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Abstract:

A series of as-cast lightweight multicomponent alloys Al ;. Mg, Zn Cu,Si_(x=0, 0.3, 0.6, 0.9, 1.2 at.%) were prepared by a vacuum induction
furnace with a steel die. With the addition of Si, the reticular white Al-Cu phase deposited were gradually replaced by the gray eutectic Mg-Si
phase, while the compressive strength of the alloys increases first and then decreases slowly. It is particularly noteworthy that the compression
plasticity also exhibits this trend. When the Si content is 0.9 at.%, the compressive strength reaches its maximum at 779.11 MPa and the com-
pressive plasticity reaches 20.91%. The effect of the addition of Si on the serration behavior of alloy was also studied; we found that the addition
of Si introduces a new MgSi phase, and with the change of Si is significantly affects the morphology of the precipitated phase, which affects
the serration behavior of the alloys. The comprehensive mechanical properties of the alloy are optimal at the critical point where the serration

behavior disappears. In this work, we have provided a method and a composition for the preparation of a low-cost, high-strength, lightweight

medium-entropy alloys.
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1. Introduction

As the development of the human beings, environmental issues
and energy crisis are gradually being social cognitions. Energy
saving, environmental protection, and the low-carbon life have
become indispensable topics in people’s daily life. Enhancing the
use of light-weight materials can effectively save energy and re-
duce consumption. Besides, traditional aluminum/magnesium
alloys have shown good specific stiffness and specific strength,
meanwhile, a large number of research results and correspond-
ing applications have been obtained . In recent years, the
high-entropy alloys have become a hot issue for researchers.
Conventional high-entropy alloys are generally formed by Co,
Cr, Fe, Ni, Mn as basic elements with alloying elements such as
Al, Cu, Ti, and V et al. adding to the solid solution alloys”'".
These alloys exhibit excellent mechanical properties such as high
strength, high toughness®, good wear resistance'’/, and corro-
sion resistance!'> . However, such alloys tend to have high den-
sity, therefore, how to develop lightweight and low cost high-en-
tropy materials have become the focus of many researchers.
There have been some lightweight high entropy alloys with
great properties developed resent years. A new type of low-den-

sity, high-entropy alloy Al Li, Mg Sc, Ti, has developed by
Khaled M. Youssef et al."*.. This kind of alloy exhibit a nanoscale
single face-centered cubic (FCC) solid solution phase, and due
to the ultrafine grain structure, it shows not only excellent hard-
ness similar to ceramics such as SiC, but also better ductility.
However, since the melting point of Sc and Ti are much higher
than Al Li, and Mg, with mechanical alloying method the prob-
lem of preparing such alloys were solved. Furthermore, a new
hexagonal close-packed (HCP) structure lightweight high-en-
tropy alloys Al Be, Fe Si Ti, are prepared by TSENG KoKai
et al."”), which exhibit excellent mechanical properties at both
room temperature and high temperature. Rui Feng et al.""® stud-
ies the AICrFeMnTi high-entropy alloys by means of simulation
calculation, and the design ideas of lightweight high-entropy al-
loys are revealed from the perspective of phase diagram, howev-
er, due to the addition of Cr, Fe, Mn, the density of the so-called
lightweight material is still high, and the design of lightweight
high-entropy alloy has not been fully revealed. Xing-hao Du et
al.'"” reports a kind of lightweight high-entropy alloys prepared
through copper die casting, and it is found that they have superi-
or specific strength with a tetragonal symmetry lattice, however
the plasticity of the alloy is not mentioned. Additionally, Rui Li
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etal."* " investigated Mg (MnAlZnCu) , lightweight high-en-
tropy alloys are and they exhibit high hardness, but the compre-
hensive mechanical properties are very poor.

More recently, many scholars have also conducted relat-
ed researches and experiments. Since Al, Li, Mg are common
lightweight structural material elements, Yang et al.”* consid-
er and develop two systems of AILiMgZnCu and AILiMgZnSn
using the design principles of high-entropy alloys. However,
in view of the strong electronegativity of these elements, the
high entropy effects do not promote the formation of the sin-
gle phase solid solution, while bulk intermetallic compounds
are generated instead, which therefore results in deterioration in
mechanical properties. On the other hands, When the content
of Al is dominant as 80 at. %, the alloy tends to form a single
face-centered cubic (FCC) solid solution phase. Therefore, two
systems of medium-entropy alloy systems Al Li,Mg.Zn Cu,
and Al Li,Mg.Zn Sn, have been developed, with compressive
strengths exceeding 800 MPa and compression plasticity exceed-
ing 17%. It can be found that although the mixing entropies of
these alloys did not reach the maximum, they all showed supe-
rior mechanical properties. Based on this research, Baek Eun-Ji,
et al.”'! develop an alloy system as Al Mg, Si, Zn Cu, by means
of ultrasonic melting technology, and study the evolution law of
the heat treatment phase of the alloys. In addition, the solid solu-
tion of medium-entropy alloy Al-6Mg-9Si-10Cu-10Zn-3Ni (wt.
%) alloy and phase evolution at different aging temperatures and
times were also studied”>*'], however, ultrasonic melt degassing
technology can significantly improve the mechanical properties
of the alloy, but the mechanical properties of the alloy at room
temperature are not good under high Si content, and it is difficult
to decrease the size and morphology of the Si-rich precipitate by
heat treatment. Li et al.** use supergravity investigated the mi-
crostructures of the lightweight Al-Li-Mg-Zn-Cu alloy, it shows
that the supergravity method can achieve performance-enhanc-
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ing alloys by centrifugation in a short time, gravity is also an
entropy force, paving the way for the design and synthesis of en-
tropy alloys with intriguing properties.

In this study, the low cost lightweight Al ;. Mg, Zn Cu,Si,
(x=0, 0.3, 0.6, 0.9, 1.2 at. %) medium-entropy alloys were pre-
pared. The effect of different Si additions on the microstructure
and properties of the alloy was investigated with SEM, universal
testing machine, and micro hardness tester. At the same time, the
serrated flow behaviors on the compressive stress-strain curve of
the alloys were also studied. The effect of Si addition on the ser-
rated flow behaviors and the effect of serrated flow behaviors on
the mechanical properties of the alloys were also discussed.

2. Materials and Methods

The alloy ingots of about 120g are prepared by an Ar gas-induced
vacuum induction furnace, using industrial pure aluminum
(99.7 wt. %), pure magnesium (99.9 wt. %), pure zinc (99.9 wt.
%), pure copper(99.9 wt. %) and pure poly-silicon (99.9 wt. %).
They were melt at 800°C for 15 minutes with induction stirring,
then poured into a 30mm diameter cylindrical steel die. The
nominal compositions of the alloys are shown in Table 1.

The microstructures are observed by Zeiss SUPRA 55 field
emission scanning electron microscope (SEM) with energy dis-
persive spectroscopy (EDS) and electron backscattered diffrac-
tion (EBSD). In order to observe the total precipitate phase mor-
phology better, the alloys structure were pre-etched with Keller
reagent for 15s. The grain sizes of alloys were analyzed using the
EBSD, and the compositions of the precipitated phase were an-
alyzed by EDS.

This experiment uses (Rigaku) D/MAX-RB X-ray dif-
fract-meter to characterize the phase composition of different
Si content alloys. The experimental conditions are Cu target Ka,
working voltage 30kV, working current 100mA, scanning speed
10 degree/min, range 10-90°.

Table 1. The elemental composition (120g+0.3%)

No. Al Mg Zn Cu Si
Al86Mgl10Zn2Cu2 99.1 10.5 5.6 54 0
Al85.7Mg10Zn2Cu2Si0.3 98.8 10.2 5.6 5.4 0.4
Al85.4Mgl10Zn2Cu2Si0.6 98.2 10.2 5.6 54 0.8
Al85.1Mg10Zn2Cu2Si0.9 97.9 10.2 55 5.5 1.1
Al84.8Mgl10Zn2Cu2Sil.2 97.5 10.2 5.6 5.4 1.5

Alloy
ingot

Microcopy
position

Compressed
sample
location

Figure 1 The alloy ingot and the sampling position of the metallographic sample of the compressed sample
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The experiments use CMT 4305 Universal Testing Machine
to test the compression mechanical properties at room tempera-
ture. Using the HXD-1000TM micro-hardness tester to detect
the Vickers micro-hardness of the alloy. The alloy ingot and the
sampling position of the metallographic sample of the com-
pressed sample are shown in Figure 1.

3. Results and Discussion

3.1 Alloy design

As an inexpensive and lightweight semi-metal element, Si ele-
ment is added to the aluminum alloy to improve the mechanical
properties of the alloy'>> "), Since Mg and Si are liable to form
a high melting point intermetallic compound, for traditional
cast aluminum alloys, the Mg/Si ratio has always been strictly
controlled variable®® *°!. Eun-Ji Baek et al.?!! showed that two
kinds of Si-containing phases, Mg Si, Si and Al.Cu MgSi, Si
were formed in the Al, Mg, Si Cu,Zn, multi-component alloy,
during the solidification of the alloy, a stable Mg Si phase is pri-
mary precipitated at 514-591 °C, when the temperature rises to
500-524 °C, the Si particles precipitated, while the Al,Cu,Mg Si,
phase is formed at 440 °C. Furthermore, with the addition of
Mg, Zn and Cu, some other intermetallics such as Mg-Zn and
q-AlLCu are formed. As these precipitates have lower melting
point, they finally formed out'*****!, In addition, Shao et al.l*
studied the high-entropy alloys of AIMgZnCuSi system, which
obtained the best mechanical properties of Al Mg .Zn, Cu,
09145 alloy. Therefore, this paper intends to study the changes
of microstructure and properties of Al Mg Zn Cu, alloy under
the condition of lower Si addition.

3.2 Effect of Si addition on microstructure

Figure 2 shows the SEM-AsB photos of Al Mg Zn Cu,Si,
alloys under different Si addition, in which we can found that,
with the addition of Si, the white eutectic network precipitate is
replaced by the black precipitated phase. Figure 2(a) shows the
microstructure of the Al, Mg 7n, Cu, alloy, with only white eu-
tectic phase appearing, and with the addition of Si, a black strip
phase appears, partially replacing the white eutectic network
precipitate, which are shown in Figure 2(b). When the Si con-
tent reaches 0.6at. %, the small strip of black precipitated phase
converted into the gray eutectic morphology, as shown in Figure
2(c). As the Si content reaches 0.9at. %, the black granular phase
and the gray eutectic morphology become obviously larger, as
shown in Figure 2(d). When the addition of Si reaches 1.2at. %,
the black granular phases gradually increase, and a larger area of
eutectic structure appears Figure 2(e). Therefore, a large area of
eutectic structure can be formed in the alloy microstructure by
the addition of a trace amount of Si, so that the casting property
of the alloy can be optimized accordingly. The Figure 2(f) shows
the electron backscattered diffraction (EBSD) Euler picture of
the alloy with the addition Si 0.9at. %, we can find that the grain
size of the alloy is between 200-300 mm, since the lattice param-
eters of the B, C, and D phases cannot be determined, they were
appeared as black blind spots on the EBSD image. Also these
phases were not only at the grain boundary, and also exist inside
the grains.




Figure 2 the SEM-AsB photos and EBSD image of the alloys
with different Si addition

3.3 Effect of phase formation

Figure 3 shows the XRD pattern of the alloys under different Si
addition conditions. XRD pattern analysis of the alloys exhibit
that the peak of Mg Si appears and become stronger when the
amount of Si reaches 0.6at. %, and the Mg, (AlZn),, weakened
or even disappeared meanwhile. Eun-Ji Baek’s”!! research shows
that three kinds of Si-containing precipitates are produced in
Al Mg Si Cu.Zn,. Their results also show that the Si-rich pre-
cipitates tend to have higher melting points, and results in the
Si-rich precipitates preferentially precipitated during the solid-
ification process, thereby suppressing the precipitation of the
MgCuZn-rich phase.

The compositions of different precipitates are characterized
by SEM with EDS, which is shown in Table 2. The EDS analy-
sis has shown that a new Si-rich precipitate phase is formed in
the alloy with minute quantity Si, and the microstructures have
changed significantly. We can see from the EDS data analysis
that the three precipitates in the alloy contain different elemental
differences. The alloy without Si addition are formed by matrix
A phase and B phase. The matrix A phase is a-Al solid solution
phase, and it contains less solute elements. The B phase is a eu-
tectic phase, which is rich of Mg-Cu-Zn elements. The C phase is
possibly the Mg Si phase, and D is the eutectic Mg Si.

Table 2. The energy dispersive spectroscopy(EDS) analysis

Elementat.% Al Mg Zn Cu Si
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0 A 9296 534 1.05 0.65 --
B 67.49 2094 470 6.87 --
A 89.37 598 281 184 --
Si0.3 B 55.54 18.13 10.59 15.52 --
C 46.45 27.68 - 1.46  24.42
A 92.47 420 234 099 --
B 53.74 16.12 11.41 18.72 --
Si0.6
C 67.87 14.80 1.07 1.07 15.19
D 72.73 1750 090 0.53 8.33
A 91.89 415 267 128 --
B 61.74 11.68 996 16.63 --
Si0.9
C 5399 2750 1.10 1.27 16.15
D 76.78 9.73 295 184 871

Elementat.% Al Mg Zn Cu Si
A 91.24 396 295 1.85 --
49.26 18.18 12.16 20.40 --
Sil.2
C 51.41 23.67 187 093 22.12
D 73.83 14.63 2.43 1.16 7.92
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Figure 3 the XRD patterns under different Si contents

3.4 Properties

The compressive stress-strain curves and the micro-hardness of
the alloys of the alloys are shown in Figure 4. With the addition
of Si addition, the compressive strength of the alloys increases
first and then decreases, and its maximum compressive strength
reaches 779.11MPa; meanwhile, the compression plasticity of
the alloy also shows this trend, and its maximum value reaches
20.9 % when the addition of Si reaches 0.9 at.%. In addition, it is
found that there are serrated flows in the compression process,
while when the Si content exceeds 0.9at.%, the serrated flow dis-
appears, with the compressive strength and plasticity of the alloy
decreasing. We will discuss this phenomenon in Section 4.2. We
can find that the trend of the micro-hardness of alloys change is
similar to the compressive strength of the alloy with Si addition.

3.5 Serration behavior

The serrated flow behavior of the alloys has become a hot topic
for a long time, typically in superalloys*’, aluminum-magne-
sium alloys"**l and stainless steels™™, in recent years, these be-
haviors were also found in bulk metal glass”*>*”) and high-entro
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Figure 4 the compressive stress-strain curves and the mi-
cro-hardness of the alloys with different Si addition

py alloys"**“’l. For these materials, when there is an appropriate
temperature, strain rate or pre-deformation, the avalanche shear
deformation accompanying the stress zigzag drop will happen
during the compression, which is called the Portevin-Le Chat-
elier (PLC) effect’** “*#?I, The stress increase is due to the hin-
dered and pinned dislocations by the interstitial atoms, which

6404 —Si0.3
600
560
520
480 - r 1
0.10 0.12 0.14 0.16 0.18
Strain
——si0.9]
720 4
680
640
600 4
T T T
0.24 028gy i 0.28 0.30

Figure5 the serration flow behavior under initial conditions with different Si addition



causes the dislocation walls or dislocation loops forming, how-
ever, when the stress continues to increase, the dislocations will
break away from the bond and continue to slip, so that the stress
decrease a little. In this way, the cyclic fluctuation of the stress
occurs, which can be seen that the serration behavior yield in
the metal crystal is related to the dislocation motion and the ex-
tension of the Liiders bands. In aluminum-magnesium alloys,
these serration flow behaviors often explained by the dynamic
strain aging (DSA) theory which is proposed by Cottrell”}, this
theory clarifies the dynamic interaction between movable dislo-
cations and solute atoms. At present, there is some controversy
about the interpretation of the theory. The DSA theory focuses
on the interaction between solute atoms and defects in the crys-
tal. However, the influence of precipitation in the material on the
Portevin-Le Chatelier (PLC) effect cannot be ignored, especially
in high alloyed aluminum alloy. As an alloying element in Al-Mg
alloys, Si is easy to form Mg Si precipitates with Mg in the alloys.
Therefore, the addition of trace amounts of Si will have a more
complicated effect on the serration behavior.

Figure 5 shows the serration behaviors of the alloys, which
have Si addition below 0.9at.%. It can be found that, with the in-
crease of Si content, the serration behaviors become weaker and
then they turns stronger but not stronger than before. However,
when the addition of Si reaches 0.9at.%, Stress-strain curve tends
to be smooth. At this time, the alloy exhibits excellent mechan-
ical properties, and the serrated flow is the type D*. Through
EDS analysis, we can see that the content of solid solution ele-
ments in the matrix have a little change. It shows that the change
of solid solution elements in the matrix have no obvious influ-
ence on the serration flow behavior of alloys. This indicated that
the second phases have an effect on the serration flow behavior
of alloys.

In order to better study the serration behaviors, we studied
the relationship between stress drop with different Si content,
which is shown in Figure 6. It can be found that with the increase
of strain, the stress drop of the different alloys are shown an ap-
proximately linear decrease with slight data fluctuations. On the
other hands, with the increase of Si content, the average value
of stress drops first decrease, then increase, and finally turn to
0 when the addition of Si reaches 0.9 at.%. This trend is consis-
tent with the serration behavior on the compressive stress-strain
curve of the alloys.
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Figure 6 the variation of stress drop with strain under different
Si content conditions
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Through the analysis of serrated flow behaviors of differ-
ent alloys, it can be seen that the mechanical properties of the
alloys are closely related to the serrated phenomenon. There-
fore, the changes of the serrated flow behaviors is mainly due to
the changes of the Mg content, which can be explained by the
DSA theory. According to the Cottrell-Bilby type kinetics!*”, the
solute atom concentration around the dislocation line satisfies
Equation 1.

c=c, [l-exp(-pt")] (1)

where c_is the solute atomic concentration, ¢, is its satura-
tion value, t is the effective time for the solute atoms to disperse
into dislocations (¢, is the waiting time), p is a constant related to
the solute atom’s ability to diffuse, and 0 is a constant as 1/3 when
solute atoms diffuse by tube diffusion. Based on this, when the
content of Mg atoms is lowered, the solute atoms for diffusion
are reduced, and the pinning effect on dislocations is lowered.
With the addition of Si, a new Mg2Si precipitate phase partial-
ly replaces the Al-Mg-Cu precipitates in the alloy. Due to the
precipitation of Mg2Si, which affects the serrated flow behaviors
exactly, which causes the serrated flow become weaken. At the
same time, the precipitation phase formed by the lower addi-
tion of Si is finer and its distribution in the matrix also lead to
an increase in the mechanical properties of the alloy. Therefore,
the influencing factor of the serrated flow behaviors in the alloy
is mainly the change of the precipitated phase. As Mg Si-phase
is formed, the other precipitates decrease. As a result, the influ-
ence of precipitation on dislocations becomes weaken, which in
turn leads to the weaken of the serration behaviors. When the
Si content reaches 0.6 at.%, the precipitation phase of Mg Si in
the alloy increases remarkably, and its corresponding morphol-
ogy also changes with the content of Mg in the matrix decreases
through EDS analysis. However, the pinning and hindrance of
the formed relative dislocations is enhanced, which cause the
enhanced strength and serration behavior. As the addition of Si
reaches 0.9 at.%, a large number of lamellar eutectic structures
forms, and the formation of larger granular Mg Si phases leads
to further enhancement of alloy strength. Due to the lamellar
eutectic structure, the dislocations can easily slides during the
compression process, which causes the serration behavior of
the alloy to be weaken, and it is very obvious in the compressive
stress and strain curve of the alloys. At this time, the stress-strain
curve of the alloy has approached the smooth critical point,
which may also be the reason for the best compression strength
and compression plasticity of the alloy during compression.
When the addition amount of Si reaches 1.2at.%, a larger area
of eutectic Mg2Si phase appears, and the granular Mg2Si phase
grows, causing some casting defects such as pores to occur, and
the serration behavior in the alloy disappears, the mechanical
properties of the alloy are reduced but higher than without Si
addition (as shown in the Figure 4). Therefore, the mechanical
properties of the alloy can be optimized under the critical state
of the serration behavior of the alloy. The purpose of optimizing
the mechanical properties of the alloy can be achieved by pay-
ing attention to the serrated flow behavior of the alloy, which
provides a new idea for optimizing the mechanical properties
of the alloy.

When the Si content reaches 0.9 at.%, the stress-strain
curve of the alloy tends to be smooth, and the stress drop is very
small. In order to better study the relationship between serration
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behavior and alloy properties, we can use elastic strain energy
instead of stress drop. The area of stress and strain in the stress
rise curve on the stress-strain curve of the alloy reflects the elas-
tic strain energy of the alloy, which is shown in Figure 7. We can
find that the elastic strain energy of the alloy increases first and
then tends to be stable as the strain increases. With the addition
of Si, the average elastic strain energy increases and the serration
behavior becomes weaken. It is coincident with the compressive
stress-strain curves, which were shown in Figure 5.
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Figure 7 the elastic strain energy of the alloy with different Si
addition

The analysis of the elastic strain energy of the alloy shows
that the effect of precipitation on the elastic strain energy of the
alloy is very obvious, which also affects the serration behavior.
With the addition of Si, the Mg Si phase forms a new strengthen-
ing system with the original precipitation phase, which enhances
the comprehensive mechanical properties of the alloy. When the
amount of Si is added to 0.3 at.%, the elastic strain energy of the
alloy enhanced. When the Si content is further increased to 0.6
at.%, the morphology of the precipitated phase changes, that is
to say, the eutectic structure appears. As a result, although the
content of precipitated phase has increased, the total strength-
ening effect has been weakened. In performance, the strength
is improved, while the serration behavior is increased and the
elastic strain is reduced. When the Si content reaches 0.9 at.%,
a large amount of eutectic Mg Si and a small amount of granu-
lar Si-rich phase appear. The alloy get the highest compressive
strength, the highest compression plasticity, and the improved
elastic strain energy, with the serration behavior disappearing.
Therefore, in addition to solid solution atoms, the morphology
and type of precipitated phase also significantly affect the serra-
tion behavior of the alloy.

4. Conclusions

In this study, a series of light-weight Al(86-x)Mgl0Zn2Cu2Six
medium-entropy alloys are successfully prepared, and the effect
of Si content on the microstructure, properties and serration be-
haviors are investigated. The results are summarized as follows:

(1) Trace amounts of Si can significantly change the type
and morphology of precipitated phases in the alloy, and the ap-
pearance of eutectic structure may improve the casting proper-
ties of the alloy.

(2) The addition of Si improves the mechanical properties
of the alloy, when the Si content reaches 0.9 at.%, the mechanical
properties of the alloy are optimal.

(3) The serration behaviors of the alloys also change with
the addition of Si. The mechanical properties of the alloy can
be optimized under the critical state of the serration behavior,
which indicats that the type and morphology of the precipitated
phase can significantly affect the serration behavior of the alloy.
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