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high-entropy alloy that exhibits outstanding self-sharpening capability, in sharp contrast to conventional
tungsten alloys only showing mushrooming. This alloy consists of a BCC dendrite phase and a rhombohedral
. phase embedded in the continuous FCC matrix, and such a unique microstructure leads to a 10—20% better
penetration performance than conventional tungsten heavy alloys. We show that emergence of the self-
sharpening is triggered by the ultrastrong p. phase stimulated dynamic recrystallization softening mediated
shear banding. This study sheds light on the origin of self-sharpening and might open new opportunities for
developing high-performance penetrator materials.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

“Self-sharpening”, the capability of a material maintaining its acute
head shape during penetration, is a highly required attribute of materials
in armor piercing [1,2]. During penetration, the acute head reduces the
resistance and thus greatly improves the efficiency of moving ahead. In
anti-armor applications, tungsten heavy alloys and depleted uranium
(DU) alloys are two primary families of materials. DU kinetic energy
penetrators exhibit superior penetration performance due to their
thermo-plastic shear banding induced “self-sharpening” behavior during
penetration. While tungsten alloy kinetic energy penetrators usually
form mushroom-like heads, which results in a poorer penetration per-
formance when compared to DU alloys [2—4]. Therefore, it is needed to
develop a high performance tungsten alloy to replace the DU alloy, since
the DU alloys cause the environmental contamination [5]. It has been
known that the self-sharpening behavior is related to localized shear
deformation at high strain-rate deformation. During the past decades,
substantial efforts have been put into developing new tungsten alloys
with self-sharpening ability. Unfortunately, only limited success has
been made [6—10]. Although the physical origin of self-sharpening still
remains poorly understood, sustaining research works have shown that
apart from chemical composition, the atom-packing order seems to play
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an important role. Metallic glasses, known as topologically disordered
alloys that fail easily by shear banding [11—14], have shown to be of
high “self-sharpening” capability [15,16].

In the past few years, another new kind of disordered alloys named
high-entropy alloys (HEAs), with multiple principal elements in equi-
molar or near-equimolar ratio, has drawn a surging interest [17-23].
The unique atomic packing, characteristic of diverse elements
arranged randomly on the crystallographic positions in a topologically
ordered lattice with a high chemical disorder, imparts HEA extraordi-
nary mechanical properties, including exceptional cryogenic fracture
toughness [24,25], superior performance at high temperatures [26,27],
high corrosion resistance for orthopedic implants [28—30] and great
potential to overcome traditional strength-ductility trade-off [31—34].
Here, one may naturally question that: could the chemical disorder in
HEA promote the occurrence of “self-sharpening”? If it really does,
what is the underlying mechanism? In the present study, we design a
new tungsten HEA WFeNiMo with equimolar ratio to enhance chemi-
cal disorder, in contrast to conventional single-principal-element
tungsten alloys, and obtain a multi-phase structured alloy. This new
tungsten HEA not only possesses good combination of strength and
ductility, but also excellent self-sharpening ability. In comparison with
conventional single-principal-element tungsten alloys where precipi-
tated phases are strictly suppressed, we find that the new tungsten
HEA by chemical disordered design promotes precipitation of . phase,
which can trigger dynamic recrystallization softening mediated shear
banding and give rise to the prominent self-sharpening behaviors.
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2. Chemical composition design

First of all, we screened possible compositions to develop new
multi-phase tungsten HEAs. Previous results have demonstrated
some valuable parameters calculated from the physicochemical and
thermodynamic properties of constituent alloy components can be
taken into account to predict the phases formed in the equimolar
multi-component alloys. Among them, atomic size difference & [35],
the ratio of entropy to enthalpy £2 [36], and valence electron concen-
tration (VEC) [37] are three typical parameters to determine the
phase stability for BCC or FCC solid solutions. Herein, these parame-
ters are defined as follows, the atomic size difference

N 2
a—lowzfl C,-(l—r,-/Zc,-r,-) 1)
i=1

where c; and r; are the concentration of elements and atomic radius of
the ith element, respectively. N represents the number of compo-
nents in the multi-component alloy.

The thermodynamic parameter
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where Ty, ASpixand AHp.are the average melting temperature, the
entropy and enthalpy of mixing of the n-element alloy, respectively,
which can be calculated separately as
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where T/" being the melting point of the ith component of alloy, R is
the gas constant, AH;}””"‘is the enthalpy of mixing between the ith and

jth component.
And valence electron concentration

n
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It has been suggested that £2 > 1.1 and § < 6.6% should be used as
necessary conditions for the formation of solid solution phases [36],
while VEC can be utilized to predict the phase stability of FCC and
BCC phases as follows [37]. Sole FCC phase exists when VEC > 8.0;
sole BCC phase exists when VEC < 6.87, and more than one phase
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may exist when 6.87 < VEC < 8.0. In this work, an equimolar four-
component alloy WFeNiMo was chosen, with § = 4.65%, §2 = 7.43
and VEC = 7.5. According to the above empirical criterion, FCC, BCC
and a third phase may coexist in this new tungsten HEA.

3. Materials and methods

The equimolar WFeNiMo HEA was prepared by electromagnetic levi-
tation melting technology on a water-cooled copper crucible from raw
materials with purity of 99.9% in inert atmosphere. To achieve a homo-
geneous distribution of constituent elements, the as-prepared alloy was
re-melted four times and the alloy was kept in a liquid state for ~20 min
each time. After cooling, a bulk ingot with a diameter of 60 mm and a
height of 65 mm was obtained. The constituent phases of the alloy were
identified by X-ray diffractometer (XRD, Rigaku Dmax 2500) using Cu
Ko target. Electron backscattered diffraction (EBSD) was conducted using
a field emission scanning electron microscope (SEM, JSM-7100F)
equipped with EDAX-TSL OIM EBSD system. The samples for EBSD were
prepared with a Leica EM-TIC 3x ion polisher/cross sectioned using 6 kV
at 2.2 mA for 12 h. The chemical composition analysis was conducted by
energy-dispersive x-ray (EDX) spectroscopy on a FEI Quanta 200 SEM.
Microstructures before and after deformation were also characterized by
SEM and transmission electron microscope (TEM, JEM-2100F at 200 kV).
The high-angle annular dark field (HAADF) image was recorded using
Cs-corrected TEM, Titan Cubed G2 60—300 kV microscope with double
correctors and monochromator configuration. The thin foils for TEM
were first prepared by mechanical grinding to about 20—-30 pm and
then polished by an iron polishing machine to achieve electron transpar-
ency. A focused ion beam (FIB) instrument (FEI Helios Nanolab 600i) was
also used to accurately prepare TEM samples from deformed samples.

Nanoindentation was performed on an Agilent Nano Indenter G200
with a Berkovich diamond tip to characterize the hardness of each indi-
vidual phase in WFeNiMo, with a maximum load of 5 mN at a loading
rate of 0.25 mN s~ ! and a dwell time of 10 s. Nanoindentation arrays
with a spacing of 10 wm were set [38]. SEM observations were con-
ducted to correlate each measured value to its corresponding indent,
thus ascertaining the hardness of each phase. Cylinder samples with
@4 x 8 mm and P4 x 4 mm were prepared to perform the quasi-static
and dynamic uniaxial compression tests, respectively. The quasi-static
tests were conducted at a strain rate of 5 x 10~% s~! with a MTS-810
material test system at ambient temperature. Dynamic compression
tests were performed on a split Hopkinson pressure bar (SHPB) appara-
tus. In the SHPB experiments, the average strain rate was set to be about
2 x 103 s~ ! by controlling the impact velocity.

Penetration tests were performed using a 25 mm smooth-bore ballis-
tic gun. The experimental layout configuration is shown in Fig. 1. A con-
ventional tungsten alloy 93 W (W93Fe4.9Ni2.1 by weight ratio) was also
examined for comparison. Blocks of both WFeNiMo and conventional
93 W were machined into rods with a dimension of ®7 x 50 mm. To fire
Protective device

Velocity screen Steel target

High-speed
camera

Time recorder

Fig. 1. Experimental layout configuration for penetration tests.
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Fig. 2. (a) XRD pattern of as-cast WFeNiMo HEA. (b) Bright-field TEM image of the as-cast alloy, showing clustered p phase precipitations, with corresponding SAED patterns in the

insets. (c) High-resolution HADDF/Z-contrast image of the p. phase precipitation.

a smaller rod by the smooth bore with a larger diameter, a sabot, which
consists of three separating aluminum parts and a bottom pusher, was
designed and mounted at the open mouth of a cartridge. The medium
carbon steel targets with 100 mm in thickness that can be considered as
semi-infinite targets were placed 7 m in front of the ballistic gun. Two
velocity screens and a time recorder were utilized to measure the impact
velocity, which were positioned 1 m in front of the target. The impact
procedures were also recorded by a high-speed camera. Projectiles were
launched with velocities ranging from 876 m/s to 1330 m/s. The tests
were conducted at 0° obliquity. After ballistic tests, targets with embed-
ded rods were retrieved. The remnant projectiles and the targets with
craters were sectioned along the symmetry plane by wire electric dis-
charge machining to evaluate the penetration performance. The sec-
tioned surfaces of remnants were polished to a mirror finish for further
microstructural observation.

4. Results
4.1. Microstructural characterization of undeformed samples

Fig. 2(a) shows the XRD pattern of the as-cast sample. Besides the
obvious peaks corresponding to FCC phase and BCC phase, there are
also several small peaks indicating the existence of . phase precipita-
tion. The bright-filed TEM image shows clustered . phase precipita-
tions with the width of about 1-2 pm. The selected area electron
diffraction (SAED) patterns that were taken along the [0001] and [211
0] zone axes, as shown in the insets, confirm the . phase precipita-
tions adopts a rhombohedral crystal structure. The high-angle annu-
lar dark-field (HADDF)/Z-contrast image taken along the [2110] zone
axe in Fig. 2(c) further confirms the rhombohedral crystal structure
of . phase precipitations. The Mo or W atoms overlap with the bright

Fig. 3. (a) SEM image of WFeNiMo HEA and the corresponding elemental mappings. (b) EBSD IPF map and (c) phase distribution of the alloy.
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Table 1
Chemical composition of individual phase in WFeNiMo.

Phase Morphology Chemical compositions (at%)
w Fe Ni Mo
Total - 275 244 235 246
FCC Continuous matrix 24 406 445 125
BCC Dendrite 574 4 2 36.6

W (Rhombohedral)  Cluster of lamellae 10.1 338 23 33.1

spots while Fe or Ni atoms overlap with the lower contrast spots (as
will be seen in Fig. 3(a) and Table 1, all four elements are distributed
in the w phase precipitations). These results are well matched with
our intentional compositional design to obtain multi-phase structure
of WFeNiMo.

The EDX analysis was conducted to examine how the constituent
elements distribute in each phase. From Fig. 3(a), it can be seen that
W segregates in BCC dendrites, while Fe and Ni are rich in the other
two phases. Mo has a relatively homogeneous distribution among
the sample. The segregation of W, Fe and Ni facilitates stabilizing the
solid solution phase with a minimized Gibbs free energy. A square of
800 pm x 800 wm was selected to quantitatively measure the actual
alloy composition, which includes substantial BCC dendrites, . phase
precipitations and FCC matrix grains. The average chemical composi-
tions of each phase in this alloy were calculated based on at least
three independent EDX measurements, as shown in Table 1. W and
Mo take up more than 90% atomic percentage in the BCC dendrites,
and Fe and Ni are the main compositions in FCC matrix, while Fe and
Mo are two primary elements in p phase. The results clearly demon-
strate that, in comparison with the conventional tungsten alloy
93 W, the addition of Mo promotes the precipitation of the w phase
[39]. Fig. 3(b) shows EBSD inverse pole figure (IPF) maps of the alloy.
Typical grain sizes are 300-500 pm for FCC matrix phase and

20-40 pm for BCC dendrite arm diameter. No preferential orienta-
tion is observed for both FCC and BCC phases in the as-cast sample.
Due to the complicated crystal structure and the small size, the pre-
cipitated p phase was not identified in the present EBSD result on
the scale of hundreds of microns.

4.2. Nano-hardness measurements and compression properties

Nanoindentations were performed to characterize the mechanical
properties of each individual phase in this alloy, and the hardness and
elastic modulus were measured. Due to the small size of . phase pre-
cipitations, as well as the limit resolution of optical microscopy installed
in the measurement system, arrays with a spacing of 10 um were firstly
set in the FCC matrix. Subsequent examinations by SEM were per-
formed to correlate each measured value to its corresponding indent, in
order to ascertain the hardness of each phase, as shown in Fig. 4(b) and
(c). Fig. 4(a) shows that different phases have substantially various
mechanical properties. FCC phase is the softest, with its elastic modulus
similar to austenitic steels [40]. The hardness of BCC phase is nearly
twice that of FCC phase, while the . phase achieves an extremely high
hardness, up to 16.5 GPa and triples that of FCC phase.

Fig. 5 shows the compressive stress-strain curves of WFeNiMo
HEA at room temperature under both quasi-static and dynamic con-
ditions. At the strain rate of 5 x 10~% s~ !, the yield strength and frac-
ture strength are 1000 MPa and 1674 MPa, respectively, along with a
fracture strain of 31%. Work hardening can be observed obviously,
and the strain hardening exponent n is estimated to be 0.33, which is
obtained by fitting a power law to the stress-strain curve, i.e.
o = 0g + K¢}, where oy is the yield strength, K is the preexponential
factor, and ¢p is the plastic strain. Under quasi-static compression, the
strain hardening exponent of WFeNiMo HEA is smaller than that of
conventional 93 W [41]. At the strain rate of 2000 s~!, the yield
strength, fracture strength and fracture strain are 1200 MPa,
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Fig. 4. (a) Hardness and elastic modulus of each individual phase in the nanoindentation test results for the alloy; (b) SEM images of morphology of indents in (b) the FCC matrix and
(c) the BCC dendrite, with squares marking the valid indents for summarizing the statistic results for each phase.
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Fig. 5. Compressive stress—strain curves of alloy under quasi-static and dynamic con-
ditions, with macroscopic fracture samples in the inset.

1900 MPa and 28%, respectively. Comparing these two loading condi-

tions, the alloy exhibits strain rate hardening with the strain rate

hardening exponent at the yield strength m = ﬁll‘éz‘;

0.012, where o is the yield stress and ¢ is the strain rate. This value is
smaller than that of conventional 93 W, 0.042 [41], indicating that
WFeNiMo HEA is less sensitive to strain rate. It is worth noting that
the alloy fractures in a shear mode, indicative of the potential to dem-
onstrate “self-sharpening” behavior.

Microstructures of the deformed samples were examined by TEM
to understand the deformation mechanisms and the reason for the

estimated to be

good combination of strength and plasticity of this new tungsten
HEA. Fig. 6(a)—(c) show the TEM bright-field images of each phase in
the sample upon dynamic loadings. The complex stress state inflicted
on the BCC dendrites activated multiply slip systems in it. The
deformed BCC phase is characteristic of high-density tangled disloca-
tions without twins, which demonstrates a certain amount of plastic
deformation of W-Mo-rich BCC phase. As indicated from Fig. 6(b),
dislocations in FCC matrix pile up near the boundary between
phase and FCC phase. The . phase precipitation was not plastically
sheared, and acted as blocks for dislocation motions in FCC. Fig. 6(c)
shows parallel nanotwins with thickness of 10 ~ 30 nm formed in
FCC during deformation, confirmed by the twinning spots in the
SAED pattern and the high-resolution TEM (HRTEM) image. Not only
do these nanotwins provided plasticity, but also offered effective
obstacles to the motion of dislocations (indicated in Fig. 6(d)) and
gave rise to work hardening for continuous straining [42,43].

4.3. Ballistic performance

The penetration performance of the alloy under high-speed
impact was further investigated through ballistic experiments. Rods
made of a typical conventional tungsten alloy 93 W were also exam-
ined for comparison. Fig. 7(a) shows the curves of DOP versus kinetic
energy per volume calculated by pv?/2, where p is density, and v is
impact velocity. The density was measured using Archimedean prin-
ciple, with the results 12.7 g/cm? for WFeNiMo and 17.5 g/cm? for
93 W. In general, the relationship between DOP and kinetic energy is
approximately linear for both alloys, but this new alloy performs bet-
ter and it achieves 10~20% larger penetration depth than 93 W at the
same imposed kinetic energy. From the inset in Fig. 7(a) of the
retrieved remnants, it can be observed that the remnant of 93 W pen-
etrator has suffered severe plastic deformation and exhibits an

Fig. 6. Bright-field TEM images of each phase in deformed WFeNiMo HEA: (a) dislocation tangles formed in BCC phase, (b) block of dislocations in FCC matrix near the . phase pre-
cipitation, (c) deformation nanotwins with a thickness of 10—30 nm and the SAED pattern in the inset, (d) HRTEM image of the region marked in (c).
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Fig. 7. (a) Depth of penetration of WFeNiMo rod and 93 W rod versus kinetic energy
per volume calculated by pv?/2, with photographs of the retrieved remnants, respec-
tively; longitudinal sections of medium carbon steel targets impacted by (b) a WFe-
NiMo penetrator and (c) a 93 W penetrator, with SEM micrographs of the remnant in
the corresponding insets, respectively.

obvious mushroom-like head. In contrast, the remnant of WFeNiMo
penetrator maintains an acute head shape, demonstrating a conspic-
uous self-sharpening ability, which is responsible for the improved
penetration performance of WFeNiMo penetrators.

Fig. 7(b) and (c) shows typical sectioned targets along with a
residual WFeNiMo penetrator and a residual 93 W penetrator,
respectively. The penetration tunnel on the target for WFeNiMo HEA
is a trumpet-like shape, and the wall is coarse due to the debris sepa-
rated from the rod. At the end of bottom, the remnant rod maintains
an acute head, with fragments falling off the main body along the

direction about 45° to the impact direction. For the 93 W, an obvious
mushroom-like remnant can be seen, and the penetration tunnel is
circular with its width nearly twice of the initial diameter of 93 W
rod. As the plastic flow was relatively stable, the eroded mass that
flowed reversely along the lateral edge led to a smoother wall than
that of the target impacted by WFeNiMo.

4.4. Microstructure analysis on the remnant

A closer examination on the remnant by SEM was conducted to
investigate the details of “self-sharpening” behavior of WFeNiMo pene-
trator. In the fragment (Fig. 8(a)), it is clear to see a shear band near the
edge. Along its propagation from top left to bottom right, the shear
band becomes thicker, and finally turns into a crack with voids forma-
tion there, resembling the morphology of shear bands in the shock-
loaded TC4 alloy [44], low-carbon steels [45], and U-2Mo alloy [46].
Fig. 8(b) and (c) shows the deformed microstructure of the main body.
Near the edge, BCC dendrites were sheared and got a fibrous tail
approximately 25°~45° inclined to the impact direction, indicating
severe plastic deformation. The shear band propagated into the inner
region, narrowed down to several micrometers and cut BCC dendrites
into halves. These readily observed localized shear deformation behav-
iors suggest the self-sharpening ability of WFeNiMo mainly results from
its relatively high susceptibility to shear banding.

To study microstructural features of shear bands, TEM foil samples
were prepared by focus ion beam (FIB) milling technique from areas
perpendicular to shear bands, marked by the yellow rectangles in the
insets of Fig. 8(b) and (c). Fig. 9 demonstrates the details of the shear
localized region indicated in the inset of Fig. 8(b), and the arrows in
the figures indicate the same view direction. This specimen includes
I phase particles and FCC matrix. The w phase particles appear non-
deformable, as indicated from Fig. 6(b). In the FCC matrix, two dis-
tinct regions are distinguished by different features: the elongated
lath subgrains and the relatively fine rectangular or equiaxed sub-
grains. Fine equiaxed subgrains with various crystalline orientations
are mainly located near the . phase particles (Fig. 9(b) and (d)), indi-
cated by the SAED patterns with stretched spots and partial rings.
While between location b and d, there appear elongated lath sub-
grains situated relatively far from the particles (Fig. 9(c)). In this
region, these subgrains have a narrow width of 50-80 nm and the
aspect ratio (length/width) is often more than 10. The relatively
straight boundaries between them are clearly observed and roughly
parallel to the shear direction. The SAED pattern here exhibits dis-
crete elongated spots but clearly displays a [110] zone axis. In addi-
tion to the alternating black and white regions with high contrast,
the diffraction pattern indicates the laths subgrains have misorienta-
tions between each other, yet still retain some crystalline characteris-
tics of the FCC matrix. When approaching the . phase particles, the
subgrains maintained a width similar to that of the elongated lath
subgrains but their lengths were reduced to a rectangular shape,
even equiaxed state adjacent to the particles. Noting that the rectan-
gular subgrains, mixed with equiaxed subgrains, demonstrate bound-
aries along the shear direction, it suggests a linkage between the
equiaxed subgrains and the elongated parent subgrains. A mecha-
nism involving two main processes, namely the splitting and break-
down, has been proposed to delineate the transition from the
elongated substructure to the fine subgrains within the shear band
[47,48]. The splitting, driven by the shear stress along the shear direc-
tion, results in thinner lath subgrains. While the conjugated shear stress
offers the powerhouse to break down the elongated lath substructures
into pieces with a reduced aspect ratio in the transverse direction. The
breakdown process provides evidence that the fine subgrains strongly
correlate with the original substructure before the formation of shear
localization. Furthermore, such a solid linkage, associated with the
blurred subgrain boundaries of the fine subgrains, implies that the grain
refinement cannot be a result of conventional dynamic recrystallization
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Fig. 8. Magnified SEM images of regions near the fracture surface of WFeNiMo remnant in the inset of Fig. 7(b), showing shear bands formation in (a) the debris, (b) and (c) the main
body. The yellow rectangles in the insets of (b) and (c) mark the regions for FIB milling to prepare TEM foils.

(DRX), which includes distinct nucleation and growth of new grains
[49]. The current observation of nanocrystals in the shear band is sug-
gestive of a rotational dynamic recrystallization mechanism [50—53].
The montage in Fig. 10 shows the microstructure of a well-devel-
oped shear band marked in Fig. 8(c), from the center to its boundary.
This montage covers all the three phases, and various substructures
can be observed. For BCC phase located on the left of Fig. 10, the grain
splitted into several elongated lath subgrains with the long axis par-
allel to the shear direction. The split spots in the corresponding dif-
fraction pattern suggests the misorientation between lath subgrains.
While for the FCC phase, there exists a gradient substructure with
size of tens of nanometers in the center gradually increasing to sev-
eral microns at the edge. The gradually increasing dimension of sub-
structure from the center to the boundary usually manifests the

decreasing shear strain. In the core of the shear band, these equiaxed
subgrains possess a range of dimensions varying from 30 to 80 nm,
which are smaller than those of Fig. 9 and indicates a larger shear
strain. The almost continuous diffraction ring pattern implies these
equiaxed subgrains are randomly distributed with no preferential
orientation, signifying severe grain refinement. When approaching to
the boundary of the shear band, the FCC phase changed to elongated
subgrains, similar to the characteristics of BCC phase. At the edge of
the shear band, thick dislocation walls along the shear direction and
dislocation tangles are observed in the FCC grains. The transition
from the micro sized FCC grain to the extremely refined subgrain
indicates the occurrence of rotational DRX in the shear band. The
phase particles, adjacent to the ultrafine subgrains of the FCC phase,
deformed much less and approximated rigid during the deformation.

.y.{]]ﬂl' g
i e =
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Fig. 9. Microstructures of the shear band in the inset of Fig. 8(b): (a) low magnification bright-field TEM image of the shear band; (b)—(d) magnified images of the regions marked b,

¢, d in (a) with insets the corresponding SAED patterns, respectively.
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Fig. 10. Bright-field TEM image of the microstructure of the shear band in inset of Fig. 8(c) from the center to its edge.

It is worth noting that the nanosized DRX grain region associated
with the largest deformation in the center are sandwiched by w
phase precipitations, which suggests that the ultrahard w phase par-
ticles may play an important role in the grain refinement of FCC
phase and the resultant formation of the shear band.

5. Discussion

Previous studies on HEA have shown that dual-phase or multi-
phase HEAs may take advantage of their heterophase nature to achieve
superior mechanical attributes [34,54,55]. The present multi-phase
WFeNiMo alloy consists of FCC, BCC and a precipitation phase. It exhib-
its a good combination of high fracture strength (~1.9 GPa) and consid-
erable ductility (fracture strain ~28%) under dynamic condition. In
comparison with a pure FCC solid solution such as CoCrFeMnNi, the
strength is greatly elevated. Similar to dual-phase steels [56] or parti-
cle reinforced metal matrix composites [57], the presence of stronger
and stiffer phases, as BCC dendrites and . phase in the present alloy,
brings about load transfer from the FCC matrix. Since they totally take
up over 55% of the volume fraction, they carry a high proportion of the
externally applied load, resulting in higher strength. As deformation
continues, the elastic-plastic mismatch will induce plastic strain gradi-
ent at the interfaces, associated with the formation of geometrically
necessary dislocations (GNDs) and the impeding effect on dislocation
motion [58,59]. In the present alloy, the densely distributed . phase
precipitations as well as their relatively small size in the FCC matrix
can cause a great increase of dislocation density (Fig. 6(b)) and give
rise to a further strengthening effect. Furthermore, solid solution
strengthening, forest dislocation strengthening and mechanical twin-
ning of the FCC matrix can lead to a high strain hardening ability and
promote the compressive ductility [60,61].

Previous reports on the penetration behaviors of depleted uranium
alloys [2,3] and tungsten fiber reinforced metallic glass composites
[15,16] attribute the self-sharpening ability to their high susceptibility
to shear band formation during penetration. From the shear failure
mode in dynamic compression as well as the microscopic morphology
of the remnant of WFeNiMo penetrator, we suggest that this alloy
achieves “self-sharpening” behavior due to that the unique structure
makes it more susceptible to shear band formation. During penetration,
shear bands formed at the edge of WFeNiMo penetrator heads. Thus
deformed parts fell off easily along these shear bands, which made the
penetrator rods remain an acute shape (Figs. 7 and 8). In contrast, con-
ventional tungsten alloys like 93 W as a comparison in the present
study, demonstrate stable plastic flows and form mushroomed heads.
As is known, a shear band usually tends to nucleate when softening
mechanisms overcome all other hardening effects. Many experimental
results have shown that dynamic recrystallization (DRX) takes place
inside the shear bands for a large number of alloys [44,51-53,62].

Recently, DRX has been regarded as a potential physical origin for shear
band formation [62—64], as the occurrence of DRX is accompanied by a
sudden reduction of dislocation density that finally leads to an instant
stress drop [49]. To drive DRX softening occurrence, there should be
enough stored energy that mainly manifests as high-density disloca-
tions. It has been known that in materials with heterophase structure
dislocations usually pile up at structural inhomogeneity sites such as
reinforced particles or precipitations dispersed in the matrix. As a result
of different mechanical properties between the particles and the matrix,
the deformation incompatibility lead to strain gradients at the interface
[59,65]. In our previous researches on SiC particle reinforced aluminum
composites, we showed that smaller particles induce a higher strain
gradient which makes the composites more susceptible to shear band
formation [66,67]. In the present study, the addition of Mo and the equi-
molar ration of constituent elements, in comparison with 93 W,
increased the chemical disorder of WFeNiMo and promoted the precipi-
tations of w phase (Fig. 2). The micronized . phase precipitations,
which are absent in 93 W, are non-deformable and serve as the role
similar to the small reinforced particles in metal matrix composites that
promote the formation of shear bands. To accommodate the
elastic—plastic mismatch between the constituent phases during defor-
mation, GNDs were generated and stored near the phase boundaries,
and then blocked the slip of mobile dislocations in FCC matrix on the
primary slip plane together with the . phase precipitations. This greatly
increased the dislocation density and thus enough stored energy to
drive recrystallization [62,68]. This may be the reason for that the FCC
phase sandwiched by p phase precipitations becomes recrystallized
nanograins in the core of the shear band (Fig. 10). Meanwhile, strain
partition took place because each phase has different mechanical prop-
erties (Fig. 4). Being the softest, the continuous FCC matrix sustained
the largest part of plastic strain, similar to what the FCC phase did in
dual-phase AlpsCoCrFeNi revealed by digital image correlation [55]. In
order to allow for the high strain at the very high strain rate during pen-
etration, the FCC grains were divided into elongated subgrains that then
broke or rotated into approximately equiaxed nanograins, namely the
rotational DRX [48,52,53]. A schematic drawing showing the shear
localization process and the effect of . phase precipitations is presented
in Fig. 11(a)—(e). It can be clearly seen that the . phase precipitations
dispersed in FCC matrix give rise to a more inhomogeneous deforma-
tion and cause relatively higher strain gradients, which thus stimulates
DRX and leads to shear band formation. This is the main reason for the
self-sharpening ability of WFeNiMo penetrators. Previous studies on shear
banding in particle reinforced metal matrix composites [57,59,66,67] and
metallic glasses [69,70] also confirmed that the presence of a high level
of micro/nano-scale structural heterogeneities induces large strain gra-
dients, which in turn enhances the susceptibility of shear banding. Over-
all, w phase precipitations play the key role in promoting the formation
of shear bands and the resultant “self-sharpening” behavior.
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Fig. 11. Schematic drawing showing the shear localization mechanism for WFeNiMo
HEA. (a) initial microstructure with low dislocation density before deformation; (b) for-
mation of strain gradient due to geometrically necessary dislocations (GNDs) being gen-
erated and stored near the phase boundaries to accommodate elastic—plastic mismatch
between the constituent phases; (c) dislocation continuous accumulation and formation
of elongated lath subgrains to accommodate deformation; (d) elongated lath subgrains of
FCC subdivided into equiaxed subgrains and rotated to accommodate further deforma-
tion; (e) formation of highly misoriented grains and equiaxed grains, accompanied with a
reduction of dislocation density and the occurrence of a shear band.

6. Conclusions

In this study, we design a new multi-phase tungsten HEA that
exhibits extraordinary self-sharpening ability. This tungsten HEA,
characteristic of a dendrite BCC phase and a rhombohedral w phase
precipitation embedded in the continuous FCC matrix, obtains excel-
lent strength (1.9 GPa) and ductility (28%) under dynamic compres-
sion. Our results demonstrate that the multi-phase structure,
especially the presence of micronized ultrastrong | phase precipita-
tions, promotes an inhomogeneous deformation and causes a large
strain gradient between the precipitations and FCC matrix. During
penetration, the stored energy manifested as high-density disloca-
tions associated with the strain gradient, drives dynamic recrystalli-
zation softening that contributes to the formation of shear bands and
the resultant self-sharpening behavior. To our knowledge, this work
constitutes the first report of penetration performance of tungsten
HEAs. Our study may pave the way for developing new high-perfor-
mance penetrator materials.
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