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Abstract
In our recently publishedwork (ActaMaterialia 186 (2020) 257–266), we have designed a new
equimolar tungsten high-entropy alloywith excellent penetration ability to satisfy the highly desirable
of ‘self-sharping’ inwide range of engineering application. This alloy has outstanding dynamic
compressive properties and superior penetration performance than that of 93Walloys. In this work,
the tension properties of the tungsten high-entropy alloywere significantly improved byμ phase
precipitation design strategy to tailor themorphology and distribution ofμ phase. Through
controlling the phase transformation process, theμ phase changes from liquid-solid phase
transformation to solid-solid precipitation phase transformation. This can effectively impede the
brittleness caused by theμ phase segregation at the grain boundary and phase boundary.Moreover,
theOrowan effect caused by nano-sizedμ-phase particles improves the tensile strength effectively
(enhancing∼150%) and ensure the ductility. Thismaterial design strategy significantly improves the
tension ductility of the alloy and provides a newparadigm to solve the similar problemofmaterial
brittleness.

1. Introduction

Materials with high performance of self-sharping are highly required inwide range of penetration engineering
application [1–3]. Among the traditional alloys, only depleted uranium alloys exhibit self-sharpening properties
[4], but they have the problemof environmental contamination [5]. Fortunately, a emerging design paradigmof
alloys withmultiple-principal-element, often termed as high-entropy alloys (HEAs), has presented promising
pathways for seeking new and improved alloys within a previously unexplored compositional/phase space
[6–16]. Based on the average valence electron concentration strategy, a novel equimolarWMoFeNi high-entropy
alloywith excellent self-sharpening properties has been successfully developed in our previous work [3]. Owing
to the uniquemicrostructure composition of body-centered cubic (BCC), face-centered cubic (FCC), and
rhombohedralμ phasewith topologically close-packed (TCP) structure, a 10%–20%better penetration
performance over that of conventional tungsten heavy alloys (93W)was achieved [3]. During penetration, the
ultra-strongμ phase induced the high local strain gradient, which generates the emergence of shear band and
self-shaping behavior. In addition,WMoFeNi obtain high strength and plasticity during dynamic compressive
test. However, in theWMoFeNi high-entropy alloy,μ phase will diverge greatly at grain boundaries and phase
boundaries, which leads to the limited tensile ductility andmachining property [2, 3]. Thus, improving its
plasticity is in pressing need for industrial applications.

In this work, by controlling the phase transformation process, the as-castμ-phase structure is eliminated
and theμ-phase is distributed uniformly as nano-precipitated particle in thematrix. Based on suchmaterial
design strategy, a post-optimized un-equimolarW30Mo7FeNi high-entropy alloywas prepared. Compared
with the equimolarWMoFeNi, the element proportion ofMo is reduced to avoid the appearance of the as-castμ
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phase.Meanwhile,Mo element is kept in supersaturated solution state in thematrix phase, which provides
conditions for the aging precipitation ofμ phase.

2.Materials andmethods

2.1.Materials
BulkW30Mo7FeNi ((W30-Mo7-Fe31.5-Ni31.5, in at.%)) alloy samples are prepared by arcmelting of
counterpart puremetals (purity>99.99%) in Ar atmosphere. After air cooling, the bulk ingots are hot-rolled at
1000 °Cwith a rolling reduction ratio of 50%and subsequently cold-rolled at room temperature with a
reduction ratio of 50%. Following cold rolling, stepwise thermodynamic treatments involving annealing at
1000 °C for 2 min, then aging at 650 °C for 30 h, followed bywater quenching.

2.2.Microstructure characterization
Electron back-scattered diffraction (EBSD)measurements were carried out in afield-emission SEM (JEOL–
JSM–7001F) equippedwith an automatic orientation acquisition system (Oxford Instruments-HKLChannel 5).
Specimensweremechanically ground and polished, and then electropolished at room temperature with an
electrolyte of 90% ethanol and 10%perchloric acid. Constituent phases in the alloywere identified in an x-ray
diffractometer (XRD; RigakuDmax 2500) using aCuKα radiation. Themicrostructures before and after
deformationwere characterized by scanning electronmicroscopy (SEM; JSM-7100F) and transmission electron
microscopy (TEM; JEM-2100F) at 200 kV.

2.3.Mechanical property evaluation
Dog-bone-shaped specimens for uniaxial tensile testing, with a gauge length of 12.5mmand a cross-section area
of 2.0× 0.5 mm2,were fabricated by electro-dischargemachining. Using anMTS-810 servo-hydraulic universal
testingmachine (MTSCorp., Eden Prairie,MN), uniaxial tensile tests were carried out at room temperature at a
constant strain rate of 5× 10−4 s−1.

3. Results

3.1.Microstructural characteristics
The chemical compositions andmicrostructure of the as-castW30Mo7FeNi alloywas characterized by SEMand
Energy-dispersive x-ray spectroscopy (EDS) (figures 1(a) and (b)). Table 1 shows the content of each element in
BCC and FCC. The dendritic BCCphase distributes in the FCCmatrix. It can be observed from the EDS images
(figure 1(b)) that theWelement in the BCCphase has obvious segregation, while the Fe/Ni element is
significantly reduced. These results indicate that the segregation of elements is themain reason for phase
separation of BCC and FCCduring solidification. Combinedwith x-ray diffractometer (XRD), the two-phase
structure of thematerial was further analyzed (figure 1(c)). The diffraction peaks of the BCC and FCC structures

Figure 1. Structural analysis of the as-castW30Mo7FeNi high-entropy alloy. (a) SEM topography ofmaterial. (b)Morphology of
element distribution in corresponding region of a. (c). Structure analysis of XRD.
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can be clearly identified.Obviously, the as-cast structure eliminates theμ phase that segregates at the grain
boundary and phase boundary by phase tailor.

In order to further analyze the two-phase structure of the as-castmaterial, the crystallographic structures
(figure 2(a))were characterized by transmission electronmicroscopy (TEM). By select area electron
diffraction (SAED) patterns of the corresponding regions, the lattice constants of BCC and FCC can be
determined as 0.28 nm and 0.33 nm. From the bright-field TEM image (figure 2(a)), it clearly shows that BCC
and FCChave sharp phase interface, and there is no coherent relationship between the two structures. High-
angle annular dark field (HAADF) image (figure 2(b)) and corresponding EDSmaps (figure 2(c)) further show
the distribution of elements between the two phases. The results clearly show thatW/Mo elements are
enriched in BCCphase, while Fe/Ni is reduced. The results of TEManalysis were consistent with those of SEM
andXRD.

μ phasewith TCP structure is the dominated factor of self-sharping ability. Combinedwith rolling and aging
process,μ phase can be precipitated in FCCmatrix. The phase structure and grain size changes at different stages
in the treatment process are shown infigure 3. The grain size of as-castW30Mo7FeNi is about 400 μm (figure
3(a)), and the volume fraction of BCCphase and FCCphase is about 30% and 40% (figure 3(b)), respectively.
After recrystallization annealing, the grain size of the rolledmaterial was obviously refined. The grain size of FCC
phase decreased to about 3 μm, and the recrystallization behavior of BCCphase did not occur (figures 3(c) and
(d)). In order to precipitateμ phase, thematerial was aged at 650 °C for 30 h. It can be observed from the IPF
diagram that the grain size of thematerial did not grow after aging (figures 3(e) and (f)). During thewhole
process, the BCC structure remained stable. Because of the size of nanometer,μ-phase precipitation cannot be
accurately analyzed by EBSD.

Utilizing TEM, themorphology and crystallographic structure ofμ phasewere carefully analyzed (figure 4).
The bright-field TEM image shows that theμ phase is distributed uniformly in the FCCbase phase in granular
form,with the particle size of about 100–200 nm (figure 4(a)). By the SAEDpattern (figure 4(b)), the
topologically close-packed structure ofμ phase can be characterized as rhombohedral with the lattice parameters

Figure 2.TEMcharacterization and elements distribution of the as-castW30Mo7FeNi high-entropy alloy. (a)Brightfield TEM image
and corresponding SAEDpatterns. (b)HAADF image of alloy. (c)The corresponding EDS emaps of a show the distribution of
different elements.
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of a= b= 0.475 nmand c= 2.567 nm (space group 166, R3m) [2, 3, 17]. To further analyze the structure of the
μ-phase, the atomic arrangement was characterized by high-resolution TEM. Figure 4(c)presents the atomic
plane of {0001} and the corresponding fast Fourier transformation (FFT) pattern. It is observed that the atoms
are arranged in a hexagonal periodic pattern along {0001} plane, which is consistent with theworkwe reported
before. The compositions of FCCmatrix aremainly Fe andNi and has low stacking fault energy. Therefore,
some annealing twins occur during the recrystallization annealing process (figure 4(d)). According to SAED
pattern embedded infigure 4(d), the lattice parameters of FCCphase can be calculated as a= b= c= 0.33 nm,
which is consistent with that of the as-cast alloy. The elements distribution ofμ phasewas analyzed byHAADF
and the corresponding EDSmaps. Figure 4(e) shows that, comparedwith the FCCmatrix,W andMo are
segregated in theμ phase, while Fe andNi are relatively reduced. This is consistent with our previous study that
the content of four elements in theμ phase is close to the equimolar ratio.

3.2.Mechanical properties
Based on theμ phase precipitation control strategy, themechanical properties of thematerial are significantly
optimized. Dog-bone-shaped tensile sample, shows that the yield strength of the as-cast alloy is∼350 MPa
with a fracture strain of∼15% (figure 5(a)). The yield strength of the alloy increased to 950 MPa (2.8 times of
that of the as-castmaterial). Meanwhile, the alloy still maintains good ductility after aging (∼8%) (figure 5(a)).
Through fracture analysis, it can be seen that ductile fracture and cleavage fracture exist in both the two states
of the alloys (figures 5(b) and (c)). The ductile fracture occurred in FCCphase and cleavage fracture occurred
in BCCphase. Unlike the equimolarWMoFeNi high-entropy alloy,μ phase is no longer the limiting factor of
plasticity. These results indicate that theμ-phase precipitation strategy successfully improves the
machinability of thematerials.

Figure 3.Themicrostructure evolution ofW30Mo7FeNi high-entropy alloy during rolling and heat-treatment process. (a), (c), (e), are
the inverse polefigures (IPFs) of as-cast, annealing, and agingmaterials, respectively. (b), (d), (f), are the corresponding phase
diagrams.
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Figure 4.TEMcharacterization of refined FCC structure andμ phase. a. Bright-field TEM image ofμ phase. b. The corresponding
SAEDpattern along 〈2 110¯ ¯ 〉 zone axis ofμ phase. c. The high-resolution TEM image and corresponding fast Fourier transformation
(FFT) ofμ phase. d. Bright-field TEM image of annealing twin structure in FCCmatrix. e. HAADF image ofμ phase and the
corresponding EDS distributionmaps of different elements.

Figure 5.Quasi-static tensile properties and fracturemorphology ofW30Mo7FeNi high-entropy alloy. (a). Quasi-static tensile curves
of as-cast and aged alloys. (b). Fracturemorphology of aged alloy. (c). Fracturemorphology of as-cast alloy.

Table 1.Compositions of the as-cast
W30Mo7FeNi high-entropy alloy (at.%).

Phase W Mo Fe Ni

BCC 74 18 4 4

FCC 6 7 44 43
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4.Discussion

4.1. The deformationmechanismof the as-cast alloy
In order to analyze the deformationmechanismof the as-castW30Mo7FeNi high-entropy alloy, the tensile
samples were carefully characterized byTEM. Significant work hardening is observed in the tensile stress-strain
curves of as-cast alloy, which is owing to themultiplication and evolution of dislocations. As showed in
figure 6(a), (a) large number of dislocations accumulate at the FCC andBCCphase boundary, which is amajor
source of strength for as-castmaterials. The dislocation in the FCCmatrix is dominated bymonophyletic slip
(figure 6(b)) and has significantly higher dislocation density than that in BCC (figure 6(d)). This indicates that
FCCphase hasmore excellent plastic deformation ability during the deformation process. Itmeans that FCC
matrix provide ductility, and boundaries between BCCphase andmatrix contribute to strength.

4.2.μ-precipitation strengthenmechanism
Wecarefully characterized themicrostructure evolution of the fractured samples, so as to reveal the plastic
deformationmechanismof thematerial during the tensile process. In such a three-phase alloy, all phases
participate in the strengthening. Among them, nano-sized precipitatedμ-phase has themost significant effect in
the strengtheningmechanism. Firstly, we discuss the phasingmechanismofμ-phase in the deformation process.
There are twomainmechanisms of precipitation strengthening: the dislocation shearing of precipitates and the
Orowan bypassmechanism [17–20].Which of these two strengtheningmechanismswill occur depends on
many factors, including the size of precipitate, coherency or incoherency, and its structural features. In the
W30Mo7FeNi alloy, the size ofμ-phase particle is larger than 100 nm.And according to our previous studies,
there is no coherent relationship between theμ phase and FCCmatrix. Hence, the strengtheningmechanismof
μ phase is dislocation bypassmechanism, i.e. Orowan effect (figure 7(a)). During the deformation, theμ-phase
significantly retards the dislocationmotion. The dislocation is plugged at the interface between theμ phase and
the FCCmatrix (figure 7(a)). To further analyze theOrowanmechanism, the strength increment sD m can be
calculated by [18, 19]:
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Figure 6.Microstructure of the as-cast alloy after tensile deformation. (a). Bright-field TEM image of dislocations pile at phase
boundary. (b). Bright-field TEM image of dislocation slipmorphology in FCC and the corresponding SAEDpattern. (c). Bright-field
TEM image shows that the dislocation pile at grain boundary. (d). Bright-field TEM image of dislocation slipmorphology in BCC and
the corresponding SAEDpattern.

6

Mater. Res. Express 10 (2023) 076511 TLi et al



where n = 0.3 is the Poisson ratio; r= 150 nm is the average diameter ofμ particles, ,M= 3.06 is the Taylor
factor,G= 77 GPa is the shearmodulus, b= 2 a/2 is the Burgers vector, f= 0.11 is volume fraction. The
strength increments were approximately 475MPa.

4.3. Refined crystalline strengthenmechanism
In addition toμ phase precipitation, grain boundary strengthening is also an important reason for the
improvement of the strength. Figure 7(b) shows the dislocation plugging at the grain boundary. The grain size of
FCCphase was significantly reduced by recrystallization annealing. The grain size decreases from400 μmto
∼3 μm (figure 3), and even the grain size of local structure with ultrafine grains is less than 1μm (figure 4(e)).
Moreover, the presence of twin boundary due to the low stacking fault energy during recrystallization can also
hinder the dislocation (figure 4(e) andfigure 7(c)). According to theHall-Petch effect, the strength increase
caused by grain refinement ( gsD ) can be estimated by the following equation [21–25]:

K d dg 2
0.5

1
0.5sD = -- -( )

where d1= 400 μm is the grain size of the as-cast alloy, d2= 3 μmare the grain size of aged alloy, and
K= 296MPa*μm0.5 is theHall–Petch grain-size hardening constant. Based on the above discussion, the strength
increase due to grain refinement can be estimated to be about 156MPa.Hence, the synergistic strengthening of
the two types of nanoscale precipitate and grain refinement provides a prime contribution to the about 631MPa
strength of theW30Mo7FeNiHEA. A column chart and a table are summarized as shown infigure 8, which
shows the estimated values agreewell with themeasured data. Thus, the theoretical prediction is highly
consistent with the experimental results.

Figure 7.Microstructure of the aged alloy after tensile deformation. (a). HAADF image of dislocation pile up atμ particle. (b). HAADF
image of dislocation plugged at the grain boundary. (c). Brightfield TEM image shows that the dislocation interacts with the twin
boundaries. (d). The SAEDpattern of the red-colored rectangle region in c.
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5. Conclusion

In summary, by tailoring the phase transformation process, we successfully eliminate the as-castμ phase and
significantly improve theworkability of the self-sharping tungsten high-entropy alloy. Due to precipitation
strengthening and grain refinement strengthening, the strength of thematerial is about 2 times higher than that
of the as-cast alloy and achieves 950MPa, while the tensile ductility ismaintained.We believe that such design
philosophymay provide a novel and highly effective approach for the future development of other advanced
materials.
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