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Abstract: The topologically close-packed (TCP) p phase is usually known as an undesirable pre-
cipitation in highly alloyed Ni-base superalloys and steels. However, the ultrastrong p phase with
micron/nano-scale distribution plays a key role in driving the emergence of self-sharpening in our
recently developed WMoFeNi high-entropy alloy (HEA). Herein, a detailed study is carried out to
understand the substructure and atomic occupation of the p phase by scanning electron microscope
(SEM) and aberration-corrected transmission electron microscope (ACTEM). The Fe/Ni and W/Mo
element pairs are equivalent in the p-phase structure. Moreover, the elements in p phase exhibit a
near-equiatomic ratio, and the p phase can grow during annealing at 1150 °C. (0001),, and (1102),..
Twins are the main substructures of the u phase, and their atomic configurations and twinning mech-
anisms are investigated. The geometrical structural analysis of i phase possesses a great significance
for the design of self-sharpening HEAs.

Keywords: high-entropy alloys; TCP phase; p phase; self-sharpening; transmission electron
microscope

1. Introduction

Tungsten and other refractory element alloys possess excellent mechanical and phys-
ical properties, such as high melting point, high density, high hardness, and superior
high-temperature strength [1-3]. Therefore, they are usually utilized in high-temperature
alloys and widely used in kinetic energy penetrators, radiation shields, and rocket nozzles
in spacecraft [3-5]. High entropy alloys (HEA), which provide a new design concept of
material development, have garnered significant research attention due to a wide range of
component designs [6,7]. Based on elemental composition, HEAs possess a controllable
structure and excellent performance, such as high-temperature stability, low-temperature
toughness, and superior corrosion resistance [8-14]. Combined with the design concept of
HEAs and properties of W alloys, some refractory HEAs, such as WMoNbTa and WMoN-
bVTa, have been developed [15-20].

When W, Co or other refractory elements are combined with Ni or Fe, topologically
close-packed (TCP) phases are inevitably produced, which form the largest group of
intermetallic compounds with complex structures, such as in Ni superalloys, steels, and
high-entropy alloys (HEAs) [21-25]. In previous studies [21-29], it has been reported that
the precipitation of TCP phases seriously deteriorates the mechanical properties of alloys.
Among various TCP phases, p phase commonly forms in alloys with a high content of
Co or W [26-29] and plays a crucial role in performance improvement. The brittleness of
1 phase is one major obstacle that hinders widespread applications, originating from its
complex and dense stacking structure. Though the TCP p phase is usually considered as
an undesirable precipitate phase in alloys [26-32], it is found in our recent study that the p
phase has an important application prospect for self-sharpening in multi-phase tungsten-
based HEA (W-HEA) [33]. The excellent self-sharpening is revealed to be triggered by
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the ultrastrong p phase stimulated high strain gradient and dynamic recrystallization
softening [33-38]. To better understand the effect of TCP p phase on shear susceptibility,
the deformation mechanism of p phase should be unveiled, which is also critical for
performance improvement. The deformation mechanism of TCP p phase in Ni-base
superalloys and other alloys has been widely studied [26-32]; however, there are few
studies related to the substructure of p phase in HEAs.

Herein, the near-equiatomic TCP p phase substructures are investigated in multi-phase
WMoFeNi HEA by X-ray diffraction (XRD), scanning electron microscope (SEM), and
transmission electron microscopy (TEM). In general, the 1 phase grows during annealing
and high-density twins are formed on the basal and cylindrical planes. The Fe/Ni and
W /Mo elemental pairs are equivalent and replace each other in the occupied position of
the p phase. In addition, structural defects and substructures are studied using atomic-
resolution HAADE-STEM images and geometrical analysis, providing insights into the
deformation mechanism of the . phases. Furthermore, the influence of | phase particles
on the formation of shear bands is discussed. The study of 1 phase with substructures
and particles-associated shear susceptibility provides guidance for the design of self-
sharpening HEAs.

2. Experimental Procedure

The equiatomic WMoFeNi HEA (W-HEA) ingot was prepared by arc melting equimo-
lar mixtures of corresponding pure metals (purity > 99.9 wt. %). High-purity Ti was used
as a getter for residual gases in a high-purity argon atmosphere. The ingot was re-melted
and flipped more than five times to eliminate chemical inhomogeneities, the detailed fab-
ricated process can be found in reference [33]. Then, small plates with the size of about
10 mm x 10 mm X 1.5 mm were spark-cut from the ingot. Some specimens were annealed
at 1150 °C for 24 h and then quenched into ice water. The microstructural characterization
and compositional analysis were performed using an FEI Quanta 200 FEG SEM, equipped
with an energy dispersive X-ray spectrometer (FEI Inc., Hillsboro, OR, USA). Phase identi-
fication was carried out by XRD (Rigaku SMARTLAB diffractometer, Rigaku Inc., Tokyo,
Japan), equipped with Cu Ka radiations and operated at 45 kV-200 mA. The diffraction
patterns were collected in the 26 range of 25° to 90° at the scan rate of 2° /min.

The transmission electron microscopy (TEM) specimen was prepared by mechanical
grinding and polishing to a thickness of 50-70 um, which was then subjected to twin-jet
electro-polishing and finally ion-milled at room temperature with Gatan PIPS II 695 C
(GATAN Inc., Pleasanton, CA, USA). The microstructural observations were conducted
using JEM 2100F (JEOL Inc., Tokyo, Japan) with an operating voltage of 200 kV. The atomic-
resolution HAADEF-STEM analysis was conducted using an FEI Titan 80-300 (FEI Inc.,
Hillsboro, OR, USA), operating at 300 kV.

3. Results and Discussion

The phase composition, mechanical properties, morphology, and elemental compo-
sition of the as-cast and annealed W-HEA specimens are shown in Figure 1. The alloy
comprises three phases based on the XRD results (Figure 1a). The fracture strength of as-cast
and annealed specimens can reach 1510 MPa and 1390 MPa, respectively (Figure 1b). Fur-
thermore, the elemental composition of three phases before and after annealing is shown in
Figure 1c,d. Figure 1c shows SEM image of the as-cast specimen, clearly demonstrating the
presence of three phase structures. The dark-grey matrix phase possesses a face-centered
cubic (FCC) structure (marked as B, Fe-Ni-rich phase), where the bright-white large den-
drites dispersed in the matrix possess a body-centered cubic (BCC) structure (marked as
A, W-Mo-rich phase). Some small particles dispersed in the FCC matrix or located at the
interface of FCC and BCC correspond to the p phase (marked as C). Figure 1d shows an
SEM image of the specimen annealed at 1150 °C for 24 h and quenched into ice water. The
phase structure is obviously changed in the annealed specimen. The p phase grows further
(especially at the interface between FCC and BCC phases), whereas the relative proportions
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of FCC and BCC phases decrease significantly. Figure 1c shows that W is found in the BCC
phase, while Fe and Ni are found in FCC and up phases. Moreover, Mo exhibits a relatively
obvious distribution in the p phase. After annealing at 1150 °C (Figure 1d), there is almost
no change in the chemical composition of FCC and BCC phases. However, many W atoms
diffuse into the pu phase and result in a near-equiatomic ratio of four constituent elements
(Figure 1c,d). The compositional data are summarized in Table 1. The atomic distribution at
atomic scale of Fe, Ni, W, and Mo is detected by aberration-corrected scanning transmission
electron microscopy (ACTEM) using the HAADF-STEM model (Figure le-h). In addition,
the Fe/Ni (red-colored spheres) and W /Mo (blue-colored spheres) pairs are equivalent in
the p structure, occupying two kinds of atomic positions (Figure 1i).
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Figure 1. (a) XRD patterns of the as-cast and annealed specimens; (b) stress—strain curves of the
as-cast and annealed specimens; (¢) SEM image of the as-cast specimen, where (c;—c5) show the
morphology and elemental distribution of the as-cast specimen; (d) SEM image of the specimen after
annealing at 1150 °C for 24 h, whereas (d;—d5) show the morphology and elemental distribution of
the annealed specimen; (e-h) EDS maps of the u phase for Fe, Ni, W, and Mo elements using STEM;
and (i) STEM lattice image of the p phase.
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Table 1. The composition of three phases in HEA.
Material Chemical Compositions (at. %)
Phase :
State Mo Fe Ni W
Total 24614 244+1.0 240 £ 0.6 27.0£0.8
A (BCC) As-cast 311+1.9 37+03 23+03 629 +20
Annealed 31.1£22 35405 1.3+05 642 +£22
B (FCC) As-cast 136+ 1.1 40.7 £1.3 40.5 £ 2.0 52+20
Annealed 92+20 374+15 494+ 1.6 39+21
C (i phase) As-cast 33.1+28 339+21 229+1.0 10.1+15
Hp Annealed 27.7£23 289 £23 223+£17 21.1+£24

3.1. Characterization of the y Phase

In XRD patterns (Figure 1a), except for FCC and BCC diffraction peaks, the diffraction
peaks of 1 phase becomes clearer after annealing at 1150 °C for 24 h, which corresponds to
the increase in mass fraction of p phase in the specimen. The p phase, which is based on the
A7Bg stoichiometry, has a rhombohedral crystal structure (space group 166, R3m) [26-32]
and the lattice parameters of the u phase are a = b = 0.475 nm, ¢ = 2.567 nm. Moreover,
the rhombohedral unit cell of the p phase is given in Figure 2a. Moreover, detailed TEM
observations were carried out to further study the structure of u phase. Figure 2b shows a
bright-field TEM image of the as-cast W-HEA specimen, where some p phase particles are
dispersed in the FCC matrix and the size of p phase is hundreds of nanometers in diameter.
Figure 2¢,d presents corresponding selected area electron diffraction (SAED) patterns,
which are taken from the white-colored circled region “c” in Figure 2b by tilting. Figure 2e
shows the SAED pattern taken from the white-colored circled region “e” in Figure 2b.

=

" [0001)

Figure 2. (a) Unit cell of the p phase, (b) a bright-field TEM image of the u phase, (c,d) corresponding

SAED patterns of the u phase using in situ tilting from the region “c” in (b), corresponding to a tilt
angle of 30° from (c) to (d), and (e) corresponding SAED pattern from the cycled region “e” in (b).
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From Figure 2b, a large number of stacking faults (SFs) and twins’ contrast can be
seen in the p phase. The crystal structure of u phase can be described as an alternative
stacking of the ZryAl; and MgCuy units [28-31]. Moreover, the units are stacked parallel to
the (0001),, basal plane. The basal slip of dislocations is a basic deformation mechanism
in u phase, which is accomplished by synchro-shear inside Laves triple-layers [28,30]. In
previous studies, three kinds of basal plane faults were observed in the p phase [26-28,30].
Except for the basal faults, (1101),, and (1102),, pyramidal plane faults were also investi-
gated [26-28]. In this study, the basal slip and (1102),, pyramidal slips are observed. The
detailed substructural observations of the u phase are shown in Figure 3.
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Figure 3. (a) A bright-field TEM image of the u phase with twins contrast; (b—d) corresponding SAED
patterns from the circled regions “b”, “c”, and “d” in (a), respectively; (e) and (g) high-resolution
TEM images of (0001),, and (102),, twins along [1120] w ZA, and the corresponding FFT patterns are
displayed in the upper right corner, whereas (f) and (h) present the inverse FFT lattice images of
(e) and (g), respectively.

There are two sets of parallel lines shown in one p phase particle (Figure 3a). One set
is close to the horizontal direction (marked as the “d” region), whereas the other possesses
a small angle with the vertical direction (marked as “c” region). Figure 3b—d present
corresponding SAED patterns along [1120] zone axis (ZA) of regions “b”, “c”, and “d” in
Figure 3a. As shown in Figure 3c,d, one can find that two twin substructures could be
indexed in the p phase, i.e., (0001),, and (1102),, twins. The (0001),, twins are several or

dozens of nanometers in width with high density (Figure 3e), while (1102),, twins are about
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200 nm in width (Figure 3a). The (0001),, twins are more common than (1102)u twins in the
specimen. To obtain further information on these two types of twins, high-resolution TEM
(HRTEM) images are shown in Figure 3e,g. The corresponding Fourier-filtered transformed
(FFT) diffraction patterns of Figure 3e,g are shown in the top right corner, the same as
Figure 3c,d. Figure 3fh present the inversed FFT lattice images of Figure 3e,g, respectively.
In Figure 3f, the dashed-dotted and dashed lines indicate (0001),, and (1101),, lattice planes,
respectively. And, the dashed-dotted and dashed lines in Figure 3i indicate the (1102),, and
(0001),, lattice planes, respectively.

3.2. Basal Defects and (0001),, Twin Substructure

The (0001), planar defects in the p phase are always observed in the present study,
which can induce lamellar contrasts compared to the perfect 1 phase by forming SFs and
twins. The (0001),, plane is the close-packed and slip plane of the p structure [30,31]. SFs
can be produced on the (0001),, planes by the emission of partial dislocations. The (0001),
twins can easily form due to consecutive basal planar SFs by synchro-shear inside Laves
triple-layers [28,30], as discussed earlier by Ma et al. and Carvalho et al. [26,29]. To provide
fundamental insights into the formation of (0001), twins, a schematic diagram of the
formation process is shown in Figure 4. Figure 4a shows the perfect lattice illustration of
the p phase along [1120],, ZA projection and the construction units of ZryAlz and MgCu,-
type lattices are superimposed alternately along the (0001),, planes. The atoms occupying
different positions are represented by different colors (red and blue spheres). Figure 4b,c
shows the formation process of (0001),, twins in the p phase. The 1/6 [1100], (about
0.138 nm) partial dislocation glided into the MgCu,-type lattice and left a SF (Figure 4b). In
the case of two successive SFs in one MgCu?2-type lattice (as shown in Figure 4b,c), (0001),.
twins form in the p phase (Figure 4c). If the basal slip occurs in two adjacent MgCuy, units
(as shown in Figure 4e), (0001),, twins are thickened. Atomic configurations of (0001),,
twins in the pu phase are further investigated by ACTEM in Figure 4d,f, which are consistent
with the diagrams shown in Figure 4c,e, respectively.
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Figure 4. (a) The atomic arrangement of a perfect crystal lattice of the u phase, showing alternating
stacking of ZryAlz and MgCu, units along [1 150]u ZA, (b) one stacking fault (SF, red spheres) on
(0001) planes in MgCu,-type unit of the u phase, and the red arrow means the slip direction of the
partial dislocation and a layer SE, (c,d) atomic arrangement diagram and STEM image of (0001) twins
in the u phase, and (e,f) atomic arrangement diagram and STEM image of the growth of (0001) twins.
Red-colored spheres mean Fe/Ni atoms, and blue-colored spheres mean W /Mo atoms.
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3.3. Pyramidal Defects and (1102),, Twin Substructure

The activity of non-basal slip systems makes an important contribution to the ductility
of hexagonal crystals and is the main contributor for the deformation along the c-axis [28].
Besides the (0001),, basal plane slip, (1101),, and (1102),, pyramidal planar slips are other
forms to adapt to deformation [26,28,29]. The dislocations can slip from the matrix into
non-basal slip systems of p phase during deformation. Shear deformation of non-basal
planes is associated with long-range diffusion or local atomic rearrangement [26,28,29].

As shown in Figure 3, (1102),, twins can be observed with (0001),, twins. Though
(1102),, twins in the p phase have been reported by several researchers [26,28,29], the
twinning mechanism still needs further exploration. Figure 5 presents the possible (1102),,
twinning mechanism in the p phase. Figure 5a presents the atomic arrangement diagram
of the p phase along [1120],, ZA, where the red-colored rectangular and quadrilateral
frames represent the periodic units of ZryAlz- and MgCu,-type lattices, respectively. The
detailed twinning process is shown in Figure 5b. The periodic units of u phase can be
easily represented as a combination of rectangular and quadrilateral structures. The p
unit rotates, and the arrangement of rectangular and quadrilateral structures is exchanged
under the influence of shear strain on the (1102),, pyramidal plane (Figure 5(b1)). The
atoms (red-colored spheres near the red arrow) move about 1/12 [1101],, in the shear
direction (Figure 5(b1)). During the transition from the quadrilateral structure to rectangular
structure (Figure 5(b2)), three atoms inside the quadrilateral structure are rearranged and
the atom in the middle of the upper sideline (red-colored sphere) are moved into this
structure (Figure 5(b3)). The number of atoms inside the structure increased from 3 to 4,
and these atoms form a rectangle-shaped arrangement (Figure 5(b3). During the transition
from rectangular to quadrilateral structure, the movement of atoms occurs in an opposite
process. During the shear process, one layer of (1102),, planar faults is formed, which has a
twin symmetrical relationship with the original lattice about the (1102),, plane overlays
a translation vector 1/6 [1101],, (Figure 5(b4)). If the planar faults expand continuously,
(1102),, twins are formed with a 1/6 [1101],, deviation between matrix and twin lattices
(Figure 5(b5)). The deviation between matrix and twin lattices is reduced with (1TOZ)H
planar faults interval formation (Figure 5(b6)). Figure 5c presents the HRTEM image of
(1102),, twins. The arrangement of atoms on both sides of the (1102),, twin boundary is
consistent with the formation diagram in Figure 5(b5).

3.4. Influence of u Phase on Shear Susceptibility

In general, the higher material strength implies that it is more prone to adiabatic
shear failure, corresponding to higher adiabatic shear susceptibility [39,40]. In the past,
precipitation-strengthening was used as an effective route for material strengthening [41,42].
Moreover, particle-reinforced composites have been widely developed and studied [35,43,44].
Experiments have shown that the shear susceptibility of alloys and composite materials
depends on not only the volume fraction of particles but also their size, shape, and distri-
bution [35,43,44]. Strain gradient theory and geometrically necessary dislocations provide
a solid understanding of the formation behavior of shear bands [35,43,45].

In precipitation strengthening or particles-reinforced composites, the mechanical be-
havior is influenced by interfacial properties, i.e., coherent, or incoherent interfaces, and
dislocation-interface interaction [46,47]. The existence of u phase improves the strength
of HEAs [25,33]. The size and distribution of u phase can be changed after heat treat-
ments [22,27], e.g., the p phase grows after annealing at 1150 °C (Figure 1c,d). Therefore,
controlling the content and distribution of the p phase via heat treatment is an important
strategy for regulating the strength and shear susceptibility of HEAs.
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Figure 5. (a) The atomic arrangement of u phase, consisting of rectangular (ZrsAlz) and quadrilateral
(MgCuy) structures as periodic units; (b) schematic illustration of (1TOZ)LL twinning mechanism in the
u phase, where red and black arrows in bl and b2 show the shear direction; and (c) HRTEM image of
(1102),, twins in the p phase.

Coherent nano-scale precipitates can improve the strength without sacrificing plastic-
ity [41,42]. In coherent systems, two phases exhibit a small lattice mismatch, i.e., atomic
arrangement and slip systems are continuous across the interface [46,47], as shown in
Figure 6a. The dislocations can cut the small particles through the coherent interface
to maintain plasticity. With the growth of particles, the interface between particles and
matrix can gradually lose its coherent characteristics [22,41]. As incoherent interfaces are
opaque to dislocations, slip systems are not continuous (Figure 6(b2)). Hence, dislocations
bypass and leave dislocation loops around the particles (Figure 6(b3)). The interface acts
as dislocation sinks and a large number of dislocations accumulate at the interface during
deformation. The strain gradient is induced by the formation of geometrically necessary
dislocations (GNDs), rendering an impeding effect on dislocation movement (Figure 6(b4)).
The high strain gradient is a strong driving force for the formation of adiabatic shear
banding (Figure 6(b5,b6)) [33,36,48].
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Figure 6. (a) Schematic diagram of dislocations cutting through the coherent nanoparticles, (b1-b3)
Schematic diagram of dislocations bypassing incoherent p phase particles, where dislocation loops
are left around p phase particles; (b4) dislocation accumulation at the particle boundaries and
the formation of strain gradient due to GNDs; (b5) the continuous accumulation of dislocations,
which divides the high strain gradient region into subgrains; and (b6) formation of DRXed grains
accompanied with a reduction in dislocation density and occurrence of a shear band.

The p phase possesses a complex structure and limited slip systems for the dislocation
glide, and the multiple primary elements of u phase in WHEA can have large elemental con-
centration fluctuations (Table 1). These improve the resistance of dislocation motion [49,50]
through p phase particles compared with the ordered FCC particles. The dislocations from
the matrix interact with the pu phase and introduce basal and non-basal defects in p parti-
cles [26,28,29]. Therefore, u phase is easy to form twins on the (0001),, basal and (1102),,
pyramidal planes. In addition, the formation of (1102),, twins is accompanied by atomic
transportations and local atomic rearrangements. Hence, loads of twin substructures and
pyramidal planar defects are formed in the p phase, leading to a high strain hardening
ability [25,51,52], which further aggravates the resistance of dislocation moving through
1 phase particles. Owing to the high level of micro/nano-scale structural heterogeneities
introduced by a large number of i phase particles, the regions between particles form a high
strain gradient accompanied by GNDs (Figure 6(b4)), which enhances the susceptibility of
shear banding [33]. With the continuous accumulation of dislocations, the dislocations di-
vide the high strain gradient regions into subgrains (Figure 6(b5)). Finally, with the further
intensification of deformation, the dynamic recrystallization (DRX) grains [33,37] (equiaxed
grains) are formed with the split of subgrains and crystal lattice rotation by dislocations
accumulation (Figure 6(b6)). The regions between particles eventually combine with each
other and form shear bands [33,48,53].

4. Conclusions

The p phase, with twin substructures, in a multi-phase WMoFeNi HEA is investigated
by SEM, XRD and TEM. This u phase is dispersed in the FCC phase or located at the
interface between FCC and BCC, which grows during annealing at 1150 °C for 24 h. The
composition of p phase is near-equiatomic to corresponding pure metallic elements, and the
Fe/Ni and W/Mo elemental pairs are equivalent in the p structure. The formation mech-
anism of (0001),, and (1102),, twins is investigated by ACTEM and geometric structural
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analysis. The formation of (1102),, pyramidal planar faults involve atomic transportation
and local atomic rearrangement. The basal (0001),, plane slip occurs more easily in the p
phase and the high-density (0001),, nano-twins are easier to form than the (1102),, twins.
The high level of micro/nano-scale structural heterogeneities introduced by a large number
of u phase particles, the high strain gradient accompanied by geometrically necessary
dislocations in the region between particles during deformation, and the high strength
and strain hardening ability of p phase with twin substructures could have important
influences on shear susceptibility. This study provides novel insights into the design of
self-sharpened HEAs.
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