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Abstract

The designing of new light-weight alloys for continuous re-
placement of cast iron and steel parts is now the mainstream 
regarding energy saving and improvement of fuel consump-
tion in the transportation sector. Parallel with the remarkable 
advances in aluminium wrought alloys, the search for novel 
efficient casting alloys still attracts the attention of research-
ers and manufacturers of aluminium casting. The last dec-
ades have shown a growing interest in Al-Mg-Si-Mn cast-
ing alloys. Despite their active implementation into foundry 
practice, there is a lack of research regarding their structural 
formation after additional alloying by Cu, Zn, Sc, Zr, Ti, Li, 
and especially the effect of ‘natural hardening’ when an alloy 
undergoes aging from as-cast condition. In this paper the 
authors have summarised the existing information on the 
Al-Mg-Si-Mn casting alloys, including their structure and 
the effects of Mn, Cu, Zn, Sc, Sc+Zr and Li additions on 
the properties, along with their own results concerning this 
group of casting materials.

Keywords: aluminium alloys, casting, Al-Mg-Si system, alloy-
ing addition, precipitation

1. Introduction

Simultaneously, with the progress in the designing of 
efficient Al-Si casting alloys, another group of materials 
has undergone its wide implementation into foundry 
practice. These are the alloys of Al-Mg-Si-Mn system 
containing in the range of (wt.%): 5.0−5.5 Mg, 1.5−2.2 
Si, and Mn 0.6 wt.%. It has been shown by many re-
searchers that such composition of an alloy subjected to 
high pressure die casting (HPDC) gives certain advan-
tages of the cast parts in comparison to well established 
commercial alloys of the Al-Si system [1]. The attrac-
tiveness of these alloys is based on the combination of 

intermediate strength with high ductility. This is of great 
importance for the design of novel effective light-weight 
automotive body structures.

An explanation of this statement can be made. Avail-
able commercial Al-Mg-Si wrought alloys used in the 
car-building industry, such as 6016, 6009 or 6010 in 
heat treated condition (T6 or T4) possess the mechani-
cal properties in the range of 120 to 220 MPa of yield 
strength (YS), 220−290 MPa of the ultimate tensile 
strength (UTS), and 24−25% of elongation to fracture 
[2,3]. In order to maximize the benefits of an aluminium-
intensive car body structure, the die-castings need 
to have comparable mechanical properties with the 
components made of aluminium sheets or extrusions. 
However, the mechanical properties of currently avail-
able die-cast alloys are not competitive and cannot 
satisfy the industrial requirements. In particular, the 
ductility is not sufficient in manufacturing and in the 
application [3]. Therefore, the cast alloy needs to be 
specially developed for car body structures and simi-
lar applications where elongation is one of the crucial 
characteristics.

Currently, the die-cast aluminium alloys include 
Al-Si-Cu, Al-Si and Al-Mg-Si and Al-Mg. Al-Si-Cu 
(AlSi9Cu3(Fe)) and Al-Si alloys are the most popu-
lar alloys that offer a good combination of strength, 
castability and processability, but less ductility. As an 
example, it was reported by Sanna et al. [4] that the 
alloy AlSi9Cu3(Fe) (subjected to HPDC) showed the 
elongation to fracture on the level of 2−5%. Simultane-
ously, the Al-Mg-Si-Mn alloy can provide a much higher 
ductility of 15−18% that is approximately three times 
higher than that of AlSi9Cu3 together with similar UTS of  
300 MPa [3,45]. The specification of available Al-Mg-Si-
Mn die-cast alloys varies throughout different countries 
and manufacturers. It has been summarised by Boyko 
et al. [1] and Ji et al. [3] together with advantages of 
this group of casting alloys:
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a) high mechanical properties;

b) good fluidity, which provides the Al-Mg-Si cast-
ing alloys the ability to fill the thinnest sections of  
a mould cavity;

c) good feeding behaviour;

d) good corrosion resistance and stress corrosion 
cracking.

The main reason behind the design of this material 
was the necessity to combine the superior mechanical 
properties of the Al-Mg system with its application in 
high pressure die-casting (HPDC). According to the 
concept of alloy design [5,6], the main alloying elements 
are magnesium, silicon, and manganese. 

Magnesium goes into solution and results in high 
YS by forming coherent and semi-coherent phases in 
the α-Al. The ratio of magnesium to silicon is also very 
important for achieving the desired 40−50% eutectic 
volume fraction. This in turn favours sufficient castability 
and feeding during solidification. No free silicon must 
be available in order to provide outstanding corrosion 
behaviour [5]. The last requirement is somewhat con-
troversial because, in the absence of silicon, there are 
no building materials for precipitates to form on, and 
subsequently, the matrix will be strengthened only by 
the solid solution mechanism.

It is well known that the mechanical properties of an 
alloy with nominal composition AlMg5Si2Mn strongly 
depends on the wall thickness of the cast part. For 
2−3 mm wall thickness, UTS can reach 330 MPa,  
YS 220 MPa, 18% elongation. Further enlargement of 
wall thickness leads to a dramatic decrease of all char-
acteristics [5]. It was also detected that the UTS and YS 
vary with applied casting techniques. The highest values 
can be achieved for HPDC and lowest for permanent 
mould (PM) casting [46].

To improve mechanical properties, the authors [3] 
optimised the Mg content in the AlMg5Si2Mn alloy. 
They showed that the maximum UTS and YS can be 
achieved at 5.50 wt.%. Further improvements of me-
chanical properties were possible by additional alloy-
ing. For this purpose, Zn, Cu, Ti, Sc, Zr were applied 
and a brief summary of the results can be found in the 
recent work of Boyko et al. [1]. However, the effect of 
different alloying additions on the structure formation, 
precipitation processes and the resulting mechanical 
properties is not completely understood. Therefore, 
the main objective of the present paper is to show the 
role of different alloying elements on the structure and 
precipitation of strengthening phases in Al-Mg-Si-Mn 
casting alloys, based on previously published works 
[1,7,9,12,44] and the available literature on the subject 
[4,10,11,13,16,18,20−23,35,43].

2. Effect of alloying elements

2.1. Effect of Mg and Si

The major alloying elements in Al-Mg-Si alloys are Mg 
and Si. The temperature of the α-Al + Mg2Si pseudobi-
nary eutectic solidification was 594°C [8], which is in the 
agreement with differential scanning calorimetry (DSC) 
measurements performed by Mykhalenkov K. et al. [9]. 
DSC results (Fig. 1a) demonstrated the eutectic melting 
temperature to be 594°C (Fig. 1a). This is one of the 
highest eutectic melting temperatures for Al-based al-
loys. The calculated chemical composition of the phases 
taking part in eutectic reaction is listed in Table 1 [8].

Table 1. Invariant equilibria of Al-Mg-Si system [8]

Reaction T, °C Phase
Composition, at.%/wt.%

Al Mg Si

594

L 85.30/86.08 10.80/9.82 3.9/4.10

α-Al 97.10/97.35 2.70/2.44 0.2/0.21

Mg2Si 0 66.70 33.30

By using transmission electron microscopy and EDX 
microanalysis performed across and along the dendrite 
arms in AlMg5.3Si1.8Mn0.62 alloy, it was found [7] that 
at room temperature the average Mg content in the  α-Al 
solid solution was about 2.20 wt.% (see Table 2). Simul-
taneously, the Si content was found to be lower than the 
limit of detection for EDS microanalysis, i.e. 0.1 wt.%. 
Therefore, almost all Si was built to the Mg2Si eutectic 
lamella, and some into AlFeMnSi intermetallic phase. 
The solid solution was saturated with Mg.

The composition of α-Al estimated in TEM+EDX, us-
ing spot size down to 0.8 nm, showed a Mg content in 
the range of 2.20−2.30 wt.% for alloy cast into perma-
nent mould and for AlMg5.47Si2.20Mn0.69 HPDC alloy. 
In the latter case, the cooling rate is one order higher 
(about of 70 K·s-1). Thus, the Mg supersaturation of 
the α-Al solid solution was almost independent of the 
casting techniques used (Table 2). An increase in the 
cooling rate cannot increase the saturation of the α-Al 
with other alloying elements Mn and Si.

The difference of the UTS, YS, and elongation be-
tween both alloys (one cast into permanent mould (PM) 
and the second HPDC), was usually attributed to the 
following factors:

 – smaller size of the α-Al grains of the HPDC alloy 
than those of the PM;

 – changes of the eutectic morphology from plate-like 
to fibrous;

 – formation of large shrinkage pores in the PM alloy.

α-Al
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Table 2. Chemical composition of α-Al in AlMgSiMn alloy 
as affected by cooling rate

Element
Alloy

Casting PM Casting HPDC
SEM, wt.% TEM, wt.% SEM, wt.% TEM, wt.%

Mg 2.6 2.2 2.8 2.4
Si 0.3 – 0.3 –
Mn 0.4 0.5 0.5 0.5

Ji et al. [3] reported that the maximum UTS was ob-
tained for an alloy, containing as much as 8.80 wt.% 
Mg, and it was constantly increasing with the increasing 
addition of Mg. However, the elongation of the alloy 
with such a high Mg content drastically decreased from 
17% down to 8% in comparison to the alloy containing 
5.50 wt.% Mg and 1.50 wt.% Si. Therefore, to satisfy 
the demand for high plasticity, the optimum composi-
tion of an alloy was proposed: 5.00−5.50 wt.% Mg and 
1.50−2.00 wt.% Si.

The average elements content in Mg2Si eutectic la-
mella was: Mg – 18.30 wt.%; Si – 34.10 wt.%, Al –  
18.70 wt.%. Beside the matrix effect (Al presence), 
the spectra showed relatively high oxygen content of 
28 wt.%. This result suggests that eutectic lamellae of 
Mg2Si exhibits a strong tendency for oxidising. How-
ever, some results obtained through TEM/EDS microa-
nalysis allowed the estimation of the composition of 
Mg2Si particles of Mg/Si ratio near their stoichiometry: 
Mg – 64.6 at.%, Si – 31.2 at.%, other (O, Fe, Cu, Zn, 
Al) – 4.2 at.%.

2.2. Effect of Mn

One of the reasons for adding Mn to Al-based casting 
alloy is to alter the morphology of the Fe-bearing phase 
by promoting the formation of compact α-AlFeMnSi 
intermetallic particles [3] instead of needle shaped 
AlFeSi phase. It is also claimed that the Mn content 
has a low effect on the mechanical properties, and its 
addition is usually kept on the level of 0.60 wt.% [3,10] 
to prevent die soldering.

In the AlMg5.3Si1.8Mn0.62 alloy cast into permanent 
mould, it was found that the Mn mostly dissolved in the 
Al matrix. The distribution of Mn across the dendrite arm 
in AlMg5.47Si2.20Mn0.69 HPDC alloy is represented 
in Figure 1d. One can see that the Mn is almost evenly 
distributed in the α-Al on the level of 0.45−0.50 wt.%. 
However, primary particles of the α-Al(Mn,Fe)Si phase 
were revealed in the inter-dendritic eutectic. Morphol-
ogy of Mn-containing primary phase is shown on Fig-
ure  2a. Its chemical composition is (in at.%): Al – 74.5, 
Mn – 15.8, Si – 4.7, Fe – 0.1.

In the alloy subjected to heat treatment, the primary 
α-Al(Mn,Fe)Si particles dissolved during homogenisa-
tion. In the areas of the solid solution, new precipitates 

containing Mn were observed. The preferential morphol-
ogy of these particles is block-like and they are randomly 
distributed in the matrix. During prolonged annealing, 
the size and volume fraction of these particles become 
larger [1]. The precipitated dispersoids mainly contained 
Mn, Si, and Al. In some cases, small concentrations of 
Mg were detected. The measured Fe content was not 
greater than 0.70 wt.%. The chemical composition and 
morphology of the observed dispersoids allow the iden-
tification of them as an α-Al(Mn,Fe)Si phase.

The appearance of these α-Al(Mn,Fe)Si dispersoids 
proves the dual effect of Mn addition namely: (i) forma-
tion of the primary α-Al(Mn,Fe)Si inter-metallics during 
solidification; (ii) the reprecipitation of the dispersive, 
Mn-rich phase during the solution treatment contributing 
into a precipitation strengthening effect.

2.3. Effect of the zebra-crossing precipitates

TEM investigations performed on a series of Al-Mg-
Si-Mn casting alloys cast into permanent mould (as well 
as HPDC) showed that the α-Al grains contain plate-like 
precipitates [1,7,9]. These plates are elongated along 
a certain direction and are arranged parallel to each 
other, resulting in a pattern like a zebra crossing (as 
can be seen on Fig. 3). On one side of this pattern,  
a carved black line is visible, which could be identified 
as a dislocation. This generalization is true for all of the 
studied alloys.

Detailed investigations of these precipitates allowed 
to reveal their features:

 – composition of precipitates is very close to stoichio-
metric Mg2Si compounds;

 – precipitates are aligned along dislocations, for all 
specimens;

 – precipitation density is much higher for the HPDC 
alloy than for the PM alloys;

 – precipitates are only distributed in the α-Al solid 
solution dendrites – they were not detected in the 
α-Al eutectic lamellas.

From this observation, together with the revealed 
alignment of precipitates along the dislocations, it can be 
concluded that the main mechanism of their formation is 
the heterogeneous nucleation in the stress field of dis-
locations during the natural aging of the alloy. The high 
dislocation density in the HPDC alloy originated from 
differences in the thermal expansion of α-Al and Mg2Si, 
together with the pressure applied during HPDC, which 
provided more nucleation sites for the precipitates.

These results clearly indicate that one of the main 
origins of high mechanical properties of an Al-Mg-Si-Mn 
HPDC alloy is the precipitation of strengthening phases 
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c) Line of EDX microanalysis of AlMg5.47Si2.20Mn0.69 
HPDC alloy

d) Distribution of Mg, Mn and Ti across dendrite arm along 
line marked in Fig. 1c

Fig. 1. DSC traces (a), microstructure (b) and alloy components distribution (c,d) [9] in AlMg5.47Si2.20Mn0.69 alloy

a) Morphology of Mn-containing phase in 
AlMg5.70Si1.85Mn0.61 alloy cast into permanent mould 

(marked by arrow)

b) Bright field image of Mn-containing precipitates in the 
AlMg5.70Si1.85Mn0.61 alloy cast into permanent mould. 
Alloy was heat treated at 570°C for 1 hour, quenched into 

water and artificially aged at 175°C for 60 min

Fig. 2. Morphology of primary α-Al(Mn,Fe)Si phase in AlMg5.70Si1.85Mn0.61 alloy cast into permanent mould (a)  
and dispersive Mn-containing precipitates observed in the alloy after heat treatment (b)

a) DSC traces of AlMg5.5Si2.1 alloy b) Microstructure of AlMg5.5Si2.1 alloy
1 – α-Al solid solution, 2 – (α-Al) + (Mg2Si) eutectic,  

3 – primary Mg2Si crystal
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from a solid solution initiating directly in the as-cast 
condition. Further investigations have to be carried 
out to reveal their crystalline structure and their role 
in the final determination of the mechanical properties 
of alloy. Therefore, the sequence of the precipitation 
process for Al-Mg-Si alloys could be modified by adding 
the first stage, i.e. decomposition of the solid solution 
(SS), formed during cooling after complete solidifica-
tion. The most general expression for decomposition 
of supersaturated solid solution (SSSS) can be found 
in [14]. It starts when SSSS begins to decompose with 
solute clustering in the face centred cubic aluminium 
lattice. Then, the GP zones are formed followed by 
the formation of β′′, β′ and several other type of pre-
cipitates. Since the solid solution starts to decompose 
directly after casting, the order of phases formation 
could be corrected probably as follows: solid solu-
tion → clusters → GP → β′′ (zebra-crossing) → ?. 
This can be one of the possible scenarios of the forma-
tion of zebra-crossing type precipitates. However, the 
structure and composition of these precipitates need 
to be studied in more details.

2.4. Effect of Cu and Zn

Additions of Cu and Zn lead to the considerable in-
crease of UTS up to 350 MPa of Al-Mg-Si alloy (after 
addition of 0.60 wt.% Mn) [11]. Addition of 3.50 wt.% Zn 
results in a significant improvement of YS from 190 MPa 
for base alloys up to 250 MPa. The significant decrease 
of elongation was observed (down to 2.0%) while UTS 
remained at the level of 350 MPa. From a structural 
point of view the alloying of an Al-Mg-Si alloy with Zn 
promotes the formation of primary Zn-containing inter-
metallic phase. It was reported that the Zn-containing 
phase could be identified as Al13Mg5Zn. Its particles 
are located at the boundaries of the α-Al solid solution. 

Sometimes it can be observed between eutectic cells. 
It was also reported by Y. Milman et al. [12] that the 
Zn addition to the alloy cast into the permanent mould 
(PM) after heat treatment assured UTS up to 500 MPa  
(Zn content of 2.58 at.%), YS of 430 MPa and 1.0% 
elongation. The increase of mechanical properties is ex-
plained by the authors as due to the formation of the dis-
persive precipitates of η-MgZn2 during heat treatment. 
However, the type of precipitates has to be studied in 
more detail because of the presence of a large number 
of alloying elements in α-Al may lead to the formation of 
a wide variety of particles. These may provide different 
contributions to the final mechanical properties of the 
alloy. An investigation of the effect of adding Cu on the 
mechanical properties of PM Al-Mg-Si-Mn casting alloy 
allowed one to establish that the presence of 0.20 at.% 
Cu led to a further increase in the mechanical properties 
of the alloy [12].

Investigations of the AlMg5.70Si2.85Mn0.61+Cu1.58+ 
Zn2.23 alloy cast into PM showed that, in addition to the 
α-Al, eutectic (α-Al + Mg2Si) and Mn-bearing phases, 
a new eutectic-type phase was formed during solidi-
fication (Fig. 4a,b). SEM/WDX analysis showed that 
its particles are enriched with Mg (14.80 wt.%), Cu  
(30.84 wt.%) and Zn (2.84 wt.%). Simultaneously, TEM/
EDX measurements of the matrix composition revealed 
that the Mg content in α-Al decreases to 0.70−0.80 wt.% 
in comparison to 2.20 wt.% Mg in the alloy without the 
addition of Cu+Zn. These results showed that the addi-
tion of 1.5 wt.% Cu and 2.2 wt.% Zn caused formation 
of relatively large inter-metallics, adsorbing Mg directly 
from the solid solution. This effect should be considered 
rather undesirable. Therefore, the amount of Cu and 
Zn needs to be reduced for keeping the phase equilib-
ria the same as it is in the quasi-binary section in the  
Al-Mg-Si system, in order to avoid formation of addi-
tional eutectic phases. From Figure 4b one can see that 

a) TEM Bright field image of zebra-crossing type 
precipitates observed in AlMg5.70Si1.85Mn0.61 alloy cast 

into permanent mould (marked by arrow)

b) TEM Bright field image of zebra-crossing type 
precipitates observed in AlMg5.47Si2.20Mn0.69 HPDC 

alloy (marked by arrow)

Fig. 3. Zebra-crossing type precipitates observed in Al-Mg-Si-Mn casting alloys cast into PM (a) and HPDC (b)
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the eutectic-type phase is adjoined to another phase.  
This solid phase is a (Mn,Fe)-containing intermetal-
lic having the composition: Si – 6.42 wt.%, Mn – 
24.03 wt.%, Fe – 4.25 wt.% and Cu – 3.02 wt.%.

Similar to unalloyed based Al-Mg-Si material (Fig. 3a 
and b) in the dendrites of the α-Al solid solution zebra-
crossing-type, precipitates have been clearly seen. The 
morphology of these precipitates was nearly identical to 
those in the Al-Mg-Si alloy without any addition. How-
ever, their number is much higher than that of unalloyed 
material (Fig. 3a). This means that the additional alloy-
ing enhanced the formation of such type precipitates. 
Therefore, a small addition of Cu and Zn could provide 
an opportunity for further improvement of the mechani-
cal properties of Al-Mg-Si alloy yet achieved in as-cast 
condition.

Due to Cu and Zn additions, the formation of a new 
kind of the nano-scale precipitates occurred, as can be 
seen from Figure 4c. Precipitates are evenly distributed 

in the area of inter-dendritic eutectic, in the α-Al solid 
solution lamellas. Presumably they might be attributed 
to the η-MgZn2 phase of the zebra-crossing-type. How-
ever, additional investigations have to be carried out to 
reveal and identify all types of inter-metallics which can 
form in Al-Mg-Si alloys with the addition of Zn and Cu.

2.5. Effect of Ni

It was reported by Yang et al. [13] that addition of Ni 
(in the range between 0.005 and 2.06 wt.%) causes an 
increase in the interlamellar spacing of eutectic (α-Al 
+ Mg2Si). In alloys subjected to HPDC, an increase 
of Ni content leads to the formation of two different 
intermetallic compounds. Very often in both types of 
Ni-containing, the phases presence of Fe, Mn and Si 
was revealed. However, no Al3Ni phase has been found 
in the Al-Mg-Si alloy structure. It was also observed that 
an increasing of Ni content in HPDC AlMg5Si2Mn alloy 

a) Microstructure of AlMg5.70Si2.85Mn0.61+Cu1.58+Zn2.23 
alloy cast into PM

b) Morphology of eutectic-type intermetallic and adjoined 
Fe-bearing phase  

in AlMg5.70Si2.85Mn0.61+Cu1.58+Zn2.23 PM alloy

Fig. 4. Microstructure of AlMg5.70Si2.85Mn0.61+Cu1.58+Zn2.23 alloy cast into PM in as cast condition (a,b,c)  
and after heat treatment (d)

c) Bright field image of zebra-crossing type precipitates 
observed in AlMg6.20Si2.30Mn0.61Zn1.65 alloy cast into 

permanent mould (marked by arrow)

d) Bright field image of precipitates observed  
in AlMg5.70Si2.85Mn0.61+Cu1.58+Zn2.23 PM alloy  

after heat treatment
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slightly enhanced YS simultaneously with significant 
reductions of elongation, from 17% for alloy without Ni 
down to 5% for an alloy with 2.06 wt.% Ni. Therefore, it 
could be supposed that the slight increase in a YS value 
below 10% achieved after Ni addition, was caused by 
Ni-rich intermetallic compound formation either at the 
α-Al grain boundaries or in the eutectic areas (α-Al) + 
(Mg2Si).

2.6. Effect of Sc, Sc+Zr

Sc is considered as one of the principal additions to 
aluminium alloys due to its triple effect on the structure 
and properties of Al-based alloys. These include the nu-
cleation effect of the primary Al3Sc intermetallic phase, 
providing efficient grain refinement, modification of the 
eutectic structure in Al-Si alloy, and the precipitation 
hardening.

According to the binary Al-Sc phase diagram, par-
ticles of Al3Sc should form during solidification of all 
alloys with Sc content higher than the 0.60 wt., during 
eutectic reaction Liq. = α-Al + Al3Sc at a temperature 
range of 655−659°C [15]. A.F. Norman et al. [16] ob-
served Al3Sc in the centres of α-Al grains and concluded 
that they acted as their heterogeneous nuclei. They 
showed that the addition of Sc refines Al grains more ef-
fectively than well-known refiners such as Ti or Zr. This 
effect was mainly attributed to near-identical crystal 
structures of the Al3Sc particles and the matrix phase. 
The primary particles of the Al3Sc phase have faceted 
morphology and, as it was reported by Hyde et al. [17], 
they nucleated on the aluminium oxide particles. This 
nucleation mechanism was also recently confirmed 
by S. Zhou et al. [18] in the Al-5.0 wt.% Mg alloy with 
different Sc additions. Ramanaiah et al. [19] showed 
that the Sc addition provides a more effective grain 
refinement effect than that of Ti+B addition. However, 
U. Patakham et al. [20] stated that the grain refinement 
efficiency of Sc to the A356 alloy is lower than that of 
conventional Ti addition.

It was also stated that in Al-Si-Mg alloys different Al3Sc 
intermetallic compounds may form that reduces the 
grain refining effect. It was shown that in high Si Al al-
loys ternary phase, AlSc2Si2 forms rather than Al3Sc [8]. 
Simultaneously, the modification of eutectic (α-Al + Si) 
due to Sc addition was detected. Lim et al. [21] revealed 
slight grain refinement of A356 cast alloy together with 
the morphology of eutectic transformation (α-Al + Si), 
from coarse lamellar to the fine fibrous. The addition 
of 0.4 wt.% Sc led to an increase in the hardness of 
the A356 alloy up to 30% due to a combination of both 
effects of the refinement of α-Al grains and the eutectic 
modification allowed.

However, the high cost of Sc, and subsequently of 
binary Al-Sc master alloys limits the application of scan-
dium additives to aluminium alloys, especially to cast 
materials. According to J. Røyset [22], in 2007 a price 

of the Al-2.0 wt.% Sc master alloy was approximately 
50 USD/kg.

It was established that the amount of Sc can be 
reduced by its combination with Zr. The formation of  
a ternary Al3(Sc1-xZrx) intermetallic compound takes 
place instead of binary Al3Sc and Al3Zr [22], as during 
the Al3Sc phase, a significant amount of Zr can solve. 
The ability of Al3Sc and Al3Zr primary particles to nucle-
ate α-Al solutions was proven convincingly, while data 
concerning a similar effect of the ternary Al3(Sc1-xZrx) 
particles were rather limited and sometimes controver-
sial. However, the particles of Al3(Sc1-xZrx) phase were 
observed inside the dendrite arm in the AlSi7Mg alloy 
after Sc+Zr addition. Based on the calculations of lat-
tice parameters of Al3(Sc1-xZrx) [23] it was stated that an 
increase in Zr content reduced both the lattice parameter 
of ternary Al3(Sc1-xZrx) phase and its misfit with the lattice 
of α-Al. Also, in eutectic (α-Al + Si) the transition from 
plate-like to fine fibrous morphology took place after the 
addition of either Zr or Sc+Zr [23].

The first attempts to improve properties of the 
AlMg3Si1 casting alloy by adding Sc+Zr were per-
formed by K. Eigenfeld et al. [24]. It was found that the 
AlMg3Si1+(Sc+Zr) alloy was the most promising candi-
date for application in the temperature range between 
200 and 300°C.

Experimental investigations performed by authors 
showed that the structure of the Al-Mg-Si-Mn casting 
alloy can be effectively refined via complex additions 
of Sc+Zr to the melt. From the Figures 5a and 5b the 
primary Al3(Sc1-xZrx) phase can be clearly seen in the 
centre of α-Al grain, which indicates the ability of this 
phase to nucleate the α-Al grains. The average size 
of the primary Al3(Sc1-xZrx) phase particles was about 
1.0−1.5 µm, comparable with previous results of others 
[23]. Besides α-Al grain refinement, more homogene-
ous distribution of alloying elements, fewer segrega-
tions, better feeding behaviour, more uniform distribu-
tion of porosity and lower surface roughness could be 
expected. Similar morphology of primary Al3Sc particle 
was observed by J. Hyde et al. [26] after the cooling of 
Al-Sc alloy at a rate of approximately 100 K·s-1.

The formation of a large fraction of primary intermetal-
lics reduces the Sc or Sc+Zr content in α-Al solid solu-
tion, thus the formation of strengthening precipitates is 
limited. In the alloy under examination, the number of 
Al3(Sc1-xZrx) particles was much higher than was nec-
essary for fine equiaxed grain formation (see Fig. 5c, 
particles of Al3(Sc1-xZrx) phase are marked by arrows). 
The primary Al3(Sc1-xZrx) particles visible inside eutectic 
areas could generate a modifying effect, as the eutec-
tic growth started from the surface of the Al3(Sc1-xZrx) 
phase.

The distribution of Sc across the dendrite arm in the 
Al-Mg-Si-Mn casting alloy was carefully measured us-
ing TEM+EDX (Fig. 5d). The highest Sc content was  
0.11 wt.%, whereas overall Sc content in the alloy is  
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0.20 wt.%, thus 0.09 wt.% Sc was bound in the primary 
Al3Sc.

The most important role of Sc addition to the wrought 
alloys of Al-Cu, Al-Mg and Al-Li systems was the for-
mation of nano-scale dispersoids of the type Al3Sc (or 
in combination with Zr Al3(Sc1-xZrx)). They provided  
a strengthening effect due to dislocation movement 

blocking [15]. According to [21] the addition of 0.2 wt.% 
Sc to A356 casting alloy gives a slight increase of UTS 
from 91 to 108 MPa, while 0.4 wt.% of Sc was added, 
UTS decreased from 119 to 110 MPa in as-cast condi-
tion. This effect was most likely caused due to the for-
mation of intermetallic compounds differing from Al3Sc, 
withdrawing Sc from solid solution. The Al-Mg-Si alloys 

a) b)

Fig. 5. Structure of Al-5.57 wt.% Mg-3.22 wt.%Si-0.64 wt.% Mn + (0.20 wt.%Sc+0.14 wt. %Zr) casting alloy: (a) bright field 
image of the α-Al grain, (b) morphology of Al3(Sc1-xZrx) particle in the grain centre, (c) distribution of primary Al3(Sc1-xZrx) 

particles in the alloy (marked by arrows), (d) distribution of Sc across dendrite arm

c) d)

Table 3. Composition of α-Al solid solution at room temperature of different Al-Mg-Si-Mn casting alloys

Alloy
Composition of α-Al, wt.% (Al-balance)

Mg* Si Mn Sc Zr Fe Ti Other
Base alloy
(AlMg6.1Si2.9Mn0.7, no addition) 2.20 - 0.3 - - - - -

Addition of Li
(AlMg6.1Si2.1Mn0.59+0.5wt.% Li) 2.5 - 0.5 - - - - -

Addition of Sc+Zr
(AlMg6.2Si2.3Mn0.64+0.20wt.%Sc+0.09wt.% Zr) 1.5 - 0.3 0.1 - - - -

A356
(AlSi7.2Mg0.35, no additions) 0.2 1.0 - - - - - -

* – average of 10 measurements
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seem to be more perspective to test effect of complex 
Sc+Zr addition on mechanical properties, especially at 
elevated temperatures [24]. Table 3 illustrates a compo-
sition of α-Al solid solutions in cast alloys of the Al-Mg-
Si-Mn systems measured using TEM/EDX in as-cast 
condition.

Results in Table 3 show that when adding either Sc 
or Sc+Zr to alloy A356, some part of both elements 
could be bound into ternary silicide of the AlSc2Si2 type, 
reducing the amount of Sc+Zr available for the forming 
of strengthening phases.

As it was mentioned above, in the Al-Mg-Si-Mn alloys 
the Si content in the solid solution is very small – some-
times lower than the limit of detection – and no ternary 
Si-containing phases were observed. The simultaneous 
addition of Sc+Zr leads to decreases of Mg content in 
α-Al down to 1.52 wt.%. However, the fraction of zebra-
crossing type precipitates in Sc+Zr containing alloys is 
somewhat higher than that in Al-Mg-Si-Mn base alloys 
cast into a permanent mould (Fig. 6). A.F. Norman et 
al. [16] observed precipitates of the similar shape and 

distribution in both Al-Sc and Al-Cu-Sc alloys. Consider-
ing previous results of N. Blake and M.A. Hopkins [27], 
it was proposed that the mechanism for the formation of 
this type of precipitates, is discontinuous precipitation, 
often observed in Al-Sc alloys [22].

The driving force for grain boundary migration is  
a change in the alloy free energy during precipitation. 
As the grain boundary moves, it leaves behind a fan-
shaped array of precipitates. However, the formation of 
discontinuous precipitates by moving grain boundaries 
cannot be an accurate description for casting materials. 
In Al-Mg-Si-Mn casting alloys containing Sc+Zr, anneal-
ing at 300°C for three hours leads to the formation of 
cubic-shaped fine precipitates (Fig. 7a,b). These are 
distributed in the α-Al solid solution (Fig. 7b) with narrow 
precipitation free zones close to Mg2Si eutectic lamel-
lae (Fig. 7a) as well as around primary particles (Fig. 
7c). Simultaneously, the needle-shaped precipitates of 
β-Mg2Si phase are also visible.

The detailed investigation of such type precipitates 
formed directly after cooling in a series of the Al-Mg-

a) b)

Fig. 6. Bright field images of Al3(Sc1-xZrx) zebra-crossing type precipitates formed in as-cast condition  
in AlMg6.2Si2.3Mn0.64+0.20 wt.%Sc+0.09 wt.% Zr alloy

a) b) c)

Fig. 7. Micrographs of Al(Sc,Zr) precipitates in AlMg5Si2Mn casting alloy formed after addition of 0.20 wt.% Sc + 0.20 wt.% 
Zr and heat treatment: a) bright field image of Al3(Sc1-xZrx) precipitates in the area close to (Al)+(Mg2Si) eutectic lamellas,  

b) bright field image of morphology of Al3(Sc1-xZrx) precipitates distributed in the α-Al, c) dark field micrograph of 
precipitation free zone around primary Al3(Sc1-xZrx) particle
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Si-Mn casting alloys with different elements additions 
clearly indicates that one of their sides is adjoined to 
dislocation. Their orientations were represented in the 
work [1]. The precipitates are lying in (100) planes, and 
their long axis is [010]. The dislocation has a Burgers 
vector of                 . It connects the plates on the right 
side in a curved line, which can be described by the 
average direction         or simplified [101]. So, the 
plates are not lying in one (100) plane but are shifted 
in the [100] and [001] direction. The dislocation forms  
a loop around each precipitate. Along the long side of 
the precipitate, the dislocation segment has a line vector 
of [010] and a Burgers vector of                  ; i.e., it is an 
edge dislocation.

2.7. Effect of Li

Detailed reviews on the historical development and 
present state of the Al-Li alloys metallurgy, processes 
and applications can be found in [29−33]. In the book of 
L. Mondolfo [47] the solubility of Li in binary Al-Li alloys 
equals to (in wt.%): 4.3 at 602°C, 3.1 at 527°C, 2.2 at 
420°C, 1.6 at 327°C, and 1.1 at 220°C. According to 
[32] the solubility of Li in Al at the eutectic temperature 
(above 600°C) is 4.2 wt.% and falls down to 0.4 wt.% 
at 200°C.

The next generation of Al-Li-X alloys are undergo-
ing their implementation into the aerospace industry. 
The addition of both Li and Mg gives density reduction 
together with solid-solution strengthening and precipi-
tation strengthening. The addition of both Cu and Ag 
provides solid solution and precipitation strengthening. 
The addition of Zn allows solid solution strengthening 
and corrosion resistance improvement. The addition 
of both Zr and Mn allows control of recrystallization 
course [31].

As an example, Alcoa 2060 alloy developed in 2011, 
contains (wt.%): 0.75 Li, 3.95 Cu, 0.85 Mg, 0.25 Ag, 
0.11 Zr, 0.3 Mn, and 0.4 Zn. At this level of addition, 
the as-cast microstructure of alloy is single phase [34] 
which is appropriate for wrought alloys. During heat 
treatment, homogenisation, quenching and artificial 
ageing, supersaturated solid solution decomposes 
through the precipitation of numerous types of nano-
scale precipitates. According to E. Starke [29], the num-
ber of possible precipitates which might be formed in 
an Al-Li-Cu alloy during ageing exceeds nine differ-
ent types. The investigation presented in [35], showed 
that in the Al-2.5Li-2.0Mg-0.15Zr-0.12Ti alloy (UTS –  
417 MPa and density – 2.52 g/cm-3) the δ (AlLi) primary 
phase solidified in the dendrite-cell gaps and in the 
grain boundaries.

Following the advances of Al-Li-Cu and Al-Li-Mg 
wrought alloys, the idea to design Li-containing cast-
ing alloy still attracts researchers to design alloys with 
reduced density, and with the ability to be cast using con-
ventional casting techniques. However, an increasing Li 

content leads to a decrease of fluidity. Due to the high 
reactivity of Li, the hydrogen content in Li-containing 
alloy was (1.05−1.23)×10-7 m3·kg-1 whereas in the al-
loy without Li it was (0.19−0.60)×10-7 m3 kg-1 [36]. For 
preventing Li-containing alloy from interacting with the 
atmosphere, it was proposed by V. Singh et al. [29] to 
use the casting ladle with protective gas covering.

Successful results of the development of Al-Li cast-
ing alloys and technology for their casting were ob-
tained by R. Sauermann et al. [37]. They subjected the 
AlLi2.1Mg5.5+Zr0.15+Sc0.15 alloy to the novel Rheo-
Container-Process. By using this technology designed 
for high-reactive materials, the alloy in a heat-treated 
condition achieved a UTS of 432 MPa with elongation 
to fracture at the level of 13%. Despite that, this result 
was a single event in the course of experiments, and it 
indicated the high potential of Li addition to improve the 
properties of specially designed casting alloys. Due to 
the reduced liquid phase content compared to conven-
tional fully liquid casting, it is possible to remove some 
of the problems occurring with conventional processing 
of Al-Li alloys [38].

In the Al-Si alloys such as an A356 alloy [39−41] 
the Li addition leads to a simultaneous decreasing of 
strength and elongation. Nevertheless, Li on the level of 
1.0−3.0 wt.% could lead to a change in the morphology 
of eutectic Si from flaky to fibrous [40]. In Al-12.0 wt.% 
Si containing 3.0 wt.% Li, formation of coarse ternary 
T-Li3Al2Si phase causes an important decrease in its 
mechanical properties. It was shown that the Li ad-
dition to Al-6.5Si-3.5Cu-1.0Fe (wt.%) alloy allows the 
modifications of the β-Al5FeSi intermetallic compound. 
The microstructural effects of Li additions were more 
pronounced during a high cooling rate [42].

Information on the alloys of the Al-Mg-Si system 
containing Li is rather limited. One of the first attempts 
to characterize their structure was represented in the 
work of Li et al. [43]. Results of thermal analysis and 
metallographic studies showed that in the presence of 
Li, the area of stability of the two-phase structures of 
Al-Mg-Si, namely α-Al and (α-Al + Mg2Si) was widened, 
which promoted high eutectic melting points and pre-
vented the formation of ternary eutectics with a lower 
melting point. Research of V. Boyko [44] showed that 
the addition of 1.0 wt.% of Li to Al-6.7Mg-3.0Si-0.7Mn 
alloy keeps the eutectic melting temperature at 595°C, 
the same as it was detected for Al-6.5Mg-2.8Si-0.62Mn 
alloy without Li addition.

TEM investigation performed on the Li-containing Al-
6.5Mg-2.8Si-0.62Mn PM alloy showed the appearance 
of zebra-crossing type precipitates observed in as-cast 
structures (Fig. 8a). It also demonstrated the formation 
of different types of precipitates in the same alloy after 
homogenisation at 570°C for 60 min, quenching and 
artificial aging at 175°C for 60 min. One can see that 
heat treatment resulted in the formation of at least four 
different types of precipitates (Fig. 8b). The needle-
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Fig. 7. Micrographs of Al(Sc,Zr) precipitates in AlMg5Si2Mn casting alloy formed after addition of 
0.20 wt.% Sc + 0.20 wt.% Zr and heat treatment: a) bright field image of Al3(Sc1-xZrx) precipitates in 
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precipitates distributed in the -Al, c) dark field micrograph of precipitation free zone around primary 
Al3(Sc1-xZrx) particle 
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shaped particles in the β-Mg2Si phase (marked as 2), 
while two types of cuboid precipitates (marked as 1 
and 3) have been recognised as identical with black 
dots (marked as 4).

Summarising the existing information concerning the 
effect of Li on the structure and properties of Al-Mg-Si-
Mn casting alloys, one can conclude that this material 
could form the basis for design of new Li-containing 
casting alloy possessing reduced density and good 
mechanical properties. It has been shown by V. Boyko 
et al. [1] that in as-cast condition the Brinell hardness 
as well as microhardness of α-Al of Al-5.3Mg-1.8Si-
0.62Mn alloy (HB = 90 and HV0.05 = 93.4 kgf/mm2) is 
lower than that of Al-6.5Mg-2.8Si-0.62Mn+Li alloy (HB =  
98 and HV0.05 = 98.6 kgf/mm2).

3. Summary

This review clearly shows the high potential of al-
loys based on the Al-Mg-Si-Mn system for expanding 
their application into casting practice, together with the 
possibility of increasing their properties. An additional 
alloying or use of micro-additions makes it possible to go 
from initial strengthening by a single type of precipitates 
into ‘precipitation-zoo alloy’ where the decomposition of 
the α-Al solid solution produces a set of precipitates of 
different types and composition. This leads to further 
improvement of strength and/or ductility or corrosion 
resistance of alloys. The summary of the effects of al-
loying elements is represented in Table 4.

a) b)

Fig. 8. Bright field images of zebra-crossing type precipitates formed in as-cast condition in Al-6.5Mg-2.8Si-0.62Mn PM 
alloy: (a) precipitates formed in the alloy after heat treatment, (b) alloy with Li addition

Table 4. Summary of effect of different elements on structure of Al-Mg-Si-Mn-type casting alloys

Addition (range)

Resulting structural changes in as-cast condition
(+/-) Effect of heat treatment

Solid 
solution Primary phase Eutectic Precipitates Homogenisation Aging

Mg 
(5.00−6.00 wt.%) + -

(α-Al + Mg2Si) zebra-crossing 
type

+supersaturation of 
α-Al solid solution β-Mg2Si

Si  
(1.50−2.00 wt.%) - -

Mn 
(0.50−0.70 wt.%) + α-AlSiFeMn (α-Al + Mg2Si) + 

α-AlSiFeMn 
zebra-crossing 

type
+supersaturation of 
α-Al solid solution

β-Mg2Si,
Mn-containing 

precipitates

Cu+Zn + eutectic-type 
large particles

(α-Al + Mg2Si) + 
α-AlSiFeMnCu

zebra-crossing 
type

+supersaturation of 
α-Al solid solution

β-Mg2Si,
several types of 

precipitates

Sc+Zr 
(0.10−0.20 wt.%  

of both)
+ + - zebra-crossing 

type
supersaturation of  
α-Al solid solution

β-Mg2Si Al(Sc,Zr),
several types of 

precipitates

Li 
(0.5−1.0 wt.%) + - - - supersaturation of  

(α-Al)solid solution
β-Mg2Si

several types of 
precipitates
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