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Abstract: The microstructural evolution, phase stability, and mechanical properties of Al-Li—-Mg—Ti—M (M=Zn, Zr, V)
lightweight high-entropy alloys (LW-HEAs) were investigated. The LW-HEAs with three components, AlxLizoMgio-
TisZnio (#Zn), AlyLixoMgioTizeZro (#Zr), and AlxyLixoMgioTizoV2o (#V), were designed according to the thermo-
dynamic design criteria of HEA, and prepared via a combination process of mechanical alloying and cold-press
sintering. The effects of alloy composition and sintering temperature on the microstructure and mechanical properties of
the LW-HEAs were studied. The results show that the as-milled AlI-Li-Mg—Ti—-M (M=Zn, Zr, V) LW-HEAs form a
simple structure with HCP-type solid solution as the primary phase, a dual-HCP type solid solution phase, and a BCC
phase, respectively. After cold-press sintering, the #Zn and #V alloys undergo obvious phase transformation; while the
#Zr alloy with dual-HCP phases exhibits the best phase stability during heat treatment. The #V-750 °C alloy
demonstrates the maximum hardness and specific strength of HV 595.2 and 625 MPa-cm®/g, respectively, under the
combined effect of solid solution strengthening of BCC phase and precipitation strengthening of f-AlTi;. Moreover, the
#Zr-650 °C, #Zr-750 °C, and #Zn-650 °C alloys are expected to have excellent plasticity.
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strength; plasticity

1 Introduction

Unlike traditional alloys with only one or two
main components, high-entropy alloys (HEAs) are
composed of various main components with
equimolar/near-equimolar ratios and unexpectedly
have simple phase structures. HEAs exhibit more
excellent properties than traditional alloys, such as
high strength [1,2], high hardness [3,4], high wear
resistance [5,6], and high corrosion resistance [7,8].
However, most of the reported HEAs are composed
of transition group elements, and the density of
the majority alloys exceeds 6 g/cm? [9]. Designing
and preparing new lightweight alloys with both
low density and excellent performance become a

research hotspot in high entropy alloy.

Introducing light elements, especially Mg, Li,
Al, and Ti, etc., into the compositional design can
significantly reduce the density of HEAs [10—14].
For example, MITRICA et al [10] designed a series
of Al-Cu—Si—Zn—Mg light weight HEAs (LW-
HEAs) with a density lower than 3.57 g/cm®, and
the alloy density decreased with the increase of Al
and Mg contents. The alloy phases include a FCC
phase, Mg,Si phase, and Al,Cu phase. JI et al [11]
prepared AlssMgsoZn3oCusSi, LW-HEAs with a
density of 3.71-3.78 g/cm?, and the phase constitute
included FCC phase, Si phase, Mg,Si phase, and
Mg—Al—Zn phase. JIA et al [13] designed a series
of Al-Li—-Mg—Si—Ca—(Y) LW-HEAs with a density
lower than 1.57 g/cm?®, and the phases of these alloys
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consisted of HCP and/or BCC, and other two or
more intermetallics.

Based on the LW-HEAs reported above, it can
be summarized that in addition to Al and/or Ti
elements, the alloys contain at least one other light
element that is easy to be immiscible with transition
metal elements or to form various intermetallics,
such as Si, alkali metal, and alkaline-earth metal
elements. As a result, multi-phase structure instead
of a single-phase structure is inevitably formed.
Moreover, even if a single-phase structure is
obtained through mechanical alloying, many
intermetallics will be precipitated during the
subsequent sintering or heat treatment [4,12,15].
Obviously, the single-phase-structured LW-HEAs
exhibit poor thermal stability. Encouragingly,
YOUSSEF et al [14] designed and prepared an
AlyLixMgi0ScaTizo LW-HEA with a density of
2.67 g/lcm® via mechanical alloying. Although the
phase structure transformed from single-phase FCC
to HCP after annealing at 500 °C, no intermetallics
were formed. Further, DONG et al [4] prepared a
series of (AILiMgosTiis)100-xScy LW-HEAs via a
combination method of mechanical alloying and
cold-press sintering, and found that the addition of
Sc improved alloy phase stability and inhibited
phase transformation during the sintering. It is
therefore inspiring to explore more LW-HEAs with
high phase stability, aiming to figure out the
inherent rule of phase formation and transformation
for LW-HEAs.

In this work, AlLiMgTi-based LW-HEAs with
different fifth components were designed using
empirical parameter criteria of HEAs. Three
LW—HEAS, AlzoLizoMg1oTi4oZn1o, AlzoLizoMgloTi3o-
Zry, and AlyLizoMgioTi3oVa, which meet the
design requirements, were prepared via a
combination process of mechanical alloying and
cold-press sintering. The effects of elements and
sintering temperature on the microstructure and
properties of Al-Li—-Mg-Ti—-M LW-HEAs were
discussed. This work hopefully provides valuable
data and fundamental knowledge for the design of
thermal stable LW-HEAs.

2 Experimental
2.1 Alloy design

To meet the requirements of lightweight,
low-density elements, Al, Li, Mg, and Ti, were

selected as the mandatory components of the alloys.
Si, Ca, V, Cr, Fe, Co, Ni, Cu, Zn, Y, Zr, and Nb
elements were selected as the fifth component
(denoted as M), and the characteristic parameters of
these elements are shown in Table 1 [16].

Table 1 Characteristic parameters of elements in Al-Li—
Mg-Ti—-M LW-HEAs [16]

Element Structure Densit_y/ ractici)us/ T/ PaulingVEC
atRT  (grem™) om K EN

Li  A2(BCC) 0.53 151.94 454 098 1
Mg A3 (HCP) 1.74 160.13 923 131 2
Al Al (FCC) 2.70 143.17 933 1.61 3
Ti A3 (HCP) 450 146.151941 154 4
Si A4 (Cubic) 2.33 115.30 1687 1.90 4
Ca Al(FCC) 1.53 197.60 1115 1.00 2
V.  A2(BCC) 6.12 131.60 2183 1.63 5
Cr A2(BCC) 7.19 124091 2180 1.66 6
Fe A2(BCC) 7.88 124.12 1811 1.83 8
Co A3 (HCP) 8.84 125.10 1768 1.88 9
Ni  AI(FCC) 891 12459 1728 191 10
Cu AI(FCC) 894 127.8 1358 1.90 11
Zn A3 (HCP) 7.14 13945 693 195 12
Y A3HCP) 447 180.151975 122 3

Zr A3 (HCP) 651
Nb  A2(BCC) 8.8 142.90 2750 1.60 5
Mo A2(BCC) 1023 13626 2896 2.16 6

160.25 2128 133 4

Twm is melting point; Pauling EN represents Pauling electro-
negativity; VEC is valence electron concentration

Based on the composition of AlyLixnMgio-
ScaTizo LW-HEA [4,14], a series of HEAs with the
atomic ratio of AlzoLizoMg1oTi3oM20 (M= Si, Ca, Vv,
Cr, Fe, Co, Ni, Cu, Zn, Y, Zr, and Nb) were
designed. According to the design criteria of
HEAs [17,18], the thermodynamic and physical
parameters of AlyLixMgioTizoM2o alloys were
calculated, including atomic size difference (J),
mixing enthalpy change (AHmix), mixing entropy
change (ASmix), entropy—enthalpy ratio (£), valence
electron concentration (VEC), -electronegativity
difference (AX ), and melting point (7m):

2
5=\/Zc{1—lfi ch.rl} x100% (1)
i=1 i=1
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AH, . = Z 4AH/rxnliaXcicj (2)
i=Lit)
AS,.=—R> ¢;Ing 3)
i=1
T_AS .
Q — m mix (4)
|AHmix|
T,=>c(T,) (5)
i=l1
VEC=Y ¢,(VEC), (6)

i=l1

2
AZ:\/ZCI'(ZI' _Zcilij (7

where ¢; and ¢; are the molar fractions of the ith and
Jjth components, respectively, 7; is the radius of the
ith atom, 7 is the number of components, AHx, is
the mixing enthalpy change between elements A
and B (the data are taken from Table 2 [19]), R is
the molar gas constant (R=8.314 J/(mol-K)), (VEC);
is the valence electron concentration of the ith
component, and y; is the Pauling electronegativity
of the ith component. Figure 1 shows the thermo-
dynamic parameters of the AlxLixoMgioTi30M2o
alloys. According to the design requirements
of HEA [20]: 6<6.6%, —15kJ/mol<AHnix<
10 kJ/mol, and 2> 1.1, three alloys, AlxLixoMgio-
Ti30V20 (named #V), AlzoLizoMngimZI‘zo (named

#7r), and AlyLixnMgioTizZny, were screened to
meet the design requirements. Considering the low
melting point of Zn element, higher Zn content
leads to lower melting point, thus the Zn content in
AlyLioMgioTiz30Zny alloy is adjusted and alloy
AlyLioMgioTisZnio (named #Zn) that still meets
the design requirements of HEA is determined.
The theoretical density (pmeor) Of the alloy can be
calculated by the following formula [21]:

ptheor:ZCiAi Z(CiAi/pi) (8)
i=1 i=1

where A; and p; are the atomic mass and density of
the ith component, respectively. The calculated pincor
values of the #Zn, #Zr, and #V alloys are 3.13, 3.48,
and 3.11 g/cm?, respectively. Obviously, the alloys

Table 2 Mixing enthalpy changes between elements in
Al-Li-Mg—Ti—M (M=Zn, Zr, V) LW-HEAs [19]
AHY /(kJ-mol ™)
Al Li Mg Ti
Al -
Li —4 -
Mg -2
Ti =30 34
Zn 1 =7 —4 8
Zr —44 27 6 0
\Y% -16 37 23 -2

Element

o

Al Li, Mg, Ti, Si
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Fig. 1 Thermodynamic parameters of AlI-Li—-Mg—Ti—M LW-HEAs
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exhibit low densities and meet the lightweight
requirements.

2.2 Alloy preparation and characterization

Pure Ti, Zn, Zr, and V metal powders with a
purity >99.5%, as well as Al-Li (Al/Li molar ratio
of 2:1) and Mg—Li (Mg/Li molar ratio of 1:1)
master alloys, were selected as raw materials. Alloy
powders with nominal compositions of AlxLiz-
MgloTi4oZn1o, AlzoLizoMgloTi3ozrzo, and AlzoLizo-
Mg0Tiz3o V2 were prepared in a planetary ball mill
using a Retsch-PM100 model. Stainless steel balls
were used as the ball milling medium, the
ball-to-material mass ratio was set to be 10:1, and
the alloying of #Zn was carried out at a milling
speed of 300 r/min for 30 h. Since Zr and V are
high melting point elements, the alloying time of
#Zr and #V alloys was set to be 50 h. Stearic acid
was used as a process control agent (PCA) to
prevent the alloy powders from agglomerating
during ball milling. Then, the as-milled powder was
pressed into a disk-shaped billet with a size of
d10 mm x 3 mm by a CMT5105 model universal
testing machine, and the pressure was kept constant
at 1 GPa for 2 min during pressing. Finally, the
pressed billets were sintered without pressure using
an SG-GL1200 tube furnace under the protection of
an argon atmosphere. According to the theoretical
melting point of the alloy, 650 and 750 °C were
selected as the sintering temperature, respectively.
During sintering, the billets were first heated to
100 °C at a heating rate of 5 °C/min for 1 h, then
heated to the required sintering temperature for 2 h,
and finally cooled to room temperature in the
furnace.

The phase analysis of the alloys was carried
out by the X-ray diffractometer (XRD, RigakuD/
MAX-2500PC) with a Cu target. The scanning
electron microscope (SEM, TESCAN VEGA3
LMH) with an energy dispersive spectroscopy
(EDS) was adopted for the microstructural
characterization and micro-composition analysis of
the as-sintered alloys. In addition, an HV—1000
Vickers microhardness tester was used to test the
room temperature microhardness of the as-sintered
alloy, the applied load was 3 N, and the holding
time was 15 s. In the test, ten different points were
randomly selected and measured for each sample,
the maximum and minimum measurement values

were then removed, and the average value of the
remaining test results was taken as the micro-
hardness value of the alloy.

3 Results

3.1 Microstructure of as-milled Al-Li—Mg-Ti—

M (M=Zn, Zr, V) LW-HEAs

Figure 2 shows the XRD patterns of the as-
milled AlI-Li—-Mg—Ti—M (M=Zn, Zr, V) LW-HEAs.
According to the XRD pattern, the #Zn alloy forms
an HCP-type solid solution phase and an unknown
minor phase that XRD cannot determine. The #Zr
alloy forms a dual-HCP (HCP1 and HCP2) type
solid solution phase. In contrast, the #V alloy only
forms a single BCC-type solid solution. The
experimental results confirm that the as-milled
Al-Li—-Mg—Ti—-M (M=Zn, Zr, V) alloy powders all
form a simple-phase structure. At the same time,
obvious broadening of the diffraction peaks of the
as-milled #Zr and #V powder samples is observed,
which is deemed to be the results of grain refining
due to the longer mechanical alloying time of the
#Zr and #V samples than that of the #Zn sample.

HCP1 HCP
4+ HCP2 + Unknown
* BCC

MLM x ie o #Zr

30 40 50 60 70 80 90
20/(°)

Fig. 2 XRD patterns of as-milled Al-Li—-Mg-Ti—-M
(M=Zn, Zr, V) LW-HEAs

Moreover, it can be found that the diffraction
peak position of the HCP solid solution phase in the
#Zn alloy is closer to the peak position of a-Ti,
suggesting that the solid solution phase has a
Ti-type HCP structure. The peak positions of the
HCP1 and HCP2 solid solution phases in the #Zr
alloy are close to the peak positions of a-Zr and
a-Ti, respectively, indicating that the dual phases
have Zr-type HCP and Ti-type HCP structures,
respectively. Similarly, the diffraction peak position
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of the BCC phase in the #V alloy is close to the
peak position of -V, indicating that the phase
has a V-type BCC structure. The solid solution
phase in AlLiMgosTi;s HEA has been reported to
have a Ti-type HCP structure [4]. Therefore, it is
reasonable to deduce that adding low Ty, element M
(Zn) to the AlLiMgTi-based alloy cannot change the
solid solution phase structure in the alloy, i.e., the
solid solution phase in the AlI-Li—Mg—Ti—M alloy
still maintains the Ti-type HCP structure of the solid
solution phase in the AlLiMgTi-based alloy. In
contrast, adding Zr and V elements with high 7,
(higher than T}, of Ti) will change the solid solution
phase structure, which tends to be the crystal
structure of the high 7i, elements. In other words,
the elements with high 7, act as solvents in the
alloy.

3.2 Microstructure of as-sintered Al-Li—Mg—Ti—
M (M=Zn, Zr, V) LW-HEAs

Figure 3 shows the XRD patterns of as-
sintered Al-Li—-Mg—-Ti-M (M=Zn, Zr, V) LW-
HEAs bulk samples. Compared with the as-
milled AI-Li—-Mg—Ti—M (M=Zn, Zr, V) LW-HEAs,
the as-sintered alloys undergo obvious phase
transformation, forming new solid solutions
or/and intermetallics. As shown in Fig. 3(a), the
#7n LW-HEAs form a Ti-rich HCP solid solution,
7-Mg3(Al,Zn)s, and an unknown phase after
sintering at 650 °C. When the sintering temperature
increases to 750 °C, the Ti-rich HCP solid solution
and 7-Mgs(Al,Zn)s phase disappear, y-AlixMgi7
phase, a small amount of f-AlTi; intermetallic and
an unknown phase are formed. Figure 3(b) shows
the XRD patterns of the sintered #Zr LW-HEAs. It
can be found that the #Zr LW-HEAs sintered at 650
and 750 °C both retain the dual-HCP solid solution
(HCP1 and HCP2) structure of the as-milled
LW-HEA and only one unknown phase precipitates,
which means that the alloy has high phase stability.
From the XRD patterns of the as-sintered #V
LW-HEAs in Fig. 3(c), it can be found that when
the sintering temperature is 650 °C, the #V alloy
consists of Ti-rich HCP solid solution, V-rich
BCC solid solution, and a small amount of $-AlTis3
and y-Ali»Mgi;7 intermetallics. When the sintering
temperature increases to 750 °C, HCP phase
disappears, and #V alloy is mainly composed of
[-AlTis, a small amount of y-AlixMg;7 intermetallic,
and BCC solid solution.

(a) + HCP
* y-Al; Mgy,

+ -Mgs,(ALZn)yg
+ Unknown
*! * [-AlTi,

#Zn-750 °C

(b) =« HCP1
~ HCP2
+ Unknown

) ¢

A #Zr-750 °C
A

P #Zr-650 °C

» +4 A A
+ !AQX M XA

1 1 1

10 20 30 40 50 60 70 8 90

20/(°)
© v HCP
* BCC
* [-AlTi,
* * 7-Al,Mgy;
* #V-750 °C
* ., * H *! * ‘l! Wk
v #V-650 °C

*
* !&Wh Y W WY
10 2IO 3I0 4I0 SI() 6IO 7‘() 8I0 90
200(°)
Fig.3 XRD patterns of as-sintered Al-Li-Mg—Ti-M
(M=Zn, Zr, V) LW-HEAs: (a) #Zn; (b) #Zr; (c) #V

The SEM backscattered electron images and
EDS analysis results of the as-sintered Al-Li—-Mg—
Ti—-M (M=Zn, Zr, V) LW-HEAs are shown in Fig. 4
and Table 3, respectively. It can be seen from the
figure that the microstructures of #Zn and #Zr
LW-HEAs sintered at 650 and 750 °C are relatively
dense and do not show obvious pores. However,
the as-sintered bulk #V LW-HEAs show less
densification degree and there are more pores in the
microstructure. According to the EDS mappings in
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©

o

Fig. 4 SEM images and EDS mappings of as-sintered Al-Li—-Mg—Ti—M (M=Zn, Zr, V) LW-HEAs: (a) #Zn-750 °C;
(b) #Zn-650 °C; (c) #Zr-750 °C; (d) #Zr-650 °C; (e) #V-750 °C; (f) #V-650 °C

Fig. 4, both the as-sintered #Zn and #Zr alloys show
an evident element segregation phenomenon, while
the element distribution in the #V alloy is relatively
uniform. It can be figured out from Fig. 4(a) and
Table 3 that the #Zn-750 °C alloy has at least three
regions with different compositional contrasts
(marked as A, B, and C, respectively). Ti element is
segregated in regions A and C, and Mg element is
segregated in region B. Combining with the XRD
pattern in Fig. 3(a), it can be determined that the
off-white region A is -AlTi; phase, while the gray
black region B is y-AlixMgi7 phase. The bright
white region C is a Ti-rich HCP-type solid solution
phase, but the volume fraction of the HCP phase is
too small to be identified by XRD. As shown in

Fig. 4(b), there are also at least three regions with
different composition contrasts in the #Zn-650 °C
alloy (marked as A, B, and C, respectively). The
off-white region A is the HCP phase. And the
gray-black region B is the 7-Mgs»(Al,Zn)s phase
rich in Mg, Al, and Zn. In addition, the EDS
analysis results in Table 3 show that the bright
white region C is rich in Zn, Ti, and Al elements,
corresponding to the unknown phase calibrated
in Fig. 3(a). The formation of 7-Mgs(Al,Zn)
intermetallic is because Mg and Al, Zn elements
have strong tendency to form complex intermetallic
phases. In addition, the binary mixing enthalpy
between Al and Ti elements is more negative
(Table 2), so Al-Ti-based f phase is easy to form
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Table 3 EDS analysis results of as-sintered AlI-Li-Mg—Ti—M (M=Zn, Zr, V) LW-HEAs in Fig. 4

Composition/at.%

Alloy Region Phase
Al Mg Zn Zr A%

A 21.91 0 73.96 4.12 - - PB-AlTi;
#Zn-750 °C B 37.78 56.21 0 - - y-AlixMg17

C 6.09 0 83.31 10.61 - - HCP

A 16.28 4.91 58.77 20.04 - - HCP
#Zn-650 °C B 47.83 32.70 6.87 - - 7-Mg32(Al,Zn)49

C 15.61 3.16 36.10 45.13 - - Unknown phase

A 30.90 3.23 10.38 - 55.49 - HCP1
#Zr-750 °C

B 27.55 5.84 59.58 - 7.03 - HCP2

A 31.76 2.87 11.52 - 53.85 - HCP1
#Z1r-650 °C

B 28.21 3.19 65.36 - 3.24 - HCP2

A 5.45 6.74 - - 80.97 BCC
#V-750 °C B 27.27 8.38 40.96 - - 23.39 B-AlTi;

C 32.50 54.59 - - 5.49 y-Ali2Mgy7

A 7.88 7.13 - - 81.35 BCC
#V-650 °C B 25.77 9.13 40.95 - - 24.16 HCP

C 34.64 53.73 - - 5.29 y-AlixMg7

and relatively thermodynamically stable. Moreover,
according to Table 3, the HCP phase in the
#7n-650 °C alloy contains a certain amount of Mg
element, while no Mg element is detected in the
HCP phase in the #Zn-750 °C alloy. In other words,
the increase of temperature promotes the diffusive
precipitation of Mg from the HCP phase and the
formation of intermetallic with other elements.

Figures 4(c) and (d) show the EDS mappings
of the #Zr-750°C and #Zr-650°C alloys,
respectively. It can be found that both the #Zr alloys
sintered at 650 and 750 °C exhibit two regions
(marked as A and B) with different compositional
contrasts. Combining the XRD patterns of Fig. 3(b)
and the EDS analysis results in Table 3, it can be
determined that the bright region A is the Zr-rich
HCP solid solution phase, and the dark region B is
the Ti-rich HCP solid solution phase. No phase
transition occurs after sintering, indicating that the
#Zr alloy with dual-HCP solid solution phase has
better high-temperature phase stability.

Figures 4(e) and (f) show the EDS mappings
of the #V-750 °C and #V-650 °C alloys, respectively.
It can be seen that there are at least three regions
(marked as A, B, and C, respectively) with different
compositional contrasts in both the #V-750 °C and

V-650 °C alloys. Combined with the XRD pattern
of Fig. 3(c) and the EDS analysis results in Table 3,
it can be determined that the bright white region A,
the off-white region B, and the dark black region C
in the #V-750°C alloy are V-rich BCC phase,
[-AlTis phase, and y-AlixMgi; phase, respectively.
In the #Zn and #V alloys, the Ti-rich HCP phase
transforms into S-AlTis and y-Ali2Mgi7 phases after
sintering at 750 °C, while in the #Zr alloy the phase
transformation does not occur. Therefore, the
Ti-rich HCP phases in the #Zn and #V alloys are
less stable than those in the #Zr alloys. In addition,
it can be determined that regions A, B, and C in the
#V-650 °C alloy are the V-rich BCC phase, Ti-rich
HCP phase, and y-AlixMgi7 phase, respectively.
It is worth noting that the S-AlTis phase in the
#V-650 °C alloy detected in XRD cannot be
identified in the SEM microstructure, possibly
because the phase volume fraction in the detection
area is too small or the composition contrast
between the f-AlTis and Ti-rich HCP phases is not
noticeable.

Except for the #Zr alloys, the phase
compositions of LW-HEAs are closely related to
the sintering temperature, and the microstructures
of alloys sintered at different temperatures are
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significantly different. The higher the phase stability,
the smaller the difference in the microstructures
sintered at different temperatures. The thermal
stability of low-order (binary and ternary
subsystems) phases is crucial to the phase stability
of HEA systems [22], i.e., intermetallics with a
strong tendency to form in binary and ternary
systems are also more prone to precipitate in
multicomponent alloy systems. y-Al;xMgi7; and
7-Mg32(Al,Zn)49 phases prefer to form in Mg—Al
binary and Mg—Al-Zn ternary alloy systems
[23,24], such that they also tend to precipitate in
Al-Li—-Mg—Ti-M (M=Zn, Zr, V) LW-HEAs.

3.3 Mechanical properties of Al-Li—Mg—Ti—-M

(M=Zn, Zr, V) LW-HEAs

Figure 5(a) shows the microhardness (HV) of
as-sintered Al-Li—-Mg—Ti—-M (M=Zn, V, Zr) LW-
HEAs. It can be seen that the microhardness of
Al-Li-Mg—-Ti—-M (M=Zn, V, Zr) LW-HEAs increases
with the increase of sintering temperature.
Moreover, under the same sintering temperature,
the microhardness of the #V alloy is the highest,
followed by the microhardness of the #Zr alloy, and

600 @ E
2650 °C
~ 500 E=1750 °C 4462
= 4214},5 ,_LT
7 400 N7
g /S
E 300 268.8 257.1 ;;;
s : v
5 200 v 77
2 NN N 1
7 v s
100t/ // s
// // /S
0 // // /S
#7Zn #7Zr #V
HEA
2000 | (b) i
. Z2650 °C
o E=1750 °C 1458
= 1500 1387 I
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- /S
= /S
510000 2w %/
7 > /S
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2 504 / /. /S
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// // /S
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#7Zn #Zr #V
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Fig. 5 Microhardness (a) and yield strength (b) of
as-sintered AI-Li—-Mg—Ti—M (M=Zn, Zr, V) LW-HEAs

the microhardness of the #Zn alloy is the lowest. To
explore the mechanical properties of Al-Li—Mg—
Ti—-M (M=Zn, V, Zr) LW-HEAs, the yield strength
(ay) is calculated by the empirical formula [25]:

HV=30, )

Figure 5(b) shows the yield strength of as-
sintered Al-Li—-Mg-Ti—-M (M=Zn, V, Zr) LW-
HEAs, and Fig. 6 shows the specific yield strength
(ratio of yield strength/density) of as-sintered Al—Li—
Mg-Ti-M (M=Zn, V, Zr) LW-HEAs. Consistent
with the change in hardness, the strength and
specific strength of Al-Li-Mg—Ti—M (M=Zn, V, Zr)
LW-HEAs increase with the increase of sintering
temperature. As for the same sintering temperature,
the #V alloy has the highest strength and specific
strength and the #Zn alloy has the lowest ones. The
specific strength of the alloys is in the range
of 161.1-625.2 MPa-cm®/g. Figure 7 shows the
specific yield strength versus the density of
some LW-HEAs [10,14,15,26-31], AZ31 [32],
Inconel [15], and Ti—6AI-4V [15] alloys. The
as-sintered Al-Li—-Mg—Ti—-M (M=Zn, V, Zr) alloy
has a lower density and higher specific strength,
and the specific strength of the alloy is higher than
most of the reported LW-HEAs, magnesium alloys,
titanium alloys, and nickel-based alloys. Except for
the #Zn-650 °C and #Zr-650 °C alloys, the specific
strengths of the other alloys prepared in this work
are higher than that of Ti—6Al—4V alloy. Among
them, the #V-750 °C alloy has the highest specific
strength (up to 625.2 MPa-cm®/g), 2.5 times that of
Ti—6Al-4V alloy and just lower than that of
AlxBexoFe0SiisTiss and AlzoLizoMgloTiz.oSCzo LW-
HEAs.
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Fig. 6 Specific yield strength of as-sintered Al-Li—-Mg—
Ti—-M (M=Zn, Zr, V) LW-HEAs
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Fig. 7 Specific yield strength versus density of some LW-HEAs [10,14,15,26—31], AZ31 [32], Inconel [15], and
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4 Discussion

4.1 Elemental
correlation
Understanding and discussing the elemental
dissolution law can help predict the phase structure
of the as-milled HEAs. The inherent physicochemical
properties of the component elements [12,33,34],
such as melting point (7n), atomic radius (7),
self-diffusion coefficient, ductility [12,33—35],
especially T [33—35], play an important role in
the elemental dissolution, alloying, and phase
formation during the mechanical alloying. Usually,
the diffusion rate of elements with high Ti, is lower
than that with low 7, due to the stronger
interatomic binding energy [33,34,36]. As a
consequence, the elements with high 7, tend to
serve as solvents due to their slow diffusion rate.
Elements with low Ty, will gradually diffuse into
and replace the lattice positions of elements with
high T}, during ball milling process [33,34]. Among
the component elements of the #Zn and #V alloys,
Ti and V have the highest T, respectively, and
consequently act as solvents, causing the peaks of
the final solid solution to approach the HCP Ti
(29(101)peak:40-160) and BCC V (29(110) peak=42.20°)
peaks (Fig. 2), respectively. Similar to the #Zn and
#V alloys, the dependence of the as-milled solid
solution structure on the crystal structure of the
highest Tin component has also been reported for
many Mg-containing HEAs [12,37-39]. However,
although Zr has the highest 71, in the #Zr alloys, a

dissolution—phase structure

dual-phase solid solution structure, Zr-type HCP
and Ti-type HCP, is obtained after ball milling.
This is largely attributed to the fact that Zr and Ti
have a similar magnitude order of self-diffusion
coefficients [40], and thus they can both act as
solvents. Therefore, the solid solution phase
structure of the as-milled alloys depends not only
on the crystal structure of the highest 7, element
but also the elemental self-diffusion coefficients.

4.2 Phase stability

Based on the XRD and SEM results, it can
be found that the as-milled alloys precipitate
intermetallics after sintering, which implies that the
solid solutions obtained from ball milling are
metastable. Table 4 lists the phase statistics of the
as-milled and as-sintered Al-Li—-Mg—Ti—M (M=Zn,
Zr, V) LW-HEAs to visualize the phase evolution
of the alloy and analyze the stability of the solid
solution phases. According to Table4, only
7-Mg3(Al,Zn)49 precipitates from the #Zn alloys
after sintering at 650 °C, whereas y-Ali2Mg;7 and
[-AlTis phases precipitate after sintering at 750 °C.
The #V alloy forms the Ti-type HCP phase,
y-AlixMgi7, and f-AlTi; phases after sintering at
650 °C, which is a complex phase transition.
Therefore, the alloy has the lowest solid solution
phase stability. However, only one unknown phase
precipitates in the #Zr alloy after sintering at 650
and 750 °C, and the major structure remains a
dual-phase solid solution, implying a high phase
stability. It should be mentioned that the as-milled
AlzoLizoMngimSCzo LW-HEA with a single HCP
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phase precipitates more intermetallics after sintering
at 650 °C, including y-Mg;7Al 2, f-AlTis, and AlTi
phases [4]. Therefore, the #Zr alloys exhibit
higher phase stability than AlxLixoMgioTiz0Sc20
alloy.

From the above results, it can be seen that the
#Zr alloy has the highest thermal stability, while #V
has the worst thermal stability. It is believed that
that the 7 of HEAs plays an important role in
the phase stability. Normally, HEAs with high T
exhibit excellent thermal stability. Among the three
alloys in this study, the low T, of Zn element leads
to a low Tm of 1215.4 K for the #Zn alloy. However,
although the difference in the 7, between the #Zr
and #V alloys is slight (Fig. 8), the difference in
thermal stability is significant.

In  multicomponent solid solutions, high
lattice distortions can exacerbate solid solution
decomposition, reducing the solid solution phase
stability [41,42]. Both atomic size difference ¢ and
parameter a, proposed in Refs. [41,42] can describe
the lattice distortion:

1751

n cc; ‘ri +r; —Zr‘
= —
2r

i

(10)

where 7 is the average atomic radius.

Figure 8 compares the J and o values of
Al-Li-Mg-Ti-M (M=Zn, Zr, V) LW-HEAs. The
#V alloys have the largest lattice distortion, which
means that phase decomposition degree is the
intensest and phase stability is the lowest.
Compared to the #V alloy, the #Zn alloy has lower
lattice distortion and thus higher phase stability. It
should be mentioned that in the calculation of the &
and a» values for the #Zr alloy which has a dual
HCP solid solution structure, the elemental content
of the whole alloy is taken rather than the elemental
content of the respective components in the Ti- and
Zr-type HCP solid solutions, which brings about a
certain error, and might affect the accuracy of the
evaluation. In fact, due to the formation of a
dual-phase solid solution structure in the #Zr alloys,
the solute content should be lower than that of a
single-phase solid solution structure, and the lattice

Table 4 Phase statistics of as-milled and as-sintered Al-Li—-Mg—Ti—-M (M=Zn, Zr, V) LW-HEAs (“\” represents

presence and “x” represents absence)

Alloy Ti-type HCP  Zr-type HCP  V-type BCC 7-Mgs(AlLZn)s Unknown phase y-AliMgi7; S-AlTiz
#Zn-milled v x v x x
#Zn-650 °C v v v x x
#Zn-750 °C v x v N N
#Zr-milled v v x x x
#Z1-650 °C v Y N x x
#Zr-750 °C v v N x x
#V-milled x N x x x
#V-650 °C v N x N N
#V-750 °C x N x N N

B -y A-AH, v AGy, © Q' <Ay ->VEC o T, %o
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Fig. 8 Comparison of calculated empirical parameters for #V, #Zn, and #Zr alloys (y is the stacking parameter; a; is the

lattice distortion parameter)
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distortion of a dual-phase HCP structure should be
lower than the calculated value. If half of the
content of each element Al, Li, and Mg goes into
the Ti- and Zr-type solid solutions, the stoichio-
metric formulas of the Ti- and Zr-type solid
SOlutiOHS Will be Al 10Li10Mg5Ti3o and Al 10Li1oMgszI'20,
respectively, whose lattice distortion parameter a»
can be calculated as 0.006091 and 0.007538,
respectively. Compared to a complete single-phase
solid solution, whose lattice distortion parameter o
is calculated to be 0.010421, the value of the
dual-phase alloy is apparently lower. Besides, a
dual-phase structure effectively decreases the lattice
distortion caused by the atomic size differences of
the constituent elements [43].

It should be noted that J represents the average
effect of the atomic size difference of all elements
in the alloy. However, in multicomponent alloys,
the phase stability may be mainly determined by the
atoms with the largest (L) and smallest (rs) sizes.
WANG et al [44] constructed a stacking parameter
(y) using r. and rs to characterize the atomic
stacking effect in multicomponent alloys:

1) 7 (FL+") ‘f )
(rs+r)

As shown in Fig. 8, the y parameter is closely
related to the phase stability of Al-Li—-Mg—-Ti—-M
(M=Zn, Zr, V) LW-HEAs. The smaller the value of
v, the higher the phase stability of the solid solution.
The y values of #V, #Zn, and #Zr alloys are 1.204,
1.141, and 1.113, respectively. The atomic size of
the fifth element M affects the phase stability by
influencing the atomic stacking effect of the alloy.
To visualize the effect of the atomic size of element
M, Fig. 9 shows the atomic sizes of the elements in
Al-Li-Mg-Ti-M LW-HEAs. Here, a window is
created with the range of atomic radii for the base
elements Al, Li, Mg, and Ti. Connecting the phase
stability for Al-Li—-Mg—Ti—M LW-HEAs, it is easy
to see that the closer the atomic radius of the
element M to the window, the higher the phase
stability. That is, the element M with an atomic
radius close to the window is the element that
enhances the phase stability of Al-Li—-Mg—Ti-M
LW-HEAs most obviously, such as Zr.

Generally, the larger the Q value, the more
pronounced the high entropy effect, so the higher
the solid solution phase stability [45]. The #V alloys

have the lowest Q values (even below the critical
value of 10 proposed by YANG et al [46]),
implying the worst phase stability. However, there
is a difference in the actual results when evaluating
the #Zn and #Zr alloy’s phase stability by 2 values,

e., the #Zr alloy has a lower @, but its phase
stability is higher. VEC has also been widely used
to evaluate the phase stability of most HEAs [47],
such as 3d transition metal HEAs and refractory
HEAs, and the criterion is directly related to the
phase type. In this work, due to different types and
amounts of solid solution phases formed in the as-
milled AlI-Li—-Mg—Ti—-M (M=Zn, Zr, V) LW-HEAs,
it is not possible to directly establish a correlation
between the phase stability of Al-Li—-Mg-Ti—-M
(M=Zn, Zr, V) LW-HEAs and the VEC value.
According to Fig. 8, there is a better correlation
between the phase stability of Al-Li—-Mg-Ti—-M
(M=Zn, Zr, V) LW-HEAs and the AX value. The
smaller the AX value, the more favorable the
formation of a multicomponent solid solution and
the higher the phase stability.

©<
\O5
o>
[ *]=
o=

130 135 140 145 150 155 160
Atom radius/pm

Fig. 9 Atomic sizes of elements in Al-Li—-Mg—-Ti—M
LW-HEAs

To illustrate the stability of LW-HEAs, Gibbs
free energy change (AGnix) is analyzed. As we
know, AGmix for multicomponent alloy system can
be expressed as [48]

AGnix=AHmnix—TASmix ( 1 2)

where 7T is the thermodynamic temperature.
According to Fig. 8, AHmix and AGmix values are
closely related to the phase stability of Al-Li—Mg—
Ti—-M (M=Zn, Zr, V) LW-HEAs. AHnmix represents
the average atomic interaction of HEA. A positive
AHnix implies a weakening interatomic interaction,
resulting a decreased thermal stability of the alloy.
The #Zr alloy has the lowest and negative AHmix,
which means that it has stronger atomic interactions,
and thus a higher thermal stability. In addition,
based on the AGmix results, the #Zr alloy has the
lowest system energy, implying the highest stability.

In conclusion, atomic stacking effects, electro-
negativity differences, mixing enthalpy, and Gibbs



Quan DONG, et al/Trans. Nonferrous Met. Soc. China 35(2025) 1742—-1757 1753

free energy change play an important role in
evaluating the phase stability of the current
Al-Li-Mg-Ti-M (M=Zn, Zr, V) LW-HEAs, i.e.,
element M affects the phase stability of the alloys
via atomic stacking effects, electronegativity
differences, mixing enthalpy, and Gibbs free energy
change.

4.3 Enhanced mechanical properties

To analyze the properties of the LW-HEAs,
the microhardness of the phases present in the
LW-HEAs is calculated using the model proposed
by CHEN et al [49]:

HV=2(kG)*5%-3 (13)
I=G/B (14)

where B is the bulk modulus and G is the shear
modulus. Table 5 lists the values of B, G, B/G, and
microhardness for the phases present in Al-Li—
Mg—Ti—-M (M=Zn, Zr, V) LW-HEAs. It should be
noted that here in the calculation, the parameters of
o-Ti, a-Zr, and a-V are taken as those of the Ti-rich
HCP phase, Zr-rich HCP phase, and V-rich BCC
phase in the alloys, respectively. Since these phases
actually have multiple solute elements, the solid
solution strengthening effect will cause a higher HV
than the calculated values of these phases.
According to Table 5, the S-AlTi; has the
highest hardness (8.01 GPa). The hardness of the
Ti-rich HCP, y-Al;2Mgi7, V-rich BCC, and Zr-rich
HCP phases is 6.99, 6.08, 4.08, and 2.06 GPa,
respectively. But the hardness of 7-Mgs:(Al,Zn)ao
phase is very low, only 1.17-4.06 GPa, which means
that 7-Mgs2(Al,Zn)s phase will deteriorate the
hardness and strength of the alloy. According to the
mixing rules, the higher the hard-phase content in
the alloy is, the higher the hardness and strength are.
Although there are Ti-rich HCP phases with
high hardness in the #Zn-650 °C alloy, the bonding

between powder particles is weak due to the low
sintering temperature, resulting in the lowest
hardness; while in the #Zn-750 °C alloy, S-AlTis
phase precipitates, which enhances the hardness and
strength of the alloy. Both #Zr-650°C and
#7r-750 °C alloys retain the dual-HCP structure
(Ti-rich HCP phase and Zr-rich HCP phase) and
only a trace amount of unknown phase precipitates.
Therefore, the solid solution strengthening of the
HCP phase and the precipitation strengthening of
the unknown phase are the main strengthening
means of the #Zr alloys. The #V-650°C alloy
contains high hardness f-AlTi;, HCP, and BCC
phases, so the alloy has higher hardness and
strength than the #Zn and #Zr alloys. As the
sintering temperature increases, the particles in the
#V-750 °C alloy have better bonding than those in
the #V-650 °C alloy, and -AlTi; phase precipitates,
thus increasing the hardness and strength. Therefore,
the solid solution strengthening of the BCC phase
and the precipitation strengthening of the f-AlTis
phase are the main strengthening means of the
alloy.

Plasticity is also an important mechanical
property parameter of materials. According to the
mixing law, the alloys with more ductile phases
have a better plasticity than those with more brittle
phases. The ratio of bulk modulus to shear modulus
B/G and Poisson’s ratio (v) can be used to
determine the ductile and brittle characters of a
phase [56]. According to the B/G—v criterion:
the phases with B/G > 1.75 and v > 0.26 can be
regarded as ductile characteristics, while the phases
with B/G<1.75 and v<0.26 can be regarded as
brittle characteristics. Figure 10 shows the B/G—v
relationship of the phases in the Al-Li—-Mg—Ti—M
(M=Zn, Zr, V) LW-HEAs. According to the B/G—v
criterion, phases, except for the y-Ali.Mgi7 phase,
have ductile characteristics. According to the phase

Table S Values of B, G, B/G, v, and HV for phases present in Al-Li—-Mg—Ti—M (M=Zn, Zr, V) LW-HEAs

Phase B/GPa G/GPa B/G v HV/GPa
S-AlTiz [50] 112.83 61.72 1.83 0.269 8.01
y-Mg7Al [51] 51.30 32.7 1.57 0.240 6.08
Ti-type HCP (a-Ti) [52] 106.00 56.00 1.89 0.270 6.99
Zr-type HCP (a-Zr) [53] 86.33 33.14 2.60 0.330 2.06
V-type BCC (a-V) [54] 164.60 61.70 2.70 0.330 4.08
7-Mg32(ALZn)4 [55] 73.71-80.69 28.97-37.96 2.10-2.77 0.290-0.330 1.17-4.06
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Fig. 10 B/G versus v for phases present in Al-Li—-Mg—

Ti—-M (M=Zn, Zr, V) LW-HEAs

statistics of the sintered Al-Li—Mg—Ti—-M (M=Zn,
Zr, V) LW-HEAs, the absence of the brittle
y-Al12Mg7 phases in the #Zr alloys sintered at
650 and 750 °C, and in the #Zn alloys sintered at
650 °C, implies that the #Zr-650 °C, #Zr-750 °C,
and #Zn-650 °C alloys have excellent plasticity
potential.

5 Conclusions

(1) The as-milled Al-Li—-Mg—-Ti—-M (M=Zn,
Zr, V) LW-HEAs formed a relatively simple solid
solution structure. The solid solution structure
depends on the room-temperature crystal structure
of the highest 7T element, and the elemental
self-diffusion coefficient. Among them, the #Zn
alloy forms a Ti-type HCP solid solution phase and
an unknown phase, the #Zr alloy forms a
dual-phase HCP phase structure, and the #V alloy
forms a single V-type BCC solid solution phase
structure.

(2) After cold-press sintering, the #Zn and #V
alloys undergo obvious phase transformation; while
the #Zr alloy with dual-HCP phases exhibits the
best phase stability during the heat treatment, and
the #Zr alloy still maintains the dual-HCP phase
structure even after sintering at 750 °C.

(3) Atomic stacking effects, electronegativity
differences, mixing enthalpy change, and Gibbs free
energy change play an important role in evaluating
the phase stability of the Al-Li—-Mg—Ti—M (M=Zn,
Zr, V) LW-HEAs. The #Zr alloy with a dual-HCP
structure has the highest phase stability.

(4) All the sintered Al-Li—-Mg—Ti—-M (M=Zn,

Zr, V) LW-HEAs exhibit high microhardness,
strength, and specific strength. The hardness and
specific strength increase with the increase
of the sintering temperature. Additionally, the
#V-750 °C alloy exhibits the highest microhardness
and specific strength, reaching HV 595.2 and
625 MPa-cm®/g, respectively. The #Zr-650 °C,
#71r-750 °C, and #Zn-650 °C alloys reveal excellent
plasticity potential based on the B/G—v criterion.
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Al-Li-Mg-Ti-M (M=Zn, Zr, V)RERESHE SN
TReELR . HBIREMMNDFEMRE

F R, F R, OKRFR!, KA

1. ERKE MERZE TR, EIK 400044;
2. KK ERESESME TSR, FHK 400044

W E: AT AFLi-Mg-Ti-M(M=Zn, Zr, V)& EH G (CW-HEAs) I RMA A M tf A 1Eag. R
P& HEA I3 280 FRUERE T T AloLizoMgioTisoZnio (#Zn)~ AlxoLizoMgi0Tiz0Zr20 (#Zr)F1 AlaoLizoMgi0TizoVao (#V)
3 PR 1) LW-HEAs, @MUK & SARIA RS 45 177204 13X 3 Ma & B0 T &8 mi Kobedii
JEXF LW-HEAs SRR 2 kR sm . 45 K8, BREES 1 Al-Li-Mg-Ti-M (M=Zn, Zr, V)LW-HEAs 4}
ST T UL HCP RUENVA R FZAH . X HCP RUE VRN BCC AN TR a4t . BIdA RBess 5, #Zn FIHV &
SRATWRMAE; MEHN HCP MHIIH#Zr & &1 HUE I FE dr (ARS8 M BT - 76 BCC AR [H 4 5 4k
B-AlTis PUIEALMILFEMEH T, #V-750 'CHE M REALLRE B, 25k %) HV 595.2 Fil 625 MPa-cm’/g.
#72r-650 "C #Zr-750 'C Fl#Zn-650 ‘C & &4 AA R,
KB BIEHE S Ve &l SMEgUE; Met; WeRmE; Bk
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