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Abstract  

The effect of nickel on the microstructure and mechanical properties of a die-cast Al-Mg-Si-Mn alloy has been investigated. The 

results show that the presence of Ni in the alloy promotes the formation of Ni-rich intermetallics. These occur consistently during 

solidification in the die-cast Al-Mg-Si-Mn alloy across different levels of Ni content. The Ni-rich intermetallics exhibit dendritic 

morphology during the primary solidification and lamellar morphology during the eutectic solidification stage. Ni was found to be 

always associated with iron, forming AlFeMnSiNi intermetallics and no Al3Ni intermetallic was observed when Ni concentrations 

were up to 2.06wt% in the alloy. Although with different morphologies, the Ni-rich intermetallics were identified as the same 

AlFeMnSiNi phase bearing a typical composition of Al[100-140](Fe,Mn)[2-7]SiNi[4-9]. With increasing Ni content, the spacing of the 

-Al-Mg2Si eutectic phase was enlarged in the Al-Mg-Si-Mn alloy. The addition of Ni to the alloy resulted in a slight increase in 

the yield strength, but a significant decrease in the elongation. The ultimate tensile strength (UTS) increased slightly from 300 

MPa to 320MPa when a small amount (e.g., 0.16wt. %) of Ni was added to the alloy, but further increase of the Ni content 

resulted in a decrease of the UTS. 

Keywords: Aluminium alloy; microstructural evolution; mechanical properties; Ni-rich compounds; high pressure die casting; 

CALPHAD modelling 

 

1. Introduction  

In the manufacture of fuel efficient transport systems, weight reduction through the use of lightweight materials remains a very 

successful and simple means of improving fuel economy and reducing harmful emissions. Increases in aluminium alloys usage for 

automotive applications provide significant opportunities for weight reduction and therefore real scope to achieve environmental 

goals, when compared to a conventional steel-based vehicle [1,2]. A 100kg reduction in car weight leads to a saving of 10g CO2 

per kilometre [3]. Aluminium’s weight to strength ratio and its high recyclability potential has resulted in a number of aluminium 

intensive vehicles being released by major automotive manufacturers. This light-weighting strategy has resulted in a decrease of 

CO2 produced during the vehicle use phase and also in the manufacturing stage by reducing the use primary aluminium through 

utilising end-of-life vehicles (ELVs) metal scrap recycling [4,5]. Up to 75% of aluminium recycled in Europe has been used for 

applications in transportation [6]. The re-use of recycled metal scraps is an important factor for the closed-loop material cycles to 

support circular economies in accordance with ecological principles [ 7 ,8 ]. Consequently, it is important and essential to 

understand more about the recycling of aluminium alloys. 

In recycling aluminium alloys, the unchecked accumulation of impurities will result in the solute concentrations of these elements 

exceeding the limitation of the registered specification, this restricts the application of recycled aluminium alloys in a closed loop 

cycle [9,10]. The list of problematic impurities varies from one alloy to the other. Generally, the impurity elements include but are 

not limited to Si, Mg, Ni, Zn, Pb, Cr, Fe, Cu, V and Mn in different aluminium alloys [11,12]. The effect of impurities on the 

microstructure and mechanical properties has been one of the major topics of many publications for the application of recycled 

aluminium alloys [12,13]. However, there is still a lack of understanding of the roles of some impurities such as nickel in 

aluminium alloys. 

Nickel is defined as an impurity in many commercial aluminium alloys with a limitation of 0.2wt.%, although it has been used as 

an alloying element up to a level of 2.5 wt.% in some commercial aluminium alloys, which can be found in both wrought and 

casting alloys [14,15]. In alloying of aluminium nickel has been recognised as a strongly partitioning and slow-diffusing element 

[16]. Nickel is almost insoluble in aluminium; with solubility being about 0.05 wt.% at 640 
o
C and less than 0.005 wt. % at 450 

o
C 

[17]. In the Al-Ni binary alloy, the addition of nickel up to 2 wt.% gives an increase in the strength of aluminium, but a decrease 

in ductility [18]. Similar results were found in multicomponent aluminium systems and the aluminium matrix is unlikely to 

contain Ni levels above the equilibrium solubility. It was reported that Ni was mainly associated with iron in the form of AlFeSi 

intermetallics at low levels and in the form of Al3Ni intermetallics at higher concentrations, such as in an Al-Mg-Si wrought alloy 

containing 1.4wt.% Ni [18]. A recent investigation [16] has also shown that Ni additions up to 0.05 wt.% did not have an obvious 

influence on the phase constituents of AA6063 alloy. A significant influence on the microstructure were observed in the as-cast 

condition of AA3102 alloy when Ni content was 0.05wt.%. For A356 alloy, Ni additions up to 0.02 wt.% did not a have 

significant influence on the as-cast microstructure, but a new phase was formed when the Ni addition was increased to 0.05wt.%. 

These intermetallics have been found to be AlFeMgSi and AlFeSi phases in the as-cast and heat-treated A356 alloy [18, 19]. 

Therefore, it is important to verify whether Ni is an impurity or a useful alloying element in aluminium alloys. Recently, an Al-

Mg-Si-Mn alloy that can provide improved ductility has been investigated for thin-wall structural application in car body 

structures produced through high pressure die castings [20, 21]. It has been found that the improved ductility can only be achieved 

with tight control of impurities levels. Iron has been identified as a detrimental element for the mechanical properties and needs to 

be minimised during application of the recycled alloys [22,23]. However, it is still unclear for the effect of other common 

elements including Ni. In order to enhance the understanding towards the microstructural evolution and mechanical properties, the 

study of the Ni effect becomes essential in the alloy if it is to satisfy the required mechanical properties in application. This is 
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practically important for the materials recyclability where the various elements are interacting within the alloy during the 

industrial melting, casting and solidification process.  

The present study investigated the effect of Ni on the morphology, size and distribution of Ni-rich compounds in the Al-Mg-Si-

Mn alloy, produced by a high pressure die casting process. The mechanical properties, such as yield strength, ultimate tensile 

strength (UTS) and elongation were assessed for the die-cast samples with different Ni contents. To enhance understanding, the 

role of Ni in the alloy chemistry was investigated by CALPHAD modelling of the multi-component Al-Mg-Si-Mn system. The 

discussions focused on the phase formation of different Ni-rich intermetallic phases and the relationship between the Ni-rich 

compounds and the mechanical properties of the die-cast Al-Mg-Si-Mn alloy. 

2. Experimental  

The Al-Mg-Si-Mn alloy was supplied by an industrial alloy manufacturer to a specified composition. The alloy was received in 

the form of ingots. During experiments, the alloy was remelted in a crucible and the different Ni contents were added by using Al-

10wt.%Ni master alloy. The melt was degassed using N2 in a commercial rotary degasser at 500 rpm for 3 minutes before casting 

a sample for composition analysis. The composition was analysed using an optical mass spectroscopy on a cross section of a 

40×60mm cylindrical casting sample, in which at least five spark analyses were performed and the average value was taken as 

the chemical composition of the alloy. The measured compositions of the alloys containing 0.005 wt.% to 2.06 wt.% Ni are shown 

in Table 1. 

After composition analysis and skimming, the alloy melt was manually ladled into the shot sleeve of a 4500kN HPDC machine 

for casting, in which all casting parameters were fully monitored. The pouring temperature was at 50
o
C above the liquidus of the 

alloy, according to the equilibrium phase diagram and measured by a K-type thermocouple. Six ASTM standard samples, i.e., 

three 6.35mm round bars and three square bars, were cast in each shot. The diagram of die castings for the standard tensile 

testing samples is shown in Fig. 1. The casting die was pre-heated by the circulation of mineral oil at 250
o
C. All castings were left 

to cool to ambient temperature after removal from the die and kept in an ambient condition for at least 24 hours before mechanical 

property test was conducted.  

Tensile testing followed the ASTM B557 standard using an Instron 5500 Universal Electromechanical Testing System equipped 

with Bluehill software and a ±50kN load cell. All the tests were performed at ambient temperature (~ 25
o
C). The gauge length of 

the extensometer was 25mm and the rate of extension was 2mm/min. The reported data was obtained from averaging the results of 

10 to 15 samples of each cast condition. 

The specimens for microstructural examination were cut from the middle of the 6.35mm round tensile test bars. The 

microstructure was examined using a Zeiss optical microscope equipped with an AxioVision 4.3 Quantimet digital image analysis 

system, and a Zeiss SUPRA 35VP scanning electron microscope (SEM) equipped with EDX. The particle size and volume 

fraction of the solid phase were measured using the quantitative metallographic system of the optical microscope. 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 

analyses on selected particles were conducted for each phase and the average was taken as the reported measurement. 

3. Results  

3.1 As-cast microstructure of the die-cast Al-Mg-Si-Mn alloy  

The typical microstructure of the die-cast Al-Mg-Si-Mn alloy is shown in Fig. 2. As previously described in terms of the 

characteristics and the formation of the microstructure of the die-cast Al-Mg-Si-Mn alloy [23], the two-stage solidification was 

responsible for the microstructural formation in high pressure die casting. The α-Al phase formed in the shot sleeve has dendritic 

or fragmented dendritic morphology, whilst the α-Al phase formed in the die cavity exhibited fine globular morphology. The 

interdendritic regions were characterised by the lamellar structure made of α-Al and Mg2Si eutectic phases. Fe-rich intermetallic 

compounds were observed in the eutectic areas and were identified as Al12(Fe,Mn)3Si [21]. There were no Ni-rich phases detected 

in the Al-Mg-Si-Mn alloy containing 0.005 wt.% Ni. This indicated that a very low Ni would not affect the microstructure and not 

result in the formation of any Ni-rich intermetallics in the alloy. 

3.2 Effect of Ni on the as-cast microstructure of the die-cast Al-Mg-Si-Mn alloy  

The effect of Ni on the as-cast microstructure of the die-cast Al-Mg-Si-Mn alloy is shown in Figs. 3 to 6. Generally, the increase 

of Ni results in the formation of more intermetallics in the as-cast microstructure (Fig. 3). Most of the intermetallics exhibited 

dendritic morphology, although some compact intermetallics were also observed when Ni content was up to 1.11 wt.% (Fig. 

4a,b&c). Two types of intermetallics were observed as shown in Fig. 4d. One was in the typical dendritic morphology and the 

other was not clear at low magnification. The high magnification micrographs shown in Fig. 5 are taken from the alloy containing 

2.06 wt.% Ni, where the typical laminar and dendritic intermetallic phases were seen at the grain boundaries and in the Al-Mg2Si 

eutectic areas. The co-existence of the Al-Mg2Si eutectics and Al with Ni-rich intermetallic eutectics indicated that two eutectic 

solidifications occurred during casting. Fig. 6 shows that the solid fraction and the average size of the Ni-rich intermetallics in the 

as-cast microstructure were increased with increasing Ni contents in the alloy.  

In comparison with the micrographs in Fig. 2, it is seen that the Al-Mg2Si eutectic spacing increased in the microstructure 

obtained in the alloys with a higher Ni content, as shown in Fig. 3. The measured eutectic spacing of the Al-Mg2Si eutectic phase 

is summarised in Table 2. The average eutectic spacing of the eutectic Al phase was 0.41μm for the alloy without Ni, but it 

increased to 0.58 μm when Ni was raised to 2.06 wt.%. According to the data summarised in ref. [21] for the Al-Mg2Si eutectic 

reaction in similar alloys, the λ
2
V=15 μm

3
/s can be used to estimate the relevant growth velocity. The calculated results are also 

given in Table 2. A significant reduction in the growth velocity of the eutectic can be seen with increasing Ni contents. This 

indicates that the eutectic solidification between Al and AlFeMnSiNi intermetallics might have occurred prior to or at the same 
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temperature as the eutectic solidification of Al-Mg2Si, during which the release of latent heat during Al and intermetallics eutectic 

solidification could offer the resources to influence the solidification between Al and Mg2Si. 

As shown in Figs. 2 to 5, the dendritic Ni-rich intermetallics were usually associated with the primary α-Al phase. SEM/EDX 

quantification identified that the dendritic Ni-rich intermetallics were of the typical composition of Al[100-140](Fe,Mn)[2-7]SiNi[4-9], 

as shown in Table 3. Meanwhile, the eutectic Ni-rich intermetallics were usually associated with Al-Mg2Si eutectic phase and 

segregated at the primary α-Al grain boundaries. The eutectic Ni-rich intermetallics were identified by EDX as the same 

AlFeMnSiNi phase with the typical composition of Al135(Fe,Mn)2SiNi9, as shown in Table 3. It is clearly seen that (1) the Ni-rich 

intermetallics essentially consisted of Fe, Mn and Si, and no Al3Ni phase was detected in the studied alloy with Ni content up to 

2.06 wt.%; and (2) two types of Ni-rich intermetallics had the same constituent composition and could be described by the same 

chemical formula. It is noticeable that the Ni-rich intermetallic phase formed in the alloy was different to the intermetallic phases 

observed in other Al-Si-Mg alloys [18]. Song et al. found that Al3Ni were formed in the alloys with 1.4 wt.% Ni. However, this 

binary intermetallic was not observed in our experimental alloy with an even higher Ni content. In order to further confirm the 

intermediate phase, a series of experiments were performed to find out the differences in XRD spectrums and the results are 

shown in Fig. 7. The peaks for α-Al and Mg2Si phases were easily identified from the experimental results. However, it was 

difficult to find out the corresponding peaks of the AlFeMnSiNi intermetallics. Although some peaks were identified for α-

AlFeMnSi, several peaks were unable to be clearly identified with the existing database. However, the peaks were certainly not 

from Al3Ni. The results confirmed the existence of new phases in the alloy. However, it is not able to confirm the existence of 

AlFeMnSiNi phase because of the insufficient information from the existing XRD database.  

On the other hand, the formation sequence of intermetallics can be indirectly confirmed by analysing the distribution of solute 

elements in the primary phase and the eutectic phases. Fig. 8 shows the elements mapping of the primary intermetallics and 

eutectic intermetallics in the experimental alloy. In the backscattered SEM micrograph shown in Fig. 8a, the difference of the 

eutectic intermetallics in the middle and the primary intermetallics at the side was clear by their morphologies. The colour was 

essentially no different in the intermetallics, indicating that the distributions of different solute elements were uniform in the 

whole intermetallics. This clarified that Ni was dissolved into the intermetallics, rather than the affiliation on the surface of the Fe-

rich intermetallics. This indicated that the Ni was associated with Al, Fe, Mn and Si from the beginning of solidification and Ni 

did not form other intermetallics first and then attach to the existing AlFeMnSi phase.  

3.3 Mechanical Properties  

Mechanical properties of the die-cast Al-Mg-Si-Mn alloy with different Ni contents are presented in Fig. 9. It is seen that there is a 

slight enhancement in the yield strength and a significant reduction of the elongation with the increase of the Ni content in the 

alloys. However, no obvious variation in ultimate tensile strength (UTS) was observed, although a slight increase of UTS was 

found when Ni was added at a low level. It is worth emphasising that the enhancement of the yield strength for the die-cast 

samples is less significant than the reduction of elongation in the same alloy in the experimental ranges. The overall increase of 

the yield strength of the die-cast sample was 10% while the elongation decreased by 350%.  

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

In order to understand the effect of alloying elements on the solidification and microstructural evolution, CALPHAD modelling of 

the multi-component Al-Mg-Si-Mn-Fe-Ni system was carried out using PandaT software [24]. The other low levels of elements 

were not considered. The calculated cross section of the equilibrium phase diagram of the Al-5Mg-2Si-0.6Mn-0.2Fe-xNi alloy is 

shown in Fig. 10, which could be divided into several regions with different Ni contents. The phase formation followed: (1) L 

α-Al+Mg2Si+Al15(Fe,Mn)3Si2 with prior -Al phase at Ni<(0.05wt.%), (2) L α-Al+Mg2Si+Al15(Fe,Mn)3Si2 with prior - 

Al15(Fe,Mn)3Si2 phase at 0.05wt.%<Ni<0.15wt.%, and (3) L α-Al+Mg2Si+Al15(Fe,Mn)3Si2+Al3Ni with prior -AlFeMnSi and 

-Al phase at 0.15wt.%<Ni<4wt.% (4 wt.% was the calculated limits in Fig. 9, the actual limit should be different). It needs to be 

emphasised that the phase formation for the intermetallics according to the equilibrium phase diagram was different from the as-

cast microstructure of the experimental alloys with varied contents of Ni. The difference was attributed to several factors; 

including the non-equilibrium solidification in high pressure die-casting process, the complex precipitation process of 

intermetallics during solidification, and the limitation of the database used in the phase diagram calculation. However, the 

equilibrium phase diagram had provided useful information for the solidification process. 

The solidification process of the alloy with different contents of Ni is shown in Fig. 11. It is seen that there is an increase of the 

solid phase and a decrease of the liquid phase at a given temperature between liquidus and solidus for the alloy with increased Ni 

content. The results are shown in Fig. 11a for the alloy containing 0.005 wt.% Ni, where no Ni-rich intermetallic phase was found 

in the solidification curve. This was consistent with the experimental results given in Fig 2. In Fig. 10b, the alloy with 2.06 wt.% 

Ni showed different solidification features: (a) The liquidus temperature was almost the same for two alloys; (b) The primary α-Al 

phase emerged at 621
o
C in Fig. 10a but 614

o
C in Fig. 10b; (c) The eutectic temperature was 584

o
C in Fig. 11a and 575

o
C in Fig. 

10b; and (d) The most interesting point was that the emergence of Ni-rich intermetallics was prior to the eutectic solidification of 

Al-Mg2Si. In the meantime, the eutectic reactions for Al-Mg2Si and Al-AlFeMnSiNi were at the same temperature. The results 

confirmed that the increase of Ni in the alloy resulted in an increase of the solidification range of the alloy, therefore increasing 

the possibility of forming hot tearing and shrinkage porosity in the casting.  

4. Discussion  

4.1 Phase formation in die-cast Al-Mg-Si-Mn alloy with Ni 

The experimental observations have confirmed that (1) the primary AlFeMnSiNi intermetallics were formed as prior phase during 

high pressure die-casting, which showed dendritic and fragmented dendritic morphology with different sizes; (2) the eutectics 

included Al-Mg2Si and Al-AlFeMnSiNi, but no Al3Ni intermetallics were observed in the Al-Mg-Si-Mn die-cast alloys with 

varied Ni contents up to 2.06 wt.%. 
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Generally, the phase formation of Ni-rich intermetallics in the experimental alloys is broadly consistent with the equilibrium phase 

diagram calculated from CALPHAD. Therefore the solidification path can be used to explain the major features of the 

microstructure if α-AlFeMnSi and Al3Ni are taken as the same phase from the primary solidification and eutectic solidification. 

The solidification process and the associated changes of liquid compositions determine the formation of different phases. From the 

phase diagram in Fig. 10, the prior phase is α-Al phase when Ni content is less than 0.05wt. %. The solidification starts with the 

formation of the α-Al phase, followed by the formation of AlFeMnSi and eutectics of Al-Mg2Si. This has been discussed in 

previous publications [21, 22]. When Ni content is increased to a higher level, the prior phase becomes the AlFeMnSiNi phase. 

The precipitation of AlFeMnSiNi compounds decreases the undercooling in front of the interface of the crystal, resulting in the 

nucleation and growth of α-Al phase in association with AlFeMnSiNi compounds (Figs. 3&4). The solidification continues until 

the completion of eutectic solidification. When Ni content is further increased, the prior phase is still AlFeMnSiNi phase, but the 

primary solidification cannot consume all of the Ni in the alloy and therefore Ni takes part in the eutectic solidification to form Al- 

AlFeMnSiNi eutectics in association with Al-Mg2Si eutectics. Overall, Ni in the Al-Mg-Si-Mn alloy is consumed by forming 

primary AlFeMnSiNi phase in the primary solidification and Al- AlFeMnSiNi eutectics in the eutectic solidification, which is 

always associated with the consumption of Fe, Mn and Si. On the other hand, the addition of Ni in the alloy introduces new prior 

phase that releases latent heat during solidification. Therefore, the cooling rate for Al-Mg2Si eutectic solidification is reduced, 

resulting in the increase of the eutectic spacing. 

The absence of Al3Ni intermetallics in the die-cast Al-Mg-Si-Mn alloy is one important feature. In the equilibrium state, Al3Ni 

phase that contains 42wt.% Ni has an orthorhombic structure (the space group Pnma, 16 atoms in the unit cell) with the lattice 

parameters a = 0.6611 nm, b=0.73662 nm, and c = 0.4812 nm. The heat of forming this phase is 40 J/mol. The density of the 

phase in the binary system is in the range 3.95-3.96 g/cm
3 

[25]. Currently, it is not clear yet for the association between α-

AlFeMnSi and Ni in the experimental alloy. It was observed that Al3Ni were formed in a fairly low Ni content in Al-Mg-Si 

wrought alloys [16,18], which is not consistent with the results in this work. However, the  differences between previous work and 

this work is obvious because the Fe content is low in the wrought alloy and the Mn content is relatively high in  the alloy in this 

work. The role of Mn in cast Al-Mg-Si-Mn alloy has been discussed in our previous works [22,26,27]. Although the association 

between Ni and AlFeMnSi intermetallics has been indirectly confirmed, the mechanism of the formation of AlFeMnSiNi 

intermetallics needs to be addressed as it may be important to the development of materials for special applications.  

4.2 Microstructure-property relationship  

The experimental results have confirmed that the addition of nickel significantly affects the mechanical properties of the Al-Mg-

Si-Mn alloy. The higher the nickel content in the alloy, the more significant the reduction in ductility. This is accompanied by a 

slight enhancement of the yield strength at an increased nickel level in the alloy. The UTS increases slightly when a small amount 

of Ni is added to the die-cast alloys but further increase of the Ni content results in the decrease of the UTS.  

Referring to the solidification microstructure, the enhanced yield strength is believed to correspond to the increased amounts of 

Ni-rich intermetallic compounds presented at the α-Al grain boundaries and eutectic Al-Mg2Si areas. The increase in the yield 

strength is accompanied with decreasing elongation as the added reinforcement due to the Ni-rich compounds is at the cost of the 

alloy ductility. Therefore the Ni content should be limited to a low level during alloy recycling in order to maintain the mechanical 

properties of the die-castings without significant loss in ductility. 

5. Conclusions 

1) In the die-cast Al-Mg-Si-Mn alloy containing different Ni content, the formation of Ni-rich intermetallics occurs consistently 

during solidification. The Ni-rich intermetallics exhibit dendritic and lamellar morphology during primary and eutectic 

solidification, respectively.  

2) In the die-cast Al-Mg-Si-Mn alloy, Ni is always associated with Fe, Mn and Si to form AlFeMnSiNi intermetallics. No Al3Ni 

intermetallics is observed at Ni concentrations up to 2.06wt%, while both primary AlFeMnSiNi phase and eutectic 

AlFeMnSiNi phase are found in the as-cast microstructure. Both the primary and eutectic Ni-rich intermetallics are identified 

as the same AlFeMnSiNi phase with the typical composition of Al[100-140](Fe,Mn)[2-7]SiNi[4-9]. 

3) The increased Ni-rich intermetallics can be found in the alloy with higher Ni contents. The increased Ni contents result in an 

increase in the spacing of Al-Mg2Si eutectics in the die-cast Al-Mg-Si-Mn alloy. This indicates that the increased levels of Ni 

contents lower the growth velocity of the eutectic Al-Mg2Si during the solidification of the die-cast Al-Mg-Si-Mn alloy.   

4) The addition of Ni significantly affects the mechanical properties of the alloy castings. The higher the Ni content in the alloy, 

the more significant the reduction in ductility. This is accompanied by a slight enhancement of the yield strength. The 

ultimate tensile strength increases slightly when adding a small amount of Ni into the die-cast alloys, but further increase of 

the Ni content results in the decrease of the UTS.  
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Table 1 Compositions of the die-cast Al-Mg-Si-Mn alloy with different Ni contents used in experiments (wt.%). 

Alloy Si Mn Mg Ni Ti Fe Others Al 

A 2.01 0.58 5.31 0.005 0.15 0.11 <0.03 bal. 

B 1.99 0.54 5.32 0.16 0.16 0.09 <0.03 bal. 

C 1.97 0.51 5.36 0.57 0.14 0.08 <0.03 bal. 

D 1.98 0.53 5.38 1.11 0.16 0.09 <0.03 bal. 

E 1.92 0.51 5.33 2.06 0.15  0.09  <0.03  bal.  

 

Table 2 The average eutectic spacing of the eutectic Al phase in the Al-Mg-Si-Mn alloys with different levels of 

Ni. 

Ni (wt.%) 
Al-Mg2Si eutectic spacing between Al 

lamellae (µm) 

Calculated growth velocity according to λ
2
V= 15 

µm
3
/s, (µm/s) [21] 

0.005 0.41 89.23 

0.16 0.43 81.12 

0.57 0.47 67.90 

1.11 0.52 55.47 

2.06 0.58 44.59 

 

Table 3 Average compositions of Fe-rich intermetallic phases measured by quantitative SEM/EDX analysis in 

the die-cast Al-Mg-Si-Mn alloys used in experiments.  

Ni 

(wt.%) 
Phase morphology Identified compounds 

Al  

(at.%) 

Si 

(at.%) 

Mn 

(at.%) 

Fe 

(at.%) 

Ni 

(at.%) 

0.005 irregular compact Al12(Fe,Mn)3Si 75.47 6.09 6.28 12.16 
0 

0.16 fine dendrites Al106(Fe,Mn)7SiNi4 91.22 0.71 2.69 2.36 3.02 

0.57 fine dendrites Al132(Fe,Mn)5SiNi7 92.8 0.57 1.33 1.52 3.78 

1.11 fine dendrites Al154(Fe,Mn)3SiNi8 94.32 0.49 0.79 0.71 3.69 

2.06 
fine dendrites Al147(Fe,Mn)2SiNi9 94.14 0.51 0.61 0.37 4.37 

Eutectic needles Al135(Fe,Mn)2SiNi9 93.26 0.56 0.62 0.45 5.11 
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Figure 1 Diagram of die castings for the standard tensile testing samples of the Al-Mg-Si-Mn alloys according to 

the specification defined in ASTM B557-06. The overflow and biscuit are designed in association with the cold 

chamber die casting machine. The dimensions are in mm. 

 

   
Figure 2 SEM images showing (a) the morphology of primary α-Al phase and (b) the morphology of eutectics 

and intermetallics in the Al-Mg-Si-Mn alloy without Ni addition. 

 

  
 

  
Figure 3 Backscattered SEM micrographs showing the morphology of Ni-rich intermetallics in the die-cast Al-

Mg-Si-Mn alloys with different levels of Ni, (a) 0.16 wt.% Ni, (b) 0.57 wt.% Ni, (c) 1.11 wt.% Ni, (d) 2.06 wt.% 

Ni. 
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Figure 4 Backscattered SEM micrographs showing the morphology of Ni-rich intermetallics in the die-cast Al-

Mg-Si-Mn  alloys with different levels of Ni, (a) 0.16 wt.% Ni, (b) 0.57 wt.% Ni, (c) 1.11 wt.% Ni, (d) 2.06 wt.% 

Ni. 

 

  
 

Figure 5 Inlens SEM images showing the morphology of (a) ternary eutectic structure and (b) dendritic Ni-rich 

primary phase in the Al-Mg-Si-Mn alloy with 2.06 wt.% Ni. 
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Figure 6 Effect of Ni content in the die-cast Al-Mg-Si-Mn alloy on (a) the volume fraction and (b) the average 

size of Ni-rich intermetallic phase. 

 

 
 

Figure 7 XRD spectrums of the Al-Mg-Si-Mn alloys with different levels of Ni, (a) 0.005 wt.% Ni, (b) 0.16 wt.% 

Ni, (c) 0.57 wt.% Ni, (d) 1.11 wt.% Ni, (e) 2.06 wt.% Ni. 
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Figure 8. Backscattered SEM micrograph and the series of elemental maps showing the distribution of key 

elements in the intermetallics of the Al-Mg-Si-Mn die-cast alloy. Map conditions: 20 kV, 185nA, 5 nm step size 

and a counting time of 15 ms per step. 
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Figure 9 Effect of Ni content on the mechanical properties of the die-cast Al-Mg-Si-Mn alloy. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10 Equilibrium phase diagram of the Al-5Mg-2Si-0.6Mn-0.2Fe-xNi alloy calculated with Pandat software. 
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Figure 11 The variation of the fraction of the liquid phase and solidified phases with temperature in the 

solidification interval of the Al-Mg-Si-Mn alloys with (a) 0.005 wt.% Ni, (b) 2.06 wt.% Ni. 
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