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Abstract 

The effect of iron on the microstructure and mechanical properties 
of Al-Mg-Si-Mn alloys has been investigated in high pressure 
diecast components in association with CALPHAD modelling of 
the multi-component Al-Mg-Si-Mn-Fe system. It is found that the 
Fe-rich intermetallic phases solidify in two stages in the high 
pressure die casting process: one is in the shot sleeve and the other 
is in the die cavity, showing different morphologies. The compact 
and star-like intermetallic s are identified as a-AlFeMnSi phase 
with typical composition of Al12(Fe,Mn)3Si. At the increased level 
of Fe content, ß-AlFe is found in the microstructure with a long 
needle-shaped morphology, which is identified as 
Al13(Fe,Mn)4Sio.25- The existence of Fe-rich intermetallic s in the 
alloy slightly increases the yield strength, but significantly 
reduces the elongation. The ultimate tensile strength maintains at 
similar levels when Fe contents are less than 0.6wt.%, but 
decreases significantly with the further increased Fe concentration 
in the alloys. 

Introduction 

In diecast alloys, iron is a common impurity element as it is 
unavoidably picked up in practice. This is mainly resulted from 
the use of steel tools during melting and casting, and particularly 
when the scraped and recycled materials are used. In high 
pressure die casting (HPDC) process, the presence of iron is 
beneficial to prevent die soldering [1,2], but the excessive Fe has 
been found to be detrimental to the mechanical properties of Al-Si, 
Al-Si-Cu and Al-Si-Mg alloys [3,4]. The detrimental effect is due 
to its low equilibrium solubility in the a-Al solid phase 
(<0.04wt.%[3]) and the associated strong tendency to form 
various low symmetry Al-Fe or Al-Fe-Si intermetallic phases. The 
effect of Fe-rich intermetallic phases in aluminium alloys on the 
mechanical properties depends on their type, size and amount in 
the micro structure. In order to diminish the detrimental effect of 
iron, several metallurgical solutions are effectively used, which 
include (1) to avoid the formation of low symmetry Al-Fe or Al-
Fe-Si compounds by lowering the Fe levels as low as 
economically possible; (2) to modify the crystal structures from 
low symmetry compounds to high symmetry lattice types in 
castings; (3) to refine the intermetallics by physical approaches 
including the use of superheated melt, solidification under high 
cooling rate, and/or melt treatment [5], or by chemical approaches 
to add Ca or Sr elements prior to solidification [6]; and (4) to 
spheroidise the needle or plate-shaped Fe-rich intermetallics using 
non-equilibrium heat treatment of castings [7]. 

In Al-Si-Fe system there are five main Fe-rich phases: Al3Fe 
(or Al13Fe4), <x-Al8Fe2Si (possibly <x-Al12Fe3Si2), ß-Al5FeSi, δ-
Al4FeSi2 and y-Al3FeSi [8,9]. For the cast hypoeutectic Al-Si 
alloys containing Fe, Mn and Mg [12], three Fe-rich phases of a-
Al15(FeMn)3Si2, ß-Al5FeSi and 7i-Al8FeMg3Si6 compounds have 
been identified in normal compositions. Among the intermetallics, 
ß-Al5FeSi usually appears as highly faceted platelets up to several 
millimetres and it therefore causes the most serious loss of 
strength and ductility in the castings [10, 11]. In particular, the a-
Al8Fe2Si phase has been reported as the compounds with many 
different types of morphology [ 1 2 , 1 3 ] . The morphological 
changes from plate to Chinese script or compact shapes were 
reported to enhance mechanical properties [14, 15]. 

The formation of Fe-rich intermetallics is greatly affected by 
solidification conditions during casting. The superheat and 
cooling rate have been reported to affect the nucleation and 
growth of the Fe-rich phases and thus to be able to modify the 
morphology and size of the intermetallics in aluminium alloys 
[21]. It was also reported that the refinement and fragmentation of 
ß-AlFeSi platelets can be achieved by rapid solidification [16,17]. 
The precipitation of ß-AlFeSi phase can be hindered by high 
cooling rate, which retains Fe in solid solution and suppresses the 
formation of the primary ß-AlFeSi phase [18,19]. 

The present study attempts to investigate the effect of Fe on 
the morphology, size and distribution of various Fe-rich 
compounds in the ductile Al-Mg-Si-Mn alloy produced by HPDC 
process. The mechanical properties of yield strength, ultimate 
tensile strength and elongation were assessed with different Fe 
contents. The role of alloy chemistry on the effect of Fe was 
investigated by CALPHAD modelling of multi-component Al-
Mg-Si-Mn-Fe system. The discussions are focused on the phase 
formation of different Fe-rich intermetallic phases and the 
relationship between Fe-rich compounds and mechanical 
properties of the diecast Al-Mg-Si-Mn alloy. 

Experimental 

The Al-Mg-Si-Mn alloys with different Fe contents were 
produced by melting the ingots of commercial pure aluminium, 
pure magnesium and the master alloys of Al-15wt.%Si, Al-
20wt.%Mn, Al-10wt.%Ti and Al-80wt.%Fe. During the 
experiments, each element was weighed to a specified ratio with 
different extra amounts for burning loss compensation during 
melting. The 6-10kg melt was prepared in a clay-graphite crucible 
using an electric resistance furnace. The processing temperature 
of the melt ranged between 690 and 750°C. For all the 
experiments, the melt was subjected to fluxing and degassing 
using commercial fluxes and N2. The N2 degassing usually lasted 
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3 minutes and the granular flux covered on the top surface of the 
melt during N2 degassing. The sample for composition analysis 
was taken from the melt after homogenisation. 

Table 1 Compositions of diecast Al-Mg-Si-Mn alloys 
Elements 
Si 
Fe 
Mn 
Mg 
Ti 
Zn 
Others 
Al 

Wt.% 
2.2±0.08 
varied* 
0.541±0.05 
6.2±0.08 
6.2±0.08 
0.012±0.004 
<0.03 
bal. 

* Actual Fe contents were measured to be 0.214, 0.389, 0.623, 
0.841,1.243, 1.490, 1.861, and 2.482, respectively. 

A (|)40x60mm cylindrical sample was made by casting the 
melt directly into a steel mould for the composition analysis. The 
casting was cut across the diameter at 15mm from the bottom and 
ground down to 800 grid abrasive grinding paper. The 
composition of each alloy was obtained from an optical mass 
spectroscopy, in which at least five spark analyses were 
performed and the average value was taken as the chemical 
composition of alloy. The composition was further confirmed by 
area energy dispersive X-ray (EDX) quantification in SEM. The 
actual compositions of the alloys are shown in Table 1. 

After composition analysis and skimming, the melt was 
manually dosed and subsequently released into the shot sleeve of 
a 4500kN HPDC machine for the final casting, in which all 
casting parameters were fully monitored. The pouring temperature 
was measured by a K-type thermocouple, usually at 50°C above 
the liquidus of the alloy according to the equilibrium phase 
diagram. Six ASTM standard samples with three (|)6.35mm round 
bar and three square bar were cast in each shot. The casting die 
was heated by the circulation of oil at 250°C. All castings were 
kept at ambient condition for at least 24 hours before the 
mechanical property test. 

The tensile tests were conducted following the ASTM B557 
standard using an Instron 5500 Universal Electromechanical 
Testing Systems equipped with Bluehill software and a ±50kN 
load cell. All the tests were performed at ambient temperature (~ 
25°C). The gauge length of the extensometer was 25mm and the 
ramp rate for extension was 2mm/min. Each data reported is 
based on the properties obtained from 10 to 30 samples without 
showing obvious casting defects on the fractured surfaces. 

The microstructure was examined using a Zeiss optical 
microscopy with quantitative metallography, and a Zeiss SUPRA 
35VP scanning electron microscope (SEM), equipped with EDX. 
The particle size, volume fraction and the shape factor of the solid 
phase were measured using an AxioVision 4.3 Quantimet digital 
image analysis system. The quantitative EDX analysis in SEM 
was performed at an accelerating voltage of 20kV on a polished 
sample, and the libraries of standard X-ray profiles for EDX were 
generated using pure elements. In situ spectroscopy calibration 
was performed in each session of the EDX quantification using 
pure copper. To minimise the influence from the interaction 
volume during the EDX quantification, five point analyses on 
selected particles were conducted for each phase and the average 
was taken as the measurement. 

Results 

As-cast microstructure of the diecast Al-Mg-Si-Mn alloy 

In the as-cast state, there was no significant change in the 
morphologies of the primary a-Al phase and eutectic phase 
presented in the Al-Mg-Si-Mn alloys containing different levels of 
Fe. However, the primary a-Al solid solution was found in two 
types of morphology in each alloy, which are labelled as '<xi' and 
'<x2' in Fig. 1, respectively. The a r Al phase was resulted from the 
solidification in the shot sleeve and exhibited dendrites and 
fragmented dendrites in the microstructure. The α2-Α1 phase was 
formed during the solidification in the die cavity, which showed 
fine globular morphology. The sizes of dendritic and fragmented 
dendritic a rAl phase ranged from 20 to ΙΟΟμηι and the fine 
globular -Al particles ranged from 3 to 20μηι. The coarse a rAl 
phase was isolated by fine globular α2-Α1 particles. The 
interdendritic regions were characterised with a eutectic 
microstructure, in which the lamellar structure was made of a-Al 
and Mg2Si phases. The primary a-Al phase was associated with 
the eutectic microstructure. Fe-rich intermetallic compounds were 
observed in the eutectic areas. 

Figure 1. Micro structure of diecast Al-5wt.%Mg-
2wt.%Si-0.54wt.%Mn diecast alloy with 0.62wt.%Fe. 

In contrast to the primary a-Al phase, it is seen that the effect 
of Fe on the morphologies of primary Fe-rich compounds was 
significant. Different types and amounts of the Fe-rich 
intermetallics were related to the Fe and Mn contents, as shown in 
Fig. 2. From the experimental observations, only a small amount 
of fine intermetallic compounds were present in the alloys that 
contain up to 0.21wt.%Fe (Fig. 2a). The fine Fe-rich 
intermetallics were formed in the solidification inside the die 
cavity. Most of the fine intermetallics were located between the 
primary a-Al phases, although some intermetallics were found 
inside them. No primary Fe-rich intermetallic compounds were 
observed in the primary a-Al phase solidified in the shot sleeve. 
The EDX quantitive analysis by SEM identified the Fe-rich phase 
with the typical composition of the a-Al12(Fe,Mn)3Si phase in the 
Al-Mg-Si-Mn-Fe system. No ß-AlFe and ß-AlFeSi intermetallics 
were observed in the samples at this composition. 
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Figure 2. Backscattered SEM micrographs showing 
the morphology of Fe-rich intermetallics in the Al-
5wt.%Mg-2wt%Si-0.54wt.%Mn diecast alloy with 
different amounts of Fe, (a) 0.21wt.%Fe, (b) 0.61 
wt.%Fe, (g)1.86wt.%Fe 

When the Fe contents in the alloys were increased to a level of 
0.61wt.%Fe, there were two types of Fe-rich intermetallics 
observed. The Fe-rich intermetallics were formed in the shot 
sleeve and the die cavity, which were labelled as 'Fe^ and 'Fe2' 
respectively. The Fe rrich intermetallics were usually associated 
with the primary a-Al phase solidified in the shot sleeve and 
exhibited coarse compact morphology, which were found in 
tetragonal, pentagonal, hexagonal shapes. EDX quantification has 
identified the Fe-rich intermetallics to be the a-AlFeMnSi phase 
with the typical composition of a-Al12(Fe,Mn)3Si. Meanwhile, the 
fine intermetallics (labelled as Fe2) were associated with a-Al 
phase solidified in the die cavity and segregated in the primary a-
Al grain boundaries, which were identified by EDX quantification 
to be the same a-AlFeMnSi phase with the typical composition of 
a-Al12(Fe,Mn)3Si. 

When the Fe contents in the alloys was further increased to a 
level of 1.86wt.% in Al-Mg-Si-Mn-Fe system, as shown in Fig.2c. 
A large fraction of needle-shaped Fe-rich intermetallics were 
found in the microstructure, in addition to the compact Fe-rich 
phase. The coarse and the fine compact primary Fe-rich 
intermetallics were identified by EDX quantification as the <x-
AlFeMnSi phase with the typical formula of a-Al12(Fe,Mn)3Si. 
The long needle-shaped Fe-rich compounds were quantitively 
confirmed as ß-AlFe phase with the typical composition of ß-
Al13(Fe,Mn)4Si025. 

In the as-cast microstructure, some coarse Fe-rich 
intermetallics developed into more complex morphologies such as 
star-like shapes in associated with primary a-Al phase, as shown 
in Fig. 3. These Fe-rich intermetallics have been found in the 
castings with experimental composition of Fe>0.61wt. % and 
identified as a-AlFeMnSi phase with the typical composition of <x-
Ali2(Fe,Mn)3Si. It was also found that the star-like a-AlFeMnSi 
phase were usually associated with a-Al phase formed in the shot 
sleeve. The results indicate that the solidification environments, 
especially the cooling rate in the shot sleeve is capable of 
producing different morphologies of primary a-AlFeMnSi phase. 
From these observations, the Fe-rich compounds of the compact 
and needle-shaped morphologies were identified as the a-
AlFeMnSi and ß-AlFe phase respectively. The intermetallic 
compounds in the Al-Mg-Si-Mn-Fe system are 

Figure 3. Backscattered SEM micrograph showing the 
morphology of Fe-rich intermetallics in the diecast 
Al-5Mg-2Si alloy with 0.54Mn and 0.84Fe 

319 



summarised in Table 2. It is seen that the primary a-
Al12(Fe,Mn)3Si intermetallics formed in the die cavity were 
observed in all diecast alloys in the experimental range. However, 
the primary Fe-rich intermetallics formed in the shot sleeve were 
significantly affected by the Fe contents. It is noticeable that the 
intermetallic ß-Al13(Fe,Mn)4Sio.25 phase formed in the 
experimental alloys were different to the intermetallic ß-Al5FeSi 
and ß-AlFeSi phases observed in Al-Si, Al-Si-Cu and Al-Si-Mg 
alloys [8,9,12]. However, the cubic a-AlFeMnSi phase of a-
Al12(Fe,Mn)3Si intermetallics formed in the experimental alloys 
was found to be very similar to <x-Al15(FeMn)3Si2 intermetallics 
formed in Al-Si, Al-Si-Cu and Al-Si-Mg alloys [8,9,12]. 

The measured a-AlFeMnSi particles were consistently at 0.76 
μιη in diameter and no significant variation within the 
experimental ranges. However, the volume fraction of the fine Fe-
rich particles increased with the increase of Fe contents in the 
alloys. As the fine Fe-rich particles were formed during the 
solidification in the die cavity under high cooling rate, the sizes of 
the Fe-rich intermetallics were mainly determined by the 
increased undercooling, enhanced heterogeneous nucleation and 
the shortened solidification time for the particle to grow. 

Table 2. Average compositions of Fe-rich intermetallic phases 
measured by quantitive SEM/EDX analysis 

Phase 
morphology 
Identified 
compounds 
Al 
Fe 
Mn 
Si 
Fe/Mn 

coarse compact 

Ali2(Fe,Mn)3Si 

76.64 
11.83 
5.95 
S.27 
1.99 

fine compact 

Ali2(Fe,Mn)3SiT 

75.47 
12.16 
S.28 
S.09 
1.94 

large needle 

Ali3(Fe,Mn)4Sio.25 

75.62 
19.20 
3.81 
1.37 
5.04 

t The composition was further confirmed by TEM/EDX analysis 

Mechanical Properties 

Mechanical properties of the diecast Al-Mg-Si-Mn alloys with 
different Fe contents are presented in Fig. 4. It is seen that a slight 
enhancement in the yield strength and a significant detrimental to 
the elongation with the increase of Fe contents in the alloys. 
However, no obvious variation in the ultimate tensile strength was 
observed until Fe was higher than 0.6wt.% where it decreased. It 
is worth for a further emphasis that the enhancement of the yield 
strength for the diecast samples is less effective than the 
detrimental to the elongation of the same alloy in the experimental 
ranges. The overall increase of the yield strength of the diecast 
sample was 8% while the ultimate tensile strength decreased by 9% 
and the elongation decreased by 295%. 

Discussion 

CALPHAD of the multi-component Al-Mg-Si-Mn-Fe system 

In order to understand the effect of alloying on solidification and 
micro structural evolution, CALPHAD modelling of the multi-
component Al-Mg-Si-Mn-Fe system was carried out using 
PandaT software [20]. The Ti and other low levels of elements 
were not considered. The COST507 thermodynamic database [21] 
was used for constituent alloy systems and the a-AlFeMnSi was 

treated as a stoichiometric phase during the modelling. The 
calculated equilibrium phase diagrams on the cross sections of Al-
5Mg-2Si-0.5Mn-xFe and are shown in Fig. 5. The calculated 
diagram can be divided into several regions with different Fe 
contents. The phase formation follows: 
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Figure 4. Effect of Fe content on the mechanical 
properties of die cast Al-Mg-Si alloys with different 
amounts of Mn, (a) yield strength, (b) ultimate tensile 
strength, and (c) elongation. 
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(1) L-» a-Al+a-AlFeMnSi+Mg2Si with prior a-Al phase at 
Fe<(0.25wt.%), and 

(2) L-» a-AlFeMnSi+a-Al+Mg2Si with prior a-AlFeMnSi phase 
at 0.21wt.%<Fe<1.4wt.%, and 

(3) L->ß-AlFe +a-AlFeMnSi+a-Al+Mg2Si with prior ß-AlFe 
phase at Fe>l .4wt.%. 

Phase formation in diecast Al-Mg-Si-Mn alloy 

The solidification process and the associated changes of liquid 
compositions determine the formation of different phases. From 
the phase diagram in Fig. 5, it is seen that the prior phase is a-Al 
phase when Fe content is less than 0.25wt.%. The solidification 
starts to precipitate the a-Al phase in the shot sleeve, which is 
interrupted during die filling. The precipitation of a-Al phase 
continues in the die cavity, during which Si, Fe and Mn elements 
are enriched in the remaining liquid and the Fe-rich intermetallics 
are consequently formed in the melt. The high cooling rate in the 
die cavity and the absence of superheat in the melt enhance the 
heterogeneous nucleation, and therefore promote the formation of 
fine compact a-AlFeMnSi intermetallics. When Fe content is 
increased to a higher level, the prior phase becomes a-AlFeMnSi. 
The precipitation of a-AlFeMnSi compounds increases the 
undercooling in front of the interface of the crystal, resulting in 
the nucleation and growth of a-Al phase in associated with a-
AlFeMnSi compounds. The solidification continues in the die 
cavity, where the compact a-AlFeMnSi compounds and a-Al 
phase precipitate under high cooling rate. When Fe content is 
further increased, the prior phase is ß-AlFe phase. The 
precipitation of ß-AlFe compounds consumes Fe element in the 
melt and thus alters the local melt composition with enriched Si 
and Mn, resulting in an increase of Mn/Fe ratio. When Mn/Fe 
ratio reaches the limitation, a-AlFeMnSi compound precipitates 
from the melt. The following solidification precipitate the a-
AlFeMnSi and ß-AlFe compounds. Overall, the formation of a-
AlFeMnSi and ß-AlFe phases consumes Fe, Mn, Si prior to the 
eutectic solidification. The final stage of solidification of the 
alloys is the multi-eutectic transformation to generate the eutectic 
structure mainly of Al-Mg2Si eutectic phase. 

Mn is largely consumed by the formation of the Fe-rich 
intermetallics. Therefore, an adequate level of Mn is necessary in 
order to maintain high Mn/Fe ratio for the formation of the cubic 
a-AlFeMnSi phase. In the observed a-AlFeMnSi intermetallics, 
the typical composition is a-Al12(Fe,Mn)3Si, which is made of less 
Si than that in the common a-Al15(FeMn)3Si2 compounds. The 
main reason can be attributed to the low Si concentration in the 
alloy and the short of Si supply during solidification. In the 
experimental results, it is also confirmed that Mn/Fe=0.5 is 
necessary to suppress the formation of the ß-AlFe compounds in 
the as-cast microstructure. ß-AlFe intermetallics is immediately 
observed in the alloys when Mn/Fe<0.5, which is in good 
agreement with the observation in other alloys including Al-Si, 
Al-Si-Cu and Al-Si-Mg alloys [10-17]. However, a-AlFeMnSi 
phase can still be observed at low Mn/Fe ratio. Therefore, the 
Mn/Fe ratio can be used as an indicator for the formation of ß-
AlFe compounds, but not for determining the formation of a-
AlFeMnSi phase. 

Microstructure-propertv relationship 

0.92 111 

_aAI+Mg2Si+ I 
aAIFeMnSi ßAIFe+ aAIFeMnSi + aAl +Mg2Si 

0 0.5 1 1.5 2 2.5 3 
Fe (wt.%) 

Figure 5. Cross section of equilibrium phase diagram of 
Al-5Mg-2Si-0.6Mn-xFe calculated by Pandat software. 

In the results, the higher the iron concentrations in the alloy, the 
significantly more the elongation decreases. This is accompanied 
by a slight enhancement of the yield strength at increased iron 
level in the alloys. The ultimate tensile strength maintains at 
similar level when Fe is less than 0.6wt. %, but it decreases 
significantly when the Fe contents further increases. Meanwhile, a 
slight enhancement of the yield strength is also observed in the 
alloy with Mn addition compare to that in the alloy without Mn 
addition. 

Referring to the solidification microstructure, the enhanced 
yield strength is believed to correspond to the increased amounts 
of Fe-rich intermetallic compounds, especially the fine 
intermetallics present at the a-Al grain boundaries. The increase 
in yield strength is accompanied with decreasing elongation as the 
added reinforcement due to the Fe-rich compounds is at the cost 
of the alloy ductility. Therefore the detrimental effect of iron 
content on the mechanical properties in the diecast Al-Mg-Si 
alloys should be determined mainly by the loss in ductility. 

Conclusions 

In high pressure die casting of Al-Mg-Si-Mn alloys, the formation 
of Fe-rich intermetallics occurs into two solidification stages. One 
is in the shot sleeve at lower cooling rates, and the other is in the 
die cavity at higher cooling rates. The Fe-rich intermetallics 
formed in the shot sleeve exhibit coarse compact, star-like or 
needle/plate shape morphology with varied sizes. The Fe-rich 
intermetallics formed in the die cavity are characterised by fine 
compact morphology with the size less than 3 μιη. 

In diecast Al-Mg-Si-Mn alloys, the prior phase is a-Al when Fe 
is less than 0.25wt.%, but the prior phase is ß-Al13(Fe,Mn)4Sio.25 
when Fe is higher than 1.24wt.%. Over the Fe contents range from 
0.25 to 1.24wt%, a-Al24(Fe,Mn)6Si2 precipitates as prior phase to 
form either coarse compact compounds in the shot sleeve or fine 
compact particles in the die cavity. 
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The morphology and size of a-Al12(Fe,Mn)3Si intermetallics 
are dependent on the cooling rate. The higher cooling rate in the 
die cavity enables the a-Al12(Fe,Mn)3Si phase to solidify in a fine 
compact morphology. However, the lower cooling rate in the shot 
sleeve results in the formation of compact and star-like Chinese 
script a-Al12(Fe,Mn)3Si phase in the as-cast microstructure. 

Fe-rich intermetallics significantly affect the mechanical 
properties of the alloy castings. The higher the iron concentrations 
in the alloy, the more significantly the ductility reduces. This is 
accompanied by a slight enhancement of the yield strength. The 
ultimate tensile strength maintains the similar level when Fe 
contents is less than 0.6wt.%, but decreases significantly with the 
further increase of Fe contents in the diecast alloys. 
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