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Abstract: To reduce costs, a cobalt-free FeMnCrNi-based HEA has been proposed. Further inves-
tigation into the mechanical properties of the Fe36Mn21Cr18Nil5Al10 alloy is essential to expand
its application potential. In this study, a cobalt-free Fe36Mn21Cr18Nil15A110 HEA was fabricated
using LMD, and the effects of HIP on its microstructure and mechanical properties were investigated.
Results indicated that the as-printed specimen exhibited a dual-phase structure consisting of BCC
and FCC phases, with the B2 phase dispersed as fine blocks. After HIP treatment, the content of
the FCC phase significantly increased, displaying a lamellar distribution between the BCC phases,
with secondary block-like B2 phases forming within the BCC matrix. The HIP process enhanced the
density of the high-entropy alloy to 98.2%, while the tensile strength at 25 °C increased to 903.9 MPa.
Additionally, the post-fracture elongation improved to 17.4%, thereby increasing the potential for
industrial applications of HEAs.

Keywords: laser metal deposition; high-entropy alloy; hot isostatic pressing

1. Introduction

The concept of high-entropy alloys (HEAs) was first introduced by materials scientist
Jien-Wei Yeh and colleagues in 2004 [1], sparking widespread research interest due to their
distinctive structural properties. Unlike conventional alloys, which are typically based on a
single principal element with minor additions of other elements to enhance performance,
high-entropy alloys deviate from this conventional approach. They consist of five or more
metallic elements in equiatomic or near-equiatomic ratios, with the molar fraction of each
element typically ranging from 5% to 35%. The intricate mixing of multiple elements
imparts high-entropy alloys with exceptional and well-balanced properties [2-5].

High-entropy alloys (HEAs) have attracted substantial research interest in their prepa-
ration and heat treatment processes. Research indicates that in AIxCoCrFeNi HEAs fab-
ricated via Directed Laser Fabrication (DLF), an increase in aluminum content results in
a transition from a dual-phase FCC + BCC to a single BCC phase [6-8]. Conversely, Fe-
CoCrNi HEAs, prepared using Selective Laser Melting (SLM), display a single-phase FCC
solid solution structure, possessing a yield strength of up to 600 MPa [9-11]. Following
SLM, Hot Isostatic Pressing (HIP) has demonstrated improvements in densification and
tensile strength in CoCrFeMnNi HEAs [12]. However, these studies often focus on Ni- and
Co-rich HEAs, incurring high costs. An increasing interest exists in the development of
cost-effective, Co-free HEAs, with several studies reporting unique structures and compo-
sitions exhibiting excellent mechanical properties [13-17]. However, research on Co-free
HEAs fabricated by Laser Metal Deposition (LMD) remains limited.

HIP, renowned for its pore reduction and material densification through high temper-
ature and pressure, has been extensively studied for its effects on metallic materials [18].
HIP has enhanced the intermediate-temperature ductility of nickel-based superalloys from
6.4% to 9.3% without compromising yield strength [19]. Furthermore, HIP has proven
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effective in mitigating microvoid formation in TiAl alloys, leading to enhanced mechan-
ical properties [20]. However, the effects of HIP on the microstructure and properties of
High-Entropy Alloys (HEAs), particularly phase composition and microstructural changes
post-HIP, remain underexplored.

Furthermore, due to the low ductility of many high-entropy alloys, tensile testing
exhibits a higher sensitivity to crack propagation, leading to the characterization of me-
chanical properties in many reports being derived from compressive performance [21-25].
However, tensile testing provides a more accurate reflection of the true mechanical behavior
of the alloy. It is essential to comprehensively understand the effects of HIP on microstruc-
ture and phase composition, as well as its influence on subsequent tensile properties and
strengthening mechanisms, in order to facilitate the further development of these novel
materials for structural applications.

This study centers on the Fe36Mn21Cr18NiAl10 high-entropy alloy system, developed
during the investigation of cobalt-free high-entropy alloys, and establishes a control group
subsequent to LMD and HIP. The objective of this research is to examine the effects of
HIP on the phase composition, microstructure, and mechanical properties of high-entropy
alloys, particularly regarding the relationship between variations in phase composition
and mechanical performance.

2. Materials and Methods

A high-entropy alloy powder with a nominal composition of Fe36Mn21Cr18NiAl10
was synthesized using a vacuum inert gas atomization technique. Each raw material
exhibited a purity greater than 99.9 wt%. Figure 1a,b depicts the microstructural morphol-
ogy of the powder. The majority of the powder is characterized by a regular spherical or
near-spherical shape, with a minor quantity of elongated particles present, as well as a few
satellite particles adhering to the surface. The microstructure of the powder is predomi-
nantly dendritic. Figure 1c illustrates the particle size distribution of the powder, which
predominantly falls within the range of 45~105 pm. The distribution is more concentrated
in the particle size range of 50~80 pm, with Dv(10), Dv(50), and Dv(90) values of 51.7 pm,
61.4 pm, and 86.5 um, respectively.

Figure 1d presents the XRD analysis results for the HEA powder. The phase compo-
sition of the HEA powder indicates a dual-phase structure consisting of BCC and FCC
phases. The XRD pattern exhibits a total of four diffraction peaks, with the peak corre-
sponding to the (110) crystal plane of the BCC phase being the most intense, located at
approximately 44°.

A KUKA KR60L30 (KUKA Robot GmbH, Augsburg, Bavaria, Germany) laser was
utilized to fabricate an HEA bulk sample measuring 40 mm x 40 mm x 20 mm on a GH4169
substrate (Shenyang Zhongke Yucheng Technology Co., Ltd., Shenyang, China) via the
LMD technique, under the following conditions: a laser power of 1600 W, a scanning speed
of 720 mm/min, a layer thickness of 0.3 mm, a spot diameter of 3.5 mm, and a scanning
distance of 3 mm. During the preparation process, the substrate was first preheated to
200 °C, with argon gas continuously supplied at a flow rate of 0.45 L/min to maintain
an inert gas atmosphere. Upon completion of the fabrication process, the sample was
subjected to air cooling. Figure 2 illustrates a schematic of the LMD printing process. The
samples underwent HIP treatment as outlined in Table 1, followed by cooling in a furnace.
As depicted in Figure 2d, the schematic diagram of the LMD process is provided. For each
printed layer, the scanning direction is rotated by 90°, and a cooling period of 3 min is
applied between layers. The post-printing specimen, shown in Figure 2e, exhibits no defects
such as unmelted regions, pores, or cracks, thereby indicating a high-quality formation.
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Figure 1. High-entropy alloy powder: (a) microstructural morphology; (b) enlarged view; (c) particle
size distribution of the powder; (d) XRD pattern.

Table 1. HIP Process Parameters.

Sample Temperature/°C Press/Mpa Time/h
HIP1 1100
HIP2 1150 150
HIP3 1200 2
HIP4 120
HIP5 1150 180

To mitigate the influence of the surface heat-affected zone, samples designated for
structural characterization, residual stress measurement, and mechanical performance
testing were extracted from the interior of the material. The samples comprised cubes
measuring 10 mm x 10 mm X 10 mm and plate tensile specimens with a gauge length
of 15 mm, a width of 2 mm, and a thickness of 2 mm. The samples were subsequently
polished sequentially using sandpaper with grits ranging from 80# to 5000# to attain a
smooth testing surface and then polished with a diamond polishing compound. The phase
structure of the samples was analyzed using a APD-10 (Leeman, Beijing, China) X-ray
diffraction (XRD) apparatus, employing a Cu-K«1 X-ray source (wavelength of 1.5406 A)
and scanning over a 20 range of 10° to 100° at a scanning rate of 2°/min. The powder
particle size distribution and specimen density were determined using Image-J (1.8.0).
Image-] was utilized to calculate the porosity fraction of cross-sectional areas at equidistant
intervals along the longitudinal axis of the printed specimens, under varying processing
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parameters. The average value of these measurements was then computed to determine
the overall porosity of the sample. A HITACHI SU5000 (Tokyo, Japan) scanning electron
microscope (SEM), equipped with an energy-dispersive spectrometer (EDS), was utilized to
examine the microstructure, fracture morphology, and elemental composition. Tensile tests
were performed at room temperature using an electronic universal testing machine and
at 300 °C with a high-temperature tensile testing machine, at a strain rate of 5 x 10™# s~ 1.
All tensile tests were repeated a minimum of three times to ensure the reliability of the
results. The powder particle size distribution and sample density were analyzed using
Image-J software.

Laser power:1600W
Velocity:720mm/min

thickness:
0.3mm

o~

Figure 2. Schematic of the LMD Printing Process: (a) CNC machine; (b) powder feeder; (c) laser head;
(d) LMD print; (e) as-printed specimen.

3. Results and Discussion
3.1. Phase Analysis

The XRD patterns of the specimens produced by LMD and HIP are presented in
Figure 3. The crystal structure of the as-printed specimens exhibits a dual-phase structure
composed of FCC and BCC phases, with the BCC phase further classified into BCC1 and
B2 phases, consistent with prior research findings [26-30]. The diffraction peaks for the
as-printed specimens primarily appear at 44.4° and 64.4°, with an additional (200)fcc
diffraction peak observed at 50.1° in comparison to the HEA powder. In contrast to the as-
printed specimens, the diffraction peaks for the HIPed specimens demonstrate a tendency
to shift to lower angles, with a pronounced peak at 44.4°, indicating an enhanced degree
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of grain orientation along the (110)bcc direction. Figure 3b presents an enlarged view of
the XRD pattern, indicating that, as the HIP temperature increases, the diffraction peaks
gradually shift to the right. This shift is attributed to the recrystallization of the HEA
samples resulting from increased thermal input, leading to lattice distortion under elevated
temperature and pressure, consequently resulting in a decrease in the lattice constant.
Conversely, varying the HIP pressure has a negligible effect on the phase composition.
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Figure 3. (a) XRD patterns; (b) enlarged patterns.

The type of solid solution phases present in an alloy can be predicted using the valence
electron concentration (VEC). Specifically, alloys with a VEC < 6.87 are more likely to form
a BCC phase [31]. Alloys with a VEC between 6.87 and 8.00 tend to exhibit a dual-phase
structure consisting of both FCC and BCC phases, while alloys with a VEC > 8.00 are more
likely to form an FCC phase [32-34]. The average VEC for the Fe36Mn21Cr18Nil5A110
high-entropy alloy was calculated using the following formula:

VEC =Y "¢ x VEC; (1)
where ¢; denotes the molar fraction of each element and VEC; represents the valence
electron count of that element. From this calculation, the VEC of this HEA was determined
to be approximately 7.23. Consequently, the XRD experimental results align with the phase
structure predicted by the VEC.

3.2. Structure Analysis

Figure 4 shows the density and microstructure of different HEA samples. The as-
printed specimen surface contained numerous irregularly distributed microcracks, pores,
and other defects, primarily due to splashing from the melt pool and residual gasses within
the melt. In comparison, the HIPed specimen displayed fewer pores, with significantly
reduced porosity. The density, calculated using Image-J software, for the HIPed specimens
was 96.7%, 98.2%, 97 4%, 96.2%, and 97.7%, respectively (the as-printed specimen’s density
was 93.4%), indicating that HIP significantly improves the specimen’s density.
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Figure 4. Density and the metallograph of cross-sections.

During the HIP process, the printed specimen is subjected to uniform triaxial pressure
at elevated temperatures, which facilitates the closure of pores under compression. When
the temperature reaches 1150 °C and the pressure reaches 150 MPa, the specimen achieves
the highest density, reaching 98.2%. Simultaneously, the average equivalent circle diameter
(AECD) of the pores decreases from 36.2 pm to 3.4 um. As the temperature continues to rise
to 1200 °C, the sample density slightly decreases, likely due to the onset of tissue stress from
excessive temperature, which impedes further pore closure. The pore analysis results of
the low-pressure sample (HIP4) indicate that pressure plays a significant role in enhancing
the sample density. Appropriate pressure promotes the compression of pores, microcracks,
and other voids within the material. When the pressure is increased to 180 MPa (HIP5), the
pores are effectively eliminated by the greater equiaxed pressure, resulting in an increase
in density to 97.7%. However, it is important to note that this conclusion is based on
metallographic images and calculations performed using Image-J software. Compared to
methods such as industrial CT scanning, this approach has certain limitations.

Figure 5 presents the microstructure of the as-printed and HIP2 specimens. The
SEM image in Figure 5a reveals the microstructure of the as-printed specimen, which ex-
hibits dendritic structures aligned along the build direction, showing pronounced epitaxial
growth characteristics. Bright, needle-like (lamellar) precipitates are irregularly distributed
near grain boundaries and within grains, while pores of varying sizes are uniformly dis-
persed at phase boundaries and within the phases. A few microcracks were also observed.
The magnified view of Figure 5a reveals fine, gray, blocky phases uniformly distributed in
the dark-field matrix. The SEM image in Figure 5b depicts the microstructure of the HIP2
specimen, where the post-HIP microstructure clearly displays alternating bright and dark
regions, with bright bands irregularly distributed within the dark matrix. The enlarged
view of Figure 5c reveals blocky precipitates within the dark regions. A comparison of
the HIP2 and as-printed images indicates that, after HIP, the pores and microcracks were
significantly reduced, the bright phase had grown under high temperature and pressure
and was diffusely distributed, while the fine blocky precipitates showed a decrease in
density and an increase in size, with some forming a “butterfly-like” distribution. Based on
the current research, it is preliminarily inferred that the bright phase corresponds to the
FCC phase, the dark phase to the BCC phase, and the blocky phase to the B2 phase [35-38].
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Figure 5. SEM of microstructures: (a) as-printed sample; (b) HIP2 sample; (c—f) HIP1, HIP3, HIP4,
and HIP5.

Figure 5c—f displays the microstructures of HIP1, HIP3, HIP4, and HIP5 specimens,
respectively. A comparison with Figure 5b indicates that the microstructural morphology of
HIPed specimens is similar under various HIP parameters. For HIP1, due to the relatively
low heat treatment temperature, microcracks were not fully closed. In contrast, HIP3
reveals the presence of impurities within the microstructure due to the higher thermal input.
Figure 5e,f demonstrates that pressure variations resulted in continuous transgranular pores
within the microstructure, with these defects appearing exclusively inside the B2 phase.

To assess the influence of HIP on the elemental distribution in HEAs, surface scans
by EDS were conducted on both the as-printed and HIP2 specimens, as illustrated in
Figures 6 and 7. During the LMD process, rapid cooling induced the preferential formation
of the BCC phase, which demonstrates superior stability at elevated temperatures due
to its comparatively lower free energy. HIP treatment facilitated the growth of the FCC
phase, resulting in a marked expansion of the FCC phase. Furthermore, the increased
temperature during HIP treatment facilitated the precipitation of an Al- and Ni-rich B2
phase (ordered BCC) resulting from elemental diffusion within the BCC matrix. Notably, the
Mn distribution remained relatively uniform in both the as-printed and HIPed specimens,
which aligns with prior studies [39-42].

10pm

Figure 6. Element distribution maps of as-printed sample analyzed by EDS. (a) BSE Image;
(b) Enlarged Image.
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Figure 7. Element distribution maps of HIP2 sample analyzed by EDS. (a) BSE Image;
(b) Enlarged Image.

Point scans by EDS were performed on different regions within the microstructure, and
the results are presented in Table 2. Based on the combined analysis of XRD and EDS results,
it was determined that the needle-like precipitates in the microstructure of the as-printed
specimen correspond to an Fe- and Ni-rich FCC phase. In the HIPed specimen, the bright
regions represent the FCC phase, which has grown from the needle-like precipitates, while
the dark regions correspond to an Fe- and Cr-rich BCC1 phase. The blocky precipitates were
identified as an Al- and Ni-rich B2 phase. Notably, the distribution of Mn was relatively
uniform across all phases.

Table 2. Element point scanning by EDS.

Region Composition/wt%

& Fe Cr Mn Ni Al
Sitel 36.78 14.58 22.78 17.22 8.65
Site2 29.63 17.49 18.77 17.88 16.23
Site3 44.67 25.46 20.51 4.33 5.03

3.3. Tensile Properties and Analysis of Fracture Morphology

Figure 8a presents representative engineering stress—strain curves for the tensile sam-
ples at room temperature. The tensile elongation (¢¢) is lower due to the presence of holes
and microcracks in the as-printed HEA samples; these defects serve as a source of cracks in
the tensile specimen, leading to premature fracture. In comparison to the as-printed HEA
samples, the HIPed samples exhibit higher ultimate strength (oyTs) and ¢, with oyrs reach-
ing 903.9 MPa and ¢¢ reaching 17.4%. This indicates that the HIP treatment has resulted
in the closure of holes and microcracks within the specimens and a denser microstructure.
A comparison of different HIP processes reveals that, as the HIP temperature increases,
¢¢ gradually increases while oytg gradually decreases. In contrast, variations in pressure
decrease both ¢; and oyrs.

Figure 8b presents representative engineering stress—strain curves for the tensile
samples at 300 °C. The trend of the tensile sample curves is similar to that observed at
room temperature; the oyrs of the HIPed HEA sample reaches 800.7 MPa, and the &¢
reaches 20.5%, representing a significant increase compared to the as-printed HEA sample.
However, due to the recovery of the cellular structure following the high-temperature
treatment, the dislocation density was reduced, resulting in a lower yield strength (oy)
compared to that of the as-printed HEA sample. Compared to room temperature, the
elongation of the specimens at 300 °C increased, while the oyrs decreased. The oy, oyrs,
and ¢ of the specimens produced by LMD and heated by HIP are presented in Table 3.
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Figure 8. Engineering stress—strain curves (a) 25 °C; (b) 300 °C.

Table 3. Tensile properties of alloys.

Tensile Properties (25 °C/300 °C)

Samples
O'Y/MPa O'UTslMPa Ef/o/o
as-printed 461.2/606.4 556.6/744.8 1.8/5.1
HIP1 440.5/587.6 881.5/800.7 12.9/16.8
HIP2 445.6/601.3 903.9/713.5 14.7/18.1
HIP3 441.2/588.6 899.4/706.2 17.4/20.5
HIP4 440.6/600.2 802.3/696.7 8.8/11.6
HIP5 435.1/595.5 789.2/700.8 11.5/14.9

Figure 9 illustrates the SEM morphology of the tensile fracture cross-section of the high-
entropy alloy. Figure 9a,b displays the tensile fracture morphology of the aforementioned
high-entropy alloy at room temperature following LMD and HIP treatment. A comparison re-
veals that the fracture region of the as-printed high-entropy alloy is relatively flat. Obvious
cleavage river patterns and cleavage steps are also observed, indicating that the primary
fracture mechanism of the material is cleavage fracture, manifested as transgranular frac-
ture. Inherent defects, such as pores and cracks, act as stress concentration sites. Under the
influence of tensile stress, these defects facilitate the rapid propagation of cracks, ultimately
leading to brittle fracture [43-49]. Following HIP treatment, the fracture mechanism evolves
to a coexistence of cleavage and tough fractures. Dimples are observed on the fracture
surface, in addition to the cleavage river patterns and cleavage steps, indicating that the
high-entropy alloy exhibits a certain degree of tensile plasticity after HIP treatment. During
the stretching process, the lattice within the material begins to slip, generating dislocations
and inducing localized deformation. These deformations result in relative displacement
between grains, which increases the deformation area and gradually raises the stress in
localized regions. As plastic deformation progresses, microcracks form at sites of high
internal stress, and their growth continues, ultimately leading to fracture [50-52].

Figure 9c,d displays the tensile fracture morphology of the aforementioned high-
entropy alloys following LMD and HIP treatment at 300 °C. A comparison indicates that the
fracture morphology of the as-printed high-entropy alloy exhibits cleavage river patterns,
cleavage steps, and features a small number of dimples, with brittle fracture being dominant.
The fracture mechanism is characterized by both cleavage and tough fractures; however,
microcracks are clearly observed at the fracture interface. The stress concentration caused
by these microcracks is the primary reason for the premature fracture of the as-printed
specimens, and the fracture morphology of the HIPed specimens resembles that of the
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as-printed specimens. The high-temperature fracture morphology of the HIPed specimen
differs significantly from that of the as-printed specimen. A large number of dimples are
observed on the fracture surface, with their size being finer than that observed at room
temperature. A small number of brittle fractures are also present, with an enlarged view of
these brittle fractures displayed in the upper right of Figure 9d. It is evident that hot isostatic
pressing mitigates microcracks within the material, alleviates internal stress concentration,
enhances the density of high-entropy alloys, and improves fracture toughness.

= mierocracks

Figure 9. Tensile fracture morphology: (a) as-printed sample at 25 °C; (b) HIPed sample at 25 °C;
(c) as-printed sample at 300 °C; (d) HIPed sample at 300 °C.

4. Conclusions

In conclusion, this paper employed various HIP process parameters to treat as-printed
high-entropy alloys, examining the effects of HIP parameters on the organization and
properties of the printed high-entropy alloys through characterization methods including
XRD, SEM, and EDS:

1.  The specimens in both the as-printed and HIPed states exhibit FCC and BCC/B2
phase structures. Compared to the as-printed specimens, HIP promotes the formation
of the BCC phase in HEAs and increases the proportion of the BCC/FCC phases. Ad-
ditionally, HIP effectively closes the pores, increasing the material’s density to 98.2%.

2. For as-printed specimens, bright, needle-like (lamellar) FCC phases are irregularly
distributed near grain boundaries and within grains, and uniformly distributed pores
of varying sizes exist at the phase boundaries and within the phases, along with a
limited number of microcrack defects. The BCC phase is uniformly distributed, with
tiny clumps of B2 phases present on the BCC phase substrate. The microstructure
of the HIPed specimens clearly showed a redistribution of two phases: the FCC
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phase is irregularly distributed between the BCC phase in the form of strips, while a
substantial B2 phase is present within the BCC phase, and there is a notable reduction
in defects such as porosity and microcracks.

3. Atroom temperature, as-printed samples experienced premature fracture due to stress
concentration caused by internal microcracks. In comparison to as-printed samples,
the HIPed samples exhibited higher oyrs and ¢, with oyrs reaching 903.9 MPa and
¢f reaching 17.4%. The tensile samples at 300 °C exhibit a similar trend, with the oyrs
of HIPed samples reaching 800.7 MPa and the ¢ reaching 20.5%. An increase in HIP
temperature results in a decrease in oyts and an increase in ¢¢, whereas an increase in
pressure leads to a reduction in both oyts and «;.

4. The fracture mechanism of as-printed HEA samples is characterized by microcrack-
induced cleavage fracture, while the fracture mechanism of HIP-treated samples
transitions to a coexistence of cleavage fracture and ductile fracture at room temper-
ature. At 300 °C, the fracture mechanism of as-printed HEA samples also exhibits
a coexistence of cleavage and ductile fractures, whereas the fracture mechanism of
HIPed samples evolves to primarily ductile fracture, with a limited number of brittle
fracture points.
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