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Abstract

The highly adjustable properties of high-entropy alloys (HEAs) offer great potential for developing superior
materials for critical structural applications in high-temperature conditions. In this study, Ni-Fe-Cr-Al-V HEA was
manufactured by laser powder bed fusion, which has a unique microstructure composed of dislocation
substructure and Face-centered cubic + L1, coherent structure and achieves the desired strength-ductility
combination. Hot isostatic pressing post-treatment was applied on the laser powder bed fusion-processed HEA to
further improve the relative density and optimize the mechanical properties. During the hot isostatic pressing
process, the precipitation of L1, and B2 phases can be ascribed to the precipitation modes dominated by continuous
precipitation and discontinuous precipitation, respectively. With the tensile deformation temperature increasing
from 773-1,173 K, the softening degree of HEA increases continuously, and the dominant deformation mechanism
evolves from intragranular dislocation slip to grain boundary sliding. At temperatures below 773 K, precipitation
strengthening significantly improves tensile strength and ductility. At 1,173 K, the grain boundary strength
decreases and grain boundary area increases, which promotes grain boundary sliding and contributes to plastic
deformation, resulting in significant softening.

Keywords: Laser powder bed fusion, high-entropy alloy, hot isostatic pressing, precipitation strengthening,
mechanical property
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INTRODUCTION

As a major breakthrough in the field of materials, high-entropy alloys (HEAs) were initially defined as alloys
containing more than five principal elements with the atomic concentration of each between 5% and
35%"”. HEAs exhibit a simple solid solution phase due to their larger configuration entropy than most
metallics materials”™. The combination of sluggish diffusion, severe lattice distortion, high entropy, short-
range ordering and cocktail effects leads to their excellent performance, such as the high strength at
ambient'”, cryogenic™ and high temperatures'” and high corrosion resistance'”, oxidation", and fatigue'”.

In particular, high-temperature structural parts are one of the most promising applications for HEAs,
because lattice distortion and sluggish diffusion can lead to solid solution strengthening, which, in turn,
contributes to improving high-temperature properties"”. Therefore, HEAs have more high-temperature
application potential than Ni-based superalloys. Refractory HEAs (RHEAs) have shown remarkable specific
strength at temperatures up to 1,473 K, exceeding that of Ni-based superalloys!
remains low and cannot meet the needs of practical applications. There is an urgent need to produce a
balanced combination of HEAs with excellent high-temperature strength, reasonable room-temperature
ductility, and good environmental resistance. The HEAs composed of y (Face-centered cubic, FCC) and y’
(L1,) phases have a similar microstructure to Ni-based superalloys, and the yield strength (YS) is observed
to increase anomalously with increasing temperature”. When exposed to 923 K, the ALTi,Co,,Ni,.Fe,,
HEA presented the highest mechanical properties, which was caused by y' precipitates'.

11]

, while their ductility

Laser powder bed fusion (LPBF) exhibits great potential for preparing HEAs owing to its high cooling and
solidification rates and large geometric design freedom"*. LPBF technology is a widely applied additive
manufacturing (AM) approach that employs a laser to selectively melt successive metal powder layers in a
chamber filled with inert gas"”. It has been reported that HEAs prepared through LPBF processes have
superior room-temperature mechanical properties than those produced using conventional methods"*"”.
These superior properties are ascribed to the presence of specific microstructural features at different length
scales, especially the fine cellular substructures®. Annealing studies have revealed that these cellular
substructures may be stable at 873 K" and disappear after annealing at 1,173 K®. This high stability of the
substructures at relatively high temperatures contributes to delaying the tensile fracture of LPBF-processed
HEAs during high-temperature tensile testing, thereby obtaining excellent high-temperature mechanical
properties.

Hot isostatic pressing (HIP) is a common post-processing technology that simultaneously uses high
temperature and pressure to reduce defects, optimize microstructure, and enhance high-temperature
properties” > It was reported that the defect volume fraction of the LPBF-processed Ni-based superalloy
was reduced from 0.96% to 0.08% after the HIP process”. Moreover, the high temperature used in HIP
treatment can facilitate precipitation strengthening, change the columnar morphology of the grains, and
weaken the crystallographic texture. The formation of equiaxed grains of LPBF-processed Inconel 718 alloy
after HIP mitigates the mechanical anisotropy at both room and high temperatures®. Thus, HIP is also
considered as a promising approach to improve the high-temperature properties of LPBF-processed HEAs.

In this study, a non-equiatomic heterostructured Ni-Fe-Cr-Al-V HEA was developed. The composition is
designed to facilitate the phase separation to achieve a near-equiatomic FCC matrix in situ, alongside
forming high content L1, phases, which includes ~50 at. % Ni concentration, ~4 Ni/Al ratio, and ~4 at. % V
can stabilize and strengthen L1, phases”**. The Ni-Fe-Cr-Al-V alloy prepared by LPBF has an “FCC + L1,”
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microstructure, which has been proven to contribute to excellent strength and ductility at room
temperature'”. In order to improve the oxidation resistance required for high-temperature applications, the
addition of Al, Ni and Cr to HEAs has been attempted, which is indeed favorable for the oxidation
resistance at high temperatures””. The cellular substructures commonly formed in LPBF-processed alloys
exhibit high stability above 873 K", effectively improving the strength and ductility®*”. Thus, the Ni-Fe-
Cr-Al-V HEA is expected to achieve excellent high-temperature properties, and HIP was adopted to further
improve its high-temperature characteristics. The relationship between microstructure and high-
temperature properties in LPBF-processed HEA has not been mentioned or investigated thoroughly in
other studies. Therefore, Ni-Fe-Cr-Al-V HEAs were produced by LPBF technology and HIP post-
treatment, and their microstructure evolution, room-temperature and high-temperature tensile properties,
and deformation mechanism were investigated, respectively. The obtained results can be used to establish
the relationship between processing, microstructure and property of HEAs and provide guidance for
subsequent processing.

MATERIALS AND METHODS

Material preparation

Gas-atomized Ni-Fe-Cr-Al-V HEA powder was used for LPBF preparation. The Scanning electron
microscopy (SEM) image of the powder shows the morphology with a notable sphericity containing few
satellites [Figure 1A]. Figure 1B demonstrates the particle size distribution analyzed using a Tod laser
particle analyzer, and the average particle size is 31.6 pm. The chemical composition of powder was
measured via an X-ray Fluorescence Spectrometer (XRF, Panalytical Axiosmax), as listed in Table 1.

An LPBF machine, EOS M100, with a 200 W fiber laser source, was employed to prepare samples. The
process was performed under argon atmosphere with the concentration of O, controlled below 10 ppm. The
laser rotation angle between any adjacent layers was 67°. The optimum process parameters
(laser powder = 130 W, laser scanning speed = 800 mm/s, layer thickness = 0.02 mm,
hatch spacing = 0.05 mm) were adopted. The samples were removed from 316L stainless steel substrate
using electrical discharge machining.

After the LPBF process, the HIP post-treatment was conducted on a RD200/300-2000-200 HIP furnace
under an argon atmosphere, followed by furnace cooling. The heating rate of the HIP was 293 K/min. Based
on our previous studies, the defects within the LPBF-processed Ni-Fe-Cr-Al-V HEA could be eliminated
effectively upon HIP treatment at 1,573 K and 150 MPa for 4 h"". Hence, the same HIP parameters were
applied in this study to eliminate defects in the LPBF-processed HEA.

Microstructural characterization

The vertical section planes of the cubic samples were ground and polished in accordance with the standard
procedures for metallographic examinations. The densities of LPBF-processed and HIP-processed HEAs
were measured by a drainage method based on Archimedes principle, as determined by

gim et ST O
(Mdry - MArch)/pw (1)

where M, is the weight of the dried samples, M, is the weight of the buoyancy samples in distilled water,
and p,, is the density of distilled water at 298 K, i.e., 0.99707 g/cm’. The results for each alloy were calculated
by averaging three measurements to verify accuracy. The densities of LPBF-processed and HIP-processed
HEAs were measured to be 7.885 and 7.891 g/cm’, respectively. The theoretical density was calculated to be
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Table 1. Chemical composition of the Ni-Fe-Cr-Al-V powder

Element Ni Fe Cr Al \"
wt. % 51.26 20.95 17.36 6.44 3.85
at. % 46.10 19.76 17.59 12.57 3.98

12 140

Standard deviation: 26.6 pm
104 [Mean value: 31.6 pm +4120

Differential distribution (%)
(=)
Cumulative distribution (%)
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Figure 1. (A) Powder morphology and (B) particle size distribution.

7.895 g/cm’. The relative densities obtained from dividing the actual density by the theoretical density are
99.87% and 99.94%, respectively. The difference in relative density is related to the quantification of internal
defects. Furthermore, the relative densities were also quantified using Image ] software™. Five
1 mm x 1 mm areas were randomly selected in each SEM image to calculate the relative density. The phase
composition was examined by X-ray diffraction (XRD, D8 Advance) with Cu Ko radiation at 40 kV and
20 mA. The samples were mechanically polished and then etched with a Mable solution (20 g CuSO,,
100 mL HCl, 5 mL H,SO, and 80 mL H,0), and the microstructure was observed using SEM (Quanta 650)
in the secondary electron mode. The phase distribution and grain size were determined by electron
backscattered diffraction (EBSD) in a step size of 1.5 pm. EBSD data was analyzed using HKL Channel 5
software. The samples were ground to 50 um, punched into a 3 mm disc using a hole punch, and then
thinned by Gatan 691 PIPS for transmission electron microscope (TEM) analysis. Then, a TEM equipped
with an energy dispersive spectroscopy (EDS) detector was used for further internal microstructure
characterization and chemical analysis.

Tensile testing

The dimensions of the room and high-temperature tensile samples are shown in Figure 2. The dog-bone-
shaped tensile samples feature gage dimensions of 34.4 mm x 9.5 mm x 0.9 mm. Tensile tests were
conducted at room (293 K) and high temperatures (773 and 1,173 K) on a ZWICK/ROELL-Z050 universal
test machine, respectively. The deformation displacement of tensile specimens was recorded using grating
rulers (HEIDENHAIN, Germany) and extension poles. A heating rate of 20 K/min and air cooling were
applied. The temperature at which the grain boundary strength is equal to grain strength is defined as the
equicohesive temperature (ET), usually around 0.5 T,, (T, is melting point temperature)”". The ET of the
Ni-Fe-Cr-Al-V HEA was calculated to be ~953 K. Therefore, high-temperature tensile tests were chosen to
be performed at temperatures above (1,173 K) and below (773 K) the ET, respectively. The measurement
precision of 0.2% offset YS, ultimate tensile strength (UTS) and fracture elongation (FE) were improved by
averaging three testing values. Note that the loading direction during tensile testing was perpendicular to
the building direction (BD).
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Figure 2. Schematic of the dimensions of tensile samples (building direction referred to as BD).
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Figure 3. (A) XRD patterns of LPBF-processed and HIP-processed Ni-Fe-Cr-Al-V HEAs and (B) magnified image of the grey region
in (A).
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Figure 4. SEM images of the pores in (A) LPBF-processed Ni-Fe-Cr-Al-V HEAs and (B) HIP-processed HEA.

RESULTS

Microstructural evolution
Figure 3 shows the XRD results of as-built and HIP-processed Ni-Fe-Cr-Al-V HEAs. The as-built HEA

exhibited a single FCC structure. After HIP treatment, the HEA showed a duplex (FCC + B2) structure.
Furthermore, the diffraction peaks of the HIP-processed HEA slightly shift to high diffraction angles, in
comparison with that of the as-built HEA, suggesting the decreased lattice parameters [Figure 3B].

According to the Bragg equation and interplanar spacing equation of cubic crystals, the lattice parameters of
FCC phases are calculated to be 0.360 and 0.358 nm, respectively. The decreased lattice parameter could be
attributed to the precipitation of the B2 phase.
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Figure 4 shows the pores in LPBF-processed Ni-Fe-Cr-Al-V HEAs before and after HIP treatment. Relative
densities were calculated using Image J software. Some pores could be observed in the as-built HEA, and the
relative density was calculated to be 99.87% [Figure 4A]. After HIP treatment, pores were significantly
eliminated, and the relative density increased to 99.94% [Figure 4B]. The densities calculated by Archimedes
principle and Image J software are consistent.

Figure 5 shows the SEM and EBSD micrographs of the microstructure in as-built HEA. The molten pool
boundaries could be found in an as-built sample [Figure 5A]. The typical columnar grains grew across
multiple layers along the building direction. There were substructures with different orientations within the
grains [Figure 5B]. The inverse pole figure (IPF) map showed the columnar grain morphology, and the
average grain width of the columnar grains was calculated to be 19.48 pm according to EBSD analysis
[Figure 5C]. The phase distribution map in Figure 5D indicated that the as-built HEA contained a single
FCC structure, which was in accordance with the XRD results in Figure 3.

TEM analysis was conducted to thoroughly observe the microstructure of the as-built HEA, as shown in
Figure 6. A large number of cellular substructures were widely distributed in the as-built HEA [Figure 6A].

Dense dislocations were trapped inside the substructure. Also, a few nanoparticles were observed in the
high-resolution transmission electron microscopy (HRTEM) [Figure 6B]. Based on the HRTEM image of
the nanoparticles and corresponding selected area electron diffraction (SAED) patterns, it could be
identified that the nanoparticles distributed in the matrix were L1, phases [Figure 6C and D]. The L1, phase
could not be detected by XRD and SEM results due to its nanoscale size and low volume fraction.

Figure 7 shows the SEM and EBSD micrographs of the microstructure in HIP-processed HEA. Upon HIP
treatment, the molten pool tracks disappeared and substructures were annihilated. The grain morphology
became irregularly shaped, and the grain size became uneven [Figure 7A]. Furthermore, striped precipitates
were observed at the grain boundaries and grain interior [Figure 7B]. The size of the striped precipitate
along the grain boundaries was larger than that in the grain interior. It can be inferred that these striped
precipitates are B2 phases in conjunction with the XRD results. The average grain width was calculated to be
14.14 pm according to EBSD analysis [Figure 7C]. It could be further confirmed that the striped precipitates
were B2 phases based on the phase map in Figure 7D.

Figure 8 presents the TEM micrographs of the HIP-processed HEA. Striped precipitates could be clearly
observed along the grain boundaries in Figure 8A. SAED patterns corresponding to the area I indicated the
striped precipitates were B2 phases. According to the element distribution maps, the striped phase was
enriched in Al and Ni, and a block of Cr-V-rich precipitate was observed within the striped phase
[Figure 8B]. Besides, a dark field TEM (DF-TEM) image of the matrix (area II) presented numerous cellular
precipitates in ~20 nm in the matrix [Figure 8C]. The corresponding SAED patterns and element
distribution maps indicated the Al-Ni rich cellular precipitates were coarsened L1, phases [Figure 8D].

Mechanical properties

Figure 9 shows the engineering stress-strain curves and corresponding work hardening rate curves of as-
built and HIP-processed HEAs at room (293 K) and high temperatures (773 and 1,173 K), respectively, and
the detailed tensile properties are presented in Table 2. In terms of the room-temperature tensile curves
[Figure 9A], the as-built HEA exhibited UTS of 1,088 MPa and FE of 27.9%. After HIP treatment, there was
a significant increase in strength (UTS: 1,334 MPa) and a decrease in ductility (FE: 15.1%). The high-
temperature tensile curves at 773 K displayed that the UTS of ~926 MPa and FE of ~23.8% were obtained in
the as-built HEA, while the UTS increased significantly to 1,267 MPa and FE decreased slightly to 20.2%
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Table 2. Tensile properties of LPBF-processed and HIP-processed Ni-Fe-Cr-Al-V HEAs from room to high temperatures in
comparison with Cr-Fe-Ni alloys

Sample Temperature Ultimate tensile strength Yield strength Fracture elongation
) (MPa) (MPa) (%)
LPBF-processed Ni-Fe-Cr-Al-V 293 1,088 + 21 619 +17 279+0.92
773 926 +16 658 +14 23.8+0.72
1173 136 £15 69 £11 17.6 £ 0.69
HIP-processed Ni-Fe-Cr-Al-V 293 1,334 +27 807 £22 151+ 0.76
773 1,267 +19 882 +16 20.2+0.67
1173 Nn3+14 77 £10 28.5+0.75
Cr-Fe-Nit™ 298 -570 -280 -40
673 ~420 ~170 ~38
873 ~220 ~125 ~10
1,073 ~155 ~130 ~2

Average grain A —
19.48 pm Ly 100pm ®m FCC

Figure 5. SEM and EBSD micrographs of the microstructure in LPBF-processed Ni-Fe-Cr-Al-V HEA: (A) molten pools, (B)
substructures, (C) IPF map and (D) phase distribution map.

after HIP treatment, as shown in Figure 9C. Figure 9E shows the high-temperature tensile curves at 1,173 K.
Obviously, both as-built HEA and HIP-processed HEAs exhibited remarkable softening behavior, with
lower UTS of about 136 and 113 MPa, respectively. In particular, extremely high and low FEs of about
28.5% and 17.6% were achieved in HIP-processed HEA and as-built HEA specimens, respectively.
Compared with the Cr-Fe-Ni medium-entropy alloy””, the LPBF-processed HEA exhibits superior tensile
strength at both room and high temperatures. When tested at 1,173 K, the HEA and Cr-Fe-Ni alloy have
comparable tensile strength, but the former has a much higher FE.
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Figure 6. TEM micrographs of the microstructure in LPBF-processed Ni-Fe-Cr-Al-V HEA: (A) Bright field (BF) image of cellular
substructures; (B) BF image of nanoparticles in matrix; (C) HRTEM image of nanoparticles; (D) (Fast Fourier transform) FFT patterns of
white rectangle region in (C).

The work hardening rate (do/de) curves were plotted according to the true stress-strain curves. At 293 K,
the high initial work hardening rates of both as-built and HIP-processed HEAs might be induced by the
interaction between the dislocation substructures or between dislocations and precipitates. The work
hardening rate curves could be divided into two stages. In stage I (¢ < 3%), the work hardening rate
significantly decreased as the true strain increased, which might be related to the dislocation annihilation
and rearrangement during deformation. In stage II (¢ > 3%), the work hardening rate remains positive but
decreased slowly with increasing deformation, which may be related to the gradual overcoming of slip
barriers and deformation being driven by cross-slip”®. Especially, the HIP-processed HEA always had
superior work hardening capability over the as-built HEA during the whole deformation process, which
may be mainly caused by the precipitation of B2 phase [Figure 9B]. At 773 K, the work hardening rate of the
HIP-processed HEA is higher than that of the as-built HEA, indicating the HIP-processed HEA has better
work hardening capability. The work hardening rate is always greater than o, indicating that the
deformation process at 773 K was dominated by hardening [Figure 9D]. In contrast, at 1,173 K, the work
hardening rate at the later deformation stage is negative, demonstrating that softening behavior has
occurred [Figure 9F]. Compared to the LPBF-processed HEA, the softening behavior occurs later in the
HIP-processed HEA with a longer hardening stage, resulting in greater resistance to localized necking,
which contributes to the higher FE.



Liu et al. Microstructures 2024;4:2024024 | https://dx.doi.org/10.20517/microstructures.2023.65 Page 9 of 20

Average grain width: A\ | W SR u
14.14 pm S04 1000m g pec

B2

Figure 7. SEM and EBSD micrographs of the microstructure in HIP-processed Ni-Fe-Cr-Al-V HEA: (A and B) grain morphology and B2
phases, IPF map and (C and D) phase distribution map.

Figure 10 shows the fracture morphologies of Ni-Fe-Cr-Al-V HEAs at 293 K. Both fracture morphologies
show that the fracture mode is dominated by ductile fracture [Figure 10A and C]. Furthermore, the
enlarged images of the red rectangular regions are presented in Figure 10B and D, respectively. Dense
dimple structures are observed in both samples, but the dimple size of the LPBF-processed HEA is smaller
than that of the HIP-processed HEA, which is consistent with the higher elongation.

The cross-sectional morphology near the fracture tip and the fracture morphology of the HEAs after tensile
deformation at 773 K is displayed in Figure 11. It can be observed that the side surface of the fractured
specimens tested at 773 K was smooth and flat [Figure 11A and D]. Moreover, no precipitate was observed
in LPBF-processed HEA after tensile testing at this temperature, indicating that the thermal-mechanical
coupling does not induce the precipitation of B2 phase at 773 K. Many tiny dimples and some prior pores
were observed on the fracture surface of the LPBF-processed HEA, as shown in Figure 11B. In addition,
many parallel striations were found on the surface of pores [Figure 11C]. Both the dimples and striations
indicate that the LPBF-processed HEA has good ductility. Some secondary cracks can be observed on HIP-
processed HEA, as displayed in Figure 11E, which may result from stress concentration at the hard B2
phase. In addition, dense and tiny dimples can be seen on both sides of the secondary cracks [Figure 11F],
indicating ductile fracture.

Figure 12 presents the fractography of the tensile fracture surface and the microstructure of the cross section
near the fracture of HEAs after tensile deformation at 1,173 K. Obviously, a large number of small cracks
were on the cross surface [Figure 12A and D] and the majority were distributed along the grain boundaries
and propagated along the grain boundaries, which may be related to the stress concentration caused by the
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N

V-rich phases

Figure 8. TEM micrographs of the microstructure in HIP-processed Ni-Fe-Cr-Al-V HEA: (A) BF-TEM image and SAED pattern of B2
precipitates, (B) EDS maps of B2 phases, (C) DF-TEM image and SAED pattern of L1, precipitates and (D) EDS maps of L1, precipitates.

deformation mismatch between B2 and FCC phases. Additionally, many small cracks will converge at
multiple grain boundary intersections to form large cracks, as shown in Figure 12B and E. In addition, large
numbers of precipitated phases were discovered at the grain boundaries and the grain interior, indicating
that the thermal-mechanical coupling can induce the precipitation of B2 phase during deformation at
1,173 K. Furthermore, no dimples are observed [Figure 12C and F].

DISCUSSION

Microstructural evolution during HIP treatment

During the HIP treatment, alloys were subjected to high temperature and pressure, which acts as a
pressurized heat treatment and leads to microstructural change. After HIP treatment, pores were
significantly eliminated, and the relative density increased from 99.87% to 99.94%. The pore closure process
by HIP can be divided into two stages. Firstly, plastic deformation occurs at high temperatures and
pressures, with most of the pores closing, which results in the inner surfaces coming into contact with each
other (stage I). Then, the elements diffuse between the closed pore interfaces (stage II). After HIP treatment,
sufficient elemental diffusion and good metallurgical bond strength at the pore interface lead to excellent
mechanical properties of HEAs". However, the residual internal pores were associated with their trapped
argon gas. The high internal pressure within the pores hindered the further closure of the pores. Figure 13
clearly presents the microstructural evolution under LPBF and HIP states. The characteristic microstructure
of HEAs prepared by LPBF processes consists of molten pool tracks and substructures, which disappeared
completely after HIP treatment. Dislocation substructures are commonly observed in LPBF-processed alloys
and may annihilate after heat treatment"”**. Actually, the alloy composition at the molten pool/substructure
boundary was slightly different from that inside the molten pool/substructure. The HIP treatment promoted
atomic diffusion, which led to a homogenization of segregation and the elimination of the molten pool
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Figure 9. Engineering stress-strain curves and corresponding work hardening rate curves of LPBF-processed and HIP-processed Ni-Fe-
Cr-Al-V HEAs tested at (A and B) 293 K, (C and D) 773 Kand (E and F) 1,173 K, respectively.

boundaries and substructures®!. Furthermore, there is no increase in the grain size of HEAs during HIP
treatment. When treated at relatively high temperatures, dislocations slip occurred at the cell interior, some
dislocations of the opposite sign on the cell walls annihilated, and then gradually transformed into
dislocation networks of low energy or sub-grain boundaries. The sub-grain boundaries would further
transform into grain boundaries with the decrease of dislocation density within the sub-grains. Additionally,
the pinning effect by the B2 phase at grain boundaries also obstructed the grain growth*'l,

The LPBF-processed HEA consists of FCC matrix and L1, nanoparticles with a size of several nanometers.
Upon high temperature and pressure, the B2 phases precipitated at grain boundaries and grain interior,
while L1, nanophases grew up to ~20 nm in the FCC matrix. There are two common precipitation modes in
precipitation-strengthened alloys, i.e., continuous precipitation (CP) and discontinuous precipitation (DP).
The CP means the uniform precipitation within the grains in which the solute concentration is continuously
changing in the matrix. On the contrary, the DP usually develops at grain boundaries and enters into the
grain interior by alternately lamellated growth of the solute-depleted matrix and precipitates'”. Based on
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LPBF 293K HIP 293K

Figure 10. Fracture morphologies of Ni-Fe-Cr-Al-V HEAs at 293 K: (A and B) LPBF-processed and (C and D) HIP-processed.

the uniform distribution of the L1, phase in the FCC matrix, the growth of the L1, phase was considered as
CP reaction, which could be explained by precipitate nucleation and growth. The reserved residual
dislocations after HIP might be favorable for the strength enhancement due to the dislocation strengthening
mechanism. In addition, the residual dislocations can provide heterogeneous nucleation sites for the L1,
phases and serve as fast paths for atomic diffusing. The high-density dislocation facilitated the rapid growth
of L1, precipitates. The volume fraction of L1, nanoparticles in the HIP-processed HEA increased due to the
enhancement of nucleation and growth of L1, precipitates in the matrix. For the precipitation mode of the
B2 phase, CP and DP occurred simultaneously during the HIP process. Initially, the DP initiated at grain
boundaries and extends to the grain interior via cellular reactions, resulting in the formation of B2
precipitates. Subsequently, the CP became the dominant mode and led to the formation of uniformly
distributed B2 precipitates within the grains. Moreover, the accelerated CP reaction will restrict the DP
reaction. Based on the thermodynamics analysis, the difference in solute concentration at the migration
grain boundary is the driving factor for the DP growth. The rapid nucleation and growth of the CP
decreases the supersaturation of the FCC matrix, which, in turn, reduces the solute concentration gradient
of the migrating grain boundaries and the driving factor of the DP reaction. The relatively coarse CP
nanoparticles can inhibit grain boundary migration and dynamically delay the growth of DP. Thus, the
simultaneous occurrence of the two precipitation modes resulted in two different morphologies of the B2
phases, i.e., the coarse size at grain boundaries and the fine size within the grains.
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Figure 11. Fracture morphologies of Ni-Fe-Cr-Al-V HEAs at 773 K: (A-C) LPBF-processed and (D-F) HIP-processed.

Deformation mechanism

At room temperature

LPBF-processed alloys can break the strength-ductility mismatch at room temperature, and this
combination of high strength and ductility can be attributed to the unique microstructure characteristics,
especially cellular substructures. The LPBF-processed Ni-Fe-Cr-Al-V HEA exhibited high strength and
good ductility due to the dislocation substructure and coherent L1, nanophase. The presence of
substructure implied a significant increase in dislocation density, resulting in the high strength. During the
deformation process, the hindered dislocations are allowed to transmit through the dislocation walls with
the increase of stress, enabling the stable plastic flow. In addition, the misorientation between substructures
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Figure 12. Fracture morphologies of Ni-Fe-Cr-Al-V HEAs at 1,173 K: (A-C) LPBF-processed and (D-F) HIP-processed.

can also contribute to the stability of the dislocation networks"". Figure 14 shows the TEM images of
dislocation substructures in LPBF-processed HEA to illustrate the misorientation between substructures.
The SAED patterns in [011] zone axes corresponding to areas I and II show that the misorientation between
the two areas was calculated to be ~1°, indicating the extremely low misorientation. In our LPBF-processed
HEAs, even at ultra-high stress levels, the good stability of pre-existing dislocation substructures is crucial
for improving ductility. On the other hand, the dislocation shearing of the ordered L1, nanophases can lead
to the predominant planar dislocation slip. Shearing of the ordered L1, precipitates by the first dislocation is
expected to destroy the ordering and reduce the barrier of subsequent dislocation propagation on the same
glide plane, leading to the “glide plane softening” and dislocation plane slip®. The combination of
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Figure 13. Schematic of microstructural evolution during HIP process.

Figure 14. Misorientation between dislocation substructures in LPBF-processed HEA: BF image of dislocation substructures and SAED
patterns in [011] zone axes corresponding to areas | and Il, respectively.

dislocation substructure and L1, nanophase plays a significant role in obtaining favorable tensile properties
of LPBF-processed HEA.

The initial microstructural features of Ni-Fe-Cr-Al-V HEA in LPBF and HIP states differ based on the
microstructural analysis. After HIP treatment, B2 phases were precipitated at grain boundaries and grain
interior, and the L1, phase grew up to 20 pm. Compared with the LPBF-processed HEA, the HIP-processed
HEAs exhibited higher tensile strength at 773 K, but the ductility decreased slightly, which can be attributed
to the existence of discontinuous B2 phase and continuous L1, phase. Conventionally, precipitation
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strengthening is controlled by dislocation shearing or the dislocation bypass mechanisms (Orowan-type). In
the HIP-processed HEAs, the precipitation strengthening contribution (Acpp;) comes from the B2 phase and
L1, nanophase. According to practice, the interaction between dislocations and the hard B2 phase can be
interpreted by the Orowan bypass mechanism, while the L1, nanophase plays a role mainly through the
dislocation shear mechanism. It is worth noting that the inhomogeneous deformation (i.e., strain gradient)
caused by microstructure heterogeneity produces microscale residual stress and associated back stress,
which may provide additional strengthening and strain hardening™. During the tensile deformation
process, the plastic deformation is first borne by the softer FCC phase, resulting in dislocation accumulation
and back stress strengthening at the heterogeneous interface between the FCC and B2 phases, which is why
the alloy exhibits high strength characteristics*’. In addition, the B2 phase gradually undergoes plastic
deformation with the increase of tensile deformation. However, there is a strain gradient between the B2
phase and the FCC phases, and this strain gradient will stimulate heterogeneous deformation-induced strain
hardening, which improves the work-hardening capacity of the material**. Figure 15 shows the schematic
diagram of room-temperature deformation mechanism.

High temperature

As shown in Figure 9, the tensile strength of HIP-processed HEAs decreases while the ductility increases
when tested at high temperatures (773 and 1,173 K). It is well known that relative sliding and migration of
adjacent grains will occur under the drive of shear stresses at high temperatures. With the deformation
temperature increasing from 733 to 1,173 K, the softening of HEA increased continuously. As mentioned
above, the ET of the HEA is ~953 K, and the deformation mechanism will transform from intragranular
dislocation slip to grain boundary sliding from the temperature lower than the ET to the temperature higher
than ET. The dislocation substructures formed at grain interior could contribute to the strength
improvement in LPBF-processed alloys at room temperature, and the stability of the substructure could be
another factor maintaining the strength at 773 K. At 773 K, more active atomic motion and increasing slip
system made the dislocation slip, climbing or cross-slip easier, and weaken the grain boundary hindrance.
However, the plastic deformation mechanism of the HEAs at 773 K is still dominated by the intragranular
dislocation slip. Therefore, the flow stress is only slightly decreased. At 1,173 K, the grain boundary strength
diminishes, dropping below the intragranular strength, so the grain boundary sliding becomes easier and
the deformation resistance (flow stress) is significantly reduced. In particular, the grain boundary sliding
emerges as the dominant deformation mechanism. Figure 16 shows the schematic diagram of high-
temperature deformation mechanism.

CONCLUSION

This study investigated the microstructural evolution and mechanical properties at room and high
temperatures in LPBF-processed Ni-Fe-Cr-Al-V HEA. The main conclusions are as follows:

(1) The microstructure of LPBE-processed HEA contains dislocation substructure and FCC + L1, coherent
structures. The dislocation substructure enabled the transmission of dislocations through the dislocation
walls with the increase of stress and stabilized the plastic flow. The highly coherent FCC-L1, interfaces
minimized the strain accumulation due to the dislocation shear and delayed the crack initiation.
Consequently, the LPBF-processed HEA exhibits the desired strength-ductility combination
(UTS: 1,088 MPa, FE: 29.4%).

(2) HIP treatment induced the microstructural evolution of HEA including the annihilation of the
dislocation substructure, the growth of the L1, phase and the precipitation of the B2 phase. The
precipitation of L1, and B2 phases could be ascribed to the precipitation modes dominated by CP and DP,
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Figure 15. Schematic diagram of room-temperature deformation mechanism.
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Figure 16. Schematic diagram of high-temperature deformation mechanism.

respectively. The tensile strength of the HEA after HIP increases to 1,334 MPa at room temperature, which
could be mainly attributed to precipitation strengthening.

(3) With the deformation temperature increasing from 733 to 1,173 K, the softening of HEA increased
continuously. However, intragranular dislocation slip is dominant at 773 K; more active atomic motion and
increasing slip system of HEA make the dislocation slip, climbing or cross-slip easier, and weaken the grain
boundary hindrance; thus, the strength decreases, while the residual dislocation substructures could reduce
the strength decreasing. The grain boundary strength becomes lower than the intragranular strength at
1,173 K, and the grain boundary sliding becomes dominant; the deformation resistance is substantially
reduced, resulting in significant softening of the HEA at this temperature.
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