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Abstract: As-cast Mg-9Li-3Al-xSi (x=0,0.1,0.5,1.0,wt%) alloys were prepared and then investigated by optical microscope (OM),
scanning electron microscope (SEM) and X-ray diffractometer (XRD) and mechanical properties test. Results show that the as-cast
Mg-9Li-3Al alloy consists of a-Mg, S-Li and Mgi7Al12 phases. The addition of Si leads to the formation of new phase (Mg.Si) and
the refinement of the grain size. Moreover, Si addition can restrain the formation of Mgi7Al.. However, when the content of Si is
excessive, a-Mg phase will be coarsened and Chinese script Mg,Si phase is formed in the phase boundary. The tensile strength of
alloys initially increases and then decreases while the elongation decreases monotonically with the increase of Si content.
Specifically, as-cast Mg-9Li-3Al-0.1Si shows a favorable combination of ductility and strength with an ultimate tensile strength of

182.5 MPa, yield strength of 136.8 MPa, and an elongation of 12.1%.
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The demand for lightweight structural materials is fueled
by the strategic requirement of reducing the greenhouse gas
emissions and energy consumption™?. Mg alloys, with
merits of low density, excellent physical and mechanical
properties, have been paid much attentions to in recent
years™ . However, due to their hcp crystalline structure and
high axial ratio (c/a) 1.6236, the deformation capacity of
Mg alloys is relatively poor. For example, the elongation of
commonly used as-cast AZ31 and AM60 are 4.8% and 3.0%,
respectively, which consequently hinders the application of
Mg alloys in many fields. Li additions to Mg have been re-
ported to not only reduce the density, but also improve the
ductility. Li additions decreases c/a axial ratio, even
changes the crystalline structure of Mg alloys™, which is
beneficial to the improvement of ductility. Hence, Mg-Li
alloys shows wide application prospects in the aircraft, air-
space and military industry™®. However, the strength of
Mg-Li alloys is low. For example, the tensile strength of
LA141 (Mg-14Li-1Al) alloy is only 138 MPa. Thus the ex-
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tensive application of Mg-Li alloys is restricted.

According to Mg-Li binary phase diagram, a-Mg with
hcp lattice and B-Li with bcc lattice coexist in Mg-Li alloys
when the content of Li is between 5.7 wt%~10.3 wt%. a-Mg
phase of Mg alloys is beneficial to the strength while g-Li
phase is good to the ductility. Therefore, dual-phase Mg-Li
alloys attract more and more attention. Thus, dual-phase
Mg-Li alloy is focused in this research.

Improving the mechanical properties of Mg-Li alloys via
alloying elements such as Al, Mn, Sr and Y is an effective
way being studied ™', With the addition of Al, the me-
chanical properties of Mg-Li alloy can be significantly im-
proved due to its high solid solubility and density in Mg.
However, the strength of Mg-Li-Al alloy remains limited.
Therefore, it is necessary to introduce some other elements.
Si with relatively low price and low density (2.33 g/cm?)
has been used to improve the mechanical properties of
Mg-Li-Al alloys. Si mainly exists in the form of Mg,Si in-
termetallic compound because its solubility in Mg is only
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0.003%, according to the phase diagram of Mg-Si. Mg,Si
possesses high melting point (1085 <C), high hardness HV
(4600 MPa), high elasticity modulus (120 GPa), low densi-
ty and low thermal expansivity (7.5x10° K™) M2 There-
fore, adding Si is an effective way to improve the microstruc-
ture and mechanical properties of Mg-Li alloy™**". However,
if Mg,Si appeared with blocky structure or in Chinese
character shape, it will greatly worsen the mechanical
properties of alloy™?*®!. Therefore, the key aim of current
researches is to control the size, shape and distribution of
Mg,Si in alloy. Currently, there are few reports about how
to obtain small and dispersed Mg,Si. This paper explored
an economical way to improve the comprehensive mechan-
ical property of Mg-Li alloy by adding a small amount of Si,
which will broaden the application area of Mg-Li alloy.

1 Experiment

The starting materials used in this study are pure Mg
(99.99%), pure Li (99.99%), pure Al (99.99%) and Mg-10Si
master alloy. Target alloys were melted in a melting furnace
under the protection of argon atmosphere. Firstly, the mate-
rials were put into graphite crucibles. Then they were heat-
ed to 720 <C. Subsequently, raising the temperature to
780 <C, Al and Mg-10Si were added into liquid magnesium
and maintained for 20 min. Then Li was added at the tem-
perature 720 <C for 10 min. Finally, the liquid alloy was
poured into metal molds (©90 mm>50 mm) to form the
as-cast alloy ingots.

The specimens were cut from the center of the as-cast
ingots. The samples were prepared using standard mechan-
ical grinding and polishing procedures followed by etching
using 2% nital. Then microstructure was observed by opti-
cal microscope (Olympus), scanning electron microscope
(SEM, JOEL/JSM-6460LV) with X-ray energy dispersive
spectrometer (EDS, Oxford) and X-ray diffractometer
(XRD, D/MAX-A). In addition, tensile tests of the alloys
were conducted at ambient temperature on an SANS
CMT-5105 material testing machine with the speed of 2.0
mm/min.

2 Results and Discussion

2.1 Microstructure of alloys

Fig.1 shows the microstructure of as-cast Mg-9Li-3Al-
xSi alloy. In the figure, the alloys consist of a-Mg phase
and p-Li phase. The white area is a-Mg phase while the
black is p-Li phase area. The white a-Mg of alloy in
Mg-9Li-3Al alloy shows as a thick block with black parti-
cles inside as shown in Fig.1a.

With the increase of Si content, the grain size of a-Mg in-
creases first and then decreases. When the content of Si is 0.1%
(Fig.1b) and 0.5% (Fig.1c), the refinement of a-Mg is obvious
and the distribution of a-Mg phase becomes more homogeneous.
When Si content increases to 1.0% (Fig.1d), the grain size of
o-Mg becomes larger. Besides, some black particles and new
Chinese script phase are formed at phase boundaries.

The SEM images of as-cast Mg-9Li-3Al-xSi alloys are
shown in Fig.2. The morphology of SEM is basically con-
sistent with the result of optical microscope. The black lump
one is a-Mg and the lighter area is -Li. Some tiny white parti-
cle phases exist at the phase boundary of a/g. With the increase
of Si, the grain of alloys are refined first and then coarsened
while white particle phase gradually increases on the edge of a
phase. When the content of Si is 0.5% (Fig.2c), a blocky white
particle phase appears in alloy. When the content of Si in-
creases to 1% (Fig.2d), the blocky white particle phase gets
more and bigger. The preliminary speculation is that the for-
mation of the white particles is related to Si. Hence, adding a
certain amount of Si can refine the microstructure of alloys,
but excessive amount will coarsen it.

Fig.3 shows the XRD patterns of as-cast Mg-9Li-3Al-xSi
alloy. The XRD indicates that Mg-9Li-3Al alloy mainly
consists of a-Mg, p-Li and Mg,;Al;, phases. With the in-
crease of Si content, new Mg,Si phase appears with the
gradual disappearance of Mg;;Al;,, which illustrates that Si
restrains the formation of Mg;;Al;,. In Fig.3, the diffracted
intensity of a-Mg declines while the diffraction peak intensi-
ties of g-Li and Mg,Si gradually increases, which shows that
the addition of Si decreases a-Mg slowly and increases

Fig.1 Microstructures of as-cast Mg-9Li-3Al-xSi alloys: (a) x=0, (b) x=0.1, (c) x=0.5, and (d) x=1.0
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Fig.2 SEM images of as-cast Mg-9Li-3Al-xSi alloys: (a) x=0, (b) x=0.1, (c) x=0.5, and (d) x=1.0
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Fig.3 XRD results of as-cast Mg-9Li-3Al-xSi alloy

Mg,Si gradually. The result accords with the previous
analysis of alloy SEM morphology.

Further analysis is required to determine the white parti-
cle phase of Mg-9Li-3Al-xSi alloy. Fig.4 and Fig.5 show
EDS analysis of as-cast Mg-9Li-3Al and Mg-9Li-3Al-0.5Si
alloys, respectively. The EDS point analysis, conducted at
specific locations labeled as A and B, shows the presence of
Mg and Al element in this region. Spectrogram C and D
mark the blocky white particles on the edge of a-Mg. As
shown in Fig.5, the main elements in white particle phase
are Mg, Al and Si and the mole ratio of Mg to Si at location
C and D is approximately 2:1. Combined the EDS results
(Fig.5) with the XRD results, it can be confirmed that the
intermetallic compounds are mainly Mg,Si.

As shown in Fig.1 and Fig.2, the a-Mg phase gets small-
er first and then bigger, while the proportion of a-Mg phase
keeps reducing with increasing Si content. This phenome-
non can be explained by the refinement mechanism of Si.
Firstly, Si with high melting point and low solubility in Mg,
gathered in the forefront of the solid-liquid interface, which
led to the formation of constitutional supercooling during
the solidification of alloys. Consequently, the activated core
of constitutional supercooling zone raised the nucleation
rate in the interface, which is beneficial to grains refine-
ment. Secondly, with the addition of Si, Mg,Si with high

Al point A
MgElementswt/% at/%

si MgK 96.2296.58
J_ AIK _3.78 3.42

0 4 8 12 16 20

|l PpointB
gEIementswt/% at/%

Fig.4 SEM morphology and EDS results of as-cast Mg-9Li-3Al
alloy
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Fig.5 SEM morphology and EDS results of as-cast Mg-9Li-
3Al-0.5Si alloy

melting point was formed at the phase boundary of a-Mg,
hindering the growth of a-Mg grain. Therefore, when the
content of Si is 0.1% or 0.5%, the a-Mg phases are obvi-
ously refined. But when the content of Si is 1.0%, Mg,Si
phase gets bigger, changing from dispersed particles to bulk
or Chinese script shape which cannot effectively hinder the
growth of a-Mg and dislocation moving.
2.2 Mechanical properties of Mg-9Li-3AI-xRE alloys
The mechanical properties of as-cast Mg-9Li-3Al-xSi
alloys at room temperature are listed in Table 1. Fig.6
shows the influence of Si content on the mechanical prop-
erties of as-cast alloys.

Table1 Mechanical properties of as-cast Mg-9Li-3Al-xSi alloys



2058 Zhang Zhenyu et al. / Rare Metal Materials and Engineering, 2017, 46(8): 2055-2059

00.2/MPa on/MPa J5/%
0 89.6 114.3 14.5
0.1 136.8 182.5 12.1
0.5 132.6 168.2 7.6
1.0 123.8 159.7 5.3

As shown in Table 1 and Fig.6, the addition of Si can
improve the strength significantly with a little decrease of
elongation. Both the yield strength and the tensile strength
of alloys increase first and then decrease with the increase
of Si content. Mg-9Li-3Al alloy with 0.1% Si addition has
maximum tensile strength of 182.5MPa and yield strength
of 136.8 MPa, with elongation of 12.1% (remaining rela-
tively high), which is 59.6% and 52.6%, higher than
Mg-9Li-3Al alloy, respectively. However, the further in-
crease of Si content results in the reduction of tensile
strength. Thus appropriate Si content can significantly im-
prove the comprehensive mechanical properties of as-cast
Mg-9Li-3Al alloy.

Mg;/Al, in Mg-9Li-3Al alloy is a kind of brittle phase,
which is mainly distributed in the interface of « phase and g
phase. It can cut apart the interface of « phase and f phase.
That is why the strength of Mg-9Li-3Al alloy is relatively
low™. With increasing of Si content, Mg;-Al;, phase will
be replaced by Mg,Si phase gradually. Then a-Mg, as a
strengthening phase, becomes finer and more homogeneous
so that strength initially increases. In addition, Mg,Si, as
one of high temperature hard phases, distributes in the in-
terface of « phase and f phase as particles or small strips. It
can effectively hinder the movements of dislocations, which
is beneficial to the improvement of mechanical properties.
Therefore, the comprehensive mechanical property of
Mg-9Li-3Al-0.1Si alloy is the best.

However with further increase of Si content, the strength
of alloys decreases. The reason is that when the content of
Si is excessive, the intermetallic compound Mg,Si with
blocky structure or in Chinese script shape can’t effectively
refine the grain and hinder dislocation movement, causing
the decrease of alloy strength.

The elongation of as-cast Mg-9Li-3Al-xSi alloys keeps
decreasing with the increase of Si content. It is because
Mg,Si intermetallic compound is mainly distributed in the
interface of a phase and g phase, impeding the dislocation
moving by its pinning effect. Hence the plasticity of alloy is
reduced. With the further increase of Si content, Mg,Si is
formed with the blocky structure or Chinese script shape.
The bulky Mg,Si is apt to create a stress concentration,
generating the cracks which are liable to spread along the
boundary of Mg,Si and a-Mg. The growth of Mg,Si pro-
motes the generating and spreading of the cracks, leading to
the degradation of comprehensive mechanical property of
alloys™%.,

As shown in Fig.7, the fracture mechanism of as-cast
Mg-9Li-3Al-xSi alloys is the typical composite rupture, in
which some tearing ridges of dimple and cleavage rupture
exist. In Fig.7a, the fracture of as-cast Mg-9Li-3Al alloy
has many dimples which are large and deep with few tear-
ing ridges. With the addition of Si, especially when the
content of Si is 1%, the dimples become fewer and the di-
ameter gets smaller while the number of tearing ridges in-
creases. That makes the fracture of alloy possess the fea-
tures of composite rupture of dimple rupture and cleavage
rupture. The fracture appearance of as-cast Mg-9Li-3Al-xSi
alloy is consistent with its mechanical property of men-
tioned above. These features precisely explain why the
plasticity of alloy decreases.
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Fig.6 Mechanical properties of Mg-9Li-3Al-xSi alloys

Fig.7 Fracture morphology of as-cast Mg-9Li-3Al-xSi alloys: (a) x=0, (b) x=0.1, (c) x=0.5, and (d) x=1.0
1) The addition of Si can refine a-Mg and form granular

3 Conclusions



Zhang Zhenyu et al. / Rare Metal Materials and Engineering, 2017, 46(8): 2055-2059 2059

Mg,Si at the phase boundary. However, when the content of 5 Peng Xiaodong, Li Junchen, Li Wenjuan. Rare Metal Materi-

Si is excessive, the a-Mg gets bulky and blocky structure or als and Engineering[J], 2013, 42(10): 1993

Chinese script Mg,Si is formed in the phase boundary. 6 Vinod Kumar, Govind, Rajiv Shekhar et al. Materials Science
2) Mg-9Li-3Al mainly consists of a-Mg, g-Li and and EngineeringA[J], 2012, 547: 38

Mg, ;Al;; phases. With the addition of Si, the main phases 7 Wu Ruizhi, Qu Zhikun, Zhang Milin. Materials Science and

are a-Mg, -Li and Mg,Si phases. Moreover, the addition of Engineering A [J], 2009, 516 : 96

Si can restrain the formation of Mg,;Al,. 8 Song P W. Special Casting & Nonferrous Alloys[J], 2011,
3) With the increase of Si content, the strength of 31(4): 311 (in Chinese)

Mg-9Li-3Al-xSi alloys increases first and then decreases, 9 Golmakaniyoon S, Mahmudi R. Materials Science and Engi-

while the elongation decreases. When the content of Si is neering A[J], 2011, 528: 1668

0.1%, the alloy shows a favorable combination of ductility 10 LuoAA. International Materials Reviews[J], 2004, 49: 13
and strength with an ultimate tensile strength of 182.5 MPa, 11 Jiang Q C, Wang H Y, Wang Y et al. Materials Science and

yield strength of 136.8 MPa, and an elongation of 12.1%. Engineering A [J], 2005, 392 : 130

Compared with Mg-9Li-3Al alloy, the yield strength and 12 Mabuchi M, Higashi K. Acta Materialia[J], 1996, 44: 4611

tensile strength increase by 59.6% and 52.6%, respectively. 13 Chen K, Li Z Q, Liu J S et al. Journal of Alloys and Com-
4) The fracture of alloy consists of tearing ridges and pounds[J], 2009, 487: 293.

some dimples, which is the typical composite rupture of 14 Zhang M X, Kelly P M, Easton M A et al. Acta Materialia[J],

dimple rupture and cleavage rupture. With the increase of Si 2005, 53: 1427

content, the dimples become fewer and smaller while the 15 Zhang M X, Kelly P M, Qian M et al. Acta Materialia[J],

number of tearing ridges increases gradually. 2005, 53: 3261

16 LuY Z, Wang Q D, Zeng X Q et al. Materials Science and
Engineering A[J], 2001, 301: 257
1 WangJ, LiuR D, Luo T J et al. Materials & Design[J], 2013, 17 Zhang Jinghuai, Niu Xiaodong, Qiu Xin et al. Journal of Al-

References

47:746 loys and Compounds[J], 2009, 471: 326

2 Yang Y, Peng X D, Wen H M et al. Metallurgical and Materi- 18 Zhang C X, Guan S K, Chen H J et al. Materials for Mechan-
als Transactions A[J], 2013, 44: 1101 ical Engineering[J], 2004, 28(9): 21 (in Chinese)

3 Xiang Q, Wu R Z, Zhang M L. Journal of Alloys and Com- 19 Cong Mengqi, Li Ziquan, Liu Jinsong et al. Journal of
pounds[J], 2009, 477: 832 Alloys and Compounds[J], 2012, 539: 16

4 XuTC, Peng X D, Jiang J W et al. Transaction of Nonferrous
Metals Society of China[J], 2014, 24: 2752

HSMo-Li-Al-xSi& £ MMB AT S5

't RE

skIRT L ERAY, B &L oM i, R, O B =St
(1. HEKKH, HK 400045)
(2. ERBESME THREARD 7L H L, HEIK 400044)

1 E: LR TMg-9LI-3AIXSI (x=0, 0.1, 0.5, 1.0, FiESE %) AE&IFEITOM, SEM, XRDFI = GEMRxt Hat 1T T HF 5.
ZREY: HAEMY-OLI-BAIG UL T EHa-Mg. f-Liv MgrAltR4L . IS, &4aH LT HitIMgSi, WRifs 2l T B B4k,
HSIREBIMHIMrAlLIE R UEE P HSiE RN, o-Mgtifiih, HE7EHE R AL HBLPCR AN AR IIMgSIAE & G (¥ 40 A il
SITr R MG N 2 ISR N5 BRI 3, & ST Sid B I I 2BURH PRI . MEEPSITEN0.1%N, FiiimEik
B K{H182.5 MPa, ZEfHIZRN12.1%.

FEE: BAS: DML S Bk

TEZ®N: KIRT, 59, 1091 454, il 4, PR KM R 22 5 TRE2ERE, K 400045, HLiE: 023-65106774, E-mail: 2y791888997@163.com


http://www.sciencedirect.com/science/article/pii/S0921509312004443
http://www.sciencedirect.com/science/article/pii/S0921509312004443
http://www.sciencedirect.com/science/article/pii/S0921509312004443
http://www.sciencedirect.com/science/journal/09215093
http://www.sciencedirect.com/science/journal/09215093
http://www.sciencedirect.com/science/article/pii/S0921509310012736
http://www.sciencedirect.com/science/journal/09215093
http://www.sciencedirect.com/science/journal/09215093
http://www.sciencedirect.com/science/article/pii/S0921509304011360
http://www.sciencedirect.com/science/article/pii/S0921509304011360
http://www.sciencedirect.com/science/journal/09215093
http://www.sciencedirect.com/science/journal/09215093
http://www.sciencedirect.com/science/article/pii/1359645496000729
http://www.sciencedirect.com/science/article/pii/1359645496000729
http://www.sciencedirect.com/science/journal/13596454
http://www.sciencedirect.com/science/article/pii/S0925838809014698
http://www.sciencedirect.com/science/article/pii/S0925838809014698
http://www.sciencedirect.com/science/journal/09258388
http://www.sciencedirect.com/science/journal/09258388
http://www.sciencedirect.com/science/article/pii/S0921509300017809
http://www.sciencedirect.com/science/article/pii/S0921509300017809
http://www.sciencedirect.com/science/article/pii/S0921509300017809
http://www.sciencedirect.com/science/article/pii/S0921509300017809
http://www.sciencedirect.com/science/journal/09215093
http://www.sciencedirect.com/science/journal/09215093
http://www.sciencedirect.com/science/article/pii/S0925838812008687
http://www.sciencedirect.com/science/article/pii/S0925838812008687
http://www.sciencedirect.com/science/article/pii/S0925838812008687
http://www.sciencedirect.com/science/article/pii/S0925838812008687
http://www.sciencedirect.com/science/journal/09258388
http://www.sciencedirect.com/science/journal/09258388

