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Powder bed fusion (PBF), along with subsequent heat treatment, plays a crucial role in enhancing the impact
toughness of FeCoNiCrMoy 2 high-entropy alloys (HEAs) and expanding their potential applications in field for
high-speed deformation. In this study, the dynamic-mechanical properties and microstructure of the as-built
PBF-FeCoNiCrMog 2 HEAs and quenched PBF-FeCoNiCrMog 2 HEAs heated at 600-750 °C for 8 h were inves-
tigated. As the heating temperature increases, the columnar grains and cellular structures undergo coarsening
and the dislocation density gradually decreases. Moreover, higher heating temperatures facilitate the precipi-
tation of Mo-rich second phases. This occurrence can be primarily attributed to the segregation of Mo at the
boundaries of the as-built specimens. Consequently, in the quenched specimens, the p phases are predominantly
distributed along the boundaries of the cellular structures. In the quenched Q700 specimen (heated at 700 °C for
8h), the size and volume fraction of the p phases are measured to be 63.4 nm and 3.59%, respectively. Addi-
tionally, under the same condition, the Q700 specimens also exhibited a relatively slight increase in the size of
the cellular structures. The impact energy absorption, dynamic yield strength, and dynamic compressive strength
of the Q700 quenched specimens were found to be 210.1 MJ/m3, 1066 MPa, and 1649 MPa at a strain rate of
1840 s~ 1. These values represent a dramatic improvement of 38.1%, 52.7%, and 14.7% higher in comparison to
those of the as-built specimens. Under impact deformation, the presence of the p phases plays a significant role in
impeding the movement of dislocations by acting as a pinning agent for the boundaries of the cellular structures,
thereby enhancing the strength. Simultaneously, the cellular structures were significantly elongated to form the
deformation bands and to coordinate the impact deformation, leading to good impact energy absorption. In
combination, the synergistic strengthening and toughening effect of the p phases and the elongated cellular
structures contribute to a remarkable improvement in the impact toughness of the PBF-HEAs.

1. Introduction

The FeCoNiCrMog > high-entropy alloy (HEA) is designed by
replacing element in FeCoNiCrMn Cantor HEAs. There are ¢ or p phases
precipitated in the face-centered-cubic (FCC) matrix by addition of Mo,
thereby achieving high strength-plasticity performance [1-3]. The
powder bed fusion (PBF) technology, specifically selective laser melting
(SLM), could be used to fabricate FeCoNiCrMo HEAs parts with complex
shapes and good mechanical properties [4-8]. However, SLM

technology often requires the subsequent implementation such as heat
treatment to alleviate the thermal stress. These process would lead to the
microstructure evolution including grain coarsening and precipitation
[9]. The combination of the SLM technology and subsequent imple-
mentation offers an innovative approach to designing the nanoscale
microstructure in the FeCoNiCrMog o HEAs [10,11]. It is possible to
further enhancing of the mechanical properties of the FeCoNiCrMog o
HEAs parts and making them suitable for high-speed deformation fields
such as turbine blades, aircraft landing gears, and unmanned aerial
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vehicles [9,12].

The fine cellular structures in the selective-laser-melted HEAs (SLM-
HEAs) contribute to their exceptional mechanical properties by their
small size with high dislocation density at the boundary [13,14]. Kong
et al. [15] reviewed the kinetics of the size and morphology and for-
mation mechanism, including elemental segregation and dislocation, of
the cellular structures in various AM alloys and confirmed their ad-
vantageous effects on the mechanical properties of AM parts. However,
these cellular structures tend to coarsen and dislocation density de-
creases during the post-printing heat treatment, which weakens the
grain-boundary strengthening and dislocation strengthening in the
SLM-HEAs. Tong et al. [16] studied the evolution of the cellular struc-
tures in the SLM-FeCoNiCrMn HEAs and found that the cellular struc-
tures exhibit great thermal stability at 500 °C but gradually transformed
into recrystallized structures as the annealing temperature increased.
Kuzminova et al. [17] also found that the recrystallization occurred in
the SLM-FeCoNiCr HEAs when the annealing temperature exceeds
700 °C. Furthermore, it has been reported that the yield strength and the
microhardness of the heat-treated SLM-HEAs decrease due to the grain
coarsening during the subsequent implementation [16-19]. Hence,
studying the evolution of microstructure within the cellular structure
during subsequent implementation becomes crucial, enabling effective
control over the coarsening process of cellular structures.

The position, fraction, shape, and size of the precipitates in SLM-
HEAs play a vital role in their precipitation strengthening [20,21].
Consequently, it becomes crucial to strategically design precipitates in
SLM-HEAs through additive manufacturing and subsequent imple-
mentation to achieve the desired performance. Shen et al. [22] exam-
ined the microstructure evolution of the SLM-AlCoCrFeNi HEA after
annealing and found that the enhanced hardness, yield strength, and
ultimate tensile strength are attributed to the precipitation of the Cr-rich
o precipitates in the B, matrix and precipitation of the nano-ordered L; 5
precipitates in the FCC matrix. Similarly, Lin et al. [23] found the
development of the L, precipitates within the matrix and the precipi-
tation of the Ly; precipitates at the boundary of the cellular structures in
the SLM-AlCoCrFeNiTi HEA after annealing at 750 °C. These result in a
significant improvement in the tensile strength (~1235 MPa) and yield
strength (~1550 MPa) of the SLM-AlCoCrFeNiTi HEA. Fujieda et al.
[24] investigated the influence of the solution treatment on the micro-
structure of the selective electron beam melted CoCrFeNiTiMo HEA.
They found an improvement in the tensile properties caused by the
uniformly distributed precipitates with a diameter of 40 nm formed
during the 1100 °C heat treatment. Peng et al. [18] found that the
hardness and wear resistance of the laser-melt-deposited Aly 3CoCrFeNi
HEA could be improved by the generation of the B, precipitates and the
o precipitates at the boundary of the cellular structures after annealing
at 650 °C for 5h. Thapliyal et al. [25] introduced B4C into the FeMn-
CoCrSi HEA through laser additive manufacturing and achieved the
segregation of B and C elements at the boundary of the cellular struc-
tures by post-annealing. The segregation of these two elements further
causes the enrichment of the Cr at the boundary of the cellular structure,
forming the precipitation of cubic-crystal-structured CroB precipitates
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and hexagonal-crystal-structured Cr;Cg precipitates to strengthen the
boundary of the cellular structures. Li et al. [26] prepared the
NbC-added CoCrFeMnNi HEAs by laser beam powder bed fusion. After
800 heat treatment, these HEAs achieved superior thermal stability due
to the formation of NbC precipitates at boundaries of the cellular
structures, leading to high yield strength (~870 MPa). Kong et al. [27]
investigates effect of heat treatment on the microstructure and me-
chanical properties of AlICoCrFeMnNi HEAs prepared by laser powder
bed fusion. The yield strength of HEA reaches 1000 MPa after 850 °C
heat treatment due to the massive BCC phases generate at the boundary
of the grain and cellular structure. Table 1 summaries the
post-processing, type of precipitates, and mechanical properties of HEAs
in the above researches. Hence, the precipitates at the boundary of
cellular structure can significantly affect the mechanical properties of
the AM-HEAs. Existing reports indicate that the element segregation at
the boundary of cellular structures appears in the as-built SLM-HEAs
[26-29], which determines the distribution and fraction of precipita-
tion. Therefore, the key factor in improving the mechanical properties of
the SLM-FeCoNiCrMog 2 HEAs lies in designing element segregation on
the boundary of the cellular structures and controlling precipitate for-
mation by additive manufacturing and subsequent implementation.

Dynamic-mechanical property is an important indicator for evalu-
ating whether metallic materials could be used under high strain-rate
impact deformation, among which the impact toughness represents
the ability to absorb impact energy [30]. Attaining exceptional impact
toughness requires materials to possess high strength and ductility [31].
High strength allows a material to resist impact deformation and with-
stand external forces, while good ductility enables the material to un-
dergo plastic deformation and absorb energy during impact events [32].
The synergy between strength and ductility is the key to enhancing
impact toughness. It can effectively absorb and distribute impact forces,
thereby enhancing its overall toughness in demanding applications [33].
In our previous work [34], we have reported a significant strength
improvement in the SLM-HEAs heated at 800 °C. The key to this research
to this strength enhancement lies in the molt pool regulation and pre-
cipitation strengthening. The disappearance of the cellular structure and
the significant coarsening of grain size at high heating temperatures
have led to a decrease in ductility, resulting in a slightly reduced impact
toughness.

Dynamic-mechanical property is an important indicator for evalu-
ating whether metallic materials could be used under high strain-rate
impact deformation, among which the impact toughness represents
the ability to absorb impact energy [30]. Attaining exceptional impact
toughness requires materials to possess high strength and ductility [31].
High strength allows a material to resist impact deformation and with-
stand external forces, while good ductility enables the material to un-
dergo plastic deformation and absorb energy during impact events [32].
The synergy between strength and ductility is the key to enhancing
impact toughness. It can effectively absorb and distribute impact forces,
thereby enhancing its overall toughness in demanding applications [33].
In our previous work [34], we have reported a significant strength
improvement in the SLM-HEAs heated at 800 °C. The key to this research

Table 1
Chemical composition, additive manufacturing method, post-processing, type of precipitates and mechanical property of HEAs in references [22-27].
Chemical composition AM Post-processing Type of precipitates Mechanical property Reference
Al»1Co16CrsFeasNisy SLM 600 °C/8h o phase, B, phase YS: 810 MPa [22]
UTS: 1115 MPa
Al 5Coq 5CrFeNi; sTig 3 SLM 750 °C/50h L1z, Ly phase YS: 1235 MPa [23]
UTS: 1550 MPa
Co1 5CrFeNi; 5Tig.sMog 1 SEBM 1100 °C/50h Ni3Ti phase YS: 815 MPa [24]
UTS: 1050 MPa
Fe4oMny0Co50Cry5Sis L-PBF 900 °C/10min Cr,B, Cr,Cs phase UTS: 1180 MPa [25]
EL: 17%
NbC-CoCrFeMnNi L-PBF 800 °C/2h NbC phase YS: 870 MPa [26]
Al4Co50CrigFes;MngNig L-PBF 850 °C/5h NiAl phase, ¢ phase YS: 1000 MPa [27]
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to this strength enhancement lies in the molt pool regulation and pre-
cipitation strengthening. The disappearance of the cellular structure and
the significant coarsening of grain size at high heating temperatures
have led to a decrease in ductility, resulting in a slightly reduced impact
toughness.

The aim of this study is to investigate the simultaneous precipitation
of second phase with controlling the coarsening of the cellular structures
by SLM and subsequent heating and quenching process, thereby
achieving strength-plasticity balance and improving the impact tough-
ness. The deformation mechanisms of the second-phase and cellular
structure during the impact deformation, as well as their contributions
to the strengthening mechanisms are discussed.

2. Materials and methods

Fig. 1 shows the preparation process and dynamic-mechanical
property testing method of the materials in this work. Fig. 1(a) illus-
trates the pre-alloyed powder used in this study, with its chemical
composition presented in Table 2 [35]. The size distribution of the
pre-alloyed powder is counted in Fig. 1(b), with an average size of
approximately 67.1 pm [35]. The preparation method for the
pre-alloyed powder involved initially melting pure metal powders in a
vacuum induction furnace to form pre-alloyed ingots. Subsequently, the
pre-alloyed ingots were subjected to high-speed airstream in an atomi-
zation chamber, resulting in their fragmentation into small droplets that
solidified to form fine powder. The powder morphology is approxi-
mately spherical, with a small quantity of satellite particles.

Fig. 1(c) presents a schematic diagram of the SLM preparation pro-
cess. The SLM procedure was carried out using FS301 M system (Farsoon
technologies, P. R. China) within an Ar atmosphere protection. A rect-
angular specimen measuring 10 x 10 x 70 mm was fabricated. Subse-
quently, a series of ®6 x 7.2 mm cylindrical specimens were machined
along the scanning direction on the rectangular specimen. Fig. 1(d) il-
lustrates the schematic diagram depicting the preparation process
employed in this investigation. As per our previous work [35], three sets
of printing parameters were used in the SLM process, and the
dynamic-mechanical properties of the as-built specimens could be
improved by the control of the printing parameters. Among the various
options, the specimen 2, created using printing parameters of 330 W
power and 800 mm/s scanning speed, exhibited outstanding perfor-
mance (The impact toughness and yield strength reach 315.6 MJ/m?
and 775.6 MPa at a strain rate of 2420 s’l). So the specimen 2 with the
same printing parameters was chosen for the subsequent heating and
quenching. It is essential to note that the fabrication method of cylin-
drical specimens in this study differs from that in our previous work
[35], with the loading direction of the cylindrical specimens being
aligned with SLM scanning direction. The shift of the loading direction is
attributed to the anisotropic mechanical performance of
SLM-specimens, and property along the scanning direction is superior
than that along the building direction. The dynamic mechanical prop-
erties of the as-built specimens along the different loading direction are
given in Appendix C. Before heating, the cylindrical specimens were
placed inside a vacuum glass tube. Then, the vacuum tube was purged
with argon gas for a minimum of three cycles to remove any residual air
inside the glass tube. Later, the glass tubes containing the specimens
underwent a high-temperature sintering process for 10 min to ensure an
airtight seal, thus providing an inert gas protective environment during
the heating process. The treatment was carried out at temperatures of
600, 650, 700, and 750 °C with specimens labeled as Q600, Q650, Q700,
and Q750, respectively, using the DZSX2-10-12NP (Yun Yue, P. R.
China). These specimens were heated for 8 h, then quenched with in-
dustrial oil to prevent the growth of grains and second phases. The
specific SLM process parameters along with the subsequent heating
parameters are listed in Table 3.

Dynamic-mechanical properties of the SLM-FeCoNiCrMog s HEAs
were tested using a split Hopkinson pressure bar. The schematic diagram
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is shown in Fig. 1(e). The cylindrical specimen was placed between the
incident bar and transmitter bar, ensuring alignment along their central
axes. The impact force of the strike bar was provided by a vacuum gas
charging system. Subsequently, the strike bar was propelled to strike the
incident bar, specimen, and transmitter bar. Strain gages affixed to the
incident bar and transmitter bar were used to collect strain signals,
which were then processed to obtain values for engineering stress, en-
gineering strain, true stress, true strain and strain rate. Detailed calcu-
lations are provided in Appendix A. The actual dimensions, deformation
parameters and conditions of different specimens are given in Table 4.

To identify the phases of the SLM-FeCoNiCrMogs HEAs, X-ray
diffraction (XRD) was conducted using an Empyrean diffraction instru-
ment (PANalytical, Netherlands) with an incident beam of the Cu-Ka
radiation at 50 kV. Scanning was performed over a range of 10°-90° at a
rate of 2°/min. The microstructural characterizations of various speci-
mens were conducted using optical microscopy (DM2700 M, Leica,
Germany), scanning electron microscope (Quanta-250, FEI,
Netherlands, operating voltage: 30 KV), transmission electron micro-
scopy (Tecnai G20, FEI, U.S.A. operating voltage: 250 KV), respectively.
An Image-pro plus (IPP) image analysis software was used to analyzed
the size of the cellular structures [35]. The size and fraction of the phases
are determined using small angle neutron scattering (SANS) technique.
By employing an incident neutron wavelength ranging from 1 to 10 A7%,
the scattering intensity was collected in the range from 0.005 A~ to 0.2
A1 as a function of the scattering vector, Q.

3. Results
3.1. Dynamic mechanical property of SLM-FeCoNiCrMog 2 HEAs

The dynamic mechanical properties of the as-built specimen and
quenched specimens are presented in Fig. 2.

The engineering stress vs. engineering strain curves of the SLM-
FeCoNiCrMog » HEAs deformed with the average velocity of the strike
bar of 20 m/s are shown in Fig. 2(a). It can be observed that under the
same impact condition, the maximum engineering strain of the as-built
specimen is higher than that of the quenched specimens, whereas the
flow stress of the quenched specimens is higher than that of the as-built
specimens. The true stress and true strain in the as-built specimen and
quenched specimens are obtained by converting engineering stress and
engineering strain, respectively. The true stress vs. true strain curves
displayed in Fig. 2(b) exhibit a similar trend to the engineering stress vs.
engineering strain curves. The yield strength and ultimate compressive
strength of as-built specimen and quenched specimens are determined
using engineering stress vs. engineering strain curves. Additionally, the
impact toughness of as-built specimen and quenched specimens are
quantified as impact energy by calculating the area of the true stress vs.
true strain curves. Fig. 2(c) depicts a comparative assessment of these
values. The yield strength, ultimate compressive strength and impact
energy of the as-built specimen are 698 + 38 MPa, 1407 + 59 MPa and
159 + 5.3 MJ/m®. There is a general trend of increasing yield strength,
ultimate compressive strength and impact energy as moving from the as-
built specimen to the quenched specimens. Notably, yield strength, ul-
timate compressive strength and impact energy of the Q700 specimen
reach peak values of approximately 1066 + 42 MPa, 1649 + 46 MPa,
and 214.5 + 6.5 MJ/m? respectively. These values represent significant
improvement of 52.7%, 17.2% and 34.9% compared to those of the as-
built specimen, respectively. However, the Q750 specimen experiences
a slight decline in yield strength compared to the Q700 specimen, while
its strength (yield strength 1005 + 28 MPa, ultimate compressive
strength 1605 + 78 MPa) and impact toughness (impact energy 196.4 +
4.5 MJ/m®) remains relatively high. Furthermore, direct comparison of
the dynamic mechanical properties of the SLM-FeCoNiCrMog > HEAs
with other materials is given in Fig. 2(d), including HEAs [36-40], steels
[41-43], Ni-based alloy [44], and Al-based alloys [45-47]. It is clear
that the Q700 specimen in this work demonstrate excellent
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Table 4
Dimensions and deformation conditions of cylindrical specimens.

Table 2

Composition of the FeCoNiCrMoy » pre-alloyed powder [35].
Element Fe Co Ni Cr Mo
Component (at. %) 21.13 24.5 23.67 24.51 4.61

strength-impact toughness combinations that surpass those of other
alloys.

3.2. Microstructure of SLM-FeCoNiCrMoy 2 HEAs

Fig. 3 illustrates the XRD patterns of the as-built specimen and
quenched specimens at various heating temperatures [35]. It is evident
that the as-built specimen is composed of a single FCC phase, with the
diffraction peak of the p phase observed in the Q700 specimen and Q750
specimen. The formation of ¢ phase during higher heating temperature
has been reported in our earlier work [34]. According to the researches
on the FeCoNiCrMox HEAs system [1,48], the disparity in precipitation
conditions between the p phase and ¢ phase is relatively minimal.
Typically, an increasing Mo content is correlated with a greater pro-
pensity for p phase formation. The precipitation behaviors of both p
phase and ¢ phase will be discussed later.

Fig. 4 presents the microstructure of the as-built specimen [35]. In
Fig. 4(a)-a three-dimensional optical image reveals the distinct features
of the melt pools observed in the as-built specimen. The morphology of
these molt pools resembles overlapping semi-elliptical cylinders. Fig. 4
(b) exhibits the fine cellular structures within the molten pools, boasting
an average size of approximately 486.3 nm. Notably, a TEM image of the
cellular structures suggests that their boundary consist of high density
dislocations, as shown in Fig. 4(c). Additionally, Fig. 4(d) displays an
element distribution of the cellular structures, where there is Mo
segregation at the boundary of the cellular structure. It is worth
mentioning that few precipitates could be observed in the as-built
specimen.

The heating and quenching process lead to the microstructural
evolution of melt pool and grain in the as-built specimen. According to
Fig. 1(c) and (e), the dynamic loading direction of the cylindrical
specimens are consistent with the scanning direction. To investigate the
relation between the dynamic mechanical property and the corre-
sponding microstructure, the microstructure along the scanning direc-
tion (X direction in Fig. 1(c)) is characterized. Fig. 5 presents the
microstructure of melt pool and columnar grain in the quenched spec-
imens with different heating temperatures. In comparison to the as-built
specimen, there is no obvious change in the melt pool in the Q600
specimen. As the heating temperature increased, the columnar grains
within the melt pool became more prominent and the boundaries
became gradually clearer. In the Q750 specimen, the boundaries of the
melt pool tend to blur. This aligns with the observed trend in our pre-
viously published results [34]. It is noted that the boundaries of melt
pool essentially vanished at heating temperatures exceeding 800 °C,
leaving columnar grains as the predominant microstructure [34].

The microstructure evolution and size distribution of the cellular
structures in the quenched specimens are depicted in Fig. 6. The cellular
structures in the as-built specimen present the hexagonal-equiaxed
morphology, as presented in Fig. 6(al). Notably, there is a significant
variation in the size of the cellular structures. As the heating

Table 3

Specimens Diameter Height Velocity of strike Average strain
D (mm) (mm) bar (m/s) rate (s 1)

As built 6.03 6.83 19.56 1840

Q600 5.97 6.81 19.79 1800

Q650 6.11 6.83 20.14 1860

Q700 5.92 6.84 20.41 1830

Q750 5.98 6.79 20.24 1830

temperature rises, the sizes of the cellular structures show an upward
trend, as demonstrated in Fig. 6(b1) and (c1). However, in the Q700
specimen and Q750 specimen, the boundaries of cellular structures
disappear, resulting in no further increase in the average size of cellular
structures for these two specimens, represented in Fig. 6(d1) and (f1).
The size distributions and corresponding average sizes of the cellular
structures in various quenched specimens are presented in Fig. 6(a2).
The average size of the cellular structures in as-built specimens is
measured to be 486.3 + 123.9 nm, while in Q650 specimen it reaches a
maximum value of 966.1 4+ 257.8 nm, which is 100.6 % higher than that
in the as-built specimen, as exhibited in Fig. 6(b2) and 6(c2). The
average sizes of cellular structures in Q700 specimen and Q750 spec-
imen are approximately 904.4 nm and 880.4 nm, respectively. Once the
heating temperature surpasses 800 °C, the cellular structure within the
melt pool largely vanishes [34]. Moreover, a number of precipitates,
identified as p phases based on the XRD result, were observed at the
boundary of cellular structures in the Q700 specimen and Q750 spec-
imen, as shown in Fig. 7. There are two types of p phases within the
specimens, positioned at different locations. One is located at the
boundary of the cellular structures, as indicated by the blue dashed line
box, shown in Fig. 7(a). The other is situated at the boundary of the melt
pool, identified by the yellow dashed line box, shown in Fig. 7(b).
Further bright-field images in Fig. 8(a) reveals intricate details
regarding the microstructure of the cellluar structure and p phases in the
Q700 specimen. It is demonstrated that the p phases exhibit a rod-like
shape and are predominantly distributed along the boundary of the
cellular structures. Fig. 4(c) illustrates that the boundaries of cellular
structures in the as-built specimens contain a high-density dislocations.
However, upon heating and quenching, a notable reduction in the
dislocation density at these boundaries is observed. Cellular structures
exist in the form of dislocation cells. After heat treatment, the disloca-
tions at the boundaries of cellular structures move and annul each other
due to thermal driving forces, resulting in a decrease in dislocation
density. Simultaneously, the gradual annihilation of boundaries causes
an increase in the size of cellular structures. With an increase in heat
treatment temperature, the interaction between dislocations is intensi-
fied, resulting in a further decrease in dislocation density and an in-
crease in the size of the cellular. The high-angle annular dark-field
scanning-TEM (HAADF-STEM) image and corresponding EDS map in
Fig. 8(b) further confirm that the p phase correspond to Mo-rich pre-
cipitates. Fig. 8(c) shows the high-resolution TEM images, while Fig. 8
(d) displays the corresponding FFT pattern of p phase in the Q700
specimen obtained via a Fast Fourier transform in Fig. 8(c). Notably, two
sets of SAED patterns are evident, representing an FCC phase along a
<110> zone axis, and a hexagonal-close-packed (HCP) phase along a
<1210> zone axis, denoting the crystal structures of the matrix and the

Selective laser melting process parameters and heat treatment parameters of cylindrical specimens.

Specimens ID Process parameters of SLM Densification (%)

Heating Temperature (°C) Holding Time (h) Quenching

As built Laser power: 330 W 99.11
Q600 Scan speed: 800 mm/s 99.39
Q650 Layer thickness: 0.06 mm 99.26
Q700 Hatch distance: 0.1 mm 99.13
Q750 Stripes with 67° rotation 98.97

- 8
600
650
700
750

Oil quenching
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Fig. 3. XRD pattern of the as-built specimen and quenched specimens [35].
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1 phase, respectively. The morphology, crystal structure, and element
distribution of the p phase are consistent with those reported in the
literature [1].

Fig. 9 depicts the small-angle neutron-scattering results for various
specimens, including the as-built specimen and the quenched specimens.
As presented in Fig. 9(a), the scattering intensity of the quenched
specimens are slightly higher compared to that of the as-built specimen,
gradually increasing with higher heating temperatures. In order to
deduce the evolution of the volume fraction and size of p phase, an
invariant is calculated using Sasview software based on the small-angle
neutron-scattering dates [49]. For FeCoNiCrMog o HEAs systems with
FCC matrix and p phase, Q* are given as follows [50,51]:

— 7 1) 1
0 /Oq(q)q @

0" =27 (8p) 9,0, 2

In equation (1), Q* could be calculated as the area of the small angle
neutron-scattering curves. In equation (2), Ap is the difference between
the scattering-length density of the second phases and matrix, ¢, and ¢,
are the volume fractions of the second phases and matrix, respectively
(p1 + @5 = 1). The effective radius is obtained after fitting, and the
average sizes (twice the effective radius) of p phase are obtained from
the fitting parameters. Detailed calculations of the volume fractions and
sizes can be found in Appendix B. Fig. 9(b) displays the volume fractions
and average sizes of p phases in different specimens. It is indicated that
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Scanning direction

As-built

Building direction

the volume fraction and average size of p phases in the as-built specimen
are 0.09 % and 60.4 nm, respectively. These value are very low so that
the p phases in the as-built specimen are difficult to observe. Subse-
quently, with the increasing heating temperature from 600 °C to 750 °C,
the volume fraction and average sizes of the p phases gradually increase.
After heating at 750 °C, the volume fraction and average size of the p
phases in the Q750 specimen reach 4.0 % and 65.4 nm, respectively. It is
worth mentioning that the average size of the p phases shows limited
variation with heating temperature, while the volume fraction exhibits a
more significant change. This may be attributed to the fact that within
the selected wavelength range, SANS technology can only identify p
phases with sizes below 100 nm. Particles larger than 100 nm are not
included in the data analysis.

3.3. Deformed microstructure of SLM-FeCoNiCrMoy > HEAs

To further investigate the deformation mechanism of the cellular
structure and p phases under high strain-rate deformation, the micro-
structure of the as-built specimen, Q700 specimen and Q750 specimen
after dynamic deformation was characterized. In as-built specimen,
there are no obvious micro-pores or micro-cracks, and the cellular
structures undergo significant elongation along the dynamic deforma-
tion direction with their length exceeding 1 pm, as shown in Fig. 10(a).
In Q700 specimen, the size of elongated cellular structures is noticeably
smaller compared to the as-built specimen, and micro-cracks along the
grain boundary are observed, as depicted in Fig. 10(b). Further gener-
ation of micro-pores along the cellular structures in Q750 specimen is
presented in Fig. 10(c). Fig. 10(d) exhibits the TEM of Q700 specimen
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@

Fig. 4. Microstructure of the as-built specimen. (a) Optical image of the melt pool. (b) Fine cellular structures inside the melt pool. (c) Bright-field image of the
cellular structures. (d) Mo segregation at boundary of cellular structure [35].

after impact deformation. There are no apparent changes in the size and
shape of p phases. However, high-density dislocation appears near the p
phases marked in the blue box. It is suggested that the p phases can
impede the dislocation movement during impact deformation. More-
over, the boundary of the elongated cellular structures merge into the
high-density dislocation regions. This trend may be attributed to the
precipitation of the p phases, which serve as obstacles at the boundary of
the cellular structures, thus hindering their deformation during the
impact deformation.

4. Discussion

4.1. Effect of the Mo segregation on the u phases in the SLM-
FeCoNiCrMoy 2 HEAs

It is reported that various factors such as initial grain size and
element distribution in the as-built AM alloys can significantly affect the
distribution, size, shape, and fraction of precipitates upon heat treat-
ment [26-28]. In the SLM-FeCoNiCrMog 5 HEAs, the precipitation of
second phases is influenced by Mo segregation and heating temperature.
The rapid heating and cooling rates of the SLM process lead to segre-
gation Mo at the boundary of cellular structures in the as-built specimen.
Subsequent heating and quenching treatments facilitate the precipita-
tion of Mo-rich second phases at the boundary. To investigate the effect
of heating temperature and Mo content on precipitation of second phase
in SLM-FeCoNiCrMog » HEA, a (FeCoNiCr)-Mo binary phase diagram
was constructed using Pandat thermodynamic software [52], as shown
in Fig. 11. The distribution of Mo in the alloy was categorized into two



W. Liet al

Journal of Materials Research and Technology 30 (2024) 717-732

Fig. 5. Microstructure of the melt pool and columnar grain in the quenched specimens. (a) Q600 specimen. (b) Q650 specimen. (c) Q700 specimen. (d)

Q750 specimen.

regions, Mo-rich micro-regions (with a Mo atomic fraction of 10%) at
the boundary of cellular structure and Mo-poor micro-regions (with a
Mo atomic fraction of 4%) within the cellular structure. The phase
composition in the Mo-rich regions of the alloy consisted of FCC+o-+p
phases at 600 °C, 650 °C, and 700 °C. When the heating temperature
above 750 °C, the phase composition transfers to FCC+c phases. The
phase composition in the Mo-poor regions of the alloy at the afore-
mentioned temperatures remained FCC+oc phases. Hence, lower tem-
peratures and higher Mo enrichment contribute to the formation of the p
phase and the theoretical phase composition in the Q700 specimen is
considered to be FCC+c+p phases. In this work, relatively low heating
temperatures were chosen to suppress excessive growth of the cellular
structure while exploiting the Mo segregation present in the as-built
specimens to achieve second phase precipitation at specific locations.
Considering the similar strengthening effects of ¢ and p phases as hard
phases compared to the FCC phase [48,53,54], and in accordance with
the experimental results obtained from XRD and TEM analyses, the
second phase in the Q700 specimen is regarded as a single p phase.

4.2. Deformation mechanism of the u precipitates-strengthened SLM-
FeCoNiCrMog > HEAs

In the as-built specimen, the cellular structures play a crucial role in
the dynamic deformation. The elongated cellular structures could
disperse large impact strain and coordinate high strain-rate impact
deformation. The impact deformation leads to a significant increase in
dislocation density within the alloy, resulting in dislocation entangle-
ment. The elongated cellular structures are severed and fragmented into
multiple smaller dislocation cell structures by the dislocation wall,
further synergizing the impact deformation [35]. While in the quenched
Q700 specimen, the distributed p phases at the boundary can pin down
the boundary, resulting in inhibiting the elongation of cellular
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structures. Generally, stress waves are transmitted during impact
deformation, and larger second phases can induce locally higher reverse
tensile stresses, leading to brittle fracture of the material [55-57].
However, dispersed nanoscale second phases can activate multiple
deformation mechanisms, impeding crack propagation in the material
[58,59]. In the Q700 specimen, the size of the  phases is approximately
63.4 nm, allowing it to simultaneously anchor boundary of the cellular
structure and undergo coordinated deformation, thus mitigating impact
damage. Fig. 12 exhibits the schematic diagram of the microstructure
evolution in the SLM-FeCoNiCrMog . HEAs. There are fine cellular
structures with the Mo segregation at the boundary in the as-built
specimen. During the heating and quenching process, the p phases
precipitated at the boundary of the coarsening cellular structures in the
quenched specimen. After impact deformation, the cellular structures in
the as-built specimens are elongated with high-density dislocation at
boundary to absorb impact energy. In the quenched specimens, the p
phases impede dislocation motion and anchor the boundary, resulting in
finer elongated cellular structures compared to the as-built specimens.
Additionally, the nanoscale p phases can also undergo coordinated
deformation along with cellular structures, further enhancing the impact
toughness of the SLM-FeCoNiCrMog » HEAs.

4.3. Strengthening mechanism of the SLM-FeCoNiCrMoy 2 HEAs

At a strain rate of 1840 s™., the yield strength of the quenched Q700
specimen is 1066 MPa, which is 52.7% higher than that of the as-built
specimen. Heating and quenching treatment result in the coarsening
of grains and cellular structures, reduced dislocation density, and pre-
cipitation of second phases as the primary mechanisms of microstruc-
tural evolution in the SLM-FeCoNiCrMog s HEAs. These collectively
determine the enhancement of dynamic yield strength. Here, the con-
tributions of different microstructures to the yield strength are
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Fig. 7. The p phases in the Q700 specimen and Q750 specimen. (a) Q700 specimen. (b) Q750 specimen.
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Fig. 8. TEM image of p phases in the Q700 specimen. (a) Bright-field image. (b) Elemental distribution of the p phases. (c) High-resolution TEM image of p phases.
(d) Diffraction pattern of p phases and matrix.
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quantitatively calculate to explore the main strengthening mechanisms.

The strengthening contributions include the lattice-frictional
strength, oy, solid-solution strengthening, oss [60], grain-boundary
strengthening o¢p [61], dislocation strengthening o, [62], and precipi-
tation strengthening o,r.. The yield strength, oy, can be calculated by the
following equation:

3

Generally speaking, equation (3) refers to the yield strength of ma-
terials under quasi-static conditions. To account for the influence of
strain rate on the yield strength, the Johnson-Cook constitutive equation
is employed to describe the relationship between strain rate and flow
stress. The expression is given as follows [63]:

=(A+Be") [1 + c(zneio)m} 1- D(T TOTO)?

0y =0 + Oss + 0Gp + 0p + Opre

4
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where o represents the flow stress, ¢ is the strain, ¢ is the strain rate, T is
the deformation temperature. €y = 0.01 s~ and Ty = 298 K are the
reference strain rate and reference temperature, respectively. A, B, C, D,
n, m, k are materials parameters. In equation (4), the first term reflects
the strain hardening of the material. In the absence of strain rate and
deformation temperature considerations, the value of the yield strength
is approximately equal to the flow stress at a strain of 0.2%. The second
term reflects the strain rate hardening of the material. The third term
reflects the thermal softening effect of the material, considering the
adiabatic temperature rise during dynamic deformation process. In this
work, the dynamic yield strength of SLM-FeCoNiCrMog 2 HEAs can be
expressed as follows:

Gy = (A +B0.002") [1 + c(ln m)’”] {1 B D<T ;OTo)k]

In this equation, the value of the first term is approximately equal to
oy in equation (3). Substituting equation (3) into equation (5), we obtain

(5)

(0)

(d)

Fig. 10. Deformed microstructure of different specimens. (a) As-built specimen. (b) Q700 specimen. (c) Q750 specimen. (d) Bright-field images of the

Q700 specimen.
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the following expression:

& \" T -1\
Odys = (Gf‘+0'ss+0'cs +o0, -‘rO'pre) {1 +C(ln0701) ] [1 - D( 7 0> }
- 0

(6)

The following conditions are assumed: First, the strain-rate
strengthening factors affect differently to the various strengthening
mechanisms, indicating that different microstructures have different
sensitivities to strain rate. Second, the lattice stress and initial solid-
solution strengthening, as the initial strength of the alloys, are inde-
pendent of strain rate. Third, the value of m is the same among the
different strain-rate strengthening factors. equation (6) could be further
recast into the following expression:

O'ziy.y={(0/-+6s5)+O'GB[1+a1<lnﬁ)”’]+0_ﬂ[1+a2<lnﬁ>m]+Gpre[1+a3<lnﬁ>m]}

where a;, a,, as, represent the strain-rate strengthening factors associ-
ated with the grain boundary strengthening, precipitation strength-
ening, and dislocation strengthening. To fit the parameters a,, ay, as, m,
D, k, the strength contributions of different strengthening mechanisms
were calculated for the as-built specimen and quenched specimens.

The total value of the lattice-frictional strength, o7, and solid-solution
strength, ogs, is evaluated to be 90.3 MPa, which is the same in different
specimens [35]. The grain-boundary strengthening ogg is inversely
proportional to grain size, which is given by Ref. [64]:

oo =kd '/? @®
where k is the strengthening coefficient (~494 MPa x pm°'5 [35]), and
the d is the average grain size. The average grain size d of the as-built
specimens is approximately 21.4 pm. As the heating temperature in-
creases, the grain size in the quenched specimens gradually increases,
reaching a peak value at approximately 31.8 pm in the Q750 specimen.
Table 5 provides the average grain sizes along with their corresponding
grain boundary strengthening contributions in different specimens,
which decrease with the increasing heating temperature.

The contribution of the dislocation strengthening, o,, is related to
dislocation density and size of the cellular structures [66], which is
expressed as follows:

0, =MaGb\/p 9
1200+ FCC
g
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=
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Fig. 11. Binary phase diagram of (FeCoNiCr)-Mo HEAs.
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p:2\/§E/Db (10)

Bcos O=KA/D + 4e sin 0 1)
where the constant M, known as the Taylor factor, is set at 3.06 [65]. The
values a (0.33), G (76 GPa), and b (0.255 nm) correspond to the shear
modulus and burger vector for FCC phase [65,66]. In equation (10), p
represents the dislocation density, ¢ refers to the micro-strain. In equa-
tion (11), 0, , and 1 represent the Bragg angle, the corresponding peak
broadening, and the wavelength in the XRD pattern, respectively. The
dislocation density of the as-built specimens is calculated to be about
1.28 x 10 nm~2. As the annealing temperature increases, the dislo-
cation density exhibits a decreasing trend. In contrast, the size of the

(7)

cellular structures exhibits an opposing trend, increasing as the
annealing temperature rises. This increase in size of the cellular struc-
tures, coupled with a decrease in dislocation density, ultimately leads to
a gradual weakening of dislocation strengthening. The dislocation
density, sizes of the cellular structures and corresponding dislocation
strengthening value of different specimens are given in Table 6.

The precipitation strengthening, o,r, can be accounted using the
modulus hardening due to the result that the size of the p phase is less
than 100 nm [2,3], which can be described as follows [2]:

<%) " [(0'8 —0.143 In (g)):lZ/Srl/zfl/Z

where r refers to the average size of the p phases, and f refers to the
volume fraction of p phases, and AG refers to the difference between the
shear modulus of the FCC matrix and shear modulus of the p phases. The
shear modulus of the p phases can be calculated from its elastic modulus,
which has been reported to be 249 GPa [67]. Therefore, the shear
modulus of the p phases is approximately 124.5 GPa, resulting in a value
of the AG equal to 48.5 GPa. Combined with the results from Fig. 7, the
precipitation strengthening value of the as-built specimens is approxi-
mately 105.9 MPa. After annealing and quenching, the volume fraction
of the p phases could increase, resulting in increased precipitation
strengthening. The average size of p phases, volume fraction of the p
phases, and corresponding precipitation strengthening value of different
specimens are presented in Table 7.

At strain rate of 1800 s, the deformation process is considered
adiabatic. The deformation energy transforms into an increase in tem-
perature. We evaluate the adiabatic temperature rise using the following
formula [36]:

MAG

472 (2

AGmodutus =

T:T0+AT:T0+L/ ode
pCo ).,

where T and AT are the initial temperature and temperature rise during
deformation, respectively. 7, p, C,, refer to the fraction of the plastic
energy, mass density of HEAs, and the heat capacity. f: ode can be
calculated from stress vs. strain curves from Fig. 2. In this work, # is 0.9,
pis 8.117 g/cm3, C, is 0.43 J/(g-K), T is 298 K [68]. Simultaneously,
the dynamic mechanical responses of the as-built specimen under
different strain rates are also taken into consideration. In addition to the
strain rate of 1840 s~!, dynamic mechanical performance and adiabatic
temperature rise of the as-built specimens at strain rates of 1520 s,
2070 s~ L, and 2310 s~ ! are evaluated. The stress vs. strain curves of the
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Fig. 12. Schematic diagram of the microstructure evolution of the cellular structures and p phases in the SLM-FeCoNiCrMoy 5 HEAs.

as-built specimens at strain rates of 1520 s71, 2070571, and 2310 s are In the as-built SLM-FeCoNiCrMog » HEAs, there is Mo segregation at
given in Appendix C. The adiabatic temperature rises of the as-built the boundary of fine cellular structures. The fine cellular structure with
specimen and quenched specimens are shown in Table 8. high-density dislocation at the boundary plays a major strengthening

According to the strengthening mechanism analysis above, the pa- role. After annealing and quenching, the coarsening cellular structures
rameters aj, dz, as, m, D, k in equation (7) can be fitted using MATLAB and precipitation of the p phases occur in the quenched SLM-FeCo-
software by substituting the calculation results into equation (7). The NiCrMog o HEAs. When annealing temperatures range from 600 to
fitting results of the parameters are shown in Table 9 and the modified 750 °C, higher heating temperatures result in larger sizes of the cellular
equation is as follows: structures, lower dislocation density, and increased sizes and volume

5 & \5.05 . & \505 ; & \505 AT 288
Gdy::{(o'ero‘ss)+o‘(;3{1+1.69>< 10- (lnm) }+o,,[1+8.74>< 10- (mm) }+a,,,.p[1+1.55x 10 <I”W> H 170.902(ﬁ>

13

equation (13) expresses the relationship between the dynamic yield fractions of the p phases. The coarsening microstructure leads to a
strength and microstructure of SLM-FeCoNiCrMog > HEAs under the reduction in grain boundary strengthening, the decrease in dislocation
condition of the strain rates range from 1500 to 2340 s~!. Table 10 density results in a decline in dislocation strengthening, and the increase
presents the comparison between the results calculated from equation in volume fraction of the p phases contributes to an enhancement in
(13) and the experimental values, along with the calculation of the error precipitation strengthening. The synergistic strengthening mechanisms
of this model. The average error of this model is approximately 8.97%, led to the improvement of dynamic mechanical properties of the
indicating that this model could effectively predict the dynamic yield quenched SLM-FeCoNiCrMog» HEAs and precipitation strengthening
strength of SLM-FeCoNiCrMog > HEAs at a strain rates range from 1500 plays a major strengthening role. It is worth mentioned that in the
to 2340 s7L. quenched specimens, dislocation strengthening and grain-boundary
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Table 5
Average grain sizes and corresponding grain boundary strengthening in different
specimens.

Specimens ID As-built Q600 Q650 Q700 Q750

Grain size (pm) 21.4 23.6 27.3 29.5 31.8

oG (MPa) 106.8 101.6 94.6 91.0 87.6
Table 6

Dislocation density, size of the cellular structures and corresponding dislocation
strengthening in different specimens.

Journal of Materials Research and Technology 30 (2024) 717-732

Table 9
Fitting results of the parameters a;, as, as, m, D, k.
Parameter  a; ax as m D k
Value 1.69 x 8.74 x 1.55 x 5.08 0.902 0.288
107° 10°° 1077
Table 10

Calculated dynamic yield strength, experimental dynamic yield strength, and
error of the model.

Specimens ID Calculated Experimental Relative Average
Specimens ID As-built Q600 Q650 Q700 Q750 o4y (MPa) ogys (MPa) error (%) error (%)
Dislocation density 1.28 x 6.71 x 5.82 x 5.55 x 5.41 x As-built 585 698 16.4 8.97
(nm~?) 10" 103 10" 10" 10" Q600 889 1032 9.2
Size of cellular 483.6 850.0 966.0 904.4 880.4 Q650 949 985 0.4
structures (nm) Q700 1099 1066 6.3
o, (MPa) 221.7 160.3 149.3 145.9 143.9 Q750 922 1006 2.9
As-built at 786 651 20.7
152057
Table 7 As-built at 821 739 11.1
Average size of p phases, volume fraction of p phases and corresponding pre- 207,0 st
cipitation strengthening in different specimens. As;ligt:,tl 827 791 46

Specimens ID As-built Q600 Q650 Q700 Q750
Average size of p phases (nm) 60.4 61.0 63.1 63.4 65.4
Volume fraction of p phases (%) 0.09 1.03 2.01 3.5 4

0pre (MPa) 105.9 341.3  390.7 491.2  381.1

strengthening still contribute to a certain extent of strengthening effect.
When the annealing temperature is too high, the contributions of both
factors further decrease, and the growth of the p phases also weakens the
precipitation strengthening, resulting in the reduced mechanical prop-
erties of the SLM-FeCoNiCrMog o HEAs.

5. Conclusion

In this study, a nanoscale precipitate-strengthened FeCoNiCrMog
HEA was prepared by the selective laser melting and subsequent
annealing and quenching. The dynamic-mechanical properties of an
SLM-FeCoNiCrMog o, HEA reach peak values when the laser power,
scanning speed, and annealing temperature are at 330 W, 800 mm/s,
and 700 °C, respectively. The energy absorption, dynamic yield strength
and ultimate compressive strength of the quenched Q700 SLM-FeCo-
NiCrMog » HEAs reached 214.5 MJ/m?’, 1066 MPa and 1649 MPa,
respectively, at the strain rate of 1840 s 1. These values are 34.9%,
52.7%, and 17.2% higher compared with those of the as-built SLM-
FeCoNiCrMog o HEAs. There are fine cellular structures with the Mo
segregation at the boundary of cellular structures in the as-built spec-
imen, which provides the concentration condition for the precipitation.
After subsequent annealing and quenching, the fine cellular structures
are coarsened. Simultaneously, a number of nanoscale Mo-rich p phases
are dispersedly contributed at boundary of cellular structures. These
kinds of nanoscale p phases are considered to be able to pin the
boundary, hindering dislocation movement. They can also undergo co-
ordinated deformation with cellular structures, further enhancing the

Table 8

impact toughness of the SLM-FeCoNiCrMog > HEAs. Under the given
process parameters, the prepared high-entropy alloy achieved precipi-
tation of p phases while controlling the excessive coarsening of grain and
cellular structures. The precipitation strengthening serves as the pri-
mary strengthening mechanism, synergistically enhancing the dynamic
mechanical properties along with the dislocation strengthening and
grain boundary strengthening.
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Calculation of adiabatic temperature rises of the as-built specimen and quenched specimens.

Specimens ID LG T (K) To (K) AT (K) n C, J/(g'K) p (g/cm®) Jit ode (3/em®)
As-built 1840 338.9 298 40.9 0.9 0.43 8.117 159
Q600 1800 351.1 298 53.1 0.9 0.43 8.117 206
Q650 1860 352.9 298 54.9 0.9 0.43 8.117 213
Q700 1830 353.1 298 55.1 0.9 0.43 8.117 214
Q750 1830 3485 298 50.5 0.9 0.43 8.117 196
As-built 1520 333.6 298 35.6 0.9 0.43 8.117 138
As-built 2070 341.6 298 43.6 0.9 0.43 8.117 169
As-built 2310 344.9 298 46.9 0.9 0.43 8.117 182
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