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Abstract

(TigZrgNbyV5Cry)100—,Al, (x = 0,0.1, 0.2, 0.3, 0.4 at.%) lightweight high-entropy alloys with different contents of Al were
prepared via vacuum non-consumable arc melting method. Effects of adding varying Al contents on phase constitution,
microstructure characteristics and mechanical properties of the lightweight alloys were studied. Results show that Tig.
Zr¢NbyVsCr, alloy is composed of body-centered cubic (BCC) phase and C15 Laves phase, while (TigZrgNbyVs.
Cry4)100—xAl, lightweight high-entropy alloys by addition of Al are composed of BCC phase and C14 Laves phase. Addition
of Al into TigZrgNb,VsCry lightweight high-entropy alloy can transform C15 Laves phase to C14 Laves phase. With
further addition of Al, BCC phase of alloys is significantly refined, and the volume fraction of C14 Laves phase is raised
obviously. Meanwhile, the dimension of BCC phase in the alloy by addition of 0.3 at.% Al is the most refined and that of
Laves phase is also obviously refined. Adding Al to TigZrgNb,4VsCr, alloy can not only reduce the density of (TigZre.
Nb,V5Cry)100_,Al, alloy, but also improve strength of (TigZrgNb,Vs5Cry)i00_Al, alloy. As Al content increased from O to
0.4 at.%, the density of the alloy decreased from 6.22 # 0.875 to 5.79 #+ 0.679 g cm ™. Moreover, compressive strength
of the alloy by 0.3 at.% Al addition is the highest to 1996.9 MPa, while fracture strain of the alloy is 16.82%. Strength
improvement of alloys mainly results from microstructure refinement and precipitation of C14 Laves by Al addition into
TigZr¢Nb,VsCry lightweight high-entropy alloy.

Keywords Lightweight high-entropy alloy - Phase transformation - Microstructure - Mechanical property -
Refinement - Strengthening

1 Introduction

High-entropy alloys (HEAs) contain multiple elements
greater than or equal to 4, and the percentage of each
element ranges from 5% to 35% [1]. The ‘high entropy’ of
high-entropy alloys refers to the chemical or topological
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disorder on atomic scale. HEAs expand new perspectives
to design of alloys [2-6]. Since it was first discovered in
2004, high-entropy alloys have attracted much attention
owing to their superior mechanical properties, for instance,
high strength, high hardness, and corrosion resistance
[7-14]. Particularly, innovative design concepts and broad
compositional space have got worldwide attention and
have been explored extensively by researchers [15-17].
Among them, CoCrFeMnNi HEA and its variants exhibit
low temperature toughness [18, 19], AlFe,Cr;Ti [20],
WNbMoTaV [21] and NbMoTiVWSi, [22] high-entropy
alloys show great stability and mechanical properties, and
WTaCrV [23] exhibits excellent radiation resistance.
However, there is a common disadvantage of high density
[24], which greatly limits the application in the field of
transportation. Obviously, lightweight materials will be a
trend in the transportation field.
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With the rapid transformation in the automotive industry
and the higher step of energy saving and emission reduc-
tion for lightweighting, the demand and development of
lightweight structural components have also changed
[25-28]. The concept of high entropy gives brand-new
ways for the development of lightweight alloys. Develop-
ing lighter weight materials with excellent performance has
always been pursued by scientists. Scholars have continu-
ously designed more lightweight high-entropy alloys
(LHEAs) and studied their phase composition and
mechanical properties. In our daily life, lightweight high-
entropy alloys can leverage their advantages of lightweight
and high strength to replace structural panels, seat frames,
gearbox hubs, and other components in automobiles. Thus,
LHEAs can effectively reduce vehicle weight, save oil
consumption of traditional automobiles, and improve the
endurance of new energy vehicles. As is well known,
LHEAs can be distinguished into two types. The first one is
designed by rational screening from lightweight elements
like V, Al, Li, Ti, Mg, Si, Sc, Be, Sn, etc. [15, 24, 29].
Some of these alloys have extremely low density, between
1 and 4.5 gcm ™. The case in point is LHEAs Mg,
(MnAlZnCu)go_, [30], AILiMgSiGa [31], AILiMgZnCu
[32] and Zr; ,V( sNb(Ti,Aly) [33] reported by researchers.
In addition, some results show that excessive difference in
atomic radius leads to mismatch of atomic radius and too
low enthalpy between components, which will cause these
alloys to form intermetallic compounds, ordered phases,
and various brittle precipitates, and thus the investigation
of alloy mechanical properties has been highly limited.
Correspondingly, the second category of lightweight high-
entropy alloy is designed on account of the existing high-
entropy alloy solid solution, thus obtaining an LHEA with
a solid solution phase as the composition phase.

Moreover, phase structure of lightweight high-entropy
alloys is relatively simple. According to reports, addition of
Al element into refractory high-entropy alloys (RHEAS) is
an effective strategy to obtain ultra-high specific strength
alloys with body-centered cubic (BCC) structure. However,
as Al concentration increases, the primary structure chan-
ges from BCC to B2 represent disordered to ordered,
leading to poor ductility. There is a circumstance of
transformation from B2 to BCC phase, which is living the
high aluminum content lightweight refractory high-entropy
alloy ZryoTisgNb ,Alyg [34]. The transformation is driven
by the consumption of Al and Zr atoms in the solution
during the precipitation of Al-rich B2 phase, leading to
gradual formation of disordered BCC phase from B2 phase
in matrix alloy, and ultimately transforming a BCC phase
matrix with a single structure, which enhances tensile and
ductile properties of the alloy while still maintaining a high
degree of ductility. Qiu et al. [35] discovered that the
lightweight high-entropy alloy AITiVCr possesses single-
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phase B2 structure. B2 phase is more stable than BCC
phase, attributed to lower formation enthalpy at low tem-
peratures. In addition, a series of LHEAs TiZrVNbAI with
BCC as the main phase was designed by taking the weighty
elements Hf and Ta in the high-entropy alloy TiZrHfNbTa
by the lighter elements V and Al [36, 37]. Scholars have
adopted the same design concept to design LHEAs with
single/main BCC phase or BCC/B2 phase, like Ti,
(AICINb) g0, [38], Ti; ¢ZrNbAL, [39], TiZrV sNbg s [40],
ALCINbTiVZr [41] and so on, all of which have good
tensile strength and ductility. Jiang et al. [42] designed
Al Nbg sTiV,Zry 5 alloy and explored the effect of Al on
Laves phase precipitation. However, complex precipitates
in lightweight high-entropy alloys can also restrict
mechanical characteristic of the alloys. The precipitation of
B2 and C14 phases in Zr;,V(sNb(Ti,Al,) LHEAs [33]
system was successfully inhibited by controlling Al and Ti
contents, and various LHEAs with good specific yield
strength—plasticity combination were obtained.

In an effort to lower material density, Al and Ti ele-
ments are often taken into account by scholars as the main
design elements for LHEASs [43, 44]. In the present study,
we selected Ti, Zr, Nb, V, Cr, and Al elements to design a
series of (TigZrgNbsVsCry)igo—Al, LHEAs with densities
ranging from 5.79 to 6.22 g cm™>. The vacuum non-self-
consuming arc melting method is used to manufacture the
alloy, which overcomes the related problems of traditional
casting and sintering. The effect of Al content changes on
the microstructure and mechanical properties of (TigZrg.
NbyVs5Cry)i00_xAl, was investigated with different Al
contents added, and the strengthening and plastic defor-
mation mechanisms of the alloy were analyzed. In sum-
mary, LHEA materials have great potential for
development.

2 Experimental

This study involves five (TigZreNbyVsCry) 00— Al (x = 0,
0.1, 0.2, 0.3, 0.4 at.%) LHEAs (referred to as LW-
Alx) with different Al contents, named LW-AIO, LW-
Al0.1, LW-AI0.2, LW-AI0.3, and LW-Al0.4, respectively.
The nominal compositions of LW-Alx alloys are listed in
Table 1. Subsequently, the raw materials are Ti, Zr, Nb, V,
Cr and Al cylinder-shape particles with purity of 99.99
wt.% (TigZrgNb4VsCry)100_Al, LHEAS button-type ingots
were smelted by vacuum arc melting method under high
purity argon atmosphere. Button ingots were obtained after
melted 5 times to ensure uniform elemental distribution.
The dimensional size of each ingot is about
¢50 mm x 10 mm.

The specimens with a section size of 9 mm x 9 mm
were cut off from the obtained ingots by a wire cutting
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Table 1 Nominal compositions of (TigZrgNbyVsCry)i00_Al, LHEAs (at.%)

Alloy Ti Zr Nb v Cr Al
LW-AIO 29.63 2222 14.81 18.52 14.82 -
LW-AI0.1 29.09 21.82 14.55 18.18 14.54 1.82
LW-Al0.2 28.57 21.43 14.29 17.86 14.28 3.57
LW-Al0.3 28.07 21.05 14.04 17.54 14.04 5.26
LW-AlI0.4 27.59 20.69 13.79 17.24 13.79 6.90

machine. Cut-off specimens were mechanically abraded
and polished with conventional metallographic preparation
procedure. A D8 ADVANCE X-ray diffractometer (XRD)
was applied to investigate phase constitutions of LW-
Alx LHEAs. Microscopic morphologies of alloys were
observed using a Zeiss SUPRASS scanning electron
microscope (SEM) with energy dispersive spectroscopy
(EDS). Volume fractions of BCC and Laves phases were
measured by image analysis software in backscattered
electron (BSE) images. Grain sizes were measured by
Image-Pro Plus software. The density of (TigZrgNb,Vs.
Cry)100_xAl, alloys with different additions of Al was
tested by Archimedes Drainage method. Specimens of each
alloy were measured for three times and the average was
taken as density of the alloy. Microhardness of the polished
surfaces was determined using an FM-ARS900 automatic
microhardness tester with a load of 2.94 N for 15 s. The
hardness of the alloys was tested at least five times with
equal intervals and the average was taken as microhardness
of each alloy. Three cylinders of ¢4 mm x 6 mm were cut
from each ingot as compression specimens. Compression
tests were carried out at room temperature with a prelim-
inary strain rate of 107> s~' using an MTS 370 universal
mechanical testing machine. To avoid accidental errors and
get precise experimental data, each group of specimens was
tested 3 times and the average value was calculated as the
compressive strength and strain. After that, the compres-
sive fracture morphologies of the alloys were observed in
the secondary electron mode of SEM.

3 Results and discussion
3.1 Phase structure analysis

Figure 1 illustrates XRD analysis of (TigZrgNbsVs.
Crg)i00-xAly (x=0, 0.1, 0.2, 0.3, 04 at%) LHEAs.
Combined with scholars’ studies of similar alloy compo-
sitions [45-48], it can be found that LW-AIlO alloy is
composed of main phase of BCC phase and CrZrV-type
C15 Laves phase. LW-AIO0.1, LW-AI0.2, LW-Al0.3, and
LW-Al0.4 alloys are composed of main phase BCC phase

and ZrCrAl-type C14 Laves phase. Al addition into Tig.
ZrgNbyVsCry LHEA results in transformation from CI15
Laves phase of LW-AIO alloy to C14 Laves phase. It is
noteworthy that the diffraction peak intensity values of C14
Laves phase are significantly higher than those of C15
Laves phase. Meanwhile, it can also be discovered from
Fig. la that diffraction peaks of BCC phase lower than 40°
in XRD pattern shift to higher 26 (diffraction angle) and
they get much wider with increase in Al content. Moreover,
diffraction angle of the peaks increases gradually from
38.81° for LW-AIO alloy to 39.67° for LW-Al0.4 alloy
(Fig. 1b). The chief cause of the above phenomenon is
construed as being related to the smaller atomic radius of
Al atoms. The atomic radii of Ti, Zr, Nb, V, C, and Al are
summarized in Table 2, where it can be found that the
atomic radius of Al is 143 pm, but the difference with the
atomic radius of Zr (160 pm) is still relatively large. The
lattice constant of (TigZrgNbsVsCry)igo_Al, alloys
decreases with increasing Al content, leading to increase in
lattice distortion. Therefore, the phenomenon that peaks of
BCC phase lower than 40° shift to a higher 20 is consistent
with the results obtained by XRD as displayed in Fig. 1.

3.2 Microstructure analysis

Figure 2 illustrates SEM-BSE images of (TigZrgNb,Vs.
Cra)100-xAl, (x =0, 0.1, 0.2, 0.3, 0.4 at.%) LHEAs, and
chemical composition of corresponding phases in the back-
scattered figure is displayed in Table 3. It can be found that
LW-AIO alloy without the addition of Al is composed of
two phases, a light grey phase enriched with Ti and Nb
(slightly enriched) elements, and a dark grey phase enri-
ched with Zr, Cr, and V. The light grey phase is BCC
structure, while the dark grey phase is C15 Laves structure,
which corresponds to the results of XRD analysis. On the
other aspect, LW-AIO alloy forms a typical dendritic
microstructure and dark grey C15 Laves phases with
varying dimensions distributed at inter-dendritic area of
BCC dendrites. The volume fractions of BCC phase and
C15 Laves phase are 67% =+ 3% and 33% =+ 2%, respec-
tively, as displayed in Fig. 2f (C15 Laves phase and C14
Laves phase collectively referred to as Laves).
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Fig. 1 XRD analysis of (TigZrgNbsV5Cry)100_,Al, LHEAs (a) and diffraction peaks of BCC phase lower than 40° (b)

Table 2 Characteristics of elements in (TigZrgNbsVsCry)00—_Al, LHEAs system [16, 49, 50]

Element Atomic mass/(g mol™") Melting point/°C Density/(g cm ™) Atomic radius/pm Electronegativity
Ti 47.87 1668 451 145 1.54
Zr 91.22 1852 6.49 160 1.33
Nb 9291 2468 8.57 146 1.59
v 50.94 1890 6.00 134 1.63
Cr 52.00 1907 7.19 124 1.66
Al 26.98 990 272 143 1.61
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Fig. 2 SEM morphology of (TigZrgNbsVsCry)i00_,Al, LHEAs. a LW-AIO; b LW-AIO.1; ¢ LW-AI0.2; d LW-Al0.3; e LW-Al0.4; f volume
fraction of BCC phase and Laves phase

@ Springer



Microstructure evolution and mechanical properties improvement of (TigZrgNb;VsCra)i00_xAly...

Table 3 EDS results for typical region of (TigZrgNbsVsCry)i00_Al, LHEAs in Fig. 2 (at.%)

Alloy Ti Zr Nb v Cr Al
LW-AIO

Nominal 29.63 22.22 14.81 18.52 14.82 -
Light grey phase (BCC) 40.25 20.31 16.32 17.30 5.82 -
Dark grey phase (C15 Laves) 19.13 2422 12.90 19.89 23.86 -
LW-AIO.1

Nominal 29.09 21.82 14.55 18.18 14.54 1.82
Dark phase (BCC) 38.98 15.31 22.08 16.25 6.15 1.23
Bright phase (C14 Laves) 19.52 28.32 7.02 20.13 22.59 2.42
LW-AI0.2

Nominal 28.57 21.43 14.29 17.86 14.28 3.57
Dark phase (BCC) 36.12 14.97 23.65 15.27 7.02 297
Bright phase (C14 Laves) 21.42 27.65 5.07 20.15 21.54 4.17
LW-AIO.3

Nominal 28.07 21.05 14.04 17.54 14.04 5.26
Dark phase (BCC) 35.23 13.06 24.73 14.69 8.23 4.06
Bright phase (C14 Laves) 2091 28.86 3.75 20.93 18.85 6.70
LW-Al0.4

Nominal 27.59 20.69 13.79 17.24 13.79 6.90
Dark phase (BCC) 34.65 12.76 23.98 14.63 8.57 5.41
Bright phase (C14 Laves) 20.43 28.62 3.61 19.95 19.01 8.38

Figure 2b—e shows microstructure morphology of LW-
Al0.1, LW-AIO0.2, LW-AI0.3, and LW-Al0.4 alloys,
respectively. As shown in Fig. 2, the phase morphologies
of LW-AIO.1, LW-Al0.2, LW-AI0.3, and LW-Al0.4 alloys
are almost similar. These four alloys are still composed of
two phases, namely, the dark phase enriched by Ti and Nb
(slightly enriched) elements and the bright phase enriched
by Zr, Cr, and Al (secondarily enriched) elements. The
dark phase is also a BCC structure same as LW-AIO alloy,
and the bright phase is C14 Laves phase. Therefore, after
addition of Al to the alloy, C15 Laves phase is transformed
into C14 Laves phase, which corresponds to the XRD
analysis results (Fig. 1). In addition, grain size distribution
statistics of LW-Alx alloys are shown in Fig. 3. It can be
seen that the grain size changes with increasing Al content.
When the addition of Al is 0.3 at.%, the grains in LW-
Al0.3 alloy are obviously refined, and the average grain
size is 5.5 pm.

For Al-containing (TigZrgNbsVsCry)igo_xAl, (x = 0.1,
0.2, 0.3, 0.4 at.%) LHEAs, phase structure of is signifi-
cantly affected by Al content, and addition of Al trans-
forms C15 Laves phase in LW-AIO alloy to C14 Laves
phase in other alloys (Fig. 2 and Table 3). The increase in
Al content can lead to a slight increase in volume fraction
of Laves phase in the alloy, except for LW-Al0.4 alloy.
SEM images show that volume fractions of C14 Laves
phase in LW-Al0.1, LW-Al0.2, LW-Al0.3 and LW-Al0.4
alloys are 52% =+ 3%, 55% & 2%, 64% £ 1% and

53% =+ 2%, respectively. Obviously, the crystal structure
and volume fraction of phases of fixed alloys are deter-
mined by chemical composition of alloys under certain
equilibrium conditions [37, 51, 52]. The results show that
Al content in (TigZrgNbsVsCry)ioo_ Al alloys strongly
influences the distribution between the two phases (BCC
and Laves), and the volume fraction of the two phases in Al
containing alloys is still varied.

Phase distribution of alloys with different additions of
Al is varied for alloys with different phase compositions.
The study of alloys with Laves phase can provide guidance
for investigation of LW-Alx alloys with Al addition. For
example, Al addition into the alloys with Laves phase can
lead to transformation from C15 Laves phase into C14
Laves phase. As reported for AI-Cr-Nb alloys, the sub-
stitution of Al atoms occurs preferentially in sites domi-
nated by Cr atoms in Cl4 lattice in the binary system.
Then, Al atoms partially replace Cr element in the binary
phase Cr,Nb, resulting in the transformation of Laves
phase from C15-type to C14-type [53].

3.3 Density and mechanical properties
The densities of (TigZrgNbsVsCry)igo— Al (x = 0, 0.1, 0.2,
0.3, 0.4 at.%) LHEAs are shown in Table 4. Obviously, it

can be found that the density of the alloys presents a
declining tendency with increase in Al content. By
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Fig. 3 Grain size of (TigZrgNbyVsCra)i00_-Al, LHEAs. a LW-AI0; b LW-AI0.1; ¢ LW-AI0.2; d LW-A10.3; e LW-AI10.4; f average grain size of

LW-Alx

Table 4 Density and strength of (TigZrgNbyVsCry)i00_,Al, LHEAS

LHEA Density/(g cm™) Yield strength/MPa Microhardness/HV
LW-AIO 6.22 (+ 0.875) 1536.5 535
LW-AIO.1 6.11 (£ 0.653) 1780.9 598
LW-AlO.2 6.01 (£ 0.852) 1803.1 669
LW-AI0.3 5.89 (£ 0.981) 1921.2 738
LW-Al0.4 5.79 (£ 0.679) 1812.2 671

Archimedes principle, the equation for measuring density
of alloys is as follows,
mj

- X
P My — ma + ma Pn

(1)

where p is density of alloy specimen to be tested; m; is
mass of alloy specimen to be tested in air at room tem-
perature; m, is mass of hanging wire in air at room tem-
perature; ms3 is mass of alloy specimen to be tested
submerged in distilled water suspended at room tempera-
ture; and py, is density of distilled water. The results indi-
cate that density of (TigZrgNbsVsCry)igo_.Al, alloys
decreases gradually with increase in Al element, from
6.22 + 0875 gcm™> of LW-AIO to 5.79 £
0.679 g cm ™ of LW-Al0.4 alloy.

Table 4 illustrates microhardness of (TigZrgNbsVs.
Cry)100—Al; (x =0, 0.1, 0.2, 0.3, 0.4 at.%) LHEAs. The

alloy
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microhardness of LW-AIO lightweight high entropy alloy is
535 HV, and microhardness of LW-AI0.1, LW-Al0.2 and
LW-AIO0.3 alloys is 598, 669, and 738 HV, respectively,
indicating that increase in Al content has a slight influence
on microhardness of alloys. And microhardness of LW-
Al0.4 alloy is 671 HV. Figure 4a illustrates compressive
stress—strain curves of LW-Alx alloys, which shows that
yield strength (g ;) of the alloys is increased and plasticity
of the alloys is changed to various degrees with Al addi-
tion. Meanwhile, combining the yield strength values of the
alloys listed in Table 4 (the yield strengths are expressed in
0.2% offset method), yield strength of LW-AIOQ alloy is
1536.5 MPa. Subsequently, yield strengths of LW-AIO.1,
LW-Al0.2, and LW-AI0.3 increase sequentially with the
addition of Al, which are 1780.9, 1803.1, and 1921.2 MPa,
respectively. However, yield strength value of LW-Al0.4
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Fig. 4 Compressive properties of (TigZrgNbyVsCry)i00_Al, LHEAs. a Stress—strain diagram; b compressive strength stress diagram

with higher Al content decreases to 1812.2 MPa. Due to
the addition of Al, the volume fraction of C14 Laves phase
shows an increasing and then decreasing trend. The volume
fraction of C14 Laves phase in LW-AI0.3 alloy reaches the
maximum value, and meanwhile, the average grain size of
LW-AIO0.3 alloy is the smallest (Fig. 3). Moreover, it can
be seen from Table 3 that with an increase in Al content,
solid solution amount of Al atoms in C14 Laves phase
increases significantly, which makes solid solution
strengthening effect more obvious. Therefore, the yield
strength of LW-AIO0.3 alloy reaches the maximum value.
Above all, yield strength of (TigZrgNbsVsCryg)ioo_ Al
LHEAs is significantly affected by Al content. The phase
volume fraction, grain refinement strengthening and solid
solution of Al atoms give the best strength of LW-AI0.3
alloy.

Mechanical properties of high-entropy alloys are usually
determined by typical compression tests and compression
tests for LW-AIO, LW-AIO.1, LW-AIl0.2, LW-Al0.3 and
LW-Al0.4 alloys were conducted to systematically study
influence of Al on microstructure and mechanical proper-
ties of lightweight high-entropy alloys. Al content was
found to have a prominent effect on the strength and strain
of LW-Alx alloys. As presented in Fig. 3, strength of the
compression alloys shows a growing tendency toward the
increase in Al content, and the fracture strain of LW-Al0.4
alloy achieves a maximum value of 16.98%. Results show
that the addition of trace amounts of Al element has a
significant effect on phase composition and microstructure
of LW-Alx alloys. The volume fraction (Fig. 2f) of C14
Laves phase increases gradually with an increase in Al
content, except for LW-Al0.4 alloy. The size of C14 Laves
phase shows an overall expansion trend from LW-AIQ.1 to
LW-Al0.4 alloy, and the phase in LW-Al0.4 alloy is the
largest. Compressive strength and strain of LW-AIOQ, LW-

Al0.1, LW-AI0.2 alloys are 1787.3, 1850.8, 1930.9 MPa,
and 16.19%, 15.83%, 15.68%, respectively. According to
back-scattering diagrams and strain diagrams, the decrease
trend of compressive strain is primarily accounted to the
characteristics of C14 Laves phase itself. As is known to
all, C14 Laves phase is hard and brittle, resulting volume
fraction of C14 Laves phase in (TigZrgNbsVsCry)i00_Al
alloys is increased with an increase in Al content, and the
size of Laves phase gradually expands, so that the hardness
of the alloys is elevated, and strain shows a decreasing
trend.

However, Figs. 2d and 3 demonstrate obvious grain
refinement of (TigZrgNb,yVsCry)igo_,Al, alloys. As grain
refinement can reduce grain size and increase interface area
of alloys, the increase in grain boundary can prevent dis-
location movement and therefore improve strength of
alloys. As is well known, the increase in grain boundary
can also prevent expansion of cracks and improve tough-
ness of alloys. Concurrently, the refinement of grains will
increase the number of grains and lead to uniform distri-
bution of plastic deformation. Therefore, compressive
strain and strength of LW-Al0.3 lightweight high-entropy
alloy are all improved, and compressive strain and strength
of the alloy reach 16.82% and 1996.9 MPa, respectively.
From Figs. 2e and 3, it is found that grain size of LW-Al0.4
alloy increases obviously when the addition of Al is 0.4
at.%. The reduction in volume fraction of the hard and
brittle Laves phase leads to a decrease in compressive
strength and an increase in strain of LW-Al0.4 alloy at the
same time. Therefore, the compressive strength of LW-
Al0.4 alloy decreased to 1983.7 MPa, and the strain
increased to 16.98%. Moreover, the solid solution of Al
atoms in C14 Laves phase is the highest when Al content
reaches 0.4 at.% as shown in Table 3, which indicates that
doping of Al elements prevents precipitation of C14 Laves
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phase in the alloy, thereby improving phase stability of the
alloy and increasing strain of the alloy. In summary, the
improvement of mechanical properties in LW-AlLx alloys is
the result of grain refinement strengthening, solid-solution
strengthening of Al atoms, and second-phase precipitation
strengthening, and thus LW-AI0.3 alloy shows the highest
strength and better ductility performance.

3.4 Fracture morphology analysis

Fracture morphology of (TigZrgNbsV5Cry)100_ Al (x = 0,
0.1, 0.2, 0.3, 0.4 at.%) alloys after compression test was
observed by secondary electron mode of SEM, and as
shown in Fig. 5, LW-AIO alloy without Al addition exhibits
typical flat and bright river pattern morphologies, which is
the main characteristic of the cleavage fracture. A small
amount of dimple morphology and some tearing edges can
also be observed on the fracture surface. The mixture of
cleavage fracture with the dimple indicates that LW-AlQ
alloy exhibits a typical quasi-cleavage fracture during the
compression process, which is a type of brittle fracture.
LW-AIOQ.1 alloy exhibits flat and bright cleavage frac-
ture morphology, as presented in Fig. 5b, indicating that
the addition of Al can increase brittleness of the alloy.
Additionally, some secondary cracks are also observed on

Secondary

-

River pattern

30 pm

the fracture surface, and the secondary cracks can dis-
perse stresses caused by primary cracks during deforma-
tion of alloy and therefore improve yield strength of the
alloys. Notably, yield strength of LW-AlO.1 alloy is
increased by 15.9% compared with that of LW-AIO alloy.
In addition, fracture surface of LW-Al0.2 alloy with
addition of Al by 0.2 at.% shows more cleavage fracture
morphology, as presented in Fig. 5c, indicating significant
brittleness increase in the alloy. Thus, fracture strain of
LW-AlIO0.2 alloy is the lowest with minimum value of
15.68%. It can be interpreted that the solid solution
amount of Al atoms in the alloy increases with more Al
addition, and the strength of LW-Al(.2 alloy is enhanced
due to solid solution strengthening. Moreover, the volume
fraction of C14 Laves phase is increased by 0.2 at.% Al
addition (as shown in Fig. 2f), and the hard and brittle
nature of C14 Laves phase results in increased strength
and decreased strain in LW-Al(0.2 alloy. By increasing
addition of Al content, obvious dimple morphology can
be observed in Fig. 5d and e, and many concave or
convex micro-pits were observed on fracture surface of
LW-Al0.3 and LW-AIl0.4 alloys. It is consistent with the
ductility increase in LW-Al0.3 and LW-Al0.4 alloys
shown in Fig. 4b and fracture strain of LW-Al0.4 alloy
finally increases to 16.98%.

crack \ o5

Fig. 5 Compression fracture morphology of (TigZrgNb4VsCrys)i00—,Al, LHEAs. a LW-AIO; b LW-AIO.1; ¢ LW-AI0.2; d LW-AI0.3; e LW-Al0.4
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4 Conclusions

1. TigZrgNb,VsCry (LW-AIO) lightweight high-entropy alloy
is composed of BCC phase and C15 Laves phase, with
volume fractions of 67% =+ 3% and 33% = 2%, respec-
tively. C15 Laves phase of LW-AIOQ alloy is transformed to
C14 Laves phase in alloys with addition of Al, and BCC
phase is significantly refined. Meanwhile, the volume
fraction of C14 Laves phase increases with an increase in
Al content. BCC phase and Laves phase are all signifi-
cantly refined in LW-Alx alloy with Al content of 0.3 at.%.

2. The density of (TigZrgNbyVsCry)igo_Al, alloys
decreases with an increase in Al content. When Al
content in LW-Alx alloy increases from 0 to 0.4 at.%,
the density of LW-AI0 and LW-Al0.4 alloys is
decreased from 6.22 + 0.875t05.79 + 0.679 g cm ™.

3. The compressive strength of LW-Alx alloy shows an
increasing and then decreasing trend with an increase
in Al content. And the compressive strength of LW-
Al0.3 alloy with an Al content of 0.3 at.% reaches a
maximum of 1996.9 MPa. The strength improvement
of LW-Alx alloy is attributed to microstructure refine-
ment, solid solution strengthening and precipitation of
high-strength C14 Laves phase.

4. Fracture strain of LW-Alx alloy decreases first and
then increases with an increase in Al, and the minimum
is 15.68%. The ductility decrease of the alloys is
related to the precipitation of brittle C14 Laves phase.
However, fracture strain of the alloys with Al content
higher than 0.3 at.% is increased, owing to grain
refinement and reduction in volume fraction of C14
Laves phase, and fracture strain reaches the maximum
of 16.98% with Al content of 0.4 at.%.
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