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Fig. 1 — SEM micrographs of the elemental powders used for the fabrication of WHAs.

1. Introduction

Tungsten heavy alloys (WHAs) are two-phase alloys,
composed of greater than 85 wt% hard spherical tungsten
particles embedded in a ductile matrix [1]. WHAs are exten-
sively used in ballistic applications, plasma-facing compo-
nents [2], aircraft counter balances, radiation shields, ballasts,
vibration-damping devices, and ordinance applications (ki-
netic energy penetrators and pre-fragments) [3] due to their
superior mechanical properties [4], higher density (17-18 g/
cm?) [3], high erosion-resistance, high melting point, excellent
thermal conductivity, low sputtering, high structural integ-
rity, better endurance limit, and significant radiation shielding
[2]. To further widen their field of applications, it is mandatory
to further improve their mechanical properties particularly
strength and toughness [5].

In the last few years, vigorous research has been conducted
on the improvement of mechanical properties of WHAs by
various techniques, including exploration of new powder
synthesis techniques [6,7], alloying elements and new binders
addition [8—10], post-sintering plastic deformation strength-
ening techniques [11-13], high energy milling of powders
[14,15], microstructure refinement [16—18], cold deformation

[19,20], and nano-sized particles strengthening [21]. Among
all, alloying elements and new binder addition is one of the
easy, cost-effective, and widely used methods of improving
mechanical properties. Various binders, such as 10% Fe—Ni
[22], rare earth oxide particles (Y,0s, La,0s, and CeO,) [23],
nano-sized ZrO,, 4.9Ni—2.1Fe [5], pure nickel [24], and recently
high entropy alloys (HEAs) [25] have been used to improve the
mechanical properties of WHAs.

HEAs are a new class of materials, comprising of five or
more elements in near equimolar ratio. The significantly
increased entropy of the system facilitates the formation of a
single-phase solid solution [26—28]. HEAs with a face-centered
cubic (FCC) structure cause a significant improvement in
impact toughness of the brittle tungsten phase. Phase for-
mation in HEA depends on different solid solution formation
criteria, including valence electron concentration (VEC),
atomic size difference (8), and enthalpy (AHpix). Solid solution
formation is favorable when AH,;, lies between -15
<AHpix<5 kJ/mol and delta () < 6.6%, whereas VEC> 8 favors
the formation of FCC structure [29,30]. Moreover, HEAs also
have the potential to improve penetration or self-sharpening
ability and mechanical properties of WHAs, when embedded
as a binder [31,32]. Some HEAs, including CoCrFeCuMn, and
AlCoCrCuFeNi, have been reported as binders in WHAS [33,34].
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Fig. 2 — XRD spectra of (a) Co, (b) Cr, (c) Fe, (d) Ni, (¢) Mn, and (f) W powders, used for fabrication of HEA-WHA and Con-WHA.

This work aims to investigate the microstructure and me-
chanical properties of WHA with FCC FeNiCoCrMn HEA binder
(HEA-WHA), fabricated by hot isostatic pressing (HIP) in
comparison to conventional WHA with Fe—Ni binder (Con-
WHA). The results of scanning electron microscopy (SEM),

energy dispersive spectroscopy (EDS), and X-ray diffraction
analysis (XRD) were obtained to evaluate the microstructures
of HIP processed WHAs. Their mechanical properties were
also evaluated by the micro Vickers hardness and compres-

sion tests.
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2. Experimental procedures
2.1. Materials and their characterization

Co, Cr, Fe, Ni, Mn, and W powders of purity 99%, and mesh size
120 were purchased from Chengdu Best New Materials Co. Ltd.
China and used as received. The morphologies, used for the
measurement of particle size, of all powders were analyzed
through SEM (Tescan Vega3, France) at 2000 x magnification as
illustrated in Fig. 1, whereas the purity of all powders was
validated by XRD analysis, performed on X-ray diffractometer
(STOE Theta/Theta, Germany) equipped with fluorescence and
K radiation filters, using Cuk,, radiations (A = 1.5418 A). The
diffraction patterns were obtained through a step scan mode
(step size 0.020, scan rate 0.1sec) in the 26 range of 20°—80°.
The obtained XRD spectra are presented in Fig. 2.

The particle sizes of Co, Cr, Ni, and W were observed to be
in the range of 2.5—3 um and that of Fe and Mn in the range of
5—10 um. It was observed that Co and Cr particles possessed a
solid irregular shape. On the other hand, Fe particles were
observed to have a nearly spherical shape, Ni particles have a
porous/spongy shape, Mn particles have sharp-edged
morphology, and W particles have a polygonal shape. Hav-
ing particles of nearly same sizes increases mixing efficiency
and ensures better dispersion, prior to any sintering or heat-
treatment. It has been reported that the powders with
similar average particle sizes facilitate the homogeneity of
mixing and promote better alloying during the sintering cycle
[35].

In our study, using binder powder of similar size is believed
to have favored a more homogenous alloy formation. XRD
spectra validated the originality of all Co, Cr, Fe, Ni, Mn, and W
powders negligible impurity levels by demonstrating intensity
peaks (002), (011), (011), (111), (114), and (011), respectively
(Fig. 2).

2.2. Powder mixing and cold isostatic pressing

For the fabrication of both HEA-WHA and Con-WHA, Co, Cr,
Fe, Ni, Mn, and W powders were weighed in equimolar ratios
as per calculations on a weighing balance (Sartorius
GC—1603 P Germany with an accuracy of 0.0002 g). To promote
the formation of face-centered cubic crystal structure in HEA,
equimolar ratios of Co, Cr, Fe, Ni, and Mn that were taken are
tabulated in Table 1. All powders were mixed at room tem-
perature in a powder mixer (Hermann Dusseldorf SO HN; Type
IMG 200, Germany) for 30 min at a mixing speed of approxi-
mately 150 rpm.

The powder mixtures were then pressed through cold
isostatic pressing (Viv Tek, CIP T20-E, USA) into cylindrical
green compacts of length 50 mm and diameter 40 mm under a

Table 1 — Chemical compositions of both Con-WHA and

HEA-WHA (wt%).

Sample Co Cr Mn Ni Fe W

Con-WHA 1.614 1.423 1.526 1.614 1.525 92.3
HEA-WHA 0.3 = 0.5 4.20 2.50 92.5

pressure of 150 MPa for 1 min. The green compacts of chem-
ical compositions given in Table 1 and green densities, ranging
from 70 to 73% of the theoretical density, were obtained.

2.3. Hot isostatic pressing

The green compacts were then sintered by the HIP process,
using HIP furnace (PVA TePla-AG, Type COD 533 R, Germany).
The process began with the heating of green compacts at a
rate of 5 °C/min to 1150 °C temperature. After 1150 °C tem-
perature, samples were further heated 1450 °C at a relatively
slow heating rate of 3 °C/min. The samples were first soaked at
1450 °C for 60 min and then subjected to HIP for 30 min under
high argon gas pressure of 30—45 bars. After HIP, the samples
were first slowly cooled to 1000 °C at a cooling rate of 3 °C/min
and then rapidly cooled to room temperature at a cooling rate
of 20 °C/min. Finally, the HIP pressed samples were cleaned
for subsequent characterization. The schematic of the com-
plete HIP process is illustrated in Fig. 3.

2.4.  Microstructure analysis

The microstructures of both the fabricated HEA-WHA and
Con-WHA were examined on SEM (Tescan Vega3, France). The
sintered samples were sectioned by electrical discharge ma-
chine (High precision AR-50 CNC EDS, China) into samples of
diameter 11 mm and thickness 3 mm. These samples were
then manually ground on silicon carbide grinding (SiC) papers
of grades P200, P400, P600, P800, P1000, and P1500, polished on
velvet and nylon cloths with diamond paste (1 and 0.25 pm)
using an automatic polisher (Ecomet 250 Grinder/Polisher USA)
and etched in 2 : 1 solution of H,SO, and HNOs. Before
microstructural examination samples were sputter-coated
with gold (purity 99.99%, thickness 15 nm) to obtain high-
quality micrographs at 880 x magnification. Elemental anal-
ysis was also carried out, using EDS equipped with new
generation silicon drift detector (SDD) attached with SEM
through spot analysis technique by selecting spots at both
binder and tungsten portions. Phase analysis was also per-
formed on an X-ray diffractometer (STOE Theta/Theta,
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Fig. 3 — Schematic of HIP cycle under argon gas, used to
fabricate both HEA-WHA and Con-WHA.
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Germany) equipped with fluorescence and Ky radiation filters,
using CuK, radiations (A = 1.5418 A). The diffraction patterns
were obtained through a step scan mode (step size 0.020, scan
rate 0.1sec) in the 26 range of 20°—80°. The relative densities of
the fabricated samples were measured employing the Archi-
medes principle using an analytical weighing scale with
density kit (WT3003GHS, WANT, China).

2.5.  Mechanical testing

Hardness testing of both HEA-WHA and Con-WHA was con-
ducted on micro Vickers hardness tester (Tinius Olsen, FH-006,
UK) equipped with diamond indenter, under the load of 0.98 N
and 9.8 N as per ASTM E92 standard. A dwell time of 10s was
kept, with five readings noted for each sample and averaged to
get the final hardness value. For compression testing of
fabricated WHAs, samples dimension and testing procedure,
mentioned in ASTM B-925 standard, were followed.
Compression testing was performed on a universal testing
machine (Tinius Olsen, Super 602L, UK) equipped with an
extensometer and 300 KN load cell at a strain rate of
0.127 mm/min.

3. Results and discussion
3.1.  Analysis of HEA by thermodynamics
The analysis of fabricated HEA was carried out, using solid

solution formation criteria. For this purpose, first entropy of
mixing (AS,,;) was calculated by Eq. (1) [27]

N
ASmiX =—-R Z Xi In Xi (1)
i=1

Where, x; is molar ratio of ith element, N is the number of
elements, and R is universal gas constant. Secondly, the
enthalpy of mixing (AH,,;) was calculated by Eq. (2) [27]

N
AHpiy= Y 4AHREX:X; @)

i=1i%j

s F N 4

Table 2 — Calculated parameters for FeNiCoCrMn HEA by
thermodynamics.

Entropy Enthaply & (%) VEC  Melting Point Q
(/K) (kJ/mol) (°C)
13.37 —-1.56 166 8.06 1525 15.43

Where, AHT is the enthalpy of mixing of element A and B.
Thirdly, the atomic size difference (3) was calculated by Eq. (3)
[27]

Where, 1; is the atomic radius of ith element and 7 is as follows:

¥ = YN xr;. After that valence electron concentration (VEC)
was calculated by Eq. (4) [27]

N
VEC= Y xVEG (4)
i1
where, VEC; is the number of valence electrons of ith element.
Finally, to accommodate the opposite effects of the enthalpy
and entropy, the Q@ was calculated by Eq. (5) [27], which gave a
tradeoff between the two quantities

Tm ASrm'x
B ‘ AI_Imix | (5)

Where, Ty, is the melting point. Calculated values of all pa-
rameters are tabulated in Table 2.

The AS,;, slightly exceeded the minimum value of 13 and A
H,x fell within the brackets of —15 and 5 kJ/mol, which
restricted the intermetallic formation. § and VEC were calcu-
lated to be 1.66% and 8.06 respectively, suggesting the feasi-
bility of substitution and facilitated the formation of FCC solid
solution. Both enthalpy and entropy accounted for the
decrease in Gibb's free energy and phase stability in alloys
therefore, it was important to introduce a parameter Q,
which gave a trade-off between the two quantities. If the ef-
fect of entropy dominated enthalpy of mixing at melting

Fig. 4 — SEM micrographs of (a) Con-WHA and (b) HEA-WHA, fabricated by HIP process.
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Table 3 — Microstructural parameters of Con-WHA and HEA-WHA.

Sample W mean size (um) Contiguity Density (g/cm?)
Conventional WHA 20.86 0.34 17.65
HEA-WHA 16.13 0.42 17.50

temperature, the ratio turned out to be greater than 1, which
implied that the criteria for solid solution formation in HEA
has been fulfilled. The value of Q came out to be 15.43, as
shown in the table, suggesting a dominating effect of entropy
over enthalpy of mixing. Hence, it can be concluded that
FeNiCoCrMn, theoretically, is expected to form a single-phase
solid solution.

3.2. Microstructure

Backscattered mode SEM micrographs of both HEA-WHA and
Con-WHA, fabricated by the HIP process are illustrated in
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Fig. 4, whereas the corresponding EDS and XRD spectra are
presented in Figs. 6—-8. It can be observed that both Con-WHA
and HEA-WHA exhibited sufficiently dense and uniform mi-
crostructures with homogenously distributed tungsten parti-
cles within the binder matrix, as illustrated in Fig. 4.

The entire densification process in liquid phase sintering
has been classified into three distinct stages, i) re-
arrangement or liquid spreading ii) solution re-precipitation
and iii) grain growth [36]. Tungsten, being the heavier
element, appears to have bright, round grains embedded into
a darker, grey interconnected network of the binder. In both
the images, a round morphology of tungsten grains can be

Fig. 5 — Particle size distribution normal curve (a) Conventional WHA and (b) HEA-WHA.
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Fig. 6 — EDS spectra of Con-WHA, performed by selecting spots at (a) W portion and (b) FeNi based binder portion, fabricated

by HIP process.

seen to exist in the binder network, suggesting the occurrence
of solution re-precipitation followed by grain growth. This is
vital to the fabrication of highly dense composite materials
through the liquid phase processing as it ensures densifica-
tion and formation of a sound interface between the matrix
and the binder [37]. The liquid is formed by melting of binder
elements with lower melting points than the tungsten parti-
cles. This liquid, which usually has solubility for tungsten
atoms, wets the W particles and starts filling the pores by
means of capillary forces thereby, reducing the interfacial
energies. This process is known as rearrangement in which,
the liquid starts to dissolve tungsten around the interfacial
areas; rendering the W particles a more rounded shape unlike
the pure particles shown in Fig. 1. There is quite a deviation
from the initial particle size of tungsten which was measured
to be roughly 2 um. The application of pressure during HIP
greatly contributes to the densitification of these alloys by
enhancing sintering kinetics and a pressure aided filling up of
pores by the liquid binder [38]. Similar results have recently
been published, which report highly dense WHA with HEA
binder when using pressure assisted spark plasma sintering
(SPS) route [39]. Along with the presence of W and binder,
Fig. 4(b) also reveals the presence of discretely present tiny
black spots in the HEA-WHA microstructure which appear

circular in shape and are seen to exist typically at the grain
junctions. These can be classified as regions of porosity which
are observed in both types of alloys, more in the HEA-WHA
sample.

The tungsten grain size distribution presented in Fig. 5
indicates a finer grain structure of HEA-WHA with low value
of standard deviation. On the other hand, the size distribution
of Con-WHA reveals a relatively coarser structure with high
value of standard deviation, indicating an optimal progression
of the liquid phase sintering process with a higher amount of
smaller grains being dissolved and re-precipitated on to larger
ones.

Table 3 compares some key parameters between the two
alloys. Apparent density values of the Con-WHA have been
measured to be slightly higher than those of HEA-WHA,
leading to the conclusion that HEA-WHA have more porosity
in them. Lower density values could also arise from the for-
mation of oxide particles in HEA-WHA, discussed in the later
stage(s) of the manuscript. Higher contiguity and a lower
mean size of HEA-WHA indicates that the processes of solu-
tion re-precipitation and grain growth progressed in a rela-
tively slower manner. A low W diffusion coefficient in HEA
binder and the sluggish diffusion effect in high entropy alloys
are the main reasons responsible for these differences. The


https://doi.org/10.1016/j.jmrt.2022.12.078
https://doi.org/10.1016/j.jmrt.2022.12.078

2904

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;22:2897-2909

T T T

6 8 10 1

18 20
ull Scale 2332 cts Cursor: 0.000 ke\aj

~N
'S
o,

(b)

. 2 6 8 10 12 14 16 18 2
ull Scale 1826 cts Cursor: 0.000 keV|

T T

) .‘ LA . .
T 0 2 8
:‘ Full Scale 1081 cts Cursor: 0.000 keV|

T T T

6 8 10 12 14 16 18 20
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HIP process.

effect of sluggish diffusion in HEAs on microstructure and
mechanical properties has now been extensively studied and
reported [40]. The process of solution re-precipitation and
grain growth in WHAs requires W to have good solubility in
the binder. This allows W atoms to diffuse into the binder and
re-precipitate on grains with a more rounded curvature, hence
the grains which are larger than the average grain size. In the
final stages of liquid phase sintering, W grains experience an
inhomogeneous change in microstructure where small grains

preferentially dissolve and large grains experiencing growth,
leading to an overall reduction in the system's interfacial en-
ergy. The kinetics of this process is largely dependent on the
diffusion coefficient of W in the binder system. The presence
of five principle elements in FeNiCoCrMn HEA, is expected to
result in reduced values of W diffusion coefficient thereby,
reducing the overall mobility of W atoms in them. Overall, W
grain growth process is decelerated, rendering a finer W grain
size than conventional WHAs. The microstructural difference
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is represented by lower values of mean size and deviation of
W grains in HEA-WHA. In liquid phase sintering, the grain
growth rate constant depends on diffusion in the liquid phase,
which can be expressed as [41]:

64DsC Qg

K=""orr ©)

where K is the grain growth rate constant, Ds is the solid
diffusivity in the liquid, C is the solid solubility in the liquid,
vst is the solid-liquid surface energy, R is the gas constant, T is
the absolute temperature, and @ is the molar volume of W.
Because the dihedral angle in W-HEA and W—NiFe is ~66° and
~50°, respectively, ys. in WHEA is ~8% higher than that in

W—NiFe. Thus, ys. in WHEA contributes to a K value about 8%
higher than that in W—NiFe. The solubility of W in the HEA
matrix, C, is ~4 at. %, which is ~40% of the solubility in NiFe
matrix [42], Considering that the value of K in W-HEA is only
20% of that in W—NiFe, Dg in W-HEA is calculated to be about
46.3% of that in W—NiFe. Consequently, the smaller value of
Ds and C in the HEA matrix result in a slower W grain growth
rate compared with the conventional W-—NiFe. Similar
microstructure resulting through conventional liquid phase
sintering employing W with HEA binder has been reported
[43].

EDS analysis of the obtained microstructure for Con-
WHA can be seen in Fig. 6. Two different points were

Fig. 9 — Micrographs with indents, obtained after Vickers hardness test at HV0.98 and HV9.8 of Con-WHA at (a) W portion,
(b) binder portion, (c) HV9.8 and HEA-WHA (d) W particle, (e) binder particles, (f) HV9.8.
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Table 4 — Micro Vickers hardness values of HEA-WHA

and Con-WHA.

Sample HV/0.98 HV/9.8
W Particles Binder

HEA-WHA 528.14 570.83 456.75

Con-WHA 398.37 261.08 322.00

taken for the EDS scan, corresponding to Fig. 6(a) W grain
and Fig. 6(b) binder rich region. Peaks corresponding to Fe,
Ni, Co and Mn can be seen in Fig. 6(b), confirming the
presence of all these elements in the binder phase. EDS
spectrum in Fig. 7(b) validates the presence of all five con-
stituents of the HEA binder. Due to the large volume nature
of EDS scan and the geometric factors that modify X-ray
generation and propagation, resulting in non-systematic
variations in the actual percentages of different elements,
EDS values are best kept for identification and qualitative
purposes. The results in Fig. 7(c) correspond to the dark
regions in the HEA-WHA microstructure which are not po-
rosities. Here, as seen from the elemental scan, Cr and Mn
are detected in the presence of oxygen suggesting the for-
mation of oxides of the element(s). The root of the oxide
formation lies in the mixing and handling of powder during
its processing whereby the powder exposed to the presence
of atmospheric oxygen can lead to the formation of
extremely fine layer of oxide on the powder surface of
reactive elements. These oxides are stable at the sintering
conditions and can segregate and/or coalesce at W grain
boundaries during the liquid phase sintering process. From
the scan it can be inferred that the oxide region would
primarily belong to Cr, due to its high oxidation suscepti-
bility under ambient conditions. However, the presence of
such oxides can be consequential to the mechanical prop-
erties of WHAs, as discussed in proceeding section(s).

The XRD patterns shown in Fig. 8(a) contain peaks that
match with the standard elemental tungsten powder and the
binder to an FCC based FeNiCoCrMn high entropy alloy [40].
Since the binder was present in a much smaller quantity than
tungsten, the diffraction pattern is dominated with peaks
corresponding to W. Pure W has a BCC lattice with the first
three peaks corresponding to planes (110), (200), and (211) at
40.41°, 58.35°, and 73.33° two-theta respectively. It can be seen
that a slight (110) peak shift occurs towards higher angle in the
case of HEA-WHA and Con-WHAs, seen in Fig. 8(b), suggesting
a decrease in inter-planar spacing due to the formation of
substitutional solid solution with the binder element(s) in W
lattice. The formation of a solid solution can give rise to the

(a)

(b)

enhancement in mechanical properties of WHAs through
solid solution hardening.

3.3. Micro vickers hardness

For hardness measurement, indentation tests were performed
under different testing conditions to obtain the hardness of all
phases separately. A load of 0.98 N was applied for 10 s to
evaluate the hardness of tungsten and binder phase individ-
ually, whereas combined hardness values of HEA-WHA and
Con-WHA were measured under a load of 9.8 N, illustrated in
Fig. 9. The measured hardness values under different loads
are tabulated in Table 4.

High entropy alloys have some unusual properties, unique
to their structures and compositions, for example, high low
and elevated temperature hardness, high strength at elevated
temperatures, high wear and corrosion resistance, and a
number of other characteristics. It is noted that HEAs with the
BCC lattice have predominantly high strength and low
ductility, while the FCC based HEAs have relatively low
strength but increased ductility. However, the strength of
HEAs with the FCC lattice is considered far more superior than
their elemental constituents or conventional alloys. The FCC
based HEA binder in WHAs is considered to impart strength
while providing the necessary ductility required of kinetic
penetrators. In results tabulated in Table 4, the HEA binder
can be seen exhibiting much superior microhardness values
on average, over twice as high than the conventional binder
system. The higher hardness values of the HEA binder arise
from the much studied extensive solid solution formation in
high entropy alloys [33]. Furthermore, it can be seen that W
phase in HEA-WHA also displayed a 33% higher hardness
value than W phase in Con-WHA. This can be attributed to the
difference in microstructure between the two alloy systems.
Hardness is quantified primarily as the restriction to disloca-
tion movement at the surface. The presence of certain
microstructural factors, such as point defects, dislocation
density and strain hardening, stacking faults, grain bound-
aries, microscopic precipitates and reinforcements, to name a
few, restrict dislocation movement thus serving to increase
hardness and strength. HEA-WHAs, having a much finer grain
structure with the stress fields generated by the diamond
indenter in close proximity to the W grain boundary region, in
comparison to Con-WHA, result in a readily impediment of
dislocation movement culminating in higher hardness
values. It is for primarily similar reasons that we find the
values of HEA-WHA to be higher for macro-hardness testing
as well.

Fig. 10 — Samples obtained after compression testing of HEA-WHA and Con-WHAs.
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Fig. 11 — Stress-strain curves obtained after compression
testing of HEA-WHA and Con-WHA.

3.4. Compressive properties

Samples of both HEA-WHA and Con-WHA, obtained after
compression testing, are illustrated in Fig. 10. Stress versus
strain curves, for both WHAs, are plotted in Fig. 11, whereas
the obtained compressive properties, including ultimate
compressive strength, and yield strength are tabulated in
Table 5.

HEA-WHA demonstrated a relative brittle fracture as pre-
sented by multidirectional crack propagation and branched
network on the fractured surface in Fig. 10(a). On the other
hand, Con-WHA exhibited ductile fracture as presented by
unidirectional crack propagation in Fig. 10(b). This fact can
also be depicted by the height of the deformed samples or the
total strain experienced through Fig. 11. The tolerance/
endurance limit and plastic deformation of Con-WHA was
observed to be much greater than that of HEA-WHA.

Due to a relative brittle behavior under compressive load,
HEA-WHA exhibited 21% lower ultimate strength and similar
value of yield strength when compared to Con-WHA. FCC
based FeCrCoNiMn based HEAs are known to exhibit high
strengths at room and elevated temperatures [44]. Several
factors come into play when determining the behavior of a
metal/alloy in the plastic zone. The mechanical response of
WHA depends on its microstructure and the deformation as-
pects of the binder in the plastic zone. The higher strain
hardening coefficient of HEAs as compared to their elemental
counterparts and a finer grain structure generally leads to
higher strain hardening rates [45], as verified in Fig. 11. The
microstructure of HEA-WHA was observed to be finer than
Con-WHA however, the small amount of oxide formation

Table 5 — Compressive properties of HEA-WHA and Con-
WHA.

Samples Ultimate Yield Total Strain
Strength (MPa) Strength (MPa)

HEA-WHA 1788 972 0.210

Con-WHA 2250 1005 0.467

during HIP sintering also acts as a reinforcement and barrier
towards the motion of dislocations, resulting in a higher strain
hardening of HEA-WHA. This can also be validated through
the total strain to failure values plotted in Fig. 11 where the
presence of porosity, in addition to oxide regions, played a
major role in the premature failure of HEA-WHA samples.

4. Conclusions
Following conclusions can be extracted from this work:

e The incorporation of HEA as binder to WHA led to a finer
microstructure than conventional FeNi based alloy, which
led to improvements in hardness values and strain hard-
ening coefficient.

e A 42% increase in micro-Vickers hardness was observed in

HEA-WHA, compared to the Con-WHA.

Multidirectional crack propagation and branched network

on the fracture specimen presented the brittle nature of

fracture in HEA-WHA, whereas unidirectional crack prop-
agation on fracture surface presented the ductile fracture
of Con-WHA.

e A higher strain hardening coefficient in HEA-WHA pro-
motes self-sharpening abilities and could improve the
penetration performance of WHA kinetic penetrators.
Consequently, HEA-WHA can serve as a viable replace-
ment for depleted uranium alloys.

e The results presented in this manuscript point to the fact
that there is considerable room for further research on the
microstructural optimization and mechanical response of
HEA based WHAs, in view of binder systems that present
lower oxidation and higher sintering kinetics.
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