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Abstract 

The increasing use of magnesium castings for automotive components and the number of newly 
developed alloys raise the question of suitable recycling processes. Remelting offers a high potential of 
energy saving and thereby improves the live cycle balance of magnesium components. Effective 
recycling processes are likely to involve the mixing of different alloys but little is known about the 
interaction of alloying elements. In order to approach this issue, the influence of strontium, silicon and 
calcium on phase formation and mechanical properties of magnesium alloy AM50 has been investigated. 
After strontium addition, X-ray diffraction demonstrated the formation of the Al4Sr- and the Mg17Sr2-phase. 
However, after simultaneous alloying with strontium, silicon and calcium the ternary Zintl-phase 
Sr6.33Mg16.67Si13 was detected. This phase forms preferably instead of Al4Sr, Mg17Sr2 and Mg2Si. 
Compared to the two strontium-containing phases, precipitates of the ternary Zintl-phase exhibit a rather 
compact morphology. This results in a higher elongation-at-fracture under tensile stress. 
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Introduction 

Magnesium primary production has been growing considerably within the last 15 years 
[1-3]. About half of the world production is used for alloy fabrication and the alloys are 
predominantly used in the automotive sector. Lightweight construction can reduce CO2 
emissions of combustion engines driven vehicles and enlarge the cruising range of 
upcoming electric vehicles. With the invention of several cost competitive, heat resistant 
high pressure die casting alloys, the variety of commercial magnesium materials for 
automotive applications has been considerably broadened. This allowed the fabrication 
of an increasing number of magnesium drive train components like gearbox housings 
and crankcases [4,5]. 
 
Due to the above mentioned circumstances, an increasing use of magnesium for 
automotive components is probable. This will cause a rising quantity of magnesium 
scrap from end-of-life vehicles, ELV, in the future. Magnesium recycling by means of 
remelting so far is only practiced for clean scrap sorted according to one alloy 
composition. For recycling of ELV the shredder process is most commonly used today 
and due to economic reasons this is likely to be so in future [6]. Shredding inevitably 
causes the intermixture of different magnesium alloys and so this scrap today is not 
used for alloy fabrication. For aluminium it is common practice to use mixed scrap from 
different alloys to produce new aluminium materials [7] 
 
Research on magnesium-recycling alloys has been performed for the most common 
magnesium-aluminium-zinc-system, also AZ-system, and the magnesium-aluminium-
manganese-system, also AM-system [8-10]. The most important cost competitive, heat 
resistant alloys are based on the AM-system, with the alloying elements strontium, 
silicon and calcium ensuring thermal stability. No concepts are available to handle the 
input of these alloying elements into magnesium scrap from ELV. However, 
components of these materials are in use for vehicles of different car manufacturers and 
a corresponding high quantity of scrap can be expected. 
 
Strontium, silicon and calcium form characteristic phases in the above mentioned heat 
resistant materials. In magnesium-aluminium-strontium alloys like AJ52A and AJ62A, 
the Al4Sr- and Mg17Sr2-phases are present [11,12]. Materials from the so called AJ-
system contain between 1.7 % and 2.8 % of strontium [13]. The binary Zintl-phase 
Mg2Si is characteristic for magnesium-aluminium-silicon alloys like AS31 [4]. Alloys of 
the AS-system contain between 0.5 % and 1.5 % of silicon [13]. Al2Ca is the phase 
frequently associated with magnesium-aluminium-calcium alloys like MRI153M and 
MRI230D [14,15]. AX-alloys contain 1 % to 2.5 % calcium. Strontium- and calcium-
containing phases in the above mentioned alloys incorporate aluminium and suppress 
the formation of the Mg17Al12-phase. The occurrence of Mg17Al12 generally reduces the 
creep resistance of magnesium alloys [16,17]. Silicon does not react with aluminium but 
Mg2Si is said to stabilise grain boundaries [18]. Besides, alloys of the AS-system usually 
contain less aluminium and therefore exhibit a lower content of Mg17Al12-phase. 
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The commercial AJ-, AS- and AX-systems have been investigated thoroughly but the 
simultaneous addition of the three main alloying elements has not been studied this far. 
However, the latter is crucial if the idea of magnesium recycling by remelting scrap from 
ELV is to be considered. Two similarities can be seen in the chemical composition of 
cost competitive, heat resistant magnesium alloys. They contain about 0.3 % 
manganese and between 1.8 % to 8.4 % aluminium. The high pressure die casting alloy 
AM50 with a manganese content of 0.3 % and an aluminium content of 5.0 % 
comprises these two similarities. Therefore AM50 was chosen as the base alloy for the 
experiments. 
 
Within a dissertation [19-22], a matrix of potential magnesium recycling alloys was set 
up with the alloy AM50 as the base material. Different quantities of strontium, silicon 
and calcium were added to simulate the composition of upcoming scrap material. All 
alloys were prepared by permanent mould casting. The alloys were based on alloy 
AM50 and contained varying additions of strontium, silicon and calcium. This article 
describes the preparation of eight alloys, which were selected due to their phase 
formation. The materials were investigated for their microstructure, their tensile 
properties and their creep resistance under compressive loads. 

Experimental 

Tab. 1 shows the intended composition of the prepared alloys. Calcium- and silicon 
contents are indicated on the left hand side of the table, strontium contents are 
indicated together with the names of the alloys. For alloy preparation, sectioned ingots 
of AM50 alloy were molten at 730 °C. The alloying elements were added in their pure 
form. After 30 minutes of stirring and 15 minutes of settling, the melt was poured into a 
permanent steel mould preheated to 400 °C. Ceramic foam filters, type Sivex FC, were 
supplied by company FOSECO. The filters were 50 mm x 50 mm x 22 mm in size. They 
were used in order to slow down the melt before passing through the gate and avoid air 
entrapments. The castings were 40 mm x 100 mm x 200 mm in size. A mixture of argon 
and 0.2 vol. % SF6 was used to prevent melt oxidation. 
 
The chemical composition was investigated using optical emission spectroscopy (OES). 
Microstructural investigations and phase analysis were performed by optical microscopy 
and X-ray diffraction. For XRD investigations a diffractometer with Cu-anode was used. 
The acceleration voltage was adjusted to 40 kV and the cathode current to 30 mA. The 
step size was set to 0.05 ° with a measuring time of 8 s per step. For metallographic 
preparation the samples were ground with silicon carbide paper down to 2500 grid and 
subsequently polished using an acid free oxide suspension. Etching was done in a 
mixture of ethanol, picric acid, glacial acetic acid and distilled water. After etching the 
samples were cleaned with ethanol and dried. Optical microscopy was performed with a 
microscope LEICA DMI5000M. For the determination of the grain size the linear 
intercept method according to ASTM standard E 112 – 96 [23] was applied. For each 
alloy the grain diameter was measured at two representative positions in the casting 
and three micrographs were evaluated for each position. 
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Tensile tests were performed according to standard DIN EN 10002-1 [24]. Round 
tensile test specimens were machined by turning according to standard DIN 50125 [25]. 
A tensile testing machine from company Zwick type Z050 was used. The elongation 
was measured using an extensometer. For compression creep tests round cylindrical 
specimens with a diameter of 6 mm and a length of 15 mm were machined by turning. 
The machines lever arm testers from company ATS Applied Test Systems. The 
elongation was measured using an extensometer. The temperature was measured by 
three thermocouples in the oven room and the accuracy of the temperature control was 
± 3 °C. Creep tests were carried out for 200 h at 80 MPa and 150 °C Minimum creep 
rates were calculated from the last ten hours of the tests. All tensile tests and creep 
tests were repeated three times and the deviations are indicated in the corresponding 
graphs. 

Results 

Casting the alloys did not cause major problems except for materials containing 1 % 
silicon. The filters were sometimes blocked by undissolved particles of alloying 
elements and the solidified blocks suffered from shrinkage pores. Extra castings had to 
be prepared in order to receive enough material for sample preparation. Tab. 2 shows 
the chemical compositions of the selected materials. From alloy AM50 to AJM52 the 
strontium content has been subsequently raised while the levels of silicon and calcium 
remained unchanged. From alloy ASMX51 to AJSMX521 the same amounts of 
strontium have been added. The levels of silicon and calcium were increased to 1.0 wt.-
% and 0.2 wt.-%, respectively, compared to the alloys AM50 to AJM52. 
 

Tab. 1: Nominal chemical composition of permanent mould cast alloys based on alloy AM50 in wt.-% 
Subsystem Strontium Content in wt.-% / Alloy Codification According to [26]

AM50 0 / AM50 0.5 / AJM50 1.0 / AJM51 2.0 / AJM52 
AM50 + 0.2 Ca + 1.0 Si 0 / ASMX50 0.5 / ASJMX50 1.0 / AJSMX511 2.0 / AJSMX521 

 

Tab. 2: Chemical composition of the permanent mould cast alloys in wt.-%, Mg remainder 
Alloys Al Mn Sr Si Ca Zn Cu Fe Ni

AM50 4.97 0.30 0.00 0.02 0.00 0.01 0.0005 0.0023 0.0008 
AJM50 5.09 0.32 0.22 0.02 0.00 0.01 0.0006 0.0020 0.0006 
AJM51 5.07 0.31 0.94 0.02 0.00 0.01 0.0006 0.0024 0.0008 
AJM52 5.18 0.34 1.87 0.02 0.00 0.01 0.0007 0.0028 0.0006 
ASMX51 4.92 0.30 0.00 1.05 0.13 0.01 0.0006 0.0027 0.0005 
ASJMX51 5.21 0.28 0.51 1.11 0.13 0.01 0.0006 0.0013 0.0005 
AJSMX511 5.17 0.26 0.80 0.93 0.13 0.01 0.0006 0.0020 0.0005 
AJSMX521 5.12 0.32 1.98 1.14 0.14 0.01 0.0007 0.0029 0.0005 

 
Fig. 1 shows the XRD patterns of alloys AM50 to AJM52. In the base alloy AM50 the α-
matrix, Mg, and the Mg17Al12-phase, are the main constituents of the microstructure. 
Peaks of the Al4Sr-phase increase steadily with the strontium content from alloy AJM50 



5 

to AJM52. The Mg17Al12–phase is detected up to an addition of 0.22 wt.-% strontium. 
Phase Mg17Sr2 with aluminium in solid solution [12] is present only in alloy AJM52. 
Comparisons of XRD patterns and light microscopic pictures shown in Fig. 2-Fig. 4 
allow the optical identification of Mg17Al12 precipitates and the two strontium-containing 
phases. The Mg17Al12–phase can still be observed in the micrograph of alloy AJM51 
containing 0.94 % strontium, see Fig. 3. 
 

Fig. 1: XRD patterns of alloys without extra 
silicon 

Fig. 2: Microstructure of alloy AM50 

 

Fig. 3: Microstructure of alloy AJM51 Fig. 4: Microstructure of alloy AJM52 
 
Fig. 5 shows the XRD patterns of the alloys with 1 wt.-% silicon. The Mg17Al12–phase is 
found in all four materials. In alloy ASMX51 the Mg2Si-phase is the only kind of 
precipitate apart from Mg17Al12 and the α–matrix. After the addition of strontium, the 
ternary Zintl-phase Sr6.33Mg16.67Si13 is verified additionally. With an increasing amount of 
strontium, the peak heights of Mg2Si decrease from alloy ASMX51 to AJSMX511. After 
addition of 2 wt.-% strontium the Mg2Si-phase was not detected in AJSMX521 anymore. 
Instead the ternary Zintl-phase Sr6.33Mg16.67Si13 and the Al4Sr-phase are verified. The 
XRD pattern in Fig. 5 and a comparison between the microstructures in Fig. 2, Fig. 4 
and Fig. 6 allow identification of the Sr6.33Mg16.67Si13-phase. The precipitates exhibited a 
rather compact shape. 
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Fig. 5: XRD patterns of alloys with 1 % silicon Fig. 6: Microstructure of alloy AJSMX521 
 
In Tab. 3 the grain diameters of the alloys are presented. It can be seen that by trend 
the grain size is reduced with an increasing content of alloying elements. However a 
clear development is not observable. 
 
Tab. 3: Grain diameters of the permanent mould cast alloys 
Alloys Grain diameter [mm] Alloys Grain diameter [mm] 

AM50 519 ± 60 ASMX51 551 ± 44 
AJM50 508 ± 18 ASJMX51 340 ± 57 
AJM51 237 ± 31 AJSMX511 504 ± 51 
AJM52 272 ± 20 AJSMX521 331 ± 48 

 
Fig. 7-Fig. 9 show yield strength, ultimate tensile strength and elongation-at-fracture of 
all eight permanent mould cast alloys. Obviously the yield strength is improved by the 
rising content of strontium in the alloys without silicon addition. The elevated content of 
silicon also has a strengthening effect. The ultimate tensile strength is linked with the 
elongation-at-fracture as no necking occurred during the tests. It can be seen that the 
addition of alloying elements strongly reduced the elongation-at-fracture and therewith 
the ultimate tensile strength. However, it is noticeable that for materials without extra 
silicon the elongation at fracture is further reduced with a rising content of strontium, 
whereas the value remains more or less constant for alloys containing 1 % of silicon. 
 

Fig. 7: Yield strength of the alloys Fig. 8: Ultimate tensile strength of the alloys 
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Fig. 10 shows the minimum creep rates and the compressions measured during 
compression creep tests. Rising strontium-additions reduce the minimum creep rate as 
well as the plastic deformation of the samples. The same holds for alloys containing 1 % 
of silicon and 0.2 % calcium. For alloys with less than 1 % of strontium the silicon- and 
calcium-containing materials exhibit the lower minimum creep rate. For alloys with 1 % 
of strontium or more the opposite is true. 
 

 

Fig. 9: Elongation-at-fracture of the alloys Fig. 10: Minimum creep rate of the alloys, 
compression creep 

 
Fig. 11-Fig. 14 show the micrographs of fractured tensile samples from alloy AJM52 and 
AJSMX521. The white arrows indicate the former direction of the tensile stress. It can 
be seen that the phases Al4Sr, Mg17Sr2 and Sr6.33Mg16.67Si13 all show brittle fracture 
behaviour while cracks are frequently stopped in the magnesium-matrix. The phases 
Al4Sr and Mg17Sr2 have a wide spread morphology compared to a rather compact 
appearance of Sr6.33Mg16.67Si13 precipitates. 
 

Fig. 11: Microstructure of fractured tensile 
specimen from alloy AJM52 with Mg17Sr2 and 
Al4Sr precipitates 

Fig. 12: Microstructure of fractured tensile 
specimen from alloy AJM52 with Al4Sr 
precipitates 
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Fig. 13: Microstructure of fractured tensile 
specimen from alloy AJSMX521 with 
Sr6.33Mg16.67Si13 precipitates 

Fig. 14: Microstructure of fractured tensile 
specimen from alloy AJSMX521 with 
Sr6.33Mg16.67Si13 and Al4Sr precipitates 

Discussion 

The phase formations of alloy AM50 have been reported and the detection of the 
Mg17Al12-phase is in accordance with literature [27,28]. Al4Sr and Mg17Sr2 are common 
precipitates in the AJ alloy system [11,12]. The formation of Mg17Sr2–phase in high 
pressure die cast materials is reported for Sr/Al-ratios in weight-% above 0.3 [29]. This 
is in accordance with the XRD patterns of the permanent mould cast alloys AJM51 and 
AJM52. Mg2Si is the predominant phase in AS-alloys besides Mg17Al12 [30,29]. Both 
phases are detected in the strontium free alloy ASMX51. In calcium-containing 
magnesium-aluminium-alloys the formation of the Al2Ca-phase is reported for Ca/Al-
ratios in weight-% above 0.8 [31,32]. In the present case the calcium concentration is 
too low to result in a sufficient amount of Al-Ca-phase detectable by XRD. 
 
In XRD patterns the peak height of a phase correlates with the according phase fraction 
in the microstructure [33]. As soon as strontium is added to alloys with 1 % silicon the 
formation of the Sr6.33Mg16.67Si13–phase is observed. With increasing strontium content 
the height of XRD-peaks for the Mg2Si-phase continuously decreases, Fig. 5. The Al4Sr-
phase is not detected by XRD as long as Mg2Si is present. The Sr/Si-ratio of mass 
fractions in the Sr6.33Mg16.67Si13-phase is 1.52 according to stoichiometry. This ratio is 
only exceeded in case of alloy AJSMX521, 1.98 % strontium, 1.14 % silicon. In this 
material the Mg2Si-phase disappears and the Al4Sr-phase emerges. The Mg17Sr2–
phase is not formed though it is reported for Sr/Al-ratios above 0.3 [29,34]. In other 
words, silicon reacts completely to form Sr6.33Mg16.67Si13 as long as sufficient amounts of 
strontium are available. The excess of strontium in alloy AJSMX521 yields the formation 
of Al4Sr. Obviously the ternary compound Sr6.33Mg16.67Si13 is formed preferentially 
instead of Al4Sr, Mg17Sr2 and Mg2Si. The Sr6.33Mg16.67Si13–phase does not contain 
aluminium. This means that the strontium content bound in the ternary Zintl-phase can 
not suppress the formation of Mg17Al12. In consequence the formation of the Mg17Al12–
phase was shown using XRD in all alloys containing 1-wt.-% silicon, see Fig. 5. 
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Based on the above made assumptions, the phase fractions of the main intermetallic 
phases formed by strontium, silicon and calcium can be calculated. Tab. 4 shows the 
results of this calculation. The Mg17Al12-phase is not considered as areas 
supersaturated with aluminium around the Mg17Al12-precipitates make it very difficult to 
estimate the amount of aluminium not bound in the matrix. The amount of strontium not 
bound in the Al4Sr-phase was assumed on the basis of results from Pekguleryuz et. al. 
[34,29]. It was stated that the Mg17Sr2-phase forms above Sr/Al-ratios of mass-% of 0.3. 
However, it has to be mentioned, that this statement was made for high pressure die 
cast material. 
 
Tab. 4: Phase fractions of the main phases formed by strontium, silicon and calcium 
Alloys Mg2Si 

[Vol.-%] 
Sr6.33Mg16.67Si13 

[Vol.-%] 
Al4Sr 

[Vol.-%] 
Mg17Sr2 
[Vol.-%] 

AM50 0.05 0.00 0.00 0.00 
ASMX51 2.56 0.00 0.00 0.00 
AJM50 0.05 0.00 0.30 0.00 
ASJMX51 1.90 0.81 0.00 0.00 
AJM51 0.05 0.00 1.27 0.00 
AJSMX511 0.99 1.28 0.00 0.00 
AJM52 0.05 0.00 2.03 2.26 
AJSMX521 0.00 2.77 0.34 0.00 

 
Nesper et al. [35] reported the formation of the Sr6.33Mg16.67Si13–phase from the three 
main constituents strontium, magnesium and silicon. Probably the presence of calcium 
does not influence this phase formation. As its atomic radius is similar to that of 
strontium, it is likely that calcium atoms substitute for strontium atoms in the 
Sr6.33Mg16.67Si13-phase. The presence of calcium in the phase was shown by EDX 
measurements for alloy AJMSX50 [22]. The sum of atom fractions for calcium and 
strontium is in due proportion to the atom fraction of silicon [20,22]. Calcium may 
completely take over the function of strontium. Nesper et al. [36] reported the formation 
of Zintl-phase Ca7Mg7,5±δSi14 from stoichiometric amounts of the elements and the 
formation of CaMgSi-phase was calculated by Schmid-Fetzer et al. [37] in case calcium 
is added to AS-alloys. 
 
The addition of alloying elements caused an increase of the tensile yield strength. This 
may have several reasons. It can be found in literature that certain elements have a 
grain refining effect on magnesium and magnesium alloys [38,39]. Among those are 
strontium, silicon and calcium. In fact it is shown in Tab. 3 that the grain diameters were 
reduced by alloying. Grain refinement according to Hall-Petch equation may be one 
reason for the increased yield strength. Comparing Tab. 3 and Fig. 7, it can be seen 
that for alloys AJM51 and AJM52 the grain diameters are reduced compared to AM50 
while the yield strength is increased. However, the development of the grain size and 
the yield strength is not consistent for all alloys. AJMX51 has a yield strength of 
56.3 MPa but the grain diameter is bigger than that of alloy AM50. Therefore, another 
strengthening mechanism should be precipitation hardening due to the higher content of 
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intermetallic particles in the microstructure. 
 
The reduced elongation at fracture of strontium rich, silicon free alloys like AJM51 and 
AJM52 is due to the wide spreading morphology of the strontium containing phases 
Al4Sr and Mg17Sr2. As can be seen from micrographs Fig. 11 and Fig. 12, cracks grew 
through the brittle precipitates. In alloys containing strontium and extra silicon cracks 
are blocked early by the matrix because particles of the Sr6.33Mg16.67Si13–phase have a 
compact shape and lay separate from one another. In Al4Sr- and especially in Mg17Sr2 
precipitates cracks can grow over long distances. Thereby the effective cross section of 
the tensile test samples is quickly reduced once a crack is formed. The longest crack in 
Fig. 14 spreads along the Al4Sr-, not along the Sr6.33Mg16.67Si13–precipitate. 
 
The development of minimum creep rates and creep compressions can be explained by 
the formation of the intermetallic phases. Strontium and calcium incorporate aluminium 
in form of Al4Sr-, Mg17Sr2- and Al-Ca precipitates. Thereby the contents of Mg17Al12-
phase and the accompanying α-matrix, supersaturated with aluminium, are reduced and 
the creep resistance is improved [17,11]. A decrease of creep rate and creep strain with 
increasing contents of strontium and calcium is in accordance with the literature [27,32]. 
Even though silicon does not reduce the content of Mg17Al12–phase, it improves the 
creep resistance of magnesium alloys [40]. According to Dargusch [18] the stabilisation 
of grain boundaries due to the morphology of Mg2Si precipitates is responsible for this 
effect. It can be seen from Fig. 6 that Sr6.33Mg16.67Si13 precipitates have a compact 
shape which would be less suitable for the stabilisation of grain boundaries. From alloy 
ASMX51 to ASJMX51 and AJSM511 the Mg2Si-phase is subsequently replaced by 
Sr6.33Mg16.67Si13 and no strontium-containing phases are formed. Tab. 5 compares the 
volume fractions of the Zintl–phases, the minimum creep rates and the compression 
strains of the three alloys. The volume fractions of the Zintl–phases were calculated 
from the chemical compositions, assuming that strontium and silicon form the highest 
possible amount of the Sr6.33Mg16.67Si13–phase. An image-analysis-software was not 
used due to the very inhomogeneous microstructure of the castings. 
 

Tab. 5: Phase fractions of Zintl-phases and results of compression creep tests at 150°C, 80 MPa, 
200 h 
Alloy Mg2Si 

 
[Vol.-%] 

Sr6.33Mg16.67Si13

 
[Vol.-%] 

Mg2Si +
Sr6.33Mg16.67Si13 

[Vol.-%] 

Minimum 
Creep Rate 

[s-1] 

Compression
 

[%] 
ASMX51 2.56 0.00 2.56 1.45*10-8 ± 0.55*10-8 2.05 ± 0.26 
ASJMX51 1.90 0.81 2.71 1.27*10-8 ± 0.26*10-8 2.70 ± 0.50 
AJSMX511 0.99 1.28 2.17 1.07*10-8 ± 0.24*10-8 2.09 ± 0.36 

 
With rising contents of strontium the overall volume fractions of the Zintl-phases remain 
almost constant or even decrease due to the higher density of 2,675 g/cm3 for 
Sr6.33Mg16.67Si13 compared to 1.988 g/cm3 for Mg2Si. At the same time from alloy 
ASMX51 to ASJMX51 and AJSM511 the minimum creep rates are reduced and the 
samples compressions almost remain unchanged. This means that under the given 
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circumstances, the precipitates of Sr6.33Mg16.67Si13 are more effective for the thermal 
stability than those of Mg2Si. A clear improvement of the creep resistance is achieved 
when the Sr6.33Mg16.67Si13- and the Al4Sr–phase are present in alloy AJSMX521. 
 
In general it has to be stated that the permanent mould casting process exhibits 
relatively low cooling rates. Alloys like AM50 and AJ52 are originally meant to be 
processed by high pressure die casting. Grain sizes between 0.5 und 10 μm in the 
casting skin and 20 to 70 μm in the remaining microstructure have been measured for 
high pressure die cast alloys AM60 and AZ91 [41,42]. Yield strengths between 110 and 
160 MPa are reached for high pressure die cast components [13]. Rare earth containing 
magnesium alloys in the contrary are designed for preparation by the sand- and 
permanent mould casting process, respectively. By the grain refining effect of zirconium 
and additionally applied heat treatment yield strengths between 125 and 179 MPa are 
reached [43]. Magnesium-aluminium alloys may be solution heat treated, as long as the 
aluminium content is above 6 % [30]. The previous statements demonstrate that the 
applied permanent mould casting process was suitable to prepare the alloys in the 
laboratory scale. General impacts of alloying elements and casting process parameters 
could be detected. However, the process is not the preparation method to reach 
optimum mechanical properties. 

Conclusions 

In order to develop a magnesium recycling alloy, strontium, silicon and calcium were 
added to the high pressure die casting alloy AM50. Eight alloys were prepared by 
permanent mould casting. The materials phase formation, the properties in the tensile 
test and the behaviour under compressive creep load were investigated and the results 
can be summarised as follows. 
 

1. The simultaneous addition of strontium and silicon to magnesium alloy AM50 
leads to the formation of the ternary Zintl-phase Sr6.33Mg16.67Si13. The phase 
forms preferably instead of Al4Sr, Mg17Sr2 and Mg2Si. Excess strontium leads to 
the formation of strontium-containing phases like Al4Sr, excess silicon results in 
the formation of Mg2Si. 

2. Compared to phases Al4Sr and Mg17Sr2 the presence of the ternary Zintl-phase 
has a less detrimental influence on the materials elongation at fracture. The 
effect can be ascribed to the compact morphology of precipitates from 
Sr6.33Mg16.67Si13. 

3. The yield strength increased with addition of the three alloying elements. Grain 
refinement and precipitation hardening are probable reasons for this 
development. 

4. Strontium, silicon and calcium have a positive influence on the materials creep 
resistance even when added simultaneously. For the materials creep resistance 
the ternary Zintl-phase Sr6.33Mg16.67Si13 is more effective than the binary Zintl-
phase Mg2Si but less effective than the Al4Sr- and Mg17Sr2-phase. 
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The detection of the Sr6.33Mg16.67Si13-phase closes a gap in understanding the phase 
formation of magnesium alloys in general. For recycling the finding is of major 
importance as knowledge has to be obtained about the interaction of elements not used 
together in commercial alloy systems. 
 
It has to be decided which amount of alloying elements is reasonable for a proposed 
recycling alloy. The prepared alloys containing 1% silicon exhibited clearly improved 
mechanical properties but also a poor castability. Alloys free of silicon, with strontium 
contents between 1 and 2 % exhibited the highest yield strengths but also the lowest 
elongations-at-fracture. It can be expected that moderate levels of strontium, silicon and 
calcium will emerge in automotive scrap fractions. Still magnesium-aluminium alloys like 
AZ91 and AM50 are predominantly used. To reach high levels of strontium and silicon, 
extra alloying elements would have to be added during the remelting process. However 
this would cause additional costs and make the process less attractive. Based on the 
previous assumptions moderate levels below 1% of strontium and silicon would be 
reasonable. An Sr/Si-ratio of 1.52 should be aimed for in order to avoid phases like 
Al4Sr and Mg2Si and optimise the materials elongation-at-fracture. Calcium may replace 
strontium in the Sr6.33Mg16.67Si13-phase. Further investigations will focus on the 
application of the High pressure die casting process and the problem of impurities in 
scrap fractions. 
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