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ABsTRACT. Alloys with various contents of Li were studied by means of differential scanning calorimetry
(DSC), transmission electron microscopy (TEM) and energy dispersive X-Ray microanalysis (EDX).
The TEM investigations revealed that three different types of precipitation are formed in the alloy
matrix during artificial aging. Two of the types represent different morphologies of Mg,Si precipitates.
The appearance of the third type, identified as the §-AlzLi phase, shows that the Al-Mg-Si system can
be used successfully for designing an Li-containing casting alloy. However, this alloy has not yet been

developed.
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1. INTRODUCTION

Al-Mg-Si casting alloys possess good corrosion resis-
tance, weldability, high surface finishing quality and,
in a particular case, extremely high mechanical prop-
erties in as-cast condition. It was reported by Koch
et al. [I] that an Al-alloy with the nominal compo-
sition AlMgsSisMn, subjected to high pressure die
casting (HPDC), has levels of ductility (up to 18 %),
yield strength (up to 220 MPa) and ultimate tensile
strength (up to 350 MPa) that are higher than those
of other casting alloys.

It can be deduced from Jiang et al. [2] that the
ultimate tensile strength of A356 T6 may reach a
level up to 300 MPa and elongation to fracture of 6 %.
The mechanical properties achieved with permanent
mold casting of AlMgsSioMn are comparable with
the properties of A356 [3]. It was found that the
ultimate tensile strength varies from 255 to 298 MPa,
and the elongation is in the range from 1.2 and 3.2 %.
It should be noted that these low elongation values
are one order lower than the values for AIMgsSioMn
HPDC, where the level can be as high as 18 %.

It is known that the Al-Mg-Si system belongs to
the group of age hardenable alloys, and heat treat-
ment can be used to achieve necessary conditions with
appropriate strength [4, [5]. However, the optimal so-
lution, e.g. treatment temperature, and the time for
artificial ageing of the casting alloys, has not yet been
established.

Similarly as for heat treatment, the effect of ad-
ditional alloying of AIMgsSiasMn, for example with
Li, on the formation of the structure and on the me-
chanical properties, has also not yet been investigated.
From the early work of Fridlyander et al. [6], it is
clear that the addition of Li to Al-Cu or Al-Mg alloys
can substantially enhance the mechanical properties,

while at the same time decreasing the density. There
has been a strong advance in the development of Al-
Cu-Li and Al-Mg-Li wrought alloys in recent years.
However, no Li-containing casting alloy has yet been
designed. A proposal has been put forward to use
the AlMgsSisMn casting alloy as the matrix for the
design of a Li-containing casting alloy with various
contents of Mg, and to reveal the effect of Mg and Li
on the structure of the alloys and on the precipitation
of the strengthening phases.

The main scientific approach to the addition of Li
is based on the composition of an a-Al solid solution
in AlMgsSiosMn. During preliminary investigations,
measurements showed that a-Al grains contain about
2.4at% Mg, 0.3-0.4at% Mn, and no Si content was
detected. Hence a-Al grains of AIMgsSisMn can be
considered similarly to a-Al grains in Al-Mg alloy,
where the addition of Li produces a strengthening
effect. The purpose of the present work is to establish
the melting behavior of the Al-Mg-Si-Mn casting alloy
with various contents of Mg, and to find out the effect
of Li on the microstructure and the hardness of the
alloy.

2. MATERIAL AND METHODS

The chemical compositions of the alloys under con-
sideration here are presented in Tab. [I} Commercial
casting alloy A356 was used for the purposes of com-
parison.

All alloys were prepared in an electric resistant fur-
nace using graphite crucibles. AlMgsq, AlSis5, AlMngg
and high-purity aluminum (Algg g97) were used as mas-
ter alloys. The melt at a temperature of 720 + 5°C
had been degassed under an argon atmosphere for
10 minutes. Two types of heat treatment were applied.
The first type was solution treatment, which was con-
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Alloy Mg Si Mn Li Fe

Experimental alloys in wt%

L 4.79 223 05 1 0.03
LL 3.27 3.08 0.62 0.5 0.02

Commercial alloys in wt%

B2 7 3 0.6 1 -
A356 032 697 0.02 - 0.06

TABLE 1. Nominal composition of alloys (Al-balance)

ducted in an electric resistance furnace at 570 °C. After
solution treatment, the specimens were quenched in
water at room temperature. The second type of heat
treatment was T6, which combines treatment of the
solution at a temperature of 570 °C, cooling in water
and artificial aging at 175°C for various periods of
time. The specimens were taken out of the furnace
and were cooled in still air after artificial ageing.

Samples for microstructure observations in a scan-
ning electron microscope (SEM) were prepared using
conventional metallographic techniques. The compo-
sition of the phases was measured by EDX analysis,
using SEM. All TEM investigations were carried out
using a Philips CM 30 TEM, operated at 250kV ac-
celerating voltage and equipped with the Energy Dis-
persive Spectrometry system (EDX) by the Thermo
Scientific Noran System. Thin foils were prepared
using an electrolytic thinning technique.

A NETZSCH DSC 404 differential scanning calo-
rimeter was used for an investigation of the specific
temperatures associated with the melting of the differ-
ent phases. The heating rates were within the range
of 1-20 K/min.

Hardness measurements were performed using a
Brinell hardness testing machine (HB) with a ball
2.5mm in diameter and a load of 62.5kg. The time
of loading was 10 seconds. HV 0.05 microhardness
tests were applied to polished non-etched specimens
on a Duramin-2 microhardness tester, with a standard
indentation time. Tensile tests were carried out using
the INSTRON 5582 testing machine according to the
EN ISO 6892-1 standard, on normalized specimens.

3. RESULTS AND DISCUSSION

Differential scanning calorimetry. The curves
of the changes in the heat flow in dependence on tem-
perature for representative alloys (with different cool-
ing/heating rates) and commercial alloys are shown
in Figs. [[]and 2l The thermal effects were not ob-
served in the temperature range from 20-590 °C, so
this temperature range is not shown here.

When the temperature reaches close to 590°C,
a negative thermal effect occurs on the heating curve,
which corresponds to the endothermic reaction. The
observed effect is characterized by the following tem-
peratures:
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FIGURE 1. DSC curves of the T alloy at various
heating and cooling rates.
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FIGURE 2. DSC curves of commercial Al-alloys (cool-
ing rate 10 K/min).

o T,nset — melting temperature of the eutectic (de-
noted 1),

o T eak,1 — temperature of peak 1 (denoted 2),
o Tpeak 2 — temperature of peak 2 (denoted 3),
® Toutset — end of the thermal effect (denoted 4)

(Fig. .
Figure [I] illustrates the DSC heating curves recorded
at various heating rates of 1, 5, 10 and 20 K/min for
the L alloy in comparison with the heating curve for
the commercial A356 alloy. For slow heating (1 and
5K/min), the thermal effects are depressed, and four
sharp endothermic reactions can be distinguished only
when a 10 K/min heating rate is used. The first ther-
mal reaction during heating is clearly visible in Fig. [2]
and is denoted as 1. This is an endothermic effect
with the peak onset of 571 °C observed in the heating
curve for the A356 commercial alloy. This corresponds
to the melting of (Al)4(Si) eutectic. This value is
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FIGURE 3. Phase diagram of the Al-Mg,Si system
(according to a literature review).

very close to that defined from the equilibrium Al-Si
binary phase diagram, where the eutectic undergoes
melting at 577°C [4].

For the L and B alloys, the DSC tests show the first
endothermic peaks at about 595 °C (denoted 2), which
corresponds to the melting of eutectic (Al)4(Mg2Si).
The experimentally measured value coincides abso-
lutely with the data for the equilibrium ternary Al-
Mg-Si phase diagram [7]. The heat effect 2 de-
tected in the B2 alloy is much larger than the ef-
fect for L.

Further heating led to the appearance of another
endothermic peak, which is attributed to the melting
of a-Al (denoted 3). The a-Al melting temperatures
were found to be very close for the A356, B2 and L
alloys. For the end of melting, denoted 4, the Toyutset
temperatures of about 630 °C are very similar for all
alloys.

In order to explain these effects, the DSC data was
compared with the phase diagram of Al-MgsSi (Fig. [3).
The DSC results for the commercial AlsMgsSiMn
alloy correspond fully with the results obtained for
the samples of L alloys. This demonstrates that the
addition of 1 wt% of Li has no effect on the type of
melting and solidification of the Al-Mg-Si-Mn system
casting alloys.

The results of the DSC investigation are summa-
rized in Tab. 2] A comparison of the DSC results
shows that the eutectic melting temperature found
for L and B2 alloys are very close to each other, but
are considerably higher than the eutectic melting tem-
perature for the A356 alloy. This means that the
service temperature of Al-Mg-Si casting alloys may be
higher than the service temperature of the commercial
casting alloys that are now in use. For confirmation,
however, it is necessary to carry out a series of me-
chanical property tests at various temperatures. The
addition of Li has no effect on the eutectic melting
temperature.

Denoted DSC A356 L B2
1 T onset 571 594.3 595
2 Treak,1 590 605 610
3 Treak,2 6175  620.8 620.3
4 Toutset 622.7 630 637.6

TABLE 2. Temperature characteristics of heat effects
observed during heating.

Microstructure investigation. The structures of
the base alloy before and after alloying with Li are
shown in Fig. [@ All alloys exhibit an equiaxed grain
structure, and five phase constituents can be distin-
guished, i.e.: an a-Al solid solution (gray, denoted 1);
(Al)+(Mg2Si) eutectic (dark, denoted 2); MgoSi pri-
mary crystals (dark, denoted 3); a-Aljo(Mn,Fe)sSi
phase (white, denoted 4); globular Al-Si phase (grey,
denoted 5, only in LL alloy).

The preferential morphology of a-Al follows a den-
dritic structure, with long primary arms for all alloys.
The (Al)+(Mg2Si) eutectic has a lamellar morphology,
where long Mg,Si plates alternate with a-Al. The pri-
mary Mg,Si crystals have a regular polyhedral shape
and are situated in the centres of eutectic colonies.
The addition of Li produces a modified effect.

During solution treatment, the phase composition of
the alloys remains the same as in the as-cast condition,
but it changes the morphology of the phases. During
heating at 570 °C, lamellas of Mg, Si rapidly spherodize

(Fig. fAbd) [g].

Elements of Distribution. «a-Al grain. The
composition of the matrix of all alloys varies slightly.
The a-Al solid solution of all alloys contains Mg, Si
and Mn. It is known that the solubility of magnesium
in aluminium amounts to 1.4 %, and the solubility of
silicon amounts to 0.4 %, at room temperature. The
Mg content in a solid solution measured in SEM using
15kV acceleration voltage is 2.4 wt%. The Mg distri-
bution across the dendrite arm is not homogeneous,
and varies in the range from 2.3 to 2.6 wt%. For all
alloys, the Mn content in an «a-Al solid solution is
0.5wt%. The small Si content measured for the SEM
EDX analysis obviously originated from the surround-
ing MgsSi lamellas; or from lamellas lying beneath
the surface. The Si concentration in the a-Al grains
of all alloys was less than 0.4 wt%.

Eutectic. The stoichiometric composition of MgsSi
is 66.7 at% Mg and 33.3at% Si (the Mg/Si at. ratio is
2.0, and the weight ratio is 1.73 : 1). When the ratio is
more than 1.73, Mg is prevalent, and when the ratio is
less than 1.73, Si is prevalent. The EDX spectra of the
lamellas excluding the Al from quantification provided
a composition of the eutectic lamellas very close to
the stoichiometry of Mg,Si, namely Mg 62.5 at% and
Si 31.2at%. The EDX spectra of the interlamellar
space showed a high concentration of Mg and Si.
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FIGURE 4. Microstructure of the investigated alloys: (a) L-series, as-cast state; (b) L-series, solution treated; (c)

LL-series, as-cast state; (d) LL-series, solution treated.

The (Al)+(MgySi) eutectic in A356 has a lamellar
morphology, where long MgySi plates alternate with
a-Al (Fig. [5h). After the addition of Li, the eutectic
becomes fibrous, as in Fig. [5[ [9]. When the solution
is treated at 575°C, the lamellas of MgySi rapidly
form separate spheres (Fig. ) A model of the
spheroidization of eutectic lamellas and fibres in alloys
of the Al-Mg-Si system is presented in [§].

Mn-containing phase. Due to poor solubility, iron
with silicon and aluminium in Al-Mg-Si alloys con-
tains acicular-shaped intermetallic inclusions, which
reduce the strength and the ductility of the alloys. To
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FIGURE 5. Morphologies of the (Al)4+(Mg2Si) eutectic in the A356 alloy (a); L alloy (b); after solution treatment (c).

neutralize the negative effect [I3] of the Fe-containing
phase, the alloys investigated here are additionally
doped with 0.6 % Mn. According to the amount of
excess silicon, manganese and iron in the evaluated
alloys, several types of manganese phase are formed:
(Alg(Mn, Fe), Alg(Mn,Fe), a-Alj5(Mn,Fe)3Sis, S-
Al5(Mn, Fe)Si, 0-Aly(Mn, Fe)Siy) [10] I1].

Previous studies have shown that the addition of
0.6 wt% of Mn to the alloy with a stoichiometric ratio
of Mg : Si close to 2 : 1 improves its mechanical
properties. Thus, the tensile strength and the yield
strength of the alloy increase by 30 %, on average,
with the addition of manganese.
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FIGURE 6. Morphology Si — content phases: (a) Al-Si eutectic in an alloy with extra Si; (b) §-Al4(Mn, Fe)Si> phase
in an alloy with extra Si and extra Mn; (c) Al-Si phase in an alloy with extra Si modified by Li.
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FIGURE 7. Mechanical properties: (a) macrohardness, (b)

Modification effect of Li. Generally, there are
two possible mechanisms for influencing the struc-
tural formation of alloys. One of these is the influence
of modifiers on the solidification front, i.e. chang-
ing the surface energy of the growing crystals. The
second mechanism is based on heterogeneous nucle-
ation, i.e. the alloying components serve as nucleating
particles [12].

Adding lithium to aluminum alloys is an example of
the first of these mechanisms. A change in the surface
energy of the MgySi crystals, caused by Li atoms on
its surface or entering its lattice, may also be respon-
sible for the change in the growth morphology [13].
The volume fraction of a-Al increased with increasing
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Li content, but the eutectic areas were appreciably
reduced. The appearance of the larger grains may be
a consequence of the wider ternary range in the dia-
gram [I13]. The authors of [13] hypothesized that the
addition of Li shifted the eutectic point towards the
Mgs5Si rich side of the diagram, but the authors of [14]
reported that the addition of Li shifted the eutectic
point towards the a-Al rich side of the diagram.

Fig. Bhb shows that the Li-free alloy had a lamellar
morphology, and that the addition of Li changes it to
a fibrous shape. Fig. [6] presents how Li influences the
Si-content phases in alloys, with a different content
of extra Si and extra Mn changing it from a rod-like
shape to a globular shape.
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(b)

FIGURE 8. Bright field image of 3-Mg2Si cuboid particles and 8" needles (a); §’-AlsLi phase in the L alloy after

artificial ageing at 175°C for 30 h.

Mechanical properties. The results of hardness
and tensile tests are summarized in Fig. [7] The treat-
ment of the solution results in a significant decrease in
both the HB values and the HV 0.05 values. In addi-
tion, artificial ageing increases all mechanical proper-
ties of alloys. The changes during heat treatment are
the result of eutectic spheroidization (Fig. E[) A higher
solution treatment temperature leads to faster decom-
position of eutectic lamellas into smaller segments, and
to the spheroidizing effect [8]. This process decreases
the hardness of the alloys.

Literature data [I5HI7] and a preliminary study
showed that the mechanical properties of Al-MgsSi-
Si alloys are improved with an increased amount of
silicon (and with an increased volume fraction of Al-
Si eutectic). However, extra silicon with manganese
can form metastable phases, which deteriorates the
properties (increases the brittleness) of the alloys in
as-cast state. The modifying effect of Li fixes extra
Si, and forms a globular Al-Si phase in the LL alloy.
The test results (Fig. @ show that heat treatment of
the alloys with extra silicon improves the mechanical
properties. With increasing time of artificial ageing
(at 175°C), the hardness of the alloys grows with extra
silicon. This can be explained by a sufficient amount
of silicon in solid solution to form a larger number of
strengthening particles.

TEM observation. After the hardness and micro-
hardness measurements, the artificially aged speci-
mens were subjected to a TEM investigation. The
main task was to analyze the composition of the solid
solution and to detect precipitates formed via decom-
position of the supersaturated solid solution.

Fig. [§|shows TEM bright field images of the L al-
loy artificially aged at 175°C for 30 hours. Three
morphologies of the precipitates can be clearly dis-
tinguished. The first morphology is represented by
the long needles lying in perpendicular directions and
marked as 8{ and 84. Fine black spots, marked as 34,
are the transverse section of the needles. These precip-
itates are the 8" phase, which is the main strengthen-
ing phase of Al-Mg-Si alloys. Needles of this kind were
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also observed in an artificially aged A356 alloy, and
their appearance is obvious because the composition
of the solid solution is very similar to the composition
of the Al-Mg-Si alloys.

The second type of precipitates is represented by
the cubic shaped plates marked as ;. These precipi-
tates are randomly distributed in the matrix, and have
average dimensions of about 25 x 25 nm. An enlarged
view of these precipitates is shown in Fig. [Bp, with
two separate particles marked 8 and 3. Thus, the
morphology of these precipitates is a thin plate, and
it can be identified as 5-MgySi cuboid particles. EDX
analysis of the cuboid particles showed that they are
enriched by Mg and Si simultaneously, and this pro-
vides additional confirmation that these particles are
an MgsSi compound. It was reported by Fridlyander
et al. [6] that the addition of Li decreases the solu-
bility of Mg in a-Al. Since L and B2 alloys contain
Li, this can be an additional factor for promoting the
formation of cuboid particles.

The third type of precipitates is represented by the
tetragonal shaped particles marked as ¢’. Since both L
and B2 alloys were alloyed with Li, these precipitates
can be identified as the §’-Al3Li phase. These precipi-
tates are formed along the (111) aluminum direction,
and are fully coherent with the a-Al matrix. The
appearance of § precipitates and the results of EDX
analysis confirm that the a-Al matrix in Al-Mg-Si
alloys can be considered as a binary Al-Mg alloy. The
addition of Li promotes the formation not only of Mg
and Si containing precipitates but also of the ¢’-Al3Li
phase.

Thus the presence of Li in a solid solution affects
the formation of Mg-Si precipitates. Their heteroge-
neous behavior is linked to the association of Mg-Si-v
(vacancy) with Li-v clusters. The preferential cluster-
ing of Li-v inhibits the cluster of Si and Mg atoms. It
thereby retards the diffusion of Si and Mg atoms, and
the precipitation of the needle-shaped Mg,Si phase is
limited. The effect of the buffer for Li and Mg on the
ageing kinetics leads to a slow increase in the MgoSi
and the Al3Li precipitates.
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4. CONCLUSIONS

(1.) The temperature peaks of a DSC evaluation of
the L and B2 samples have the same behavior, but
there is a considerable difference in the heat flow
value. The eutectic melting temperature for the two
alloys was near to 595 °C, demonstrating that the
Mg content has no significant effect on the melting
behavior of Al-Mg-Si alloys. A similar conclusion
can be drawn for the addition of Li.

(2.) A higher solution treatment temperature leads
to faster decomposition of eutectic lamellas into
smaller segments, and to the spheroidizing effect.
Homogenization equalizes the distribution of all
elements in the grains. Artificial aging at a temper-
ature of 175 °C leads to the formation of strength-
ening particles, which increases the hardness and
the microhardness of the a-matrix.

(3.) The results were similar for the two alloys (L, LL)
in the macro- and microhardness tests. The impor-
tant point in this study is that after 120 minutes of
artificial ageing all values decrease rapidly

(4.) The addition of lithium has a pronounced effect
on the precipitation behavior in Al-Mg-Si-Mn alloys.
TEM indicates that three types of precipitation

— [3-Mg5Si cuboid, 3”-Mg,Si needle shaped and
0’-Al3Li tetragonal particle — are formed during
artificial ageing.
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