
mm). This confirms that fracture occurred in the mid-
dle of the intralayer (a more detailed analysis is available
in the Supplementary materials). This indicates that the



microstructural differences in the grains at these inter-
faces do not adversely affect the mechanical properties.
These results indicate that the introduction of interface
by the printing path switching during DED-Arc does not
induce localized plastic deformation detrimental to the
sustained work hardening capabilities.

Considering the deformation mechanisms, Inconel
625 alloy exhibits intricate dislocation evolutions dur-
ing tensile testing. Before loading, pre-existing disloca-
tion structures arises due to thermal distortions during
printing influenced by melt pool constraints and ther-
mal cycling [37-39]. This results in a higher initial dis-
location density compared to conventionally manufac-
tured materials [37-39]. In stage A (initial deformation,
true strain below 8%, Figure 3(a;)), high-density dislo-
cation walls (HDDWs) dominate the microstructure in
the strained sample (Figure 3(b,)), a characteristic of low
SEE alloy [16-19]. With increasing strain (8-25% true
strain at the secondary strain hardening stage), dislo-
cation activity intensifies on conjugate 111 slip planes,
leading to the formation of Lomer-Cottrell (L-C) locks at
slip band intersections. TEM analysis on the microstruc-
ture at the secondary strain hardening stage indicates that
the microstructural features are dominated by the dense
planar dislocation structures containing high densities of
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L-C locks and intensive HDDW:s on various 111 planes.
These can act as effective dislocation barriers, signifi-
cantly increasing internal stress and thereby enhancing
strain hardening, corresponding to the work harden-
ing rising (stage B) seen in Figure 3(a;). Figure 3(b3)
shows that with increasing tensile strain, enhanced KAM
values are frequently observed along slip bands, corre-
sponding to the HDDW structures identified in TEM
[16]. Figure 3(bs) further displays that high density of
low-angle grain boundaries appear with medium strains,
which indicates the formation of high density HDDWs.
As shown in Figure 3(bs), the defect density (the detailed
calculations are provided in the Supplementary materi-
als) increases by ~ 6 times in the strain range of 0-20%.
The rapid accumulation of dislocation density may lead
to a slight decrease in ductility and a significant increase
in strength. Notably, even at strains approaching 43%
(Figure 3(bz)), the Inconel 625 alloy does not exhibit
significant deformation twinning. Instead, the combined
use of TEM and EBSD analysis reveals that deformation
in the current near-equiaxed samples is primarily con-
trolled by dislocation slip, with single slip mechanisms
dominating in the initial stages of tensile deformation. As
strain reaches 20%, planar dislocation substructures fur-
ther develop on conjugate 111 slip planes, resulting in a
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Figure 4. (a) Tensile curves along the deposition direction. (b) Yield stress, ultimate tensile stress and elongation comparison of DED-Arc
and as-cast Inconel 625 at different temperatures. (c) SEM images for fracture surface.
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complex network characterized by numerous planar dis-
location layers and intense Lomer-Cottrel (L-C) locked
dislocation substructures. These L-C locks serve as effec-
tive dislocation barriers, significantly elevating the inter-
nal stress levels within the deformed material. Overall,
the high strength and superior strain hardening capabili-
ties of the DED-produced near-equiaxed sample primar-
ily stems from its pronounced dislocation strengthening
effect, complemented by grain boundary strengthening
and solid solution strengthening. Additionally, the excel-
lent bonding at interlayer interfaces ensures the overall
structural stability and sustains mechanical performance
of the material during tensile testing.

3.3. Mechanical response at elevated temperatures

To investigate the mechanical response of the near-
equiaxed Inconel 625 sample at elevated temperatures,
Figure 4(a) presents the engineering stress—strain curves
of the samples under different temperatures, while
Figure 4(b) further reveals the dependence of yield
strength, ultimate strength, and elongation on tempera-
ture, comparing these results with the mechanical prop-
erties of cast Inconel 625. In terms of strength, the near-
equiaxed Inconel 625 samples exhibit significantly higher
values compared to the cast samples. In what concerns
ductility, at temperatures below 700 °C, the elongation of
the near-equiaxed Inconel 625 is higher than that of cast-
ing samples; however, at temperatures above 700 °C, the
elongation is slightly lower. Figure 4(c) shows the frac-
ture morphology after high-temperature tensile testing.
At a testing temperature of 600 °C, the fracture mor-
phology exhibits typical trans-granular ductile fracture
features, with shallow dimples spread across the fracture
surface, indicating a ductile fracture mode [3]. However,
as the testing temperature increases to 750 and 800 °C, the
crack propagation mode changes significantly, shifting
to intergranular fracture with the appearance of brittle
facets, indicating that the material gradually loses its duc-
tility. When the temperature further rises to 850 °C, the
fracture surface becomes more complex, with numer-
ous uneven dimples coexisting with a few brittle fracture
areas, suggesting a mixed fracture mode of both duc-
tile and brittle characteristics under these conditions.
The fracture mechanism affecting the mechanical perfor-
mance at high temperatures will be further investigated in
future work.

4. Conclusions

This work highlights the influence of printing path
switching on the transition from coarse columnar grains
to near-equiaxed grains and its effect on the mechanical

properties. Under high LED, 90° printing path switch-
ing promotes the formation of a near-equiaxed grain
microstructure. EBSD and TEM analysis are combined
to reveal that the tensile deformation is accommo-
dated through a complex dislocation evolution pro-
cess, involving planar dislocation glide, the formation
of high-density dislocation walls, and the emergence
of locking-clamping’ dislocation structures. The syner-
gistic effects of these mechanisms significantly enhance
the strain-hardening capacity of the material, contribut-
ing to its excellent ductility. Additionally, the pres-
ence of fine grains at the layer interfaces contributes
to enhanced mechanical properties at these regions,
further dispelling concerns regarding any detrimental
effects of layer interfaces on the mechanical proper-
ties. Furthermore, the DED-Arc Inconel 625 alloy with
a near-equiaxed grain microstructure exhibits superior
mechanical performance at both room and evaluated
temperatures, reinforcing its potential for superalloy
manufacturing.
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