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Abstract—The article discusses changes in the structure of AI—Mg—Si cast alloys after their additional alloy-
ing with lithium. To predict and explain the phase transformations in the studied alloys, phase diagrams were
calculated using Thermo-Calc software. Thermo-Calc results are in good agreement with microstructure
analysis. The morphology and chemical composition of the intermetallic phases were studied using a scan-
ning electron microscope and EDX analysis on polished and deeply etched microsections. There were
revealed several intermetallic phases in the studied alloys. It was found that the addition of lithium has a mod-
ifying effect on the structure of the studied alloys, which also leads to the formation of a new AlLiSi phase.
To analyze the effect of lithium on the mechanical properties, the Brinell hardness, tensile strength, yield
strength, and elongation were measured. Additional alloying with lithium leads to an increase in the strength
properties of the studied alloys compared to the base alloy.
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INTRODUCTION

The development of aluminum alloys goes hand in
hand with the developments in the aircraft industry.
From the 1920s to the present time aluminum alloys
have been the basic materials for aircraft frames [1—3].
The attractiveness of aluminum alloys is based on their
relative cheapness, high corrosion resistance, thermal
conductivity, and low coefficient of thermal expan-
sion. In addition, aluminum alloys have an excellent
strength-to-weight ratio. Aluminum alloys are those of
the most easily manufactured among all high-perfor-
mance materials, since parts from them can be
obtained by all known foundry technologies [1, 4].

Al—Si system is the most popular among all alumi-
num alloys. The mechanical properties of the Al—Si
alloys depend not only on the alloy composition, but
also on the microstructure features, such as the size
and the morphology of aluminum dendrites, eutectic
silicon, and other intermetallic phases [4, 5]. Microal-
loying of the casting Al alloys with the aim of changing
the morphology of the phases is an effective way to
increase the mechanical properties (especially elonga-
tion). The modifying effect of strontium on the eutec-
tic silicon [5, 6] is the most studied. However, it was
reported in the work [5] that Li also has a modifying
effect on the morphology of the structural compo-

nents of the A1—8.5% Si—3.5% Cu—1% Fe alloy. The
changes in the structure lead to an increase in strength
by 10% and elongation by more than 30%, compared
with the base alloy.

There is a great demand in the aircraft materials
market for the low-density aluminum alloys in searching
for the solution of reducing fuel consumption. The
alloying with lithium leads to a synergistic effect, since
the addition of each 1 wt.% Li reduces the density of
the alloy by 3% and increases Young’s modulus by 6%
[7—9]. At present, third-generation Al—Li alloys are
widely used. The most of the alloys belong to the Al—
Cu—Li—Mg system. However, increasing the copper
content and lowering the magnesium content in the
alloys from generation to generation leads to a lower-
ing of the lithium effect on the density of alloys. Thus,
the average density of Al—Li alloys of the third gener-
ation is about 2.7 g/cm?, while of the first is 2.47 g/cm?
[3, 10]. In this context, casting alloys of the AlI—-Mg—
Si system or wrought alloys of the 6000 series might be
extremely useful [10, 11]. Alloys of this system have a
perfect strength-ductility ratio. Wrought alloys of this
system are widely used in the automotive and aero-
space industries, while cast ones remain underesti-
mated [12]. Lithium has a relatively high solubility in
aluminum. Thus, the artificial aging of the AlI-Mg—
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Table 1. Alloys composition, wt %

Alloy Mg Si Mn Li
M (base) 5.5 2.5 0.6 —
L1 5.5 2.5 0.6 1.0
L2 3.0 2.5 0.6 1.0

Si—Li alloys leads to the formation of at least two types
of hardening precipitates: 8'-Al;Li and B"-Mg,Si. This
fact makes it possible to obtain a new series of age-
hardenable alloys with a lower weight density [12—14].
Similarly to the situation with cast AI—-Mg—Si alloys,
the effect of lithium is better studied on alloys of the
6000 series [8, 10, 15—19]. The effect of lithium on the
structure and properties of the casting Al—Mg—Si
alloys was reported for hypereutectic Al—15% Mg,Si
[20—22] and hypoeutectic Al—6% Mg,Si [14, 23, 24]
alloys (both alloys belong to the quasi-binary Al—
Mg,Si section). This work is the continuation of the
study of the lithium effect on the hypoeutectic alloys
[14, 24], yet, with that, it shifts emphasis from the
quasi-binary Al—Mg,Si section to the alloys with the
ratio Mg : Si < 2.

MATERIALS AND METHODS

Casting hypoeutectic Al—Mg—Si alloys were cho-
sen for additional alloying by Li. Their chemical com-
position is presented in Table 1. A resistance furnace
with a graphite crucible was used for the melt prepara-
tion (melting weight 0.25 kg). High-purity aluminum
(99.997) and master alloys AlSi25, AIMn26, AIMg50,
and AlLi5 were used as starting materials. The melt
with a temperature of 720 £ 5°C had been degassed
under an argon atmosphere for 10 minutes. The mol-
ten metal was cast into a steel rectangular chill mold
with a temperature of 20°C. Under these conditions,
the cooling rate was 5 K s™.. An Al—5.5Mg—2.5Si—
0.6Mn commercial casting alloy was selected as a ref-
erence alloy.

The castings have dimensions 160 X 25 X 20 mm
and weight about 250 g. Cubic samples with the size
10 X 10 x 10 mm were cut from the centre of the cast-
ings for the metallographic studies. Samples were pre-
pared using standard metallographic procedures.

To visualize the morphology of the alloy structure,
samples were etched in a 15% NaOH solution. The
phase composition was measured using SEM EDX
(JEOL JSM-6510 LV Japan with EDS analysers
Oxford) with accelerating voltage of 15 kV.

Thermo-Calc, a commercially available software
package used to perform thermodynamic and phase
diagram calculations for multicomponent systems
(AlI-Mg—Si—Mn and Al-Mg—Si—Mn—Li), was
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employed to investigate the possible effects of alloying
elements on the equilibrium phases in the alloy, using
the TCAI2:Al-alloys v2.1 database.

RESULTS AND DISCUSSION

Analysis of the phase diagrams. A detailed analysis
of the diagrams of the studied system is presented in
[12]. Figure 1 shows multicomponent polythermal
phase diagrams in the sections Al-xMg—2.5Si—
0.6Mn (for the base alloy M) and Al-xMg—2.5Si—
0.6Mn—1Li (for the studied alloys) to understand the
phase formation in the studied alloys.

The diagram in Fig. 1a can be divided into 3 prin-
cipal areas: (1) with excess silicon content, (2) with
Mg : Siratio close to the quasi-binary section; (3) with
excess magnesium content. In the region with excess
silicon, o-Al crystallizes as the primary phase, fol-
lowed by crystallization of the a-AlMnFeSi phase and
then B-Mg,Si. The last formed phase in the region
with an excess of silicon is the 8-AIMnFeSi phase. It is
known from the literature that this phase has acicular
morphology and is brittle, which leads to a significant
decrease in the mechanical properties of Al-Mg—Si
alloys in the as-cast state [25]. When the magnesium
content is in the range of 3—3.5%, the alloys have the fol-
lowing set of phases: o-Al + o-AlMnFeSi + 3-Mg,Si.
The harmful §-AlMnFeSi phase is no longer formed.
With a further increase in the magnesium content, the
B-AlMg phase is formed. The o-AlMnFeSi phase
crystallizes as primary, followed by o-Al, B-Mg,Si.
The B-AlMg phase precipitates already in the solid
state. High cooling rates reduce the diffusion rate and
impede the formation and growth of the phase [12].

In the system with 1% lithium, 3 new lithium-con-
taining phases are formed: AILiSi; 8-AlLi (in the
region of the quasi-binary section); AlLiMg (in the
area with excess magnesium). Moreover, the regions
of existence of metastable d-AlMnFeSi and 3-AlMg
phases are substantially narrowed. The addition of
lithium does not significantly affect the equilibrium of
the a-Al and o-AlMnFeSi phases.

The studied lithium-containing alloys belong to
two zones: L1 alloy has magnesium and silicon con-
tent similar to the base alloy M, and belongs to the
region with the stable phases o.-AlMnFeSi, o-Al, and
[B-Mg,Si; L2 alloy has excess silicon (due to the lower
magnesium content) and is in the region of existence
of the AILiSi phase.

Microstructure analysis. The results of the
Thermo-Calc calculations are in good agreement with
the microstructural analysis of the studied alloys. The
base alloy M (Fig. 2a—2c) consists of o.-Al-dendrites,
eutectic Al—Mg,Si, and o-AlMnFeSi intermetallic
phase. Similarly to the results reported in [12], the
B-AlMg phase was not found in the structure. As can
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be seen from the analysis of non-etched microsections
(Figs. 2a, 2d), the structure of the L1 alloy does not
significantly differ from the structure of the base alloy
and consists of similar phases. The structure of the
L2 alloy additionally has one new phase—the AlLiSi
phase. Phases that precipitate at low temperatures
(AlLiMg, AlLi) were not detected similarly to the
[-AlMg phase.

It is clearly seen in Fig. 2b—2c (on deeply etched
samples) that the Al-Mg,Si eutectic in the base alloy
has lamellar morphology (a more detailed analysis of
the structure of the AI-5Mg—2Si—Mn alloy is given in
[24, 26]), while the eutectic in the L1 alloy has a fine
fibre morphology. Table 2 shows the sizes and param-
eters of the microstructural components of the studied
alloys.

It can be seen from Table 2 and Fig. 2 that the aver-
age size of eutectic colonies in the M and L1 alloys
does not differ significantly. The size of the primary
Mg,Si crystals in the L1 alloy is also similar to that in
the base alloy. However, the alloy additionally doped
with lithium (L1) has a significantly lower size of the
interlamellar (interfibrous) spacing. The morphology
of primary crystals in hypoeutectic AlI-Mg,Si alloys
was studied in detail in [24, 27], where it was found
that octahedral primary crystals were thermodynami-
cally more preferable. However, the addition of lith-
ium leads to a change in the morphology of the pri-
mary crystals (Fig. 3). The modifying effect of lithium
on the primary Mg,Si crystals in hypereutectic Al—
Mg,Si alloys was also reported in [20—22].

In the L2 alloy, a decrease in the size of the eutectic
colonies and the size of the primary Mg,Si crystals is
associated with a lower volume fraction of Mg,Si in
the alloy. Table 3 shows the volume fractions of the
phases of the studied alloys calculated in the Thermo-
Calc software.

Table 4 represents the EDX-analysis of o-Al den-
drites, o-AlMnFeSi and AlLiSi intermetallic phases.
As can be seen, Li does not affect the o-AlMnFeSi
phase, and also does not significantly affect the solu-
bility of elements in o-Al (alloy L1).

The concentration of magnesium in o-Al of the L2
alloy are two times lower than in the M and L1 alloys.
This is due to the ratio of magnesium and silicon in the
alloy (Mg : Si;, = 1.2) and is in good agreement with
the results of [25, 28].

The lithium-containing phase (AILiSi) in the
L2 alloy can be found in two forms: the morphology of
compact, rounded phase, and in the a eutectic form
(Fig. 4). The Al—AILIiSi eutectic consists of very thin
(compared to AI—Mg,Si eutectic) fibres (gray dotes)
that alternate with Mg,Si (black dotes) fibers, thus
forming a triple AlI—Mg,Si—AILiSi eutectic.
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Fig. 1. Equilibrium phase diagrams at cross-sections:
(a) Al—xMg—2.5Si—0.6Mn; (b) Al-xMg—2.5Si—0.6Mn—
1.0—Li; (c) solidification curves of the studied alloys (d).

Mechanical properties. As it was reported in [12],
casting alloys of the Al-Mg—Si system (unlike
wrought series) cannot be hardened by precipitation
hardening. This is due to the excess magnesium con-
tent (ratio Mg/Si > 2). On the other hand, the struc-
ture of the casting alloys with excess silicon [25, 28]
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Fig. 2. Microstructures of the studied alloys: (a—c) base alloy M; (d—f) alloy L1; (g—i) alloy L2.

contains brittle needle-shaped silicides, which signifi-  hardness values 30—40% lower than that of alloys with
cantly reduce the mechanical properties of the alloys  a ratio of Mg/Si > 2.

in the cast state. Thus, alloys with a ratio of 1.2 > In contrast to the results reported in [12, 25], the
Mg/Si > 1.5 in the as-cast state showed strength and L2 alloy (Mg/Si = 1.2) has significantly higher prop-

Table 2. The parameters of the microstructural components of the studied alloys, um

Parameters M L1 L2
Secondary dendrite arm spacing 25+5 19+7 15+6
Interlamellar (interfibrous) spacing 2.1x+0.5 09+t04 1.1+£0.6
Size of eutectic colonies Al—Mg,Si 36.8 £9.7 38t 12 127 £5.3
Size of the primary Mg,Si crystals 9.1x£3.8 8.7t 19 45+15

Table 3. Volume fractions of phases of the studied alloys (calculated in Thermo-Calc software, for a temperature of 300°C), %

Phase M L1 L2
o-Al 91.7 91.9 91.3
Mg,Si 6.7 6.5 4.1
o-AlMnFeSi 1.6 1.6 1.6
AILiSi — — 3.0
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Fig. 3. Morphology of primary crystals in the studied
alloys: (a) L1; (b) L2.

erties in the as-cast state compared to the L1 alloy
(Mg/Si = 2.2) (Table 5). High values of the mechani-
cal properties of the L2 alloy are associated with the
absence of the brittle 8-AlMnFeSi phase in the alloy
structure, which is the reason for the low properties in
alloys with the ratio Mg/Si < 2. [25, 28]. In addition,
the content of silicon and magnesium in the o.-Al solid
solution in the L2 alloy is close to the stoichiometric
ratio of the Mg,Si compound (Table 5). This promotes
the formation of B" and ' nanosized precipitates in
the o-Al solid solution [29, 30].

Moreover, the heat treatment of lithium-alloyed
alloys has a significant effect on the mechanical prop-
erties, in contrast to the base alloy (Table 5). The arti-
ficial aging of lithium-containing alloys leads to the
formation of d-AlLi nano-sized precipitates in the

PHYSICS OF METALS AND METALLOGRAPHY  Vol. 121

Mg,Si
a-AlMnFeSi

?

Al—Mg,Si—AILiSi oum

Fig. 4. Distribution of elements (red—Mg, green—Si,
blue—Mn) in a triple eutectic Al-Mg,Si—AlLiSi.

Fig. 5. TEM image of the structure of dendrite of the o-Al
alloy doped by lithium after its artificial aging.

alloy structure [14, 23], and, in addition, to the typical
precipitates for this system ", B', and B (Fig. 5).

SUMMURY

(1) The structure of the base alloy consists of o-Al
dendrites, o-AlMnFeSi intermetallic compounds,
and Al—Mg,Si eutectic. Primary Mg,Si crystals were
found in the center of the eutectic cells. The main
hardening phase in the base alloy is the Al—Mg,Si
eutectic. a-AlMnFeSi intermetallic compounds are
formed as a result of the addition of manganese to
neutralize the negative effect of iron on ductility.
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Table 4. EDX-analysis of the phases in the studied alloys, wt%

Alloy Al Mg Si Mn Fe Li
o-Al
M 97.0 2.3 0.3 0.4 0.1 —
L1 97.1 2.2 0.3 0.4 0.1 *
L2 97.9 1.2 0.5 0.4 0.1 *
a-AlMnFeSi
M 67.0 0.2 10.2 21.5 1.1 —
L1 65.5 0.7 9.0 22.7 2.1 —
L2 62.4 0.6 11.7 22.9 2.0 —
AILIiSi
L2 51.6 — 48.4 — — *
L2** 8.75 — 25.0 — — 66.25
* Lithium cannot be detected by Oxford INCA Energy 250.
** Calculated by Thermo-Calc software program.
Table 5. Mechanical properties of the studied alloys
Alloy Mg/Si Condition HB o, MPa Gy 2, MPa S, %
M 2.2 as-cast 79 225+ 4 159 £ 4 6.7+ 1.1
HT 83 231+ 4 165+ 3 6.2+14
L1 2.2 as-cast 91 241 £ 5 165+ 3 71+ 1.9
HT 103 2555 175+ 4 6.5+2.0
Lo 1.2 as-cast 110 272 £ 7 224+ 5 6.1 £1.6
HT 122 298 £ 9 2385 5.6 £ 1.1

HT: homogenization 60 min at 575°C, quenching in water, artificial aging 120 min at 175°C.

(2) The addition of 1% lithium to the base alloy
does not lead to the formation of new phases, but it has
a modifying effect. Thus, the eutectic morphology has
changed from lamellar to fibrous. This effect leads to
increasing the hardness and strength of the alloy in the
as-cast state.

(3) The morphology of the eutectic colonies in the
L2 alloy is similar to the L1 alloy, but, due to the lower
volume fraction of Mg,Si, the size of the colonies is
smaller. Excess silicon in the system caused the forma-
tion of the AlLiSi phase, which is represented in the
structure by two morphologies (primary compact,
rounded phase and Al-Mg,Si—AILiSi triple eutectic).

(4) In the course of the artificial aging of alloys,
several dispersed hardening phases (", B', B-Mg2Si)
are formed in the structure of a-Al dendrites. Doping
with lithium additionally leads to the release of the dis-
persed phase 6 (AlLi).
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