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Abstract

A series of [(FENiIC0),4sCry151100xBx (x = 12,15, 17) high-entropy alloys with network-like microstructures (N-HEAs)
and a wavelength of 3-5 pm was prepared using the fluxing method. The novel N-HEAs exhibited higher strength
and ductility compared with samples obtained by suction casting. Neutron diffraction and scanning electron
microscopy measurements showed that the network-like structure contained soft face-centered cubic (FCC) and
hard tetragonal Cr,B-type sub-networks. The network-like structure was formed during the solidification of the
molten alloy from a deeply undercooled state, achieved by removing impurities and most metallic oxides through
B,O, fluxing. The mechanical properties could be tuned by modifying the composition to change the volume
fractions of the different sub-networks. When x decreased from 17 to 12, the compressive yield strength decreased
from 1.6 to 1.1 GPa, while the compressive strain increased from ~20% to ~70%. The N-HEA samples with x =12
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and 15 also exhibited a good tensile ductility of 19% and 14%, respectively. In situ synchrotron X-ray diffraction
results revealed an inhomogeneous deformation behavior, i.e., the soft FCC phase yielded prior to the hard
Cr,B-type phase, which bore more stress in the initial stage of the plastic deformation. In the later stage of the
plastic deformation, the ductility of the sample was provided by the FCC phase, together with some contributions
from the Cr,B-type phase.

Keywords: Network-structured high-entropy alloys, neutron and X-ray diffraction, mechanical properties, fluxing
method

INTRODUCTION

High-entropy alloys (HEAs) or multi-principal-element alloys are a new class of structural materials that
have attracted widespread attention since their first synthesis in 2004"7. The development of HEAs
provided a new strategy for alloy design, leading to the discovery of new alloys with superior properties in a
wide range of loading conditions™”. By tuning the composition, various researchers have developed HEAs
with exceptional ductility and fracture toughness at temperatures down to 20 K%, as well as strong and
ductile mechanical behavior from cryogenic temperatures to 1073 K, and excellent soft magnetic
properties with high strength and ductility”. Moreover, the nanoscale structural design has been applied to
further increase the strength and ductility of HEAs by introducing nanoscale precipitation"", compositional

modulation™?

, or disordered grain boundaries™. However, these heterogeneous nanostructures may be
unstable at elevated temperatures or difficult to fabricate in bulk sizes"*”, which limits their industrial
application. On the other hand, at a larger (i.e., sub-micron to micron) scale, the structure of the HEAs
could also significantly influence their mechanical properties, as in the case of lamellar structures"* or
equiaxed grains"”. These structures could be controlled by conventional thermal/mechanical treatments,
i.e., cold/hot rolling or annealing"**". Thus, developing new structures at the sub-micron to micron scale by

engineering-friendly methods could be a promising way to accelerate the application of HEAs.

The fluxing technique is a widely used heat treatment method in metallurgy, in which the impurity and
metallic oxide contents of the molten alloy are reduced by immersing in molten oxides”! or salts”® to
improve its properties. This approach has been successfully applied to achieve a large undercooling of
different alloy melts, in order to alter the solidification kinetics®** or even form bulk metallic glasses"'’.

Novel microstructures could be formed when the melt is solidified at a deeply undercooled state by fluxing,
which is difficult to reach with other techniques. For example, using the B,O, fluxing treatment, Fe-C and
Fe-B-C alloys can be cast into an interconnected network morphology at the submicron to micron scale,
showing higher strength and plasticity than white cast iron with a typical eutectic structure®.

In this work, the B,O, fluxing treatment was applied to fabricate high-entropy alloys with novel network-
like microstructures (N-HEAs)*. A high degree of undercooling (385 K) was achieved for
[(FeNiCo0),,:Cry.s)i00.B, (x = 12, 15, 17) N-HEAs with a diameter of ~13 mm. The morphology of the
microstructures was inspected by scanning electron microscopy (SEM) and transmission electron
microscopy (TEM), and the phase composition was studied by energy-dispersive spectroscopy (EDS) and
neutron diffraction. The deformation mechanism was further investigated using in situ synchrotron X-ray
diffraction during tension test. We also discuss the origin of the large undercooling, the relationship of the
mechanical properties with the microstructures, as well as phase fractions, and the deformation mechanism.
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MATERIALS AND METHODS

Sample preparation and fluxing treatment

[(FeNiCo),,Cr, ,.]100..By (x = 12, 15, 17) ingots were prepared by vacuum induction heating using pure
elements (purity > 99.95 wt.%). Then, the alloy ingots were remelted at least five times under a high-purity
Ti-gettered argon atmosphere in a water-cooled copper crucible; the ingots were flipped each time to
improve the chemical homogeneity. After that, the alloy ingots were transferred into molten B,O, and
underwent fluxing treatment for 2 h at 1,473 K in a dry-cleaned fused silica tube with inner and outer
diameters of 16 and 19 mm, respectively. A schematic diagram of the fluxing experiment setup is shown in
Figure 1A. After the fluxing treatment, the fused silica tube was removed from the muffle furnace and
cooled in air. A high-speed camera and a thermocouple®™ were used to record the cooling process of the
system and the temperature history, respectively. To measure the liquidus temperature (T;) of the samples,
differential scanning calorimeter (DSC) experiments (Netzsch 404 F3) were performed under a high-purity
argon atmosphere, with a cooling rate of 20 K min™ from 1,500 K to 300 K.

Neutron and synchrotron X-ray diffraction experiments

Time-of-flight neutron diffraction experiments in transmission mode were carried out on the General
Purpose Powder Diffractometer (GPPD) beamline at the China Spallation Neutron Source®, with a
neutron beam bandwidth and size of 4.5 A and 40 x 20 mm, respectively. Diffraction data were collected for
2 h on each sample. The microstructure was determined by Rietveld refinement using the GSAS software"™.
In situ high-energy synchrotron X-ray diffraction measurements were performed at the 11-ID-C beamline
of the Advanced Photon Source (APS, Argonne National Laboratory). High-energy X-rays with a
wavelength of 0.01173 nm were used for data collection. The strain rate used in the in situ tensile test is
4 x 10*s™. The lattice strain ¢, was calculated as (d,, - d°,)/(d°,), where d,, is the lattice spacing of the hkl

planes, and d°,, is the corresponding value for the stress-free sample!®.

Morphology characterization and mechanical tests

The morphology and composition of the alloy were characterized using FEI Quanta 250F SEM, JSM-
ITs00HR SEM, and FEI Talos F200X TEM microscopes equipped with an attached X-ray EDS instrument.
Cylinder-shaped compressive samples with a diameter of 3 mm and a height of 4.5 mm, as well as dog-
bone-shaped tensile specimens with a gauge length of 10 mm and a thickness of 1mm were fabricated by
electrical discharge machining. To obtain the tensile specimens, the spherical fluxed ingots were subjected
to an additional treatment, consisting of annealing at 1,273 K for 10 h, hot rolling (with 80% thickness
reduction), and annealing at 1,273 K for 10 h again. Uniaxial compressive and tensile tests were performed
on a UTM4304GD testing machine with a strain rate of 1 x 107 s”'. Hardness values were measured with a
HVST-1000Z (Deka Precision Measuring Instrument) tester.

RESULTS

Measurement of degree of undercooling achieved by fluxing treatment

Figure 1B shows the solidification process of the [(FeNiCo),,.Cr,,.],,B,, alloy melt immersed in molten
B,O.. The photographs in Figure 1B display the cooling process of the molten alloy ingot. After air-cooling
for 35 s 14 ms, recalescence occurred due to latent heat released during crystallization”". The crystallization
occurred on the sample surface, and the crystal/liquid interface gradually moved across the whole sample
within 5 ms. Figure 1C shows the temperature changes during the cooling process, as recorded by the
thermocouple. At the beginning of the process, the sample was air-cooled with an average cooling rate of
2 K's". The temperature increased by 135 K during recalescence, as marked by the red arrow in Figure 1C.
The liquidus temperature of the [(FeNiCo),,.Cr, .],,B,, N-HEA was measured to be 1,350 K [Figure 1D].

Thus, the undercooling of the molten alloys with a diameter of approximately 13 mm could be estimated at
385 K. The DSC curves of [(FeNiCo),..Cr,,.]..B,. and [(FeNiCo),..Cr, ,.].:B,, N-HEAs are also shown in
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Figure 1. (A) Schematic diagram of B,O; fluxing experiment setup (left). Photograph of alloy ingot showing the morphology of the
specimen after fluxing (units: cm) (right). (B) Solidification process of molten alloy droplet, showing the recalescence phenomenon. (C)
Cooling curve of [(FeNiC0),45Cry151g3B; N-HEA melt. The red arrow indicates the occurrence of recalescence. (D) DSC curves of
[(FeNiC0)g 5sCry1511004B, (x =12, 15, 17) N-HEAs during cooling process. The black arrow indicates the liquidus temperature of
[(FeNIC0) g5Cro5]asByy N-HEA.

Figure 1D for comparison.

Neutron diffraction measurements and phase identification

The neutron diffraction patterns of the fluxed N-HEAs are shown in Figure 2A-C. Because of the neutron
absorption of the B element, samples were polished to a thickness of ~200 um to increase the transmittance.
Vanadium boxes were used as sample holders; hence, the diffraction spectrum of the vanadium background
could also be observed. Rietveld refinement of the neutron diffraction patterns revealed that the fluxed N-
HEAs contained a tetragonal Cr,B-type intermetallic phase and an FCC solid solution. The lattice parameter
of the FCC solid solution was 3.5643 A, while the parameters of the Cr,B-type intermetallic phase were
a=b=5.0926A, c=4.2237 A, and a = f =y = 90°. For the sample with x = 17, the fraction of the Cr,B-type
phase was 61 wt.%, larger than that of the FCC phase, 39 wt.%. When the B content decreased to 12%, the
fraction of Cr,B-type phase dropped to 55 wt.%, and the FCC phase fraction increased to 45 wt.%. For the
sample with x = 15, the phase fractions lay between the above values. Image processing based on the CAD
software was employed to calculate the volume fraction of the two phases, according to the contrast
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Figure 2. Neutron diffraction patterns and Rietveld refinement results of the fluxed [(FeNiCo0), ¢5Cr 1511008, N-HEAs, with x =17 (A),
15 (B), and 12 (C). (D) lllustration of image processing approach used to estimate the phase fractions; the left half shows the SEM
image, and the right half displays the processed image used to calculate the phase fraction.

difference between different phases in SEM images of the samples (details of the phase identification from
the SEM images are presented in Section "Network-like morphology of fluxed N-HEA samples"); the results
are illustrated in Figure 2D, which is consistent with the data obtained from neutron diffraction.

Network-like morphology of fluxed N-HEA samples

Figure 3A-D show SEM images of the [(FeNiCo),,.Cr,,.],0,..B, (x = 12, 15, 17) N-HEAs. Figure 3A displays
the SEM image of the non-fluxed suction-cast [(FeNiCo),,.Cr, .],,B,, N-HEA, showing coarse and
elongated dendrites with sizes above 10 pm"™. However, as shown in Figure 3B, the fluxed N-HEAs
possessed a uniform network-like morphology, consisting of dark (zone A) and bright (zone B) sub-
networks. The wavelength of the network structure was around 3-5 pm, thus smaller than the size of the
dendrites in the non-fluxed sample. When the B content changed from 12% to 17%, the volume fraction of
the dark phase (zone A) showed a gradual increase [Figure 3B-D]. For samples with x < 12%, the network
structure may be further broken because the volume fraction of the dark phase is too small to be well
interconnected.

Figure 4A and B show the elemental distributions of zones A and B determined by SEM/EDS mapping
analysis of the [(FeNiCo),,.Cr, .],.B,, HEA. Zone A was found to be Cr-rich, whereas zone B was Ni-rich.
Even though the non-fluxed sample had a different morphology, its elemental distribution was similar to
the fluxed samples, with the brighter part containing more Ni. Because of its low atomic number, the B
element is too light to be detected by EDS, and the corresponding data are not accurate in Figure 4. The
results for the fluxed [(FeNiCo),,.Cr,.],.B,; and [(FeNiCo),,.Cr,..],sB,, samples were consistent with those
obtained for [(FeNiCo),,,Cr, .],,B,,. The TEM/EDS mapping results of the fluxed [(FeNiCo),,.Cr, .]..B..



Page 6 of 15 Ying et al. Microstructures 2023;3:2023018 | https://dx.doi.org/10.20517/microstructures.2022.47

e
-~ ( o

o B g
L / L./‘_r?l"-, F

2 Zone B (FCC) [

L5

- Zone A: 32%
Zone B: 68%

Zone A: 48%
Zone B: 52%

Figure 3. SEM images showing morphology of bulk [(FeNiCo0) gsCrg15]100,8x (x =12, 15,17) N-HEAs prepared by suction casting after
arc melting for x = 17 (A), and by the fluxing method for x =12 (B), x = 15 (C), and x = 17 (D). The phase fractions obtained by SEM
image processing are superimposed in the figures for direct comparison.

sample are also shown in Figure 4C. The selected-area electron diffraction patterns displayed in the insets of
the bright-field TEM image in Figure 4C show the phase information of each network. The elemental
distribution of both networks was consistent with that obtained by SEM/EDS. As the TEM/EDS results may
be more accurate than SEM/EDS, the compositions of zone A and zone B obtained with this approach are
summarized in Table 1.

Mechanical properties of fluxed samples with different B contents

Figure 5A shows the compressive stress-strain curves of the fluxed [(FeNiCo),,Cr, .],00.By (x = 12, 15, 17)
N-HEAs. As a reference, the figure also shows the data of the non-fluxed suction-cast
[(FeNiCo),,Cr,:],.B,, N-HEA, which exhibited a brittle fracture behavior, with an ultimate strength of
2.3 GPa. The fluxed N-HEAs, with a uniform network-like structure, showed an excellent combination of
strength and plasticity. The yield strength and compressive strain of the sample with x = 17 (denoted as B17)
were 1.6 GPa and 20%, respectively, whereas those of the sample with x = 12 (denoted as B12) were 1.1 GPa
and > 70%, respectively. The mechanical properties of the sample with x = 15 (B15) were intermediate
between those of the B17 and B12 samples. Because of its significant plasticity, the B12 sample did not break
up during the compression test. In addition, the fluxed N-HEAs showed work-hardening behavior, as
illustrated by the corresponding rate curves in Figure 5B. In particular, the tensile ductility of the B12 and
B15 samples reached 19% and 14%, respectively [Figure 5C]. Because of the dual-phase structure and hot
rolling treatment for tensile specimens, there is a tension-compression asymmetry of B12 and B15 samples.
The yield strength, compressive strain, and hardness data are summarized in Figure 5D, which shows a
good correlation of these parameters with the B content and volume fractions of the constituent phases.

Deformation mechanism revealed by in situ synchrotron X-ray diffraction

Figure 6A shows the synchrotron X-ray diffraction patterns of the [(FeNiCo),,.Cr,,.].B., sample at different
deformation stages along the loading direction. The enlarged view shows the changes in peak position and
intensity, as well as the broadening of the peak profile during deformation. The lattice strains of the
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Table 1. Chemical compositions of zone A and zone B estimated from TEM/EDS (at. %)

Element concentration (at. %) Fe Ni Co Cr B
Zone A (dark region in Figure 4B) 26.47 10.33 26.87 35.08 1.25
Zone B (bright region in Figure 4B) 27.85 36.46 29.84 5.84 0.01

10pm

-
__10pm _
.
__10pm
Co
| 10pm
.
__10pm

10pm
10pm
l
!
10pm

40pm 4I]I]11m__I

Figure 4. SEM/EDS mapping results for the non-fluxed suction-cast (A) and fluxed (B) [(FeNiCo),4sCrq15153B;; N-HEAS, showing Zone
A (Cr,B) is Cr-rich and Zone B (FCC) is Ni-rich. (C) TEM/EDS mapping results for the fluxed [(FeNiCo), gsCry151)g5B;; N-HEA. The
upper picture of (C) is the TEM bright field image, showing the Cr,B grain (right part) and the FCC grain (left part with moire fringes).
The insets display the selected area electron diffraction patterns of each phase. The dashed line in the B element map of (C) denotes
the grain boundary.

different phases were derived from the position shifts"” of different Bragg peaks, and the results are shown
in Figure 6B. According to the yielding of the different phases, the whole deformation could be divided into
three regions. In the elastic region I (below 350 MPa), the lattice strain for all orientations changes linearly
with the applied stress. The different slopes are a result of elastic anisotropy"”. For the FCC phase, the (200)
grains exhibited the largest lattice strain, while the (111) and (222) ones showed the smallest values. For the
Cr,B-type phase, the (002) grains displayed the largest lattice strain, followed by the (112) and (202) planes.
Table 2 summarizes the grain orientation dependence of the elastic moduli (E,;), obtained from the slope of
the linear relationship of stress and strain in the elastic region. In the FCC phase, (200) and (111) were the
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Table 2. Elastic moduli of different (hkl) planes in FCC and Cr,B-type phases

FCC phase Cr,B-type phase
E,/GPa E,0o/GPa E,,o/GPa E;/GPa Eooo/GPa E,,/GPa E>02/GPa
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Figure 5. (A) Engineering compressive stress-strain curves of [(FeNiCo) gsCry 1511008, (x =12, 15, 17) N-HEAs. (B) Work-hardening
rate curves for fluxed samples. (C) Tensile stress-strain curves of fluxed B12 and B15 samples. (D) Evolution of mechanical properties of
[(FeNiC0)y55Cry15]i00-«By N-HEAS as a function of B content.

elastically softest and stiffest orientations, respectively, similar to other FCC alloys”**". In the Cr,B-type
phase, the (002) orientation was more compliant compared with the (112) and (202) ones. Above 350 MPa
(region II), the lattice strains for all FCC grains lost their linear relationship and stopped increasing with the
applied stress, indicating that the FCC phase yielded. The plastic deformation of the soft FCC phase was
constrained by the hard Cr,B-type phase, as no macroscopic yielding could be observed. In contrast, the
lattice strains of the Cr,B-type phase increased more rapidly. When the stress increased to around 500 MPa
(region III), the Cr,B-type phase started to deform plastically, as evidenced by the deviation from the
linearity of the (112) and (202) planes. Moreover, the lattice strain of the Cr,B-type phase in regions IT and
ITI was generally larger than that of the FCC phase, showing that the Cr,B-type phase bore more stress in
the plastic regime; this indicates the existence of stress partitioning among the different phases®”. Another
feature worth noting is the absence of splitting between the lattice strains of the (111) and (222) planes in
the FCC phase, suggesting that no stacking fault was formed during deformation®.

The evolution of the normalized peak intensity, representing the texture development, is shown in
Figure 6C for both the FCC and Cr,B-type phases. In the case of the FCC phase, no noticeable texture was
observed in region I. After yielding (regions II and III), the normalized intensity of the (111) and (222)
peaks increased, while that of the (220) decreased. These intensity changes result from the characteristic
texture caused by dislocation slip in FCC alloys™*. Combined with the lattice strain evolution results, we
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Figure 6. (A) Synchrotron X-ray diffraction patterns of [(FeNiCo),4sCry;51g5B;, sample along the loading direction at different
deformation stages. The inset shows an enlarged view of the evolution of the main peaks. (B) Relationship of lattice strain of FCC and
Cr,B-type phases with engineering stress. (C) Texture development (represented by the normalized integrated intensity of different
Bragg peaks) in FCC and Cr,B-type phases with engineering stress. For clarity, error bars are only shown for selected points on (112)
and (202) reflections. F and T denote the FCC and tetragonal Cr,B-type phases, respectively.

can conclude that dislocation slip was the main deformation mechanism for the FCC phase. However, no
distinct texture was formed in the Cr,B-type phase.

DISCUSSION

Origin of large degree of undercooling

The as-prepared fluxed N-HEAs showed high strength and ductility. One of the key requirements for
forming a network-like structure at the submicron to micron scale is that the deep undercooled liquid state
should be accessible before crystallization. In this work, the degree of undercooling in the centimeter-
sized B17 N-HEAs could reach values as high as 385 K, showing the great application potential of this alloy.
The fluxing agent B,O, plays an essential role in reducing the contents of impurities and surface metallic
oxides in the sample, increasing the undercooling degree’. On the other hand, various degrees of chemical
short-range order can coexist in the molten alloys, due to the complex composition of HEAs"*, which
hinders crystallization during undercooling***
undercooling of the N-HEAs.

l. These two mechanisms could explain the large

Formation of network morphology in fluxed N-HEAs

One of the possible mechanisms of network structure formation is spinodal decomposition. A liquid-state
miscibility gap may exist in the undercooled liquids of metal-metalloid alloy systems (i.e., Fe-B, Fe-B-C),
due to the existence of unique short-range orders in the undercooled liquids®*****. The chemical complexity
of the undercooled HEA liquids studied here would facilitate the formation of short-range order”,
potentially enabling the formation of a metastable miscibility gap. Once sufficient undercooling is reached,
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the HEA liquids may transform into network liquids through spinodal decomposition*”. The solidification
of the spinodal network liquids then results in the formation of a crystalline network structure. Moreover,
other mechanisms may also be factors of network structure. Literature* showed that the Rayleigh
instability may induce the fragmentation of dendrites during recalescence at large undercooling, resulting in
a network structure. Furthermore, another factor is the entropy effect. With increasing configurational
entropy, the growth morphology may transit from dendritic to faceted”*”, leading to a structure that is
different from the dendritic***”, lamellar®", or equiaxed grain structures'*** formed through conventional
casting processes. Using conventional methods, the microstructures can only be modified in the solid state
by thermal/mechanical treatments to introduce precipitates, structural defects, or refinement of the as-cast
grains®™’. The fluxing technique offers a unique route to directly develop the network structure in bulk-
sized samples through the solidification of undercooled liquids, highlighting the promising potential of the
fluxed N-HEAs in industrial applications.

Composition dependence of phase fractions

The present results showed that the network-like structure could be controlled by tuning the B content of
the alloys. The EDS results summarized in Table 1 show little difference between the Fe and Co contents in
the two phases, while the Ni and Cr contents were significantly different. The enthalpy of mixing (AH)
between elements is summarized in Table 3 which shows that the absolute AH value between Cr and B
was the largest. Thus, it is reasonable that Cr and B prefer to segregate to form intermetallic phases in one
sub-network. This was also confirmed by the neutron diffraction results, which revealed the presence of
Cr,B-type intermetallic phases. As long as the Cr element is still present in the FCC solid solution, the
volume fraction of Cr,B may increase with increasing B content.

Structural origin of improved mechanical properties

As summarized in Figure 5D, the mechanical behavior is correlated with the volume fractions of the soft/
ductile FCC phase and hard/brittle Cr,B-type intermetallic phase. The samples with a lower volume fraction
of hard/brittle Cr,B intermetallic phase exhibit a lower hardness and yield strength but a higher compressive
strain. In situ synchrotron X-ray diffraction measurements of the tensile behavior of the B12 alloy revealed a
three-stage deformation process, with the ductile FCC phase yielding earlier, and the hard Cr,B-type
intermetallic phase yielding later than the macroscopic yielding in the plastic region. The whole
deformation is inhomogeneous, indicating that the deformation is accommodated between the two phases,
maintaining the plastic compatibility. This heterogeneous deformation has also been observed in austenite-
ferrite dual-phase steels*>*!. The Cr,B-type intermetallic phase bears more stress after yielding, as evidenced
by the larger lattice strain. Similar to multiphase steel, where the hard phases bearing more stress ensure a
sufficient work-hardening capability”, the hard Cr,B-type phase in the B12 alloy may contribute to a
strain-hardening effect and an excellent combination of strength and ductility. Moreover, the FCC phase
also has high work hardening ability due to the multiple slip systems as well as other deformation
mechanisms such as stacking fault, twinning and phase transformation'**.. In this study, dislocations could
be observed, as revealed by the increasing trend of F-111 and F-222 intensity in the plastic region, and no
evidence of the involving stacking faults and phase transformation could be found from the synchrotron
experiments. Further investigation is needed to explain the work-hardening effect of the FCC phase at a
large strain.

In addition, although our in situ loaded sample only deformed to several percent, a tiny increase of lattice
strain in the FCC phase after 500 MPa could be observed, which means that stress was partitioned with the
FCC phase!*!. A previous study of austenite-martensite dual-phase steel attributed the improved ductility to
stress transfer from the hard to the soft phase, forcing the two phases to deform together™’. The
cooperative deformation, as well as stress partitioning, could inhibit the strain localization and thus delay



Ying et al. Microstructures 2023;3:2023018 | https://dx.doi.org/10.20517/microstructures.2022.47 Page 11 of 15

Table 3. AH values (kJ/mol) between elements calculated by Miedema's model™®’

Elements Fe Ni Co Cr B
Fe / -2 -1 -1 -26
Ni -2 / 0 -7 -24
Co -1 0 / -4 -24
Cr -1 7 -4 / -31
B -26 -24 -24 -31 /

Figure 7. Fracture surface of B12 (A and B) and B15 (C and D) tensile samples, displayed at different magnifications.

the crack activation. Similar to this phenomenon, the enhanced combination of strength and ductility in the
B12 alloy can be correlated to the dual-phase structure, where the hard Cr,B-type intermetallic phase and
the soft FCC phase deform synergically.

Figure 7 shows SEM images of the fracture surface of B12 obtained after the tensile test (the fracture surface
of the B15 sample, i.e., Figure 7C and D, is similar). As shown in Figure 7A, the fracture surface contained
uniformly distributed dimples, a typical fracture morphology for ductile samples'®”. The size of the dimples
was about 3-5 pm, similar to the wavelength of a network structure. Furthermore, no large micro-voids were
found on the fracture surfaces. Previous studies showed that 304 L austenitic stainless steels'”’ and
CrFeCoNi HEAs"™ with small-size dimples had high ductility. Our results indicate that the soft FCC phase
may participate in the deformation process in stages involving large plastic deformations, contributing to
improved ductility. The enlarged view of the fracture surface [Figure 7B] also displays some fracture
patterns with sharp angles (marked by yellow lines), similar to the intergranular fracture surface of brittle
samples'”. This may be attributed to the deformation of the Cr,B-type phase.

CONCLUSION

In this work, a series of [(FeNiCo),,.Cr, .],00Bx (x = 12, 15, 17) N-HEAs combining high strength and
plasticity were successfully synthesized by the B,O, fluxing technique. We used a set of advanced
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characterization techniques to understand the structure and properties of these alloys. The conclusions are
summarized below:

(1) The B,O, fluxing treatment achieved a large degree of undercooling (385 K) of the centimeter-size N-
HEAs alloy melts.

(2) The fluxed N-HEAs had a network-like structure with a wavelength of 3-5 pm; one sub-network
consisted of a hard Cr,B-type intermetallic phase, while the other was a soft FCC solid solution.

(3) The volume fraction of the two sub-networks could be tailored by varying the B concentration, resulting
in a gradual change in the yield strength and compressive strain of the N-HEAs. When the B content
decreased from 17% to 12%, the yield strength decreased from 1.6 to 1.1 GPa and the compressive strain
increased from 20% to 70%.

(4) N-HEAs with B contents of 12% and 15% further exhibited a good tensile ductility of 19% and 14%,
respectively. The in situ synchrotron X-ray diffraction analysis of the tensile behavior demonstrated that the
whole deformation process could be divided into three regions based on the lattice strain evolution. This
heterogeneous deformation originated from the strength difference between the two phases. Dynamic stress
partitioning between the soft FCC phase and the hard Cr,B-type intermetallic phases induced a cooperative
deformation, which improved the ductility.

This work provides an industry-friendly route to fabricate N-HEAs with superior and controllable
mechanical properties. Moreover, microalloying and thermal/mechanical treatment could be employed to
further develop fluxed N-HEAs with excellent strength and ductility.
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