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Abstract

Two 3d transition metal high-entropy alloys, AlICrCuFeX (X =Ti, V), were prepared by a vacuum arc-melting, and their
phase components, microstructures, and compressive properties were investigated. The phase components of the alloy
with X =V were the BCC + FCC dual-phases, while that of the X =Ti alloy was composed of a multi-phase structure
(2BCC+FCC+Laves+L2,). Core—shell structural dendrites, together with discontinuous inter-dendrites formed in the
X =Ti alloy, while netlike inter-dendrites surrounded the cellular dendrites in the X =V alloy. Moreover, the X =V alloy
possessed a good synergy in strength and plasticity (ultimate strength: 2138 MPa, plastic strain: 7.1%) due to the ameliorat-
ing role of the netlike Cu-rich FCC inter-dendrites on the crack extension, while cleavage fracture mechanism for the X =Ti
alloy caused by CrTi-rich Laves phase deteriorated its strength and ductility. The high hardness of the AICrCuFeX alloys
with X=Ti and V reaches 714 +27 and 565 +22 HYV, significantly larger than 495 + 15 HV of the alloy with X=Ni.

Keywords High-entropy alloys - Phase components - Microstructure - Mechanical properties

1 Introduction

Since the concept of high-entropy alloys (HEAs) was pro-
posed by Yeh et al. [1] and Cantor et al. [2] independently
in 2004, a vast number of new multicomponent metallic
alloys were exploited in succession [3]. These alloys were
artificially classified into several HEAs families according
to their constituent elements, such as 3d transition metal
HEAs (3d TM), refractory HEAs and light metal HEAs, lan-
thanide (4f) TM HEAs, brasses and bronzes HEAs, precious
metal HEAs and interstitial compound HEAs. Of them, 3d
TM HEAs gained extensive attention due to their interest-
ing physical and mechanical properties in terms of hardness
[4], wear or corrosion resistance [5, 6], high-temperature
strength [5] and super plasticity [7]. They usually contain at
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least 4 of the 9 following elements: Al, Co, Cr, Cu, Fe, Mn,
Ni, Ti, and V. For instance, the 4-element grouping AlCr-
CuFe occupied around 36% of the reported 3d TM HEAs by
Miracle et al. [8]. However, the corresponding compositions
of these reported quinary AlCrCuFe-based alloys included
only three alloys to date: as-cast AICrCuFeNi [9], as-sintered
AlCrCuFeCo [9, 10] and as-cast AICrCuFeMnNi [11]. The
alloys AlCrFeCu+ Ti/V have not been investigated so far.
Many works found that the Ti and/or V incorporation
has a great impact on the microstructures and mechanical
properties of HEAs. For instance, Wang et al. [12] reported
that the phase components changed from a single FCC solid
solution of CoCrCuFeNi to a FCC + Laves phase struc-
ture of CoCrCuFeNiTi with the yield strength increasing
from 230 to 1272 MPa. Moreover, the plastic strain of the
CoCrCuFeNiTi, alloys was inversely proportional to the
Ti content. A good synergy in yield strength (2260 MPa)
and plastic strain (23%) was acquired for the single-BCC-
phase AICoCrFeNiTi, 5 alloy compared to 1373 MPa and
25% for the two BCC dual-phase AICoCrFeNi alloys [13,
14]. Likewise, Stepanov et al. [15] experimentally showed
that the microstructures varied from FCC to FCC + ¢ for as-
cast CoCrFeMnNiV, HEAs with x=0.25~ 1. Meanwhile, a
rising trend of the yield strength and hardness, increasing
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from 230 MPa and 144 HV to 1660 MPa and 650 HV, was
obtained. Analogously, Chen et al. [16] found that the hard-
ness of Al sCoCrCuFeNiV, alloys increased from 204 to
639 HV when the added V reached x=1 from the alloy
without V addition, with the phase components transform-
ing from FCC to FCC+BCC+o.

Thus, in this work, considering the advantage of Ti and
V on the mechanical properties, Ti and V were added to the
4-element grouping AlCrCuFe to fabricate new HEAs AlCr-
CuFeX (X=Ti, V). Afterwards, their phase components,
microstructures, and mechanical properties were investi-
gated intensively.

2 Experimental procedures

Ingots of equiatomic AlCrCuFeX (X=Ti, V) were ini-
tially prepared and poured into a @ 4 X 60 mm cavity
mould (i.e. with the cooling rate of around 800 °C/s) from
high-purity raw material (>99.9 wt%) by arc melting in a
titanium-getter argon atmosphere. More processing details
were reported in our previous work [17]. The actual com-
positions of the cylindrical samples were measured as
Alyg oCry7 §Cuy; gFeg  Tiyy o and Al sCrag 2 Cuyg gFerg gV 5
by energy-dispersive spectrometry (EDS), both are close to
their nominal compositions. X-ray diffraction (XRD) using
PANalytical X’Pert X-ray diffractometer was carried out to
profile the phase structures at an identical condition (40 kV,
40 mA, 20-120°, and 3°/min). Their microstructures were
analyzed by scanning electron microscope (SEM, Zeiss
sigma 500, Germany) equipped with the Electron Backscat-
tered Diffraction (EBSD) detector. Vickers micro-hardness
was measured using an HVS-1000B tester under a load of
50 g for 10 s. Their compressive stress—strain curves were
acquired by a computer-controlled mechanical testing
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machine (Instron, Norwood, MA, USA) at constant ramp
speed of 5.6 x 107> mm/s and an initial strain rate of 107/s.
Besides, JMatPro software was used for equilibrium phase
diagrams simulations [18]. Phase diagram simulation was
carried out by Step Temperature module with a start tem-
perature of 1600 °C, end temperature of 600 °C and step
temperature of 10 °C. During the simulation, all possible
solid phases were taken into account.

3 Results and discussion
3.1 Phase analysis

The CLAPHAD methodology is powerful to describe the
phase formation of conventional binary or ternary alloys
[19-22]. For instance, Shafiei et al. [19] discovered that
Al-Co—Cr-Fe-Ni alloy belongs to a dual BCC/FCC phase
structure by JMatPro. However, for the HEAs exploited
recently, the corresponding phase diagrams are commonly
unavailable. Thus, in the present work, the equilibrium phase
diagram simulated by JMatPro software of the studied two
alloys was calculated to predict their phase formation, as
shown in Fig. 1. Accordingly, for the studied alloy AlCr-
CuFeTi, the BCC phase first precipitates from the liquid
when the temperature decreases to 1240 °C. Therewith,
the a-Cr phase and Laves phase form at temperature below
1080 °C and 1030 °C, respectively. The FCC phase precipi-
tates at the end stage of the solidification process (<920 °C),
in which stage no liquid phase exists. Comparatively, only
two phases occur in the entire solidification process of AlCr-
CuFeV. One is BCC phase forming at 1570 °C, and another
is the FCC phase forming below 990 °C. In general terms, no
single-phase solid solution is expected in the current stud-
ied alloys, implying that the phase components of HEAs
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Fig.1 Simulated equilibrium phase diagrams of the current studied alloys AICrCuFeTi (a) and AICrCuFeV (b)
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are not only determined by high entropy caused by equal
atomic ratio but also by other factors, such as atomic size
difference and electronegativity difference [23, 24]. Note
that the phase fractions in both the studied alloys tend to be
stabilized when the temperature decreases to 600 °C (Fig. 1).
Thus, the volume fractions and element concentration of the
phases in the studied alloys are predicted as summarized in
Table 1 at the temperature of 600 °C. In details, the BCC
phase of the AICrCuFeT: is enriched with Al, Fe and Ti and
takes up ~40 vol.%, the a-Cr is enriched with Cr and Al and
takes up ~ 18 vol.%, the Laves is enriched with Fe, Cr and
Ti and with a fraction volume of 15%, and the FCC phase
is enriched with Cu and Al and with a fraction volume of
27%. For the AICrCuFeV, the BCC (~75 vol.%) is enriched
with Al, Cr, Fe and V, while the FCC (~25 vol.%) is mainly
rich in Cu.

The XRD patterns of the AICrCuFeX (X=Ti, V, and Ni
[9]) alloys were shown in Fig. 2. Although the XRD pat-
tern of the currently studied AlICrCuFeV was not consistent
with that of the reported AICrCuFeNi, both of them were
identified as BCC + FCC dual-phase structures (Fig. 2b, c).
Moreover, according to the JCPDS cards, the BCC phase of
the AICrCuFeV corresponded to VCr or VFe BCC phase,
while the FCC phase in the alloy (X=V) matched well with
the Cu FCC phase, which is common in the Cu-containing
HEAs due to the Cu-segregation, such as AICrCuFeNi,
AlCoCrCuFeNi and AICrCuFeNi,[9, 25, 26]. However,
the peak’s intensity of the FCC phase of the AlCrCuFeV
alloy (i.e. X=V) was obviously lower than that of the AlCr-
CuFeNi alloy (i.e. X=Ni). This is in good agreement with
the positive effect of V on the BCC formation concluded
by the Chen’s investigation [16]. In strike contrast to the
AICrCuFeX alloys (i.e. X=Ni, V), distinct and compli-
cated phase components (i.e., a FeTi BCC (B), a Cu FCC,
a Cr BCC' (B’), a Cr-containing hexagonal Laves (y) and
AlCu,Ti(Cr)-like L2, (L) phases) were detected in the alloy
AlCrCuFeTi (i.e. X=Ti). The FeTi BCC phase might be
the primary phase due to the highest intensities of its peaks,
while the Cr-rich BCC' phase is marginal. Note that all the
phases but L2, were well predicted by the above simulation,
which confirmed the simulated reliability and the limita-
tions that depend on the relative databases. The emerged Cr-
containing hexagonal Laves phase could be attributed to the
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Fig.2 XRD patterns of the AlCrCuFeX alloys (X=Ti, V, and Ni).
Note that the pattern of AICrCuFeNi was extracted from the Ref. [9].
B and B’ represent BCC phases with different lattice constants. F, L
and y represent FCC, L2, (Heusler), and hexagonal Laves phases,
respectively

high atomic size ratio of the largest (Ti: 1.462 A) and small-
est (Cr: 1.251 A) elements [14, 27-29], which is actually
common for the reported Cr-containing alloys with a large
atomic size difference [14]. The AlCu,Ti(Cr)-like L2, phase
was similar to AINi,Ti-like phase in Al sCrFeNiTiV [30],
AlCoCrCuNiTiY, (x=0.5, 0.8, 1) [31], which caused by the
high bonding strength among Al, Ti/Cr and Cu. Besides, of
these phases, Cu FCC phase was the only common phase in
the three alloys (i.e. X =Ti, Ni, V). In addition, the primary
peaks of the BCC phases shifted toward to the low-angle
side in the order of the alloys with X=Ni, V, and Ti, indi-
cating that the BCC crystal lattice was generally inflated by
the order. Convincingly, the lattice constants of the BCC
phases were determined as 288.5 pm at X =Ni, to 292.6 pm
at X=V and then to 298.8 pm at X =Ti according to the
peaks’ position and the Brag’s law. The changes in the lat-
tice are likely to be affected by the atomic size of the incor-
porated elements (Ni: 124.59, V: 131.6, Ti: 146.15 pm). In
addition, the lattice constants of each phase in AICrCuFeX
(X=Ti, V, Ni [9]) alloys were calculated and tabulated in
Table 2.

Table 1 Calculated volume

X ‘ Compositions Phases Al Cr Cu Fe Tior V

fractions (in %) and

COD?FESiﬁOHS éin at.%) ﬁf AICrCuFeTi BCC 28.44 3.31 1.29 33.11 33.85

equilibrium phases in the

studied alloys at 800 °C a-Cr 13.05 85.49 0 1.1 0.36
Laves 0 21.24 0 45.28 33.48
FCC 22.92 0.03 71.32 0.03 5.7

AICrCuFeV BCC 19.9 26.67 0.1 26.66 26.67

FCC 20.29 0 79.65 0.04 0
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Table2 Lattice parameters of Alloys Lattice parameters (a/c, pm) References
the component phases of the
AICrCuFeX (X=Ti, V, Ni [9]) BCC FCC BCC’ Hexagonal laves L2,
alloys
AlICrCuFeTi 298.8 364.5 288.8 423.2/800.9 595.5 This work
AlCrCuFeV 292.6 366.3 - - - This work
AlCrCuFeNi 288.5 365.5 - - - [9]

3.2 Microstructures

The microstructures of the currently studied AlCrCuFeX
(X=Ti, V) alloys were shown in Fig. 3a—d. When X =Ti,
namely the alloy AICrCuFeTi, three distinct regions were
found in the magnified image (Fig. 3b). The bright grey
core regions (marked as D1), that distributed in the overall
realm randomly, are surrounded by the grey shell regions
(marked as D2). In the rest of the regions, discontinuous
bright precipitations with several micrometers in length
(marked as ID) were separated out. When X =V, namely
the AICrCuFeV alloy, two distinct regions constituted its
overall microstructure. Specifically, the cellular dendrites
(grey part marked as D in Fig. 3d) taken up the majority of
volume fraction and the netlike inter-dendrites (bright part
marked as ID) filled the rest of the regions.
Energy-dispersive spectrometry (EDS) mappings of the
AlCrCuFeX (X=Ti, V) alloys were carried out to profile
their compositional distributions, as shown in Fig. 4. The
specific compositions acquired from EDS point scanning
were also summarized in Table 3. Note that the elemen-
tal distributions of phases are consistent with the simu-
lation results. Accordingly, for the alloy with X =Ti, i.e.

Fig.3 SEM images of the
AlCrCuFeX (X =Ti, V) alloys.
X=Ti(a, b); X=V (¢, d)

@ Springer

AICrCuFeTi, its mapping confirmed three distinct regions
as observed by the SEM micrograph. More specifically,
the D1 regions inside of the dendrite regions were mainly
enriched with Cr; while the outside dendrite regions (D2)
were enriched with Ti and Fe. Considering the aforemen-
tioned phase analysis, we suggested that the D1 regions
might be composed of the Cr-rich BCC phase and Cr,Ti
hexagonal Laves phase, and the D2 regions that occupied
a large volume fraction, should correspond to the FeTi-rich
BCC phase. Interestingly, the inter-dendrites can be actually
divided into two different areas according to the EDS point
scanning (Table 3) in spite of an indistinguishable SEM
micrographs and elemental mapping: one is Cu-rich FCC
phase, and another is the AlCu,Ti(Cr)-like L2, phases. For
the alloy with X =V, i.e. AICrCuFeV, the dendrite regions
were enriched with Cr, Fe, and V, while the inter-dendrite
regions were rich in Cu following by Al, indicating the den-
drites and inter-dendrites correspond to VCr + VFe-rich
BCC and Cu-rich FCC phases, respectively. Moreover, the
Cu-rich FCC inter-dendrite regions seemed to be intercon-
nection forming a netlike framework, consistent with the
reported Cu-containing alloys, such as AICoCrNiCu [32],
AlFeNiCuCo [33], and AlCoCrCuFeNi [34, 35], which
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were attributed to the Cu segregation resulting from the
positive mixing enthalpy among Cu and other principal ele-
ments [36]. However, in the currently studied Cu-containing
alloy with Ti (AlCrCuFeTi), a discontinuous Cu-rich inter-
dendrites instead of the netlike Cu-rich inter-dendrites in
the AlCrCuFeTi alloy formed, which might stem from the
AlCu,Ti formation caused by the active Ti incorporation.
To acquire the volume fraction of each phase, EBSD
measurement was carried out, and the representative EBSD
maps of the AICrCuFeV alloy were shown in Fig. 5. Accord-
ingly, the morphology can be divided into yellow, blue and
green regions. Hereinto, the yellow regions should be the
BCC phase, while the blue regions correspond to the Laves
phase. Additionally, the BCC and BCC’ phases can hardly

be distinguished by the EBSD method due to their identical
crystal structure with different lattice parameters. Thus, the
yellow regions should contain the two BCC (BCC and BCC')
phases, taking up 67 vol.%. The blue regions associated with
the Laves phase take up 25 vol.%. Note that there are around
8 vol.% green regions that commonly represent zero solu-
tion of phase analysis. Interestingly, these regions are con-
sistent with the bright precipitations observed in Fig. 5a.
Thus, we suggested that the green regions should correspond
to the bright Cu-rich FCC phase and AlCu,Ti-like phases
with a total volume fraction around 8%. The zero solution
in the green regions might stem from the lattice distortion
and residual stress of FCC and AlCu,Ti-like phases caused
by the high degree of solid solution (the Al content in the

Fig.4 EDS mappings of the AICrCuFeX (X =Ti, V) alloys. a—f X=Ti; g-1X=V

Table 3 Quantitative chemical analysis of the AICrCuFeX (X=Ti, V) samples (at.%)

AlCrCuFeX Region Phase Al Cr Cu Fe X

X=Ti D1 Cr-rich BCC'+Cr,Ti Laves 10.8+1.1 44.4+3.6 8.0+3.5 21.5+1.3 15.3+0.5
D2 FeTi-rich BCC 13.2+0.8 159+2.0 174+1.8 25.7+0.5 27.9+0.1
1D Cu-rich FCC 13.5+£0.2 6.9+2.5 61.2+4.0 8.2+0.7 10.4+0.7
1D L2, 13.6+1.0 159+54 31.6+£5.1 18.1+4.2 20.9+5.2

X=V D VCr, VFe-rich BCC 153+12 27.4+1.6 4.1+0.6 243+1.1 289+1.2
1D Cu-rich 262+29 6.2+29 553+58 6.4+2.7 6.0+3.1

D and ID stand for dendrites and inter-dendrites, respectively

U
23

%3 u‘.,.$
ey X

Fig.5 EBSD maps of the as-cast AICrCuFeTi alloy: a secondary electron (SE) image, b phase map of a, ¢ inverse pole figure (IPF) map of

Laves phase in b with the standard stereographic triangle on the right
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Cu-rich regions is up to 13.5+0.2 at.%). In general, the
phase fraction obtained by EBSD is basically consistent with
the simulated results: the BCC is the majority phase while
the other phase is relatively marginal. Besides, according to
the Fig. 5c, it can be found that the Laves phase has strip-like
or small particle morphology, and possesses almost the same
crystal orientations along the strip direction, such as (01-10)
and (— 12-10) as confirmed by the standard stereographic
triangle. These orientations actually correspond to the low
index zone axis, indicating that the studied alloys are likely
to be without texture due to the alloys completely solidifying
from melting metals.

3.3 Mechanical properties

The compressive engineering stress—strain curves of the
AlCrCuFeX (X =Ti, V, and Ni[9]) alloys were shown in
Fig. 6a. Compared to the alloys with X ="Ti or Ni, the alloy
with X=V, i.e. AICrCuFeV, possessed an outstanding syn-
ergy in ultimate compressive strength (6, =2138 MPa) and
plastic strain (e,=7.1%). Besides, the hardness of the alloys
with X =Ti and V reaches 714 +27 and 565 +22 HV, both
are significantly larger than 495+ 15 HV of the alloy with
X =Ni and two CrCuFe-based alloys [34, 37], as shown in
Fig. 6b. It is well known that the mechanical properties of
the alloys strongly depend on their microstructures [38].
For instance, in HEAs, the ductile FCC phases commonly
improve an alloy’s ductility but undermine its strength
[12]. In contrast, greater strength and limited ductility were
usually obtained in an alloy with hard BCC/HCP phases
[13]. Likewise, the alloys CrCuFeNiCo and CrCuFeNiMo
with single FCC phase structure possess the lowest hard-
ness (133 £20, 263 +20 HV) (see Fig. 6b), and the other
three alloys CrCuFeNiMn, AlCrCuFeNi, and AlCrCuFeV
with BCC + FCC dual-phase structure display intermediate
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hardness. Moreover, the hardness increases with increasing
BCC contents in the three alloys, which confirmed the posi-
tive role of BCC content on hardness. However, note that the
hardness of AlCrCuFeTi is the largest, even it possesses less
amount of BCC phase than AICrCuFeV. According to the
investigation of Ma et al., the hard Laves phase in AlCoCr-
FeNiNbD facilitates the enhancement of the alloy’s hardness
[14]. Thus, we suggested that the incorporation of ~25 vol.%
hard Laves phase might compensate the less BCC phases
(tot. 67 vol.%) compared with AICrCuFeV (~88 vol.%
BCC), resulting in high hardness of AICrCuFeT:.

Typical fracture morphologies of the AICrCuFeV and
AlCrCuFeTi were shown in Fig. 7a—d, respectively. Their
features are apparently different. Specifically, for the AlCr-
CuFeV, a large amount of facets and dimples are noticeable
on its fracture surface. Thus, crack is suggested to occur,
which rapidly propagated from the relatively brittle BCC
phase forming facetted, and then is impeded by the ductile
Cu-rich netlike, resulting in the formation of dimples and the
larger elongation of 7.1%. In contrast, the fracture feature of
AlCrCuFeTi is composed of a typical brittle fracture mor-
phology: cleavage fracture with river patterns and fishbone
shape (see Fig. 7c, d). To uncover which phase responsible
for the brittle fracture, EDS mapping was carried out on the
fracture surface, as shown in Fig. 7e—i. Accordingly, the fish-
bone or river patterns seems to be always stem from the Cr
and Ti-rich regions, which corresponds to CrTi-rich Laves
phase according to the phase analysis. Thus, we suggest that
the crack might be easily form around the brittle laves phase,
and then rapidly propagate along specific force direction,
and eventually causes the brittle fracture. In general, the
better ductility of the AICrCuFeV can be attributed to the
Cu-rich netlike FCC phase, while the typical brittle fracture
of the AICrCuFeTi is originated from the brittle CrTi-rich
Laves phase.
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Fig.6 a Engineering stress vs. strain curves of the AICrCuFeX (X =Ti, V, and Ni [9]) alloys. b The hardness and phase constitutions of the
AlCrCuFe-base alloys and other quinary equiatomic CrCuFe-base alloys [34, 37]
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Fig. 7 Fractographic features of AICrCuFeV (a, b), AICrCuFeTi (c, d) high-entropy alloys, and corresponding EDS mapping for (c) as displayed
in (e—i)

4 Conclusion

In summary, two 3d TM HEAs, AICrCuFeX (X=Ti, V),
were prepared and their phase components, microstructures,
and compressive properties are systematically investigated.
The following conclusions are reached:

)]

(@)

3

According to the equilibrium phase diagrams, the
phase components of the AICrCuFeTi are BCC, a-Cr,
Laves phase, and FCC phase, while only two phases
(BCC+FCC) are formed in AICrCuFeV.

The phase components of AICrCuFeV (i.e. X=V) are
composed of the BCC 4+ FCC dual-phases, while that
of the alloy with X =Ti, namely AICrCuFeTi, is more
complicated, specifically belonging to two BCC, an
FCC, a hexagonal Laves (y), and AlCu,Ti(Cr)-like L2,
phases.

In AlCrCuFe-based alloy, the V addition is beneficial to
the formation of the netlike Cu-rich FCC phase, while

the Ti addition deteriorates the Cu segregation and
facilities the emergence of the multi-phase components
especially for the brittle CrTi-rich Laves phase.

(4) An excellent outstanding synergy in ultimate com-
pressive strength (6, =2138 MPa) and plastic strain
(ep= 7.1%) was acquired in the alloy with X=V (i.e.
AlCrCuFeV), which is attributed to the ameliorating
role of netlike Cu-rich FCC inter-dendrites on crack
extension.

(5) The hardness of the AICrCuFeX alloys with X =Ti
and V reaches 714 +27 and 565 +22 HV caused by
the combination of the Laves phase and BCC phase.
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