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Abstract: Specimens of a medium-entropy Fe65(CoNi)25Cr9.5C0.5 (in at.%) alloy were produced using
additive manufacturing (selective laser melting, SLM). The selected parameters of SLM resulted in
a very high density in the specimens with a residual porosity of less than 0.5%. The structure and
mechanical behavior of the alloy were studied under tension at room and cryogenic temperatures.
The microstructure of the alloy produced by SLM comprised an elongated substructure, inside
which cells with a size of ~300 nm were observed. The as-produced alloy demonstrated high
yield strength and ultimate tensile strength (YS = 680 MPa; UTS = 1800 MPa) along with good
ductility (tensile elongation = 26%) at a cryogenic temperature (77 K) that was associated with the
development of transformation-induced plasticity (TRIP) effect. At room temperature, the TRIP effect
was less pronounced. Consequently, the alloy demonstrated lower strain hardening and a YS/UTS of
560/640 MPa. The deformation mechanisms of the alloy are discussed.

Keywords: medium-entropy alloy; selective laser melting; TRIP effect; martensite

1. Introduction

Some high- and medium-entropy alloys (HEAs and MEAs) with a face-centered cubic
(fcc) structure have a very good combination of strength and ductility at low temperatures.
Consequently, these materials can be considered as potential candidates for application
under cryogenic conditions [1–3]. At the same time, it is known that such alloys often
have low yield stresses. To overcome this problem, HEAs and MEAs can be alloyed with
interstitial elements such as C, N, etc. due to which both yield strength and strength-
ductility ratio were reported to improve considerably [4–9].

Besides, the outstanding properties of some HEAs and MEAs at room and cryogenic
temperatures can be associated with the activation of twinning-induced plasticity (TWIP)
and/or transformation-induced plasticity (TRIP) effects. For example, Bae et al. [10]
reported a cryogenic ultimate tensile strength of ~1.5 GPa and ductility of ~87% due to the
strain-induced fcc to body-centered cubic (bcc) phase transformation in a Fe60Co15Ni15Cr10
MEA. H. Huang et al. [11] used the “metastability” strategy to produce a composite-like
structure with alternating hexagonal close-packed (hcp) and mechanically unstable bcc
phases in the TaxHfZrTi HEAs. The phase transformation resulted in an intense strain
hardening effect due to the dynamic distribution of strain and stress between the bcc
and hcp phases and promoted plastic deformation within the grains, which effectively
suppressed early cracking and resulted in an outstanding combination of strength and
ductility. In an Fe65(CoNi)25Cr9.5C0.5 alloy, the development of the TRIP effect at cryogenic
temperatures resulted in very high strength (~2.1 GPa) and good ductility of ~26% [7].
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Unfortunately, many HEAs and MEAs often contain expensive components, which is
one of the reasons why they are still far from industrial applications despite their excellent
mechanical properties [10–18]. The most obvious way to reduce the cost of alloys is to de-
crease the fraction of more expensive elements (Ni, Co, etc.) by increasing the concentration
of less expensive species (e.g., Fe). A similar approach has been widely applied for a variety
of HEAs, and some of the proposed alloys demonstrated quite attractive properties [19,20].
For example, by adjusting the ratio of elements R. Wei et al. [12] obtained in an inexpensive
Fe-Mn-Ni-Cr system a combination of tensile strength of ~0.98 GPa and ductility of ~83%
at 77 K due to the joint contributions of the TRIP and TWIP effects.

In the last decades, additive manufacturing technologies have been increasingly used
to produce metallic components with complex geometric shapes. One of the attractive
additive manufacturing methods is selective laser melting (SLM), in which metal parts can
be sintered directly based on a 3D model, regardless the of shape complexity, and sometimes
without the need for tooling specific parts. Excellent characteristics can be achieved
using SLM technology in various metallic materials, including aluminum alloys [21,22],
martensitic steels [23], and HEAs [24–33]. More recently, it has been shown that the SLM
method has the potential to produce HEAs and MEAs with the TRIP/TWIP effect, which
would have properties superior to counterparts obtained by other more conventional
methods. Most of these studies were aimed at achieving a good combination of strength
and ductility using TRIP and TWIP effects in SLM-derived alloys [34–40].

Although significant progress has been made in the creation of HEA/MEAs using the
SLM method, limited research has been conducted on HEA/MEA with the TRIP/TWIP
effect. Most HEAs and MEAs formed by the SLM method do not have sufficiently good
combinations of strength and ductility, and many features of the structure and properties
of such alloys remain unexplored. An impressive ability to control the microstructure
and the combination of strength and ductility prompted us to explore the potential of a
medium-entropy alloy produced by SLM. Therefore, the aim of this investigation was to
study the possibility of manufacturing a medium-entropy TRIP alloy of the Fe-Co-Ni-Cr-C
system using the SLM method, with a reasonable balance of strength and ductility at
low temperatures.

2. Experimental

The powder for SLM was obtained by atomization of the vacuum induction melted
Fe65(CoNi)25Cr9.5C0.5 alloy using a US35 atomizer from ATO LAB. The rods (Ø10 mm)
were placed in a chamber that was purged with inert gas (argon). The obtained particles
of the alloy had a spherical shape with an average size of 35 µm (Figure 1a). The EDS
(Energy-dispersive X-ray spectroscopy detector installed at a FEI Quanta 600 scanning
electron microscope (SEM)) maps suggest a uniform distribution of the elements within
the particles.

SLM of the alloy was carried out in an argon atmosphere using a 3D printer DMP Flex
200 (3D Systems Inc., Rock Hill, SC, USA); a 316L steel plate was used as a substrate. The
flow rate of argon gas used as shielding gas was 5 L per minute. To improve the quality
of the workpieces, the direction of laser movement was changed by 67◦ during fusion of
each subsequent layer [41] (Figure 1b); it should be noted that each laser beam track was
declined 67◦ from the macroscopic scanning direction (SD). The distance between tracks
and the beam diameter were 50 µm and 70 µm, respectively.

The measured composition of the alloy (determined using optical emission spec-
troscopy or energy dispersive spectrometry (EDS); the percentages of C, O, and N were
determined by LECO thermal combustion analysis) is shown in Table 1.
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Figure 1. Morphology and EDS maps of Fe65(CoNi)25Cr9.5C0.5 powder (a) and schematic illustration 
of the scanning strategy (b). BD, SD, and TD indicate building direction, scanning direction, and 
transverse direction, respectively; it should be noted that each laser beam track was declined 67° 
from the macroscopic scanning direction. 
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The microstructure of the sintered samples was studied using an optical microscope 
(OM, Olympus GX71, Tokyo, Japan), a scanning electron microscope (SEM, Quanta 600 
FEG, Prague, Czech Republic) equipped with an electron backscatter diffraction (EBSD) 
detector, and a transmission electron microscope (TEM, JEOL JEM-2100, Tokyo, Japan). 
The TEM samples were first mechanically thinned to 100 µm and then subjected to 
conventional two-jet electropolishing in a mixture of 90% CH3COOH and 10% HClO4 at 
30 V at room temperature. X-ray diffraction (XRD) analysis was performed using an ARL-
X’tra Thermo Fisher Scientific (Thermo Fisher Scientific, Portland, OR, USA) 
diffractometer with Cu-Kα radiation. 

The specimens measured 100 × 25 × 25 mm3 for tensile tests were also produced using 
SLM. Tensile dog-bone-like flat specimens with a gage size of 16 × 3 × 1.5 mm3 were cut 
parallel to the TD (transverse direction) /SD plane (Figure 2). Tensile tests were performed 
at an initial strain rate of 10−3 s–1 at room and cryogenic temperatures using an Instron 5882 

Figure 1. Morphology and EDS maps of Fe65(CoNi)25Cr9.5C0.5 powder (a) and schematic illustration
of the scanning strategy (b). BD, SD, and TD indicate building direction, scanning direction, and
transverse direction, respectively; it should be noted that each laser beam track was declined 67◦

from the macroscopic scanning direction.

Table 1. Chemical composition of the as-produced alloy.

Composition Fe Co Ni Cr C O N

Nominal (at.%) 65 12.5 12.5 9.5 0.5 - -
Actual (at.%) 64.5 12.1 11.6 11.3 0.52 0.017 0.031
Actual (wt.%) 65.4 12.6 12.4 9.48 0.12 0.009 0.014

The microstructure of the sintered samples was studied using an optical microscope
(OM, Olympus GX71, Tokyo, Japan), a scanning electron microscope (SEM, Quanta 600 FEG,
Prague, Czech Republic) equipped with an electron backscatter diffraction (EBSD) detec-
tor, and a transmission electron microscope (TEM, JEOL JEM-2100, Tokyo, Japan). The
TEM samples were first mechanically thinned to 100 µm and then subjected to conven-
tional two-jet electropolishing in a mixture of 90% CH3COOH and 10% HClO4 at 30 V at
room temperature. X-ray diffraction (XRD) analysis was performed using an ARL-X’tra
Thermo Fisher Scientific (Thermo Fisher Scientific, Portland, OR, USA) diffractometer with
Cu-Kα radiation.

The specimens measured 100 × 25 × 25 mm3 for tensile tests were also produced using
SLM. Tensile dog-bone-like flat specimens with a gage size of 16 × 3 × 1.5 mm3 were cut
parallel to the TD (transverse direction) /SD plane (Figure 2). Tensile tests were performed
at an initial strain rate of 10−3 s–1 at room and cryogenic temperatures using an Instron
5882 universal testing machine. At least three specimens were tested for each condition.
The fracture toughness tests were performed at room and cryogenic temperatures using
Charpy V-notch specimens measuring 55 × 8 × 2 mm3 on an Instron IMP460 pendulum
impact machine. At least three samples were tested for each condition.
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Figure 2. (a) Schematic of the geometry of the produced specimens. BD, SD, and TD indicate building
direction, scanning direction, and transverse direction, respectively. The (b) tensile and (c) impact
specimens (and their dimensions) are illustrated.

3. Results
3.1. Selection of the SLM Parameters

More than 50 attempts were made to establish the most appropriate parameters for the
SLM of the Fe65(CoNi)25Cr9.5C0.5 alloy. In the first stage, monolayers of the alloy (measured
~10 × 10 mm2) were obtained using a laser beam power in the range of 100–300 W and laser
scan speed in the range of 400–2200 mm per second (Figure 3). It was found that at high
power values (>300 W) and low speeds (<400 mm/s), the SLM process was associated with
the spattering of melted alloy and excessively deep melting of the substrate. In contrast,
high speeds (>2000 mm/s) and low power (<150 W) resulted in a lack of adhesion with the
substrate and increased porosity of the layers, thereby suggesting incomplete melting of the
powder. Similar dependencies were previously reported in [42–44]. Based on the obtained
results, seven modes were selected (outlined in red in Figure 3 and listed in Table 2).

Table 2. Selected parameters of SLM (laser beam power (P), velocity (V), and energy density (E)
calculated per Equation (1)).

#1 #2 #3 #4 #5 #6 #7

P, W 250 300 200 250 200 250 200
V, mm/s 2200 2200 2000 2000 1800 1800 1600
E, J/mm3 76 ± 1.5 90 ± 1.2 67 ± 0.6 83 ± 0.9 74 ± 1.1 93 ± 0.4 83 ± 0.5
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In the second stage, specimens of the alloy measuring 10 × 10 × 10 mm3 were
produced using the selected parameters. Visual inspection of the specimens did not reveal
any cracks or any other flaws on the surfaces. Microstructure analysis using SEM suggested
a reversed bell-shaped dependence of the volume fraction of pores on the energy density
(Figure 4). The latter shows how much energy is necessary to melt a certain volume of
metal [22,45,46] and can be calculated as

E = P / (V·h·t), (1)

where P is the laser beam power (W), V is the beam velocity (mm/s), h is the distance
between the tracks (mm), and t is the layer thickness (mm). For the Fe65(CoNi)25Cr9.5C0.5
alloy, the energy density varied in a wide range from 20 to 444 J/mm3; however, the less
porous specimens were produced in the interval of E = 75–97 J/mm3 (volume fraction of
pores less than 0.5%). The minimum volume fraction of pores of 0.1% (this amount is quite
comparable with that in the as-cast specimens as per data from our previous work [7])
was found in the specimens produced at E = 83 J/mm3 (P = 200 W and V = 1600 mm/s)
(Figure 4). It should be noted, however, that specimen #4 produced at the same energy
has noticeably higher porosity in comparison with specimen #7, thereby suggesting some
dependence on the power/beam scan speed combination as well.
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representative specimens.

3.2. Structure and Properties of Fe65(CoNi)25Cr9.5C0.5 Alloy Specimens Produced by SLM

The results of the X-ray diffraction analysis (XRD) suggested that the sample consisted
of only the fcc phase; the presence of the bcc phase was not observed (Figure 5). The
comparison with the XRD profile of the initial powder did not suggest any noticeable effect
of SLM on the phase composition of the alloy.

A typical image of the as-produced specimen is shown in Figure 6a. Good quality
of the surfaces can be noted. At a macroscopic scale, laser beam tracks declined 67◦ from
the macroscopic scanning direction SD and ranged from 80 µm to 100 µm in width were
observed after SLM (marked by black dotted lines in Figure 6b): in the center of the tracks,
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large irregular-shaped grains, and at the edges, smaller equiaxed or elongated shapes were
formed. No cracks or pores were observed on the surfaces of the obtained specimens.
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Figure 6. Photograph (a) and microstructure (EBSD image quality (IQ) map) (b) of the as-produced
(mode: P = 200 W and V = 1600 mm/s) Fe65(CoNi)25Cr9.5C0.5 alloy specimen (the black dotted lines
indicate the laser beam tracks).

EBSD inverse pole figures (IPF) and phase maps of the program alloy obtained by
SLM are shown in Figure 7a,b, respectively, in the form of quasi-3D images. The structure
was obtained from three orthogonal faces of the sample perpendicular to the SD, building
direction (BD), and TD. In the as-produced condition, the alloy consisted mainly of the
fcc phase with a small fraction (~1%) of the bcc phase. Note that this amount is below
the typical detection limit of the XRD method. The average grain size at each face was
≈15 µm, with a scatter of the smallest and largest grain sizes ranging from ≈1 µm to ≈170,
respectively. The grains often had a complex irregular shape and a well-developed internal
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substructure. The (111) pole figure did not suggest the formation of a pronounced texture
in the alloy produced by SLM (Figure 7c).

TEM analysis revealed that the microstructure of the alloy comprised an elongated
substructure (in the TD direction), inside which cells with a size of ~300 nm can be observed
(Figure 8). The formation of an elongated structure in metallic materials obtained by
additive technologies is quite typical [47,48]. The increased dislocation density and cellular
structure formation may be caused by residual stresses arising from rapid solidification [49].
The microstructure consisted of the fcc phase; neither the bcc phase nor carbides were
revealed in the TEM images.

Tensile tests at room temperature of the SD, BD, and TD specimens of the as-produced
using SLM Fe65(CoNi)25Cr9.5C0.5 alloy (Figure 9a, Table 3) showed some dependence of
the mechanical properties on the orientation. The BD specimens possessed both the lowest
yield strength (YS = 510 MPa) and tensile elongation (TE = 32%). The ductility of the TD
and SD samples was rather close (TE = 37–38%); however, the strength of the SD samples
was higher (YS = 600 and 560 MPa for SD and TD, respectively).
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Table 3. Mechanical properties of the as-produced Fe65(CoNi)25Cr9.5C0.5 alloy.

YS, MPa UTS, MPa TE, %

Sample TD, 293 K 560 ± 19 640 ± 11 37 ± 3
Sample TD, 77 K 680 ± 17 1800 ± 13 26 ± 1
Sample SD, 293 K 600 ± 13 710 ± 18 38 ± 2
Sample BD, 293 K 510 ± 16 600 ± 10 32 ± 2

Only TD specimens were tested at cryogenic temperatures (Figure 9b, Table 3) because
of the relative similarity of the mechanical properties of the specimens of different directions.
The YS value of the alloy at 77 K was noticeably higher than that at room temperature
(680 vs. 560 MPa), while ductility remained quite good (TE ~27%). However, the ultimate
tensile strength (UTS) of the alloy at 77 K reached ~1800 MPa, in contrast to 640 MPa at
room temperature.

In addition, the curve obtained during tension at 77 K demonstrated quite a pro-
nounced stage of yielding (till ε≈ 10%) at a relatively constant stress of ~735 MPa, followed
by intensive strengthening. This behavior differed noticeably from the typical behavior of
polycrystals curves obtained at room temperature (Figure 9a,b).

Strain hardening rates were also found to be quite different depending on the tempera-
ture (Figure 9c). While at room temperature, strain hardening dropped to ~1.7–1.5 GPa and
then became relatively stable (which also looks quite typical of metallic polycrystals), at
77 K, the curve had two domains with a considerable increase in value of strain hardening
(to ~6–10 GPa) on the second domain. The intensive formation of the bcc phase during
deformation and the “dropped-then-recovered” behavior of the dσ/dε curve were most
likely associated with the activation of the TRIP effect [37,50,51].

Microstructure analysis also showed distinct differences in the structure of the as-
produced Fe65(CoNi)25Cr9.5C0.5 alloy specimens tested at room and cryogenic temperatures
(Figure 10). EBSD maps after tensile testing at room temperature revealed a noticeable
increase in the fraction of the bcc martensite phase (to ~14%) (Figure 10b). Some elongation
of the bcc grains and twin formation in the fcc phase can also be observed (Figure 10a). A
decrease in the deformation temperature to 77 K led to a much more intensive martensite
formation, so that the fraction of the bcc phase after the tensile test was found to be ~91%
(Figure 10d). The surviving fcc phase formed isolated conglomerates. The formation of
martensitic laths resulted in a considerable microstructure refinement, with the average
martensitic laths thickness increasing from 1 µm (after tensile testing at 293 K) to 1.5 µm
(after tensile testing at 77 K) (Figure 10b,d).

To shed light on the unusual deformation behavior of the Fe65(CoNi)25Cr9.5C0.5 alloy
during deformation at 77 K (Figure 9b), interrupted tensile tests at cryogenic temperatures
were additionally performed; EBSD microstructure analysis was carried out at ε = 5%
and ε = 10% (Figure 11). At ε = 5%, the martensite was found to be formed along the fcc
grain boundaries (as agglomerates of relatively small laths) and in the grain interiors in
the form of long lamellae declined ~45◦ from the tension axis (Figure 11b). The volume
fraction of the bcc martensite was found to be 22 %. An increase in the strain to 10% leads
to an increase in the volume fraction of the martensite to 32% (Figure 11d). At this stage of
deformation, the bcc phase also precipitated both along the grain boundaries and within the
grains. After fracture, the martensite phase comprised 92%. Note that the results obtained
(Supplementary Materials, Figure S1) suggest chemical uniformity between the bcc and fcc
phases in accordance with the previous literature on similar alloys [7].

Charpy tests were also carried out both at room temperature and at 77 K. The
Fe65(CoNi)25Cr9.5C0.5 alloy in the as-printed condition demonstrated fracture toughness
values of 660 kJ/m2 and 430 kJ/m2 at room and cryogenic temperature, respectively
(Table 4). The dimple fracture surfaces of all specimens (see Supplementary Materials,
Figure S2) after the impact tests and rather a high level of the fracture toughness suggested
ductile failure at both temperatures.
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Table 4. Charpy V-notch impact energy and fracture toughness of the as-printed
Fe65(CoNi)25Cr9.5C0.5 alloy obtained at room and cryogenic temperatures.

Testing Temperature, K Fracture Toughness, kJ/m2 Charpy V-Notch Impact
Energy, J

293 660 ± 16 10 ± 2
77 430 ± 12 7 ± 1
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4. Discussion

The use of additive technologies in industry promises numerous advantages, which
are mainly associated with the possibility of producing various complex-shaped parts
almost without machining [43,49,52,53]. At the same time, the performance of the products
obtained using additive manufacturing (including SLM) depends substantially on the
parameters of the process. In ideal cases, it is possible to obtain metallic parts with almost
zero porosity and with mechanical properties which would be close to those of counterparts
obtained by more convenient methods (e.g., casting, thermomechanical treatment, and
machining). Although there are many parameters which can be varied during SLM [54–56],
some of them (laser beam power, beam velocity, overlapping, layer thickness, and defo-
cusing) can be combined into energy density imparted to the metallic powder [45,46,57].
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In the present work, only two parameters were varied (beam power and beam velocity),
while the others were fixed. Expectedly, both too high and too low energy densities did
not result in a proper quality of the printed specimens (Figure 3). The most appropriate
values of energy density to produce specimens with porosities less than ~0.5% were found
to fall in the interval of E = 75–97 J/mm3 (Figure 4, Table 2). The obtained results agree
with those reported in [46], where the range of optimal E was found to be from 62.5 to
115.6 J/mm3. However, even at the same value of E = 83 J/mm3, the porosity can vary
noticeably (Figure 4) depending on the involved parameters. Based on Figure 4, the optimal
mode, due to which the minimum volume fraction of pores is achieved, is—P = 200 W,
V = 1600 mm/s (E = 83 J/mm3). It was found that an increase in scanning speed (up
to 1800–2200 mm/s) at low powers (100–150 W) resulted in an increase in the volume
fraction of pores due to insufficient energy for complete fusion. At the same time, low
scanning speeds (from 400 to 1400 mm/s) and high power (300 W) led to splashing of the
remelted powder particles, overburning, and remelting of the substrate (Figure 3), which
also contributed to a pronounced increase in the porosity of the alloy. The effect of various
parameters on the structure and properties of metallic materials obtained by SLM has
been comprehensively discussed elsewhere [47,54,58,59]. In the framework of the present
study the main aim of the parameters selecting was primarily associated with obtaining
the lowest porosity.

The microstructure of the produced (mode: P = 200 W and V = 1600 mm/s) sample is
characterized by cells (Figure 8). The cell structure formation during SLM is usually ascribed
to thermal distortions during SLM, which are caused by the constraints surrounding
the melt bath and thermal cycling [60,61]. The dislocation (cell) structure forms within
the grains after solidification. The specimens produced using the optimal parameters
show at room temperature (for the TD direction) quite attractive mechanical properties:
YS = 560 MPa, UTS = 640 MPa, TE = 37%, and fracture toughness of 660 kJ/m2 (Tables 3 and 4).
However, due to the presence of some metallographic texture in the specimens obtained by
SLM, the strength can vary (±50 MPa) depending on the direction. Similar results were
previously reported for various alloys produced by SLM [62,63].

The mechanical behavior of the Fe65(CoNi)25Cr9.5C0.5 alloy obtained by SLM was
found to be quite different from that produced by casting (the structure and mechanical
properties of the as-cast Fe65(CoNi)25Cr9.5C0.5 alloy were discussed in our earlier work [7]).
At a comparable level of porosity (~0.1% in both cases, Figure 4 and [7]), the SLM alloy at
room temperature showed considerably higher yield strength (510–600 MPa vs. 155 MPa)
and lower ductility (32–37% vs. 65%). Besides, the SLM alloy possessed lower strain
hardening (in contrast to that of the cast alloy) due to which the values of UTS of both
compositions of the alloy were quite similar to each other(~600–700 MPa) (Table 3).

Sometimes, the higher strength and lower ductility of the materials produced using
additive manufacturing are ascribed to a higher level of impurities in comparison with
that in as-cast alloys [64,65]. Indeed, examination of the chemical composition suggests a
2–4 times increased level of interstitials (oxygen and nitrogen) in the specimen obtained
by SLM (Table 1 and [7]). However, the contribution of these impurities in strength is
not expected to be high [66,67]. Another reason for the higher strength can be associated
with the developed substructure formation after rapid solidification during SLM (Figure 8).
The increased dislocation density and cell structure contributed to the strength, thereby
leading to increased yield stress and lower strain hardening, while the ultimate tensile
strength almost did not change. Furthermore, the fine structure can also increase the
stability of the fcc phase, thereby preventing martensite formation during cooling from
melting [68–71]. As a result, less than 1% of the bcc phase was observed in the as-produces
by SLM alloy (in comparison with ~35% in the as-cast alloy) (Figure 7b). Deformation of the
alloy was accompanied by the fcc-to-bcc martensite transformation. However, the amount
of the martensite was rather low (~14%, see Table 5) after straining at room temperature to
fracture due to which the influence of this phase transition on the mechanical properties
(strain hardening) was rather unpronounced. It is worth noting that a similar amount of
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the bcc phase and a modest TRIP effect were observed earlier during deformation at room
temperature of the as-cast Fe65(CoNi)25Cr9.5C0.5 alloy [7].

Table 5. Volume fraction of the bcc phase depending on the condition of the alloy.

Temperature, K
Condition

As-Produced Strained to ε ≈ 5% Strained to ε ≈ 10% Strained to Fracture (ε ≈ 26%)

293 0.5% - - 14%
77 0% 22% 32% 91%

A decrease in deformation temperature to 77 K also does not result in the formation of
the bcc phase in the alloy (Table 5), thereby confirming the above suggestion about increased
stability of the refined austenite. However, tension at this temperature leads to a gradual
arising of the martensite and corresponding strengthening of the alloy (Figures 10 and 11
and Table 5). Data shown in Figure 12 suggest a nearly linear dependence of the flow
strength of the alloy on the fraction of the bcc phase (for the point relevant ε≈20%, IPF and
phase maps are presented in the Supplementary Materials, Figure S3). Similar results were
earlier observed hereafter [10,72–75].

The obtained results show that SLM of TRIP medium entropy alloys can be used
for achieving a good combination of mechanical properties at room and particularly at
cryogenic temperatures. However further efforts are needed to determine the most proper
technological windows for SLM of a variety of Fe-rich medium entropy alloys with the
TRIP/TWIP effect.
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5. Conclusions

The structure and mechanical behavior at room and cryogenic temperatures of the
Fe65(CoNi)25Cr9.5C0.5 medium-entropy alloy obtained by the selective laser melting (SLM)
method was studied. The following conclusions were drawn:

1. The optimal parameters of SLM (P = 200 W, V = 1600 mm/s) of the Fe65(CoNi)25Cr9.5C0.5
medium-entropy alloy resulted in residual porosity of ~0.5%.

2. Despite the similar microstructure of the alloy, mechanical properties of the scanning
direction, transverse direction, and building direction (SD, TD, and BD, respectively)
specimens showed some anisotropy in mechanical properties (strength varied ± 50 MPa).
The tensile properties at room temperature for the TD direction were: YS = 560 MPa,
UTS = 640 MPa, TE = 37% (yield strength, ultimate tensile strength, and tensile
elongation, respectively).

3. A decrease in the temperature to 77 K resulted in a significant increase in both the yield
strength and ultimate tensile strength to 680 MPa and 1800 MPa, respectively, and a
subtle decrease in ductility (TE = 26%). The obtained high cryogenic properties are
associated with the development of the transformation-induced plasticity (TRIP) effect
due to the face-centered cubic to body-centered cubic (fcc-to-bcc). The microstructure
of the alloy strained at 77 K became almost completely martensitic (the volume fraction
of the martensitic phase reached 92%).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma16083193/s1, Figure S1. EDS-mapping microstructure of the
as-produced (mode: P = 200 W and V = 1600 mm/s) Fe65(CoNi)25Cr9.5C0.5 alloy in the initial (a)
and deformed at 77K to ε ≈ 10% (b) conditions. The data obtained suggests chemical homogeneity
between the bcc and fcc phases; Figure S2. Fractography of specimen fractures after impact toughness
tests at room (a) and cryogenic (b) temperatures; Figure S3. IPF (a) and phase (b) maps of the
as-produced Fe65(CoNi)25Cr9.5C0.5 alloy after interrupted tension to ε = 20% at 77 K. Tension of the
sample was performed in the horizontal direction relative to the presented image.

Author Contributions: E.P.: Data curation, Investigation, Validation, Writing—original draft. D.S.:
Investigation, Validation, Supervision, Project administration, SLM printing of samples. I.A.: In-
vestigation. S.E.: SLM printing of samples. M.K.: Microstructure analysis. N.S.: Writing—review
& editing. S.Z.: Methodology, Supervision, Writing—review & editing. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the Russian Science Foundation (Grant No. 20-79-10093).
TEM work was supported by the Ministry of Science and Higher Education of the Russian Federation
as a part of the World-class Research Center program: Advanced Digital Technologies (Contract#
075-15-2022-312 dated 20 April 2022).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available because it is a part of an ongoing study.

Acknowledgments: The authors gratefully acknowledge the financial support from the Russian
Science Foundation (Grant Number 20-79-10093). The work was carried out using the equipment of
the Joint Research Center of Belgorod State National Research University «Technology and Materials».

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Otto, F.; Dlouhý, A.; Somsen, C.; Bei, H.; Eggeler, G.; George, E.P. The influences of temperature and microstructure on the tensile

properties of a CoCrFeMnNi high-entropy alloy. Acta Mater. 2013, 61, 5743–5755. [CrossRef]
2. Gludovatz, B.; Hohenwarter, A.; Catoor, D.; Chang, E.H.; George, E.P.; Ritchie, R.O. A fracture-resistant high-entropy alloy for

cryogenic applications. Science 2014, 345, 1153–1158. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ma16083193/s1
https://www.mdpi.com/article/10.3390/ma16083193/s1
https://doi.org/10.1016/j.actamat.2013.06.018
https://doi.org/10.1126/science.1254581
https://www.ncbi.nlm.nih.gov/pubmed/25190791


Materials 2023, 16, 3193 16 of 18

3. Zhang, Z.J.; Mao, M.M.; Wang, J.; Gludovatz, B.; Zhang, Z.; Mao, S.X.; George, E.P.; Yu, Q.; Ritchie, R.O. Nanoscale origins of the
damage tolerance of the high-entropy alloy CrMnFeCoNi. Nat. Commun. 2015, 6, 10143. [CrossRef] [PubMed]

4. Klimova, M.V.; Semenyuk, A.O.; Shaysultanov, D.G.; Salishchev, G.A.; Zherebtsov, S.V.; Stepanov, N.D. Effect of carbon on
cryogenic tensile behavior of CoCrFeMnNi-type high entropy alloys. J. Alloys Compd. 2019, 811, 152000. [CrossRef]

5. Semenyuk, A.; Klimova, M.; Shaysultanov, D.; Chernichenko, R.; Zherebtsov, S.; Stepanov, N. Effect of carbon content on
cryogenic mechanical properties of CoCrFeMnNi high entropy alloy. IOP Conf. Ser. Mater. Sci. Eng. 2021, 1014, 012050. [CrossRef]

6. Seol, J.B.; Bae, J.W.; Li, Z.; Chan Han, J.; Kim, J.G.; Raabe, D.; Kim, H.S. Boron doped ultrastrong and ductile high-entropy alloys.
Acta Mater. 2018, 151, 366–376. [CrossRef]

7. Povolyaeva, E.; Mironov, S.; Shaysultanov, D.; Stepanov, N.; Zherebtsov, S. Outstanding cryogenic strength-ductility properties of
a cold-rolled medium-entropy TRIP Fe65(CoNi)25Cr9·5C0.5 alloy. Mater. Sci. Eng. A 2022, 836, 142720. [CrossRef]

8. Klimova, M.; Shaysultanov, D.; Semenyuk, A.; Zherebtsov, S.; Salishchev, G.; Stepanov, N. Effect of nitrogen on mechanical
properties of CoCrFeMnNi high entropy alloy at room and cryogenic temperatures. J. Alloys Compd. 2020, 849, 156633. [CrossRef]

9. Gludovatz, B.; Hohenwarter, A.; Thurston, K.V.S.; Bei, H.; Wu, Z.; George, E.P.; Ritchie, R.O. Exceptional damage-tolerance of a
medium-entropy alloy CrCoNi at cryogenic temperatures. Nat. Commun. 2016, 7, 10602. [CrossRef]

10. Bae, J.W.; Seol, J.B.; Moon, J.; Sohn, S.S.; Jang, M.J.; Um, H.Y.; Lee, B.J.; Kim, H.S. Exceptional phase-transformation strengthening
of ferrous medium-entropy alloys at cryogenic temperatures. Acta Mater. 2018, 161, 388–399. [CrossRef]

11. Huang, H.; Wu, Y.; He, J.; Wang, H.; Liu, X.; An, K.; Wu, W.; Lu, Z. Phase-Transformation Ductilization of Brittle High-Entropy
Alloys via Metastability Engineering. Adv. Mater. 2017, 29, 1701678. [CrossRef]

12. Wei, R.; Zhang, K.; Chen, L.; Han, Z.; Wang, T.; Chen, C.; Jiang, J.; Hu, T.; Li, F. Novel Co-free high performance TRIP and TWIP
medium-entropy alloys at cryogenic temperatures. J. Mater. Sci. Technol. 2020, 57, 153–158. [CrossRef]

13. He, Z.F.; Jia, N.; Ma, D.; Yan, H.L.; Li, Z.M.; Raabe, D. Joint contribution of transformation and twinning to the high strength-
ductility combination of a FeMnCoCr high entropy alloy at cryogenic temperatures. Mater. Sci. Eng. A 2019, 759, 437–447.
[CrossRef]

14. Wei, D.; Li, X.; Schönecker, S.; Jiang, J.; Choi, W.M.; Lee, B.J.; Kim, H.S.; Chiba, A.; Kato, H. Development of strong and ductile
metastable face-centered cubic single-phase high-entropy alloys. Acta Mater. 2019, 181, 318–330. [CrossRef]

15. Li, Z.; Pradeep, K.G.; Deng, Y.; Raabe, D.; Tasan, C.C. Metastable high-entropy dual-phase alloys overcome the strength-ductility
trade-off. Nature 2016, 534, 227–230. [CrossRef] [PubMed]

16. Wei, D.; Li, X.; Jiang, J.; Heng, W.; Koizumi, Y.; Choi, W.M.; Lee, B.J.; Kim, H.S.; Kato, H.; Chiba, A. Novel Co-rich high
performance twinning-induced plasticity (TWIP) and transformation-induced plasticity (TRIP) high-entropy alloys. Scr. Mater.
2019, 165, 39–43. [CrossRef]

17. Shi, Y.; Li, S.; Lee, T.L.; Hui, X.; Zhang, Z.; Li, R.; Zhang, M.; Kabra, S.; Wang, Y.D. In situ neutron diffraction study of a new type
of stress-induced confined martensitic transformation in Fe22Co20Ni19Cr20Mn12Al7 high-entropy alloy. Mater. Sci. Eng. A 2020,
771, 138555. [CrossRef]

18. Chen, S.; Oh, H.S.; Gludovatz, B.; Kim, S.J.; Park, E.S.; Zhang, Z.; Ritchie, R.O.; Yu, Q. Real-time observations of TRIP-induced
ultrahigh strain hardening in a dual-phase CrMnFeCoNi high-entropy alloy. Nat. Commun. 2020, 11, 826. [CrossRef]

19. He, Z.; Jia, N.; Yan, H.; Shen, Y.; Zhu, M.; Guan, X.; Zhao, X.; Jin, S.; Sha, G.; Zhu, Y.; et al. Multi-heterostructure and mechanical
properties of N-doped FeMnCoCr high entropy alloy. Int. J. Plast. 2021, 139, 102965. [CrossRef]

20. Bae, J.W.; Kim, H.S. Towards ferrous medium-entropy alloys with low-cost and high-performance. Scr. Mater. 2020, 186, 169–173.
[CrossRef]

21. Altıparmak, S.C.; Yardley, V.A.; Shi, Z.; Lin, J. Challenges in additive manufacturing of high-strength aluminium alloys and
current developments in hybrid additive manufacturing. Int. J. Lightweight Mater. Manuf. 2021, 4, 246–261. [CrossRef]

22. Olakanmi, E.O.; Cochrane, R.F.; Dalgarno, K.W. A review on selective laser sintering/melting (SLS/SLM) of aluminium alloy
powders: Processing, microstructure, and properties. Prog. Mater. Sci. 2015, 74, 401–477. [CrossRef]

23. Khodabakhshi, F.; Farshidianfar, M.H.; Gerlich, A.P.; Nosko, M.; Trembošová, V.; Khajepour, A. Effects of laser additive
manufacturing on microstructure and crystallographic texture of austenitic and martensitic stainless steels. Addit. Manuf. 2020,
31, 100915. [CrossRef]

24. Zhou, K.; Wang, Z.; He, F.; Liu, S.; Li, J.; Kai, J.J.; Wang, J. A precipitation-strengthened high-entropy alloy for additive
manufacturing. Addit. Manuf. 2020, 35, 101410. [CrossRef]

25. Peng, H.; Xie, S.; Niu, P.; Zhang, Z.; Yuan, T.; Ren, Z.; Wang, X.; Zhao, Y.; Li, R. Additive manufacturing of Al0.3CoCrFeNi
high-entropy alloy by powder feeding laser melting deposition. J. Alloys Compd. 2021, 862, 158286. [CrossRef]

26. Zhu, Y.; Zhou, S.; Xiong, Z.; Liang, Y.J.; Xue, Y.; Wang, L. Enabling stronger eutectic high-entropy alloys with larger ductility by
3D printed directional lamellae. Addit. Manuf. 2021, 39, 101901. [CrossRef]

27. Dobbelstein, H.; Gurevich, E.L.; George, E.P.; Ostendorf, A.; Laplanche, G. Laser metal deposition of a refractory TiZrNbHfTa
high-entropy alloy. Addit. Manuf. 2018, 24, 386–390. [CrossRef]

28. Bai, Y.; Jiang, H.; Yan, K.; Li, M.; Wei, Y.; Zhang, K.; Wei, B. Phase transition and heterogeneous strengthening mechanism in
CoCrFeNiMn high-entropy alloy fabricated by laser-engineered net shaping via annealing at intermediate-temperature. J. Mater.
Sci. Technol. 2021, 92, 129–137. [CrossRef]

29. Guan, S.; Solberg, K.; Wan, D.; Berto, F.; Welo, T.; Yue, T.M.; Chan, K.C. Formation of fully equiaxed grain microstructure in
additively manufactured AlCoCrFeNiTi0.5 high entropy alloy. Mater. Des. 2019, 184, 108202. [CrossRef]

https://doi.org/10.1038/ncomms10143
https://www.ncbi.nlm.nih.gov/pubmed/26647978
https://doi.org/10.1016/j.jallcom.2019.152000
https://doi.org/10.1088/1757-899X/1014/1/012050
https://doi.org/10.1016/j.actamat.2018.04.004
https://doi.org/10.1016/j.msea.2022.142720
https://doi.org/10.1016/j.jallcom.2020.156633
https://doi.org/10.1038/ncomms10602
https://doi.org/10.1016/j.actamat.2018.09.057
https://doi.org/10.1002/adma.201701678
https://doi.org/10.1016/j.jmst.2020.05.010
https://doi.org/10.1016/j.msea.2019.05.057
https://doi.org/10.1016/j.actamat.2019.09.050
https://doi.org/10.1038/nature17981
https://www.ncbi.nlm.nih.gov/pubmed/27279217
https://doi.org/10.1016/j.scriptamat.2019.02.018
https://doi.org/10.1016/j.msea.2019.138555
https://doi.org/10.1038/s41467-020-14641-1
https://doi.org/10.1016/j.ijplas.2021.102965
https://doi.org/10.1016/j.scriptamat.2020.05.030
https://doi.org/10.1016/j.ijlmm.2020.12.004
https://doi.org/10.1016/j.pmatsci.2015.03.002
https://doi.org/10.1016/j.addma.2019.100915
https://doi.org/10.1016/j.addma.2020.101410
https://doi.org/10.1016/j.jallcom.2020.158286
https://doi.org/10.1016/j.addma.2021.101901
https://doi.org/10.1016/j.addma.2018.10.008
https://doi.org/10.1016/j.jmst.2021.03.028
https://doi.org/10.1016/j.matdes.2019.108202


Materials 2023, 16, 3193 17 of 18

30. Gwalani, B.; Soni, V.; Waseem, O.A.; Mantri, S.A.; Banerjee, R. Laser additive manufacturing of compositionally graded
AlCrFeMoVx (x = 0 to 1) high-entropy alloy system. Opt. Laser Technol. 2019, 113, 330–337. [CrossRef]

31. Lin, D.; Xu, L.; Li, X.; Jing, H.; Qin, G.; Pang, H.; Minami, F. A Si-containing FeCoCrNi high-entropy alloy with high strength and
ductility synthesized in situ via selective laser melting. Addit. Manuf. 2020, 35, 101340. [CrossRef]

32. Wu, W.; Zhou, R.; Wei, B.; Ni, S.; Liu, Y.; Song, M. Nanosized precipitates and dislocation networks reinforced C-containing
CoCrFeNi high-entropy alloy fabricated by selective laser melting. Mater. Charact. 2018, 144, 605–610. [CrossRef]

33. Lin, D.; Xu, L.; Jing, H.; Han, Y.; Zhao, L.; Minami, F. Effects of annealing on the structure and mechanical properties of FeCoCrNi
high-entropy alloy fabricated via selective laser melting. Addit. Manuf. 2020, 32, 101058. [CrossRef]

34. Hou, Y.; Liu, T.; He, D.; Li, Z.; Chen, L.; Su, H.; Fu, P.; Dai, P.; Huang, W. Sustaining strength-ductility synergy of SLM
Fe50Mn30Co10Cr10 metastable high-entropy alloy by Si addition. Intermetallics 2022, 145, 107565. [CrossRef]

35. Niu, P.; Li, R.; Fan, Z.; Yuan, T.; Zhang, Z. Additive manufacturing of TRIP-assisted dual-phases Fe50Mn30Co10Cr10 high-entropy
alloy: Microstructure evolution, mechanical properties and deformation mechanisms. Mater. Sci. Eng. A 2021, 814, 141264.
[CrossRef]

36. Zhu, Z.G.; An, X.H.; Lu, W.J.; Li, Z.M.; Ng, F.L.; Liao, X.Z.; Ramamurty, U.; Nai, S.M.L.; Wei, J. Selective laser melting enabling
the hierarchically heterogeneous microstructure and excellent mechanical properties in an interstitial solute strengthened high
entropy alloy. Mater. Res. Lett. 2019, 7, 453–459. [CrossRef]

37. Lin, Q.; Liu, J.; An, X.; Wang, H.; Zhang, Y.; Liao, X. Cryogenic-deformation-induced phase transformation in an FeCoCrNi
high-entropy alloy. Mater. Res. Lett. 2018, 6, 236–243. [CrossRef]

38. Park, J.M.; Choe, J.; Park, H.K.; Son, S.; Jung, J.; Kim, T.S.; Yu, J.H.; Kim, J.G.; Kim, H.S. Synergetic strengthening of addi-
tively manufactured (CoCrFeMnNi)99C1 high-entropy alloy by heterogeneous anisotropic microstructure. Addit. Manuf. 2020,
35, 101333. [CrossRef]

39. Li, W.; Huang, Y.Y.; Xie, Z.H.; Chen, H.; Li, W.; Liu, B.; Wang, B. Mechanical property and cellular structure of an additive
manufactured FeCoNiCrMo0.2 high-entropy alloy at high-velocity deformation. J. Mater. Sci. Technol. 2023, 139, 156–166.
[CrossRef]

40. Thapliyal, S.; Agrawal, P.; Agrawal, P.; Nene, S.S.; Mishra, R.S.; McWilliams, B.A.; Cho, K.C. Segregation engineering of grain
boundaries of a metastable Fe-Mn-Co-Cr-Si high entropy alloy with laser-powder bed fusion additive manufacturing. Acta Mater.
2021, 219, 117271. [CrossRef]

41. Li, B.; Zhang, L.; Xu, Y.; Liu, Z.; Qian, B.; Xuan, F. Selective laser melting of CoCrFeNiMn high entropy alloy powder modified
with nano-TiN particles for additive manufacturing and strength enhancement: Process, particle behavior and effects. Powder
Technol. 2020, 360, 509–521. [CrossRef]

42. Li, R.; Niu, P.; Yuan, T.; Cao, P.; Chen, C.; Zhou, K. Selective laser melting of an equiatomic CoCrFeMnNi high-entropy alloy:
Processability, non-equilibrium microstructure and mechanical property. J. Alloys Compd. 2018, 746, 125–134. [CrossRef]

43. Herzog, D.; Seyda, V.; Wycisk, E.; Emmelmann, C. Additive manufacturing of metals. Acta Mater. 2016, 117, 371–392. [CrossRef]
44. Wang, X.J.; Zhang, L.C.; Fang, M.H.; Sercombe, T.B. The effect of atmosphere on the structure and properties of a selective laser

melted Al–12Si alloy. Mater. Sci. Eng. A 2014, 597, 370–375. [CrossRef]
45. Read, N.; Wang, W.; Essa, K.; Attallah, M.M. Selective laser melting of AlSi10Mg alloy: Process optimisation and mechanical

properties development. Mater. Des. 2015, 65, 417–424. [CrossRef]
46. Spears, T.G.; Gold, S.A. In-process sensing in selective laser melting (SLM) additive manufacturing. Integr. Mater. Manuf. Innov.

2016, 5, 16–40. [CrossRef]
47. Zhou, R.; Liu, Y.; Zhou, C.; Li, S.; Wu, W.; Song, M.; Liu, B.; Liang, X.; Liaw, P.K. Microstructures and mechanical properties of

C-containing FeCoCrNi high-entropy alloy fabricated by selective laser melting. Intermetallics 2018, 94, 165–171. [CrossRef]
48. AlMangour, B.; Kim, Y.K.; Grzesiak, D.; Lee, K.A. Novel TiB2-reinforced 316L stainless steel nanocomposites with excellent room-

and high-temperature yield strength developed by additive manufacturing. Compos. Part B Eng. 2019, 156, 51–63. [CrossRef]
49. Gorsse, S.; Hutchinson, C.; Gouné, M.; Banerjee, R. Additive manufacturing of metals: A brief review of the characteristic

microstructures and properties of steels, Ti-6Al-4V and high-entropy alloys. Sci. Technol. Adv. Mater. 2017, 18, 584–610. [CrossRef]
[PubMed]

50. Gao, Q.; Wei, R.; Feng, S.; Chen, C.; Han, Z.; Chen, L.; Wang, T.; Wu, S.; Li, F. Ultrahigh cryogenic strength and ductility in a
duplex metastable ferrous medium-entropy alloy. Scr. Mater. 2023, 228, 115334. [CrossRef]

51. Torganchuk, V.; Belyakov, A.; Kaibyshev, R. On the transformation-induced plasticity of a medium-manganese steel. Mater. Lett.
2021, 304, 130599. [CrossRef]

52. Agrawal, P.; Thapliyal, S.; Nene, S.S.; Mishra, R.S.; McWilliams, B.A.; Cho, K.C. Excellent strength-ductility synergy in metastable
high entropy alloy by laser powder bed additive manufacturing. Addit. Manuf. 2020, 32, 101098. [CrossRef]

53. Khodashenas, H.; Mirzadeh, H. Post-processing of additively manufactured high-entropy alloys—A review. J. Mater. Res. Technol.
2022, 21, 3795–3814. [CrossRef]

54. Liu, H.; Yang, D.; Jiang, Q.; Jiang, Y.; Yang, W.; Liu, L.; Zhang, L.-C. Additive manufacturing of metallic glasses and high-entropy
alloys: Significance, unsettled issues, and future directions. J. Mater. Sci. Technol. 2023, 140, 79–120. [CrossRef]

55. Li, N.; Huang, S.; Zhang, G.; Qin, R.; Liu, W.; Xiong, H.; Shi, G.; Blackburn, J. Progress in additive manufacturing on new
materials: A review. J. Mater. Sci. Technol. 2019, 35, 242–269. [CrossRef]

https://doi.org/10.1016/j.optlastec.2019.01.009
https://doi.org/10.1016/j.addma.2020.101340
https://doi.org/10.1016/j.matchar.2018.08.019
https://doi.org/10.1016/j.addma.2020.101058
https://doi.org/10.1016/j.intermet.2022.107565
https://doi.org/10.1016/j.msea.2021.141264
https://doi.org/10.1080/21663831.2019.1650131
https://doi.org/10.1080/21663831.2018.1434250
https://doi.org/10.1016/j.addma.2020.101333
https://doi.org/10.1016/j.jmst.2022.08.013
https://doi.org/10.1016/j.actamat.2021.117271
https://doi.org/10.1016/j.powtec.2019.10.068
https://doi.org/10.1016/j.jallcom.2018.02.298
https://doi.org/10.1016/j.actamat.2016.07.019
https://doi.org/10.1016/j.msea.2014.01.012
https://doi.org/10.1016/j.matdes.2014.09.044
https://doi.org/10.1186/s40192-016-0045-4
https://doi.org/10.1016/j.intermet.2018.01.002
https://doi.org/10.1016/j.compositesb.2018.07.050
https://doi.org/10.1080/14686996.2017.1361305
https://www.ncbi.nlm.nih.gov/pubmed/28970868
https://doi.org/10.1016/j.scriptamat.2023.115334
https://doi.org/10.1016/j.matlet.2021.130599
https://doi.org/10.1016/j.addma.2020.101098
https://doi.org/10.1016/j.jmrt.2022.11.027
https://doi.org/10.1016/j.jmst.2022.09.006
https://doi.org/10.1016/j.jmst.2018.09.002


Materials 2023, 16, 3193 18 of 18

56. Shen, Q.; Kong, X.; Chen, X. Significant transitions of microstructure and mechanical properties in additively manufactured
Al–Co–Cr–Fe–Ni high-entropy alloy under heat treatment. Mater. Sci. Eng. A 2021, 815, 141257. [CrossRef]

57. Tang, X.; Zhang, S.; Zhang, C.; Chen, J.; Zhang, J.; Liu, Y. Optimization of laser energy density and scanning strategy on the
forming quality of 24CrNiMo low alloy steel manufactured by SLM. Mater. Charact. 2020, 170, 110718. [CrossRef]
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