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Effects of LPBF printing parameters
on the columnar-to-equiaxed grain
transition in FeCoCrNiMn alloys

Zhipeng Zhou?, Ketai He'™, Qi Liu?, Guoxuan Ming?, Yangwei Du?, Yongyong Gan?,
Chaofang Dong3 & Bailin Fan?!

In this research, laser powder bed fusion (LPBF) technology was utilized to fabricate FeCoCrNiMn high-
entropy alloys (HEAs). An integrated approach combining simulation and experimental research was
employed to investigate the influence of process parameters on the columnar-to-equiaxed transition
(CET) within the molten pool during the LPBF process. Initially, a finite element model was developed
to simulate the multi-layer LPBF printing process. This study delved into the effects of various printing
parameters, namely laser power, scanning speed, and hatch spacing, on the solidification parameters.
Experimental characterization was conducted to provide specific solidification model parameters,
thereby validating the accuracy and reasonability of the simulation model. The research systematically
and quantitatively constructed a solidification map, which correlates LPBF printing parameters with
temperature gradient and solidification rate. This map unveiled a potential relationship between

the LPBF solidification parameters and the microstructural morphology of the HEAs. Ultimately,
mechanical property tests were performed, confirming that adjustments to the parameters could
facilitate the CET to a certain extent, leading to an effective enhancement in the microhardness of

the HEAs produced using LPBF technology. This study systematically investigated the LPBF printing
of HEA, fine-tuned process parameters to control microstructure, and studied the effects on printed
parts. This provides a valuable foundation for optimizing LPBF printing HEAs.

Keywords Laser powder bed fusion, High-entropy alloy, Microstructure, Columnar to equiaxed transition,
Numerical simulation

Abbreviations

LPBF Laser powder bed fusion

HEAs High-entropy alloys

CET Columnar-to-equiaxed transition
FCC Face-centered cubic

AM Additive manufacturing

LMD Laser metal deposition

uv Ultrasonic vibration

DED Directed energy deposition
XRD X-ray diffraction

EBSD Electron backscatter diffraction
oM Optical microscopy

SEM Scanning electron microscopy
EDS Energy dispersive spectroscopy
LED(E)  Laser energy density

BD Building direction

SD Scanning direction

TD Transverse direction

List of symbols

G Temperature gradient

R Solid-liquid interface cooling rate
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Cooling rate

Laser power

Scanning speed

Hatch spacing

Layer thickness

Temperature gradient in the X

Temperature gradient in the Y

Temperature gradient in the Z

The volume fraction of equiaxed grains

The critical minimum of temperature gradient
max  Ihe critical maximum of temperature gradient
Tn The nucleation undercooling

NO The nucleation density (2 x 10'°)

a&n Relevant parameters (1.25 x 10, 3.4)

ATc The undercooling at the dendrite tip
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o The yield strength enhanced by grain boundaries
0,&k  The constants associated with the microstructure
D The grain size

High-entropy alloys (HEAs), a novel material class with broad application potential, exhibit exceptional
properties such as ultra-high hardness?, corrosion resistance?, and mechanical stability3, arising from their multi-
element composition. In 2004, Cantor pioneered an equiatomic FeCoCrNiMn HEA with a face-centered cubic
(FCC) structure. This alloy demonstrates remarkable improvements in ductility and tensile strength at lower
temperatures, positioning it as a promising candidate for extreme environments like aerospace. Optimizing
fabrication methods for HEAs can further amplify their advantages. Early studies employed conventional
techniques such as casting®, but these methods introduce challenges like severe elemental segregation and
coarse grains due to high thermal gradients, compromising mechanical performance. Additionally, traditional
approaches lag behind metal additive manufacturing (AM) technologies in cost and efficiency™>®. Laser powder
bed fusion (LPBF), a prominent AM technique, streamlines component processing while leveraging rapid
cooling rates”® to suppress elemental segregation and second-phase formation. LPBF-produced components
exhibit microstructures enriched with dislocation networks, nano-twins, and lattice distortions, yielding
superior mechanical properties compared to conventionally manufactured counterparts’.

Research on LPBF has become one of the popular directions in AM today, with the columnar-to-equiaxed
transition being a commonly observed phenomenon in the AM of metallic materials'’. The mechanical
properties of columnar grain structures display anisotropy, allowing for the enhancement of creep resistance!!,
albeit with the consequence of heightened crack propagation tendencies. In contrast, the equiaxed grain
structure can enhance the strength of the surface area of manufactured components, effectively curbing crack
propagation, and consequently mitigating the adverse impacts of anisotropy on mechanical properties in the
context of additive manufacturing'?.There are three primary strategies or methods to study CET: adjusting
process parameters to control solidification parameters and the proportion of equiaxed grains'?; introducing
nucleating agents to promote heterogeneous nucleation and facilitate grain refinement!*; and employing
external forces, such as applied magnetic fields or ultrasonic vibrations, to inhibit grain growth and achieve
grain refinement!'>16. Fu et al.!” utilized laser metal deposition (LMD) technology to fabricate Ti6Al4V alloys,
adding TiB2 particles at different weight ratios as nucleating agents to promote CET. Through experimental
characterization, they established a correlation between the TiB2 particle content and grain size. Wang et al.'®
employed ultrasonic vibration (UV) assisted directed energy deposition (DED) techniques, investigating the
promotion of CET by vibration and establishing the relationship between high-intensity ultrasonic vibration
and the epitaxial growth trend of grains, resulting in finer equiaxed grains. Numerous studies have shown
that while the addition of nucleating agents or the application of external forces can promote CET to some
extent, they cannot control the direction of the CET. However, there is currently little systematic research on the
transformation of LPBF technology into CET. By studying CET through other additive manufacturing methods,
adjusting process parameters and controlling solidification parameters can effectively regulate microstructural
characteristics. Jin et al.! utilized DED to fabricate FeCoCrNiMn HEA, investigating the effects of laser
power and laser speed on the CET, summarized the impact of the DED processes on the molten pool size,
microstructure, and mechanical properties. This means that, similar to DED and other AM technologies, the
growth conditions of the microstructure during the LPBF process hinge on solidification parameters, notably
the temperature gradient (G) and the solid-liquid interface cooling rate (R). By choosing suitable methods and
strategies to control solidification parameters, an optimal distribution of equiaxed or columnar grain structures
can be achieved. However, due to the complexity of the LPBF forming process and the requirement for high-
end hardware equipment, in-situ observation during the formation of HEAs is challenging. Consequently,
the immense computational load and intricate parameter settings involved in simulations pose significant
obstacles?. As a result, there is currently a lack of research related to the temperature field and molten pool scale
in LPBE, and the methods for obtaining solidification parameters from the temperature field within the molten
pool are relatively limited.

This study utilizes experimental results to supplement the parameters in the solidification model, and
theoretical calculations of the solidification parameters G and R were completed within the finite element
model. Therefore, FeCoCrNiMn HEA parts were manufactured by LPBF technique under a set of processing
parameters, and the microstructural morphology of multi-layer, multi-bead components was observed
experimentally. The intrinsic correlation between G, R and the solidification microstructure was discussed by
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Fig. 1. Print sample characterization process.

Composition | Fe Co | Cr Ni Mn
Percentage 20.02 | Bal | 18.32 | 20.69 | 18.93

Table 1. Chemical composition of FeCoCrNiMn high-entropy alloy powder (at.%).

integrating experimental observations with simulations, ultimately leading to the identification of a combination
of printing parameters that yielded higher microhardness values. This research quantitatively explored the
relationship between LPBF printing parameters and CET, providing insights for the study of mechanisms related
to microstructural formation and mechanical property enhancement. Additionally, it offers more cases for
achieving ideal microstructures and high-performance HEA components through LPBF technology in additive
manufacturing.

Experimental design and materials

Experimental design

To investigate the influence of the LPBF process on CET, a series of characterizations were conducted on the
powders and formed HEA printed samples, with the experimental workflow illustrated in Fig. 1. First, X-ray
diffraction (XRD) analysis was performed on the processed samples to confirm that the samples belong to a
single-phase FCC structure. The XRD results were then used for electron backscatter diffraction (EBSD)
characterization to study the anisotropy of the samples, allowing for the determination of grain size and grain
orientation. Subsequently, optical microscopy (OM) and scanning electron microscopy (SEM) were employed
to observe the microstructure of the molten pool after corrosion, examining the distribution of columnar and
equiaxed grains within the molten pool. Energy-dispersive X-ray spectroscopy (EDS) was utilized to verify the
potential of elemental segregation during the forming process. Finally, a micro-Vickers hardness tester was used
to obtain the microhardness of the samples under different processing.

Materials and printing

The gas-atomized FeCoCrNiMn HEA powders were used as the experimental materials, which were provided by
Jiangsu Wilory Advanced Materials Technology Company Limited, China. The phase composition and micro-
morphology of the powders were characterized using X-ray diffraction (XRD, Ultima IV, scanning angle 20-
100°, scanning speed 10°/min, 40 kV, 40 mA) and scanning electron microscopy (SEM, Zeiss Supra55, 15 kV,
100 pA, magnification 12x-10kx).

The elemental composition of the raw powder is summarized in Table 1, and the SEM image of the powder
is shown in Fig. 2a, where the FeCoCrNiMn high-entropy alloy powder exhibits a spherical or near-spherical
shape with a small amount of satellite particles. As depicted in Fig. 2b, the powder particle size follows a normal
distribution between 15 and 70 pm, with an average particle size of approximately 35 pm.

The EP-M100T equipment from Beijing Eplus 3D Technology was used as the primary LPBF forming system,
with nitrogen gas serving as the protective atmosphere (with oxygen content controlled below 100 ppm to
prevent oxidation) for printing FeCoCrNiMn high-entropy alloy components. During the forming process, the
input of laser energy density (LED) from the printing equipment influences the melting state of the powder and
determines the micro-morphology of the samples. The laser energy density is defined as the laser energy applied
to the powder per unit time, as represented by Eq. (1):

E=P/(v-h-d) (1)
where, E represents the laser energy density, P is the laser power, v is the scanning speed, h is the hatch spacing,

and d denotes the layer thickness, they determine the amount of laser energy absorbed by the powder per unit
time.
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Fig. 2. (a) SEM image and (b) the particle size distribution of the FeCoCrNiMn HEA powders.

Substrate temperature: 80 °C, Powder layer: 0.025 mm
Printing parameters | Number | P(W) | v(mm/s) | h(mm) | E(J/mm?)
Control group o 150 1000 0.08 75.0
Gl 110 1000 0.08 55.0
Power group
G2 190 1000 0.08 95.0
S1 150 600 0.08 125.0
Speed group
S2 150 1400 0.08 53.6
J1 150 1000 0.04 150
Hatch group
]2 150 1000 0.12 50.0

Table 2. Experimental design of printing parameters.
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Fig. 3. The schematic diagram of the LPBF process, (a) interlayer rotation scanning strategy, (b) the thin film
sample.

Based on the previous research of our experimental team, the approximate range of experimental parameters
was determined with a laser power of 120-180 W, a scanning speed of 800-1200 mm/s, and a hatch spacing of
0.08 mm, while ensuring a density of 99.5%. The experiment was optimized based on previous research results to
ensure that the microstructure has significant and observable differences. Keeping the laser spot diameter constant
at 82 pm, the experiments were designed as outlined in Table 2 to investigate the influence of printing parameters
on the quality of LPBF-fabricated parts. The design is illustrated in Fig. 3, where 10 mm x 10 mm x 10 mm cubic
samples were fabricated on a 20 mm thick AISI 1045 steel substrate.

Finite element modeling

A time-space numerical simulation of the temperature field for LPBF-formed FeCoCrNiMn high-entropy
alloys was conducted, considering thermal convection, thermal cycling, and thermal conduction as boundary
conditions?!, establishing a three-dimensional nonlinear transient heat transfer model. Use COMSOL software to
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establish a model for simulation, and use a Gaussian model for the heat source. At the same time, the hexahedral
mesh of the formed modeling model is refined to varying degrees. Ultra fine swept mesh is used in the powder
forming layer, and coarse swept mesh is used in the substrate heat transfer layer to simplify the calculation. The
LPBF printing model is illustrated in Fig. 3a, with the substrate dimensions set at 0.1 mmx 0.1 mmx0.1 mm
and the printing area of the square sample measuring 0.08 mm x 0.08 mm. The layer thickness was controlled at
0.025 mm, and a 67° laser rotation printing strategy was employed. Other parameters were adjusted according
to the actual printing parameters. The model was used to obtain the temperature variations at each output time
step during the printing process, from which G and R were extracted and calculated.

Material characterization and statistics

As shown in Fig. 3b, The formed components were sectioned into 2 mm thick slices along the building direction
(BD), scanning direction (SD), and transverse direction (TD) to prepare metallographic samples. After mounted,
ground and polished, an etching solution was prepared (FeCl3: HCI: water =1 g:10 ml:20 ml) to facilitate surface
etching for 3-5s. The microstructure of the formed component slices was characterized using XRD, SEM, EDS
(Ultim Max 65), OM (OLYMPUS GX53), and EBSD. Microhardness testing (Qness 10/60 M, HV 0.05) was
performed on the etched slices, with indents arranged in a T-shape pattern on the same sample. A total of 15
points were measured across three positions, and the average of the data was taken to obtain the hardness results.

According to the research results of Zhong et al.??, the interlayer rotation scanning strategy can effectively
improve the printing condition and grain morphology. This study initially explored the printing of parts with
rotation angles of 0° and 90°. Similar to previous research, the parts have experienced defects such as varying
degrees of warping and deformation. The frequency of defect occurrence decreases with the increase of rotation
angle within a certain range, and the stress continuously decreases with the increase of angle. In addition,
according to the recommendations of multiple device manufacturers, a 67° interlayer rotation scanning strategy
is adopted. This will achieve uniform stress distribution in LPBF formed parts?*, while the XOZ or YOZ plane
theory does not have forming anisotropy, which will help improve mechanical properties.

However, due to the limitation of the observation window, it is not feasible to statistically measure the size
of multi-layer molten pools. Assuming that all molten pool dimensions remain constant under ideal conditions
during the LPBF process, the ideal variance of the molten pool dimensions for continuous layers 3-16 was
analyzed, with the results shown in Fig. 4. The variance was indicated in the line chart, and the variance for 8
layers sample being the smallest. Considering the rationality of the sampling and the practical workload involved
in measurement, the average width of the molten pool dimensions for the continuous 8 layers was calculated
and recorded.

Results and discussion

Microscopic characterization of LPBF

The XRD patterns of LPBF multi-layer and multi-track formed components at different cross-sections are shown
in Fig. 5a. The EBSD results displayed in the side section are similar to Jin et al.'s study'?, showing anisotropy in
the printing directions of BD and SD. Compared to the powder, the 2 Theta angles of all XRD samples remained
unchanged, confirming the FCC structure, consistent with the findings of Liu et al.>. In the control group O,
the peak widths and intensities in the TD and BD of the <111> plane showed slight differences, indicating that
the solidification process is directional, where grains develop selective orientations during growth, resulting in
characterization differences in the formed components in different directions?>.

The intensity of the <111> and <200> planes in groups G2, S1, TD & BD of the control group O exhibited
significant differences compared to the original powder, with a relatively stronger <200> texture suggesting that
grain orientation is more biased towards <100>, which becomes the primary growth direction for the grains. The
shape of the molten pool is closely related to the VED; higher VED combinations tend to accumulate more heat
in the center of the molten pool. Additionally, the Marangoni thermal flow effect also impacts the solidification
process®®, resulting in differences in grain size and orientation at the micro-scale, ultimately leading to noticeable
changes in intensity of XRD samples at certain angles.
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Fig. 4. Continuous molten pool counts statistics.
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Fig. 5. (a) XRD patterns of the FeCoCrNiMn powders and the single-track LPBF HEA part, EBSD images
pole figure (IPF) and grain size of LPBF printed samples: (b1) G1 (XOZ plane), (b2) G2 (XOZ plane), (c1)
S1 (XOZ plane), (c2) S2 (XOZ plane), (d1) J1 (XOZ plane), (d2) J2 (XOZ plane), (el) O (XOZ plane), (e2) O
(XOY plane).

XRD can quickly characterize the phase information of sample cross-sections under different processing
parameters, including crystal structure. However, the information regarding grain characteristics remains
incomplete. Utilizing the results obtained from XRD for EBSD characterization can further visualize and
quantitatively analyze the microstructure of the samples, allowing for a deeper exploration of the impact of
increased VED due to processing parameters on grain size and orientation arrangement.

The EBSD data of the LPBF-formed cross-sections were processed, resulting in orientation maps and grain
size distribution maps for the components under different forming parameters on the XOZ plane, as shown in
Fig. 5b—e. During the forming process, the interlayer printing was rotated by 67°, so there was no significant
difference in the microstructure between the XOZ plane and the YOZ plane. Each orientation map in the XOZ
direction displayed variously shaped lamellar structures, where columnar grains extended through the molten
pool boundaries and grew in a direction perpendicular to the molten pool boundary, which is parallel to the
temperature gradient of the molten pool. Furthermore, the rotation of the interlayer scanning direction hindered
the crossing growth of the columnar grains, causing their growth direction to change due to the melting of the
powder in the subsequent layer?.
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Statistical analysis of the grain size revealed that printed parameter combinations with lower VED favored
the formation of smaller grains. This effect was particularly evident in the comparison of the speed group, where
the scanning speed increased from 600 to 1600 mm/s, resulting in a reduction of the grain size distribution
from 0-140 to 0-60 pm, significantly increasing the proportion of equiaxed grains. The grain size distribution
range for groups J1 and the control group O did not change. However, the distribution range of grain sizes was
more dispersed in the J1 group due to the closer scanning distance, which led to multiple occurrences of in-
layer remelting, thus providing equal opportunities for each grain to grow larger. Additionally, no significant
differences were observed in the grain size distribution between the XOZ and XOY of the control group O.

The pole figures and inverse pole figures of the EBSD data for samples with different LPBF printing parameters
are shown in Fig. 6. It is evident that printed parameter combinations with higher VED tend to cause preferential
grain orientation distribution, corroborating the results obtained from XRD characterization. In Fig. 6b, both
the pole figures for G1 and G2 display textured structures. According to the inverse pole figure, G2 exhibits
a more pronounced preferential orientation than G1, which is not along the <001> direction. Combining
the observations from Fig. 6b2 and a, it is inferred that under this parameter, the main growth direction of
the columnar grains is oriented diagonally from the molten pool boundary toward the center of the molten
pool, with the thermal gradient direction not being completely parallel to the BD. This ultimately results in the
preferential growth orientation of the grains not aligning with the <001> direction.

In Fig. 6bl, the S1 sample exhibits the maximum temperature gradient direction along the SD, where <001>
is the preferential orientation parallel to the SD direction. The cross-section of the J1 sample in Fig. 6c1 also
shows a textured structure, where the X1 direction, which is parallel to the BD, has <001> as its preferential
orientation. In contrast, the pole figures of S2 and J2 in Fig. 6b2,c2 do not exhibit any significant preferential
grain orientation distribution. According to Fig. 6d1,d2, the control group O shows <001> as the preferential
orientation parallel to the BD direction, indicating that during the solidification process, <001> is the preferred
growth direction of grains along the thermal gradient in the LPBF-formed high-entropy alloy.

The EBSD characterization across different groups shows variations, with a trend indicating that higher VED
combinations tend to produce larger columnar grains. Furthermore, these grains are more likely to develop
preferential orientations under the influence of thermal flux in various directions. By adjusting the printing
parameters for LPBF-formed HEAs, it was observed that higher scanning speeds and wider hatch spacings
facilitate the formation of uniformly distributed equiaxed grains, thereby reducing the anisotropy associated
with the printing process.

By characterizing the OM of the formed sample, the cross-section of the part was observed in order to prepare
for subsequent characterization experiments and obtain the melt pool size of the part under different forming
parameters. The relationship between process parameters and cooling rate can be preliminarily explored based
on the size of the melt pool. The side cross-sectional OM images of the high-entropy alloy components are shown
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Fig. 6. Pole figure and Inverse pole figure corresponding to different VED and phase of LPBF samples.
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in Fig. 7, consistent with previous research ﬁndingsZI, where Fig. 7al,a2,bl,b2,c1,c2,d corresponds to G1, G2,
$1, 82,71, J2 and the control group O. The OM images reveal the dimensions of the molten pool, demonstrating
that different printing parameters can influence the size of the molten pool to a certain extent. According to LED
Eq. (1), assuming other parameters remain constant, as the scanning speed increases, the laser energy density
absorbed by the powder per unit time decreases. Consequently, the laser energy diffuses more slowly in thermal
form, resulting in fewer metal powders absorbing sufficient energy to reach their melting point, which leads to a

—a— Hatch grope
—e— Speed group
—=&— DPower group
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Fig. 7. OM image of microstructure of high entropy alloy side section: (a-d) Each parameter combination.
and (e) average molten pool width
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smaller molten pool width. Moreover, the maximum temperature within the molten pool is significantly affected
by the laser energy density, which, in conjunction with changes in molten pool dimensions, ultimately causes
variations in the cooling rates. Similarly, when maintaining a constant laser energy density, variations in laser
power and hatch spacing also result in changes in molten pool sizes, leading to differences in cooling rates. Data
on the molten pool widths across eight consecutive layers were statistically analyzed, as illustrated as line chart
in Fig. 7e. Here, label 1 represents the first horizontal parameter of each group, label 3 corresponds to the second
parameter, while label 2 denotes the control group O. The results indicate that wider hatch spacing, lower laser
power, or higher scanning speeds lead to a significant reduction in molten pool sizes. In these cases, the cooling
rates during the solidification process are notably higher.

The distribution of grains within the molten pool was determined using SEM. The SEM images of the
FeCoCrNiMn grains formed using LPBF technology are shown in Fig. 8a, with the molten pool outline
indicated by white dashed lines. Notable laser scanned inter-layer overlaps were observed, revealing distinct
microstructural features across different regions within the molten pool. Figure 8b-d present typical SEM
images of grain morphologies, including columnar grains, a mixture of columnar and equiaxed grains, and
equiaxed grains.

The central region at the top of the melt pool has uniformly distributed equiaxed grains, which solidify in a
cellular dendritic growth mode with grain sizes ranging from 300 to 1000 nm. This grain structure is attributed
to the rapid solidification characteristic of the LPBF process, which limits excessive undercooling of the grains,
thus restricting their growth. In contrast, the bottom region of the molten pool primarily contains columnar

Fig. 8. SEM image of FeCoCrNiMn grain morphology formed by LPBEF: (a) cross sectional molten pool
characterization image, (b-d) equiaxed grains, mixed grains, and columnar grains, (e) EDS analysis.

Scientific Reports |

(2025) 15:21893 | https://doi.org/10.1038/s41598-025-06638-x nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

grains, which typically measure several tens of micrometers in length and 1-2 pym in width. Between the
columnar and equiaxed grains, a mixed region of columnar-equiaxed grains is observed. SEM cross-sectional
analysis reveals that the growth orientation of the columnar grains is parallel to the direction of the temperature
gradient, extending from the molten pool boundary toward the center of the pool. The direction of maximum
temperature gradient for some of the columnar crystals deviates from the build direction by a certain angle,
growing across the molten pool boundary. The growth of columnar grains within the molten pool cross-section
is not symmetrically distributed, it was reproduced in the temperature field simulation. Additionally, the
elemental composition distribution of the formed HEA parts was examined using EDS, as shown in the electron
image results in Fig. 8e. Compared to the proportion of each element in the powder, the five main elements in
the solidified state are evenly distributed, without significant elemental segregation due to the variations in grain
morphology?’.

The sample needs to be corroded to determine the melt pool. Using a micro-Vickers hardness tester to
measure the hardness of corroded samples reveals significant differences in hardness between HEAs samples
printed under different forming parameters. Although mild corrosion will increase the surface roughness of the
sample and slightly increase the hardness value, the overall impact trend on the hardness of samples undergoing
synchronous corrosion is relatively small. At the same time, the experiment used HV0.05, which is a pressure
of 50 g, to produce indentation. The minimum gap is maintained between the indentations to ensure that the
first indentation does not affect the second indentation. Collect data from 7 evenly distributed test points within
the same melt pool, calculate the hardness value of each sample group based on the indentation area observed
under the optical microscope, as shown in Fig. 9a, and calculate the average value. The results of each group are
shown in Fig. 9b. The hardness of the control group O was recorded at 257.8 HV, while the G1 and S2 groups
exhibited increased hardness values of 265.1 HV and 269.8 HV, respectively. These results indicate that reducing
the laser power and increasing the scanning speed can enhance the hardness of the HEA. Additionally, both
excessively high and low hatch spacings resulted in a noticeable decrease in hardness values. This trend suggests
that extreme hatch spacings negatively affected the solidification of the HEA, leading to reduced sample density.
Consequently, this reduction in density influenced the measurement of the indentation during the hardness test,
ultimately affecting the hardness results of the samples.

Simulation and solidification parameters

In the LPBF process, the transformation from columnar grains to equiaxed grains is closely related to the G
and R. During rapid solidification, G and R dominate the undercooling conditions, significantly influencing
the grain growth behavior. By employing finite element modeling, the values of G and V can be extracted and
calculated for individual molten pool sections during the LPBF fabrication of HEAs. The temperature gradient
G exhibits directional characteristics, as expressed in Eq. (2):

G=+/Gs+G,+G. (2)

where ¢ represents the gradient direction, and Gz, Gy, G are the components of the temperature gradient in
the X, Y, and Z directions, respectively. Additionally, the solidification rate R, cooling rate V, and temperature
gradient G are closely related, with their relationship expressed in Eq. (3):

R=V/G 3)

Using OM to characterize the actual size of the molten pool, the validity of the finite element thermal model
simulation results was verified. Based on the thermal model, an analysis of the thermal cycling process in
the molten pool was conducted using Control Group O as an example. Figure 10 simulates the three-layer
printing process of the high-entropy alloy FeCoCrNiMn using by LPBE. The molten pool experiences rapid
heating and cooling. During solidification, the accumulated heat in the molten pool causes a sharp increase
in local temperature within approximately 0.1 s. As the laser beam moves, the local temperature gradually
decreases. Once the temperature drops below the liquidus temperature of the material, solidification begins.
Figure 10a presents the temperature distribution in the XOZ plane of the finite element thermal model, which is
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Fig. 9. Micro Vickers hardness (HV) of LPBF printed samples:(a) test points with average distribution, (b)
different hardness values of different groups.
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Fig. 10. The three-layer LPBF printing process of the control group O: (a) Temperature distribution on the
XOZ plane of the finite element heat transfer model, (b) Temperature distribution curves in five directions, (c)
Thermal cycling curves at different nodes in the third direction, (d) R distribution map on the XOZ plane, (e)
G distribution map on the XOZ plane.

perpendicular to the direction of laser advancement. The distribution of the virtual line at the center of the cross-
section is asymmetric; the melted area, influenced by the laser, has accumulated a significant amount of heat and
exhibits a phenomenon of "preheating,” leading to a smaller temperature variation. In contrast, the unmelted
region remains unaffected, resulting in a greater temperature variation between the two regions. This indicates
that the temperature gradient distribution in the scanning area during solidification is uneven, which is further
corroborated by the SEM images showing that the temperature gradient is asymmetric across the cross-section.
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In Fig. 10a, the dashed line indicates the melted and unmelted regions of the third layer, the dotted-dashed
line represents the molten pool boundary, and the five dashed arrows indicate the points of laser action (the
center of the molten pool) directed towards the pool boundary in five directions. These are classified in sequential
order of the forming process as (i) 10°, (ii) 30°, (iii) 90°, (iv) 150°, and (v) 180°, with measurements taken 0.075
mm from the center of the molten pool. From the center of the molten pool to the previously formed lower
layer, the overall maximum temperature exhibits a radially decreasing trend, with temperature gradient changes
in each direction ranging from steep to gradual. The maximum temperature at the center of the molten pool
can reach up to 3600 °C, while the temperature at 0.3 mm from the center ranges between 2800 and 2600 °C In
contrast, the minimum temperature in the bottom region of the molten pool is only 1400 °C. The analysis results
confirmed by SEM characterization validate that the steep temperature distribution facilitates the formation of
columnar grains in the region near the bottom of the molten pool.

Figure 10b illustrates the temperature distribution curves along five directions extending from the center
of the molten pool to the pool boundary, showing a decreasing trend in temperature, with the rate of decrease
gradually increasing. Among these directions, the vertical direction relative to the substrate (iii90°) exhibits
the most significant temperature variation, as it has a deviation angle of 0° from the laser trajectory. Therefore,
Direction 3 was selected as the target for investigating the cooling rate. Along Direction 3, seven nodes were
selected, starting from the center of the molten pool. The distance to the first node is 0.05 mm, followed by an
interval of 0.1 mm to reach the next five nodes. Figure 10c displays the thermal cycling curves at different node
positions along Direction 3. As the laser moves along the scanning path, each node experiences three thermal
cycles, where the temperature rapidly rises from low to high and then quickly drops within a short time frame,
resulting in extremely high cooling rates. Additionally, because the temperature change is smaller, the cooling
rate gradually decreases as one moves further away from the laser-affected nodes.

The molten pool simulation results of the solidification rate R are shown in Fig. 10d. Consistent with the
research findings of Li et al.?8, although the printing method of HEAs is different, the pattern presented by the
melt pool is similar. The R is lowest at the molten pool boundary, while it is highest in the upper region of the
molten pool. The simulation model also extracts G, Gy, G+, and the G is calculated according to Eq. (2). The
simulation results are presented in Fig. 10e, illustrating the distribution of G values across the XOZ plane. It is
evident that the distribution of the temperature gradient is not uniform, with the right half of the cross-section
displaying darker colors compared to the left half. This disparity arises because the left half of the cross-section
has undergone a “preheating” process, resulting in a smoother temperature distribution from the laser-affected
area to the center of the molten pool, leading to a lower temperature gradient than that of the right half, which
has not experienced "preheating." Additionally, at the lower temperature region where the powder is located
close to the substrate, the G value is highest. Conversely, the G value is lowest in the upper powder layer where
the temperature is relatively high?.

Result and discussion

The temperature gradient G and the solidification rate R jointly influence the CET in additively manufactured
HEAs, ultimately determining the microstructural grain morphology. In the LPBF process of high-entropy
alloys, numerous process parameters significantly affect G and R. To elucidate the CET of the FeCoCrNiMn
high-entropy alloy during the LPBF process, the G and R of the solidified molten pool under different process
parameters are extracted through simulation, and a CET solidification diagram is established in conjunction
with experimental characterization results.

The solidification diagram is based on Hunt’s unidirectional steady-state solidification model. When the ¢
parameter exceeds a critical value, the CET transformation occurs. Specifically, when ¢ < 0.0066, it is assumed
that the solidification structure consists solely of columnar grains, with the critical minimum G described
by Eq. (4); conversely, when ¢ > 0.66, it is assumed that the solidification structure consists solely of equiaxed
grains, with the critical maximum Gmax defined by Eq. (5).

AT3
AT3
AT,
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Grmin < 0.617NZ (1 —

VAT, (4)

Gmax > 0.617(100No) # (1

)AT, (5)

According to the solidification model, it is assumed that all grains nucleate at the same critical undercooling
AT,. By integrating the growth velocity from the moment of nucleation until the columnar front reaches the
grain, the radius of equiaxed grains can be determined. Under steady-state conditions, as expressed in Eq. (6),
a relationship is established between the temperature gradient G, the volume fraction of equiaxed grains ¢, the
nucleation undercooling AT}, the nucleation density No, relevant parameters n&a of the alloy powder, and the
undercooling at the dendrite tip AT-..

- (L ol dm s _Art
= (5+1) 31 —g) 0 ATc(l AT ©

Due to the high temperature gradient during the LPBF process, the nucleation undercooling AT, is simplified
according to the optimized unidirectional steady-state solidification model by Gdumann, as expressed in Egs. (7)
and (8). The simplification of the model will result in a loss of some accuracy of the CET model, but within an
acceptable range.

The undercooling at the dendrite tip AT is then calculated using empirical formulas.
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AT, =0 7)
AT. = (a-R)"/™ (8)

At the same time, substituting Egs. (7) and (8) into Eq. (6) simplifies the relationship between G, R, and the
volume fraction of equiaxed grains (.

G"/R=a-({/—47No/3In(1 — ¢) - 1/n +1)" 9)

Using Eq. (3), the extracted values of G and R from the model were substituted. Based on the actual grain
morphologies obtained from the SEM images of the molten pool with different parameters, as compared in
Fig. 11, the fitted value of No was determined to be 2 x 10'° in this study?®.

By further simplifying Egs. (4) and (5) using Egs. (7) and (8), the critical temperature gradients for the
solidification structures to form only equiaxed grains and columnar grains are obtained.

Gmin < 0.617Ny"%(a- R)"/" 10)
Grmax > 0.617(100No)"3(a - R)*/™ an

In this context, a and n are alloy powder-related parameters, with Ny taken as 2 x 10'%, @ as 1.25x 10 and n as
3.4. Based on the parameter combinations in Table 1, simulations were conducted to obtain the distributions of
G and V within individual molten pools. During the data processing, the G and R values were extracted from five
different directions within the molten pool for each printing parameter. Considering the thermal influence of
the inter-layer overlap on the molten pool, the G and R values for direction iii 90° were retained. Using Eqs. (10)
and (11), two CET transformation curves were plotted: one representing the transition from columnar grains
to mixed grains and the other from mixed grains to equiaxed grains. The simulated G and R values for different
parameter combinations along direction iii 90° were connected, resulting in the final G-R solidification curve for
equiaxed grains and columnar grains, as shown in Fig. 11. This solidification diagram establishes the relationship
between G, R, and grain morphology during the LPBF processing of FeCoCrNiMn.

Unlike the CET model proposed by Li et al.?%, the simplification of the nucleation undercooling leads to the
two lines in the log-log coordinate system of Egs. (4) and (5) having constant and equal slopes in Fig. 12. This
results in a linear representation in the G-R solidification diagram, dividing the G-R plot into three regions:
equiaxed grain region, columnar grain region, and columnar-equiaxed mixed grain region.

Combining the simulation results obtained from Fig. 10d,e, it is observed that the bottom region of the
molten pool exhibits a higher G value and a lower R value, which is represented in the G-R solidification diagram
as predominantly columnar grains. Conversely, the top region of the molten pool shows a lower G value and
a higher R value, which manifests in the G-R solidification diagram as predominantly equiaxed grains. This
indicates that in the LPBF processing of high-entropy alloy components, a decrease in the temperature gradient
G and an increase in the cooling rate R within the molten pool region favor the transition of grain morphology
from columnar grains to equiaxed grains. The upper left corner in Fig. 12 represents the columnar crystal region
at the bottom of the melt pool, the lower right corner represents the equiaxed crystal region at the top of the
melt pool, and the area between the two black lines is the mixed crystal region in the middle of the melt pool.

The G-R solidification curve established from the simulation results predicts the influence of different
parameter combinations on the microstructure during the LPBF processing. From the solidification curve, it
can be inferred that during the LPBF printing of high-entropy alloys, columnar grains begin to grow first at the
bottom of the molten pool, followed by a mixed region of columnar and equiaxed grains in the middle of the
molten pool, and ultimately transitioning to equiaxed grains at the top of the molten pool. The predicted results
are in good agreement with the experimental findings observed through electron microscopy in Fig. 8, thereby
validating the rationality of the CET solidification curve.
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Fig. 11. Determination of the NO by fitting the measured volume fraction ¢ of the equiaxed grains in the LPBF
FeCoCrNiMn HEA.
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In this study, several parameters of laser energy density directly affected the differences in microstructural
morphology, which directly influence the CET. In the solidification curve shown in Fig. 12, the parameter
combinations in Table 1 were compared with the simulation results of the control group O based on the results
of SEM and OM. The power group G1 exhibited minimal variation compared to the control group O. As the
power increased, the G-R curve of G2 slightly shifted to the upper right. This indicates that a higher laser power
leads to an increase in G, which is unfavorable for the CET. However, as the temperature gradient rises, the
curve did not shift upward or to the left, suggesting that an increase in laser power also results in an increase
in solidification rate R. The combined changes in G and R jointly determine the curve’s movement toward the
upper right. The speed group shows significant differences compared to the control group O. Specifically, the
solidification curve for S1 shifted downward and to the left, and its overall length decreased by nearly half, with
the curve entirely falling within the mixed grain region. The decrease in scanning speed led to heat accumulation
in the molten pool and its surroundings, resulting in a shortened temperature gradient G for the S1 solidification
curve. Concurrently, the cooling rate also significantly decreased, leading to a reduced solidification rate for
the molten pool scale according to Eq. (3), which caused the S1 curve to shorten and shift downward. When
the laser scanned to the neighboring track of S, it caused re-melting in the already solidified region, resulting
in the re-melting of the solidified microstructure followed by a slow solidification process. For S2, the curve
shifted slightly to the right while its length decreased slightly compared to the control group O, indicating a
slight increase in the temperature gradient G within the molten pool as the scanning speed increased. According
to Eq. (11), the cooling rate significantly increased, and this change was more pronounced than that of the
temperature gradient, leading to a substantial increase in the solidification rate R, which caused the S2 curve to
shift to the right. This suggests that increasing the printing speed can facilitate the CET, which was validated by
the EBSD characterization results, showing that the grain size within the molten pool for S2 was finer compared
to the S1 group. The changes in the solidification curve for J1 were similar to those of the control group O, as
the heat accumulation within the printing range resulted in a reduction of the temperature gradient G on the
molten pool scale. However, since the printing speed did not decrease, the cooling rate did not significantly
decline, which meant that the J1 curve shortened less dramatically than the S1 curve, shifting downward and to
the right relative to the control group O’s solidification curve. In the case of ]2, although successful printing was
achieved under this parameter combination, the solidification curve for J2 shifted to the upper right compared
to the control group O. This phenomenon may be attributed to the poor overlap effect of the molten pools within
layers, leading to an increase in the temperature gradient. Given that the printing speed remained constant, the
solidification rate R decreased, resulting in the curve shifting to the upper left. Overall, the changes in the J1 and
J2 curves within the G-R solidification curve indicate that both excessively large and small scanning intervals
are detrimental to the CET.

og =00 +k/VD (12)

The solidification microstructure plays a crucial role in determining the performance of formed parts.
Investigating the CET formed during the LPBF process contributes to the fabrication of components with
adjustable microstructures and exceptional mechanical properties. The results of the microhardness tests
corroborate the conclusions of the CET study, indicating that appropriately lowering the laser power and
increasing the scanning speed can promote the CET. This transition effectively facilitates grain refinement, and
its strengthening mechanism can be explained using the Hall-Petch relationship (Eq. 12)*:

In this context, S represents the yield strength enhanced by grain boundaries, D denotes the grain size, S,
and k are constants associated with the microstructure. According to the Hall-Petch relationship, the average
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grain size significantly influences the yield strength of metallic materials. During hardness testing, a smaller grain
size at room temperature leads to a higher density of grain boundaries within a given volume, which effectively
inhibits dislocation movement. As the proportion of equiaxed grains increases and the grain structure becomes
finer, the hardness of the LPBF-printed samples improves correspondingly. This grain refinement contributes to
the enhanced mechanical properties of the materials produced through the LPBF process.

Limitations and future work

The study acknowledges certain limitations that warrant further consideration. The experimental scope was
constrained by a focused selection of laser processing parameters (power, scanning speed) and a limited number
of samples, which may restrict the generalizability of the observed CET trends across broader parameter
ranges or complex geometries. Additionally, the necessity of metallographic corrosion to delineate molten pool
boundaries introduced localized surface alterations, potentially influencing microhardness measurements near
these interfaces. While efforts were made to minimize such effects by conducting indentation tests away from
visibly corroded regions, subtle microstructural changes induced by etching could still introduce measurement
variability. These limitations highlight the need for future work to incorporate expanded parameter sets,
statistically robust sample sizes, and advanced characterization techniques (non-destructive 3D EBSD or in-situ
hardness mapping) to decouple process-induced artifacts from intrinsic material behavior.

Conclusions

This study investigates the effects of variations in laser power, scanning speed, and hatch spacing to the CET,
providing essential insights for the further development of LPBF additive manufacturing of HEAs. The main
conclusions are as follows:

1. A three-layer LPBF fabrication model for HEA was established, and the extracted solidification parameters
were consistent with the actual microstructural state of the grains. Notably, at lower temperatures near the
substrate, G was highest and R was lowest, which resulted columnar grains. In contrast, the powder layer
at the higher temperature region exhibited the lowest G and the highest R, corresponding to the equiaxed
grains. The central region of the molten pool displayed a mixed phase of columnar and equiaxed grains.
Additionally, due to the laser "preheating," both experimental and simulation results showed an asymmetric
condition in the molten pool’s XOZ cross-section, which affected the distribution of the temperature gradi-
ent.

2. The EBSD results indicate that an increase in laser energy density, caused by certain printing parameters,
tends to induce preferential orientation in the samples, leading to anisotropy. The existence of anisotropy
in the printed parts was discovered through XRD, and the grain distribution in the melt pool of the printed
parts was observed through OM and SEM characterization experiments. During the forming process, the
degree of grain epitaxial growth varies, and the growth direction is consistent with the thermal gradient
direction, especially in the <001> direction. The EBSD results indicate that an increase in laser energy den-
sity, caused by certain printing parameters, tends to induce preferential orientation in the samples, leading
to anisotropy. EBSD can also observe the distribution of equiaxed grains in the melt pool caused by higher
scanning speeds, which is beneficial for reducing the anisotropy of the sample and improving the mechanical
properties of HEA to a certain extent.

3. Combining the characterization with the simulation results, it is observed that appropriately increasing the
scanning speed and reducing the laser power during the solidification of the molten pool can effectively
enhance the cooling rate and reduce the temperature gradient, thereby promoting the CET to varying de-
grees. Conversely, increases or decreases in hatch spacing are detrimental to CET. The occurrence of CET
in LPBF-formed HEAs facilitates grain refinement, which in turn improves the hardness of the samples.
Compared to the control group’s microhardness tests, the experiments conducted in this study indicate that
increasing the scanning speed can raise the hardness by approximately 4.7%, and it can be enhanced by
11.8% when compared to the group with the lowest hardness due to the largest hatch spacing. The study of
micro-Vickers hardness can serve as a reference to guide the process parameters of LPBF forming HEAs, in
order to promote CET transformation and ultimately improve the hardness of the parts.

Data availability

The data that support the findings of this study are available from AVIATION INDUSTRY CORPORATION
OF CHINA, LTD. But restrictions apply to the availability of these data, which were used under license for the
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request and with the permission of AVIATION INDUSTRY CORPORATION OF CHINA, LTD. If correspond-
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availability section at the end of the manuscript.
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