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Abstract 

Three new ultrafine hypoeutectic die-cast alloys based on quaternary Al-Cu-Si-

Mg system were developed. The CALPHAD thermodynamic modelling of Al-

Cu-Si-Mg system based on Scheil description was conducted to predict the 

volume fractions of the eutectic mixtures. The designed volume fraction of 

eutectic mixtures of Al-xCu-2.2Si-1.1Mg (x=5, 6.6 and 10.6 wt%) alloys were 

determined to be 0.2, 0.25 and 0.3, respectively. With the increase in eutectic 

fraction, the yield strength and ultimate tensile strength increased from 219 

MPa to 267 MPa, and 344.7 MPa to 395 MPa respectively, while the elongation 

to fracture decreases from 7.72% to 3.4%. The microstructure of the alloys 

mainly consists of Si, Al2Cu, α-Al and Al4Cu2Mg8Si7 (Q) phases. The 

Al5Cu2.2Si1.1Mg and Al6.6Cu2.2Si1.1Mg alloys had similar microstructures 

that consisted of coarse binary/ternary and fine quaternary eutectic regions, 

surrounding α-Al matrix. The Al10.6Cu2.2Si1.1Mg alloy contained α-Al grains 

and almost only one type of eutectic structure. The orientation relationships 

among Al2Cu, α-Al and Q phases were found in the eutectic region. Al2Cu and 

α-Al has a coherent interface, while the interfaces between Q and Al2Cu as well 

as Q and α-Al, were found to be semi-coherent. Our results broaden a new 

approach to the design of die-cast alloys with multi-phase and multi-component 

microstructure for high-performance applications. 
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1. Introduction 

The replacement of steel with light-weight materials in transport and aerospace 

is a promising means of improving fuel efficiency and reducing CO2 emissions. 

The increased use of aluminium alloys in automobiles provides significant 

opportunities for weight reduction, which has real scope towards achieving 

emission reduction targets imposed by various environmental authorities 

globally. High pressure die-casting (HPDC) of aluminium components have 

gained much attention in recent decades, and it has been utilised in many fields, 

including aerospace and automotive sectors. HPDC exhibits many advantages: 

(a) capable of fabrication of large, thin wall and complex products; (b) high 

productivity; (c) good dimensional accuracy and surface finish; (d) fine 

microstructure and excellent mechanical properties [1,2]. In recent years, die-

cast aluminium alloys have been greatly used in the automotive industry to 

replace heavier counterparts [3]. However, commercial aluminium alloys are 

not able to provide a yield strength above 200 MPa and ultimate tensile strength 

over 330 MPa, as well as a satisfactory ductility in the as-cast state. Thus, the 

development of high strength aluminium alloys becomes crucial to broaden the 

applications of die-cast aluminium alloys. 

In recent decades, nano-/ultrafine eutectic alloys (grain size: typically between 

100 to 500 nm) fabricated with high cooling rates have been highlighted in the 

literature, due to their exceptionally high strength [4–6]. However, binary 

ultrafine eutectic alloys with lamellar or fibrous microstructure exhibit poor 

ductility and fracture toughness at room temperature [7–9]. It is due to the high 

volume fraction of lamellar hard phases hindering dislocation and leading highly 

localised shear bands before the fracture [10,11]. For that reason, additional 

elements were introduced into these alloys to improve its ductility, and recently, 

many investigations have been carried out in ternary or multi-component of Al-, 

Ti-, Fe-based eutectic systems [12]. For example, in Al-based system, Park et 

al. fabricated ternary Al81Cu13Si6 alloys using suction casting with bimodal 

structure, yielding a very high compressive ultimate fracture strength and plastic 

strain of 1.1±0.1 GPa and 11±2% respectively [13]. The ternary Al-Cu-Ni alloy 

containing Al7Cu4Ni intermetallics embedded in refined binary (α-Al and Al2Cu) 

matrix was investigated by Tiwary et al [14]. The compressive fracture strength 

and plastic strain to failure of Al88Cu10.5Ni1.5 alloy are around 1±0.1 GPa and 

9±0.1% respectively. In addition, Kim et al. studied the microstructure and 

compressive mechanical properties of quaternary Al81Ni13-xCuxSi6 (x=0,3,5,8 

and 10 at%) alloys [15]. The good compressive fracture strength and plastic 

strain were achieved in Al81Ni5Cu8Si6 alloy, which are 773±11 MPa and 

14.8±0.7 %, respectively, owing to its multi-phase composite microstructure and 

fine eutectic matrix. The unique microstructure having heterogeneous 



 

 

distributions of constituents with different length scale and multi-phase can 

usually be found in these multi-component eutectic alloys, which is named 

structural heterogeneity alloys [16–18]. The heterogeneous structure is 

favourable for the compressive ductility, while the high strength of these alloys 

results from the high volume fraction of strengthening multi-phases and refined 

eutectic structure [12,15,17,19]. The refined microstructure is based on the 

concept that in a multi-component alloy system, different atomic species reduce 

the solidification temperature of the melt, resulting in a significant increase in 

the constitutional undercooling. Therefore, nanoscale or ultrafine scale 

microstructures can be achieved. 

Although these multi-component eutectic alloys have excellent compressive 

ductility and/or high strength [16,18,20], there is still a lack of data of its tensile 

properties. It is believed that the tensile ductility of these alloys is relatively low. 

In order to further enhance its tensile/compressive ductility, the multi-

component alloys were designed to include soft primary dendrites, which is able 

to create more mobile dislocations during deformation [7,21–23]. These 

hypoeutectic alloys exhibit a combination of high ductility and desirable strength. 

These alloys are mainly strengthened by solute solution primary phases and 

refined multi-component eutectic structure.   

Based on author’s knowledge, there is only a little literature reporting the 

hypoeutectic multi-component alloys in Al-based system. Recently, Kaygısız et 

al. reported that the microstructure of quaternary Al-28Cu-6Si-2.2Mg (wt%) 

eutectic alloy consisted of α-Al, Al2Cu, irregular Si and Q-phase (Al5Cu2Mg8Si7) 

and the average micro-hardness was ~200 HV [24]. This hardness value 

exceeds those in binary and ternary Al-based eutectic alloys such as Al-Si [25], 

Al-Si-Mg [26], Al-Si-Ni [27], Al-Ni-Fe [28].  

The present study aims at understanding the relationship between the 

microstructure and tensile mechanical properties of hypoeutectic Al-Cu-Si-Mg 

quaternary alloys produced by HPDC process. The introduction of α-Al 

dendrites in hypoeutectic alloy is to balance the strength and ductility. Each 

hypoeutectic alloy composition is designed with a given volume fraction of 

quaternary eutectic mixture using CALPHAD modelling of Al-Cu-Si-Mg system. 

Although the Al-Cu alloys have some disadvantages such as economic costs, 

corrosion resistance and poor hot-tearing resistance [29–31], the approach of 

designing the alloys based on multi-component eutectic structures broadens 

the scope and introduces a new horizon for the development of aluminium 

alloys under rapid solidification.  



 

 

2. Experimental procedure  

Commercially pure Al, Fe, Cu and Mg, as well as master alloys of Al-50wt%Si 

and Al-20wt%Mn, were used to prepare the alloys. 6 Kg of the alloy without 

pure Mg was prepared in a clay crucible, which was heated in an electric 

resistance furnace to 780 °C. After holding the melt at a temperature of 780 °C 

for 3 hours, the temperature of the furnace was set to 710 °C. Once the 

temperature of the melt dropped to 710 °C, pure Mg (with an extra 5% in weight 

melt loss due to high vapour pressure of Mg) was carefully added to the melt. 

After 30 min holding, the melt was degassed with argon gas, with a commercial 

rotatory degasser at 500 rpm for 7 min. The top of the melt was covered with 

granular flux. After further holding for 15 min, the melt was poured into a 

mushroom steel mould with a bottom diameter of 60 mm for the composition 

analysis. The casting was ground with SiC paper from 320 to 1200. The 

average composition of the alloy was measured with optical mass spectroscopy 

(OMS). The measured compositions of the alloys are shown in Table 1.  

The melt was manually dosed and released into the short sleeve of a 4500 kN 

HPDC machine. Standard tensile test samples of sizes similar to previous work 

[5], were made after each injection. The pouring temperature was set at 680 °C, 

which was measured with a K-type thermocouple. The tensile test mould was 

preheated to 250 °C for 2 hours before casting. All tensile test samples were 

left at room temperature for at least 24 hours before tensile testing. The Instron 

5500 Universal mechanical Testing Systems equipped with Bluehill software 

was used for the tensile testing of the alloys. Tensile tests were conducted at 

room temperature. The gauge length of the extensometer and the extension 

rate are 50 mm and 1 mm/min, respectively. 

Table 1 The measured compositions of the Al-Cu-Si-Mg die-cast alloys 

Alloy 

Name  

Solid fraction of 

eutectic mixture 

 Alloy composition (wt.%) 

Al Cu Si Mg Mn Fe 

Al5Cu ~0.2 Balance 4.90 2.43 1.13 0.45 0.16 

Al6.6Cu ~0.25 Balance 6.73 2.35 1.14 0.44 0.14 

Al10.6Cu ~0.3 Balance 10.75 2.32 1.15 0.48 0.15 

The microstructural characterisation was performed on a cross-section taken 

from the central region of the gauge length of the tensile test samples. After 

cold mounting, grinding and polishing, the samples were etched for 2 seconds 



 

 

with 0.5% HF acid for optical microscopy (OM) and scanning electron 

microscopy (SEM). A Zeiss optical microscope with an attached camera and a 

Zeiss SUPRA 35 scanning electron microscope equipped with EDX 

spectrometer were used for microstructural characterisation. The volume 

fractions of the eutectic mixture were obtained from SEM images taken from 

the centre to the edge of the specimen using ImageJ software. The hardness 

measurements were performed using a FM-800 Vickers hardness tester using 

at least 5 fields for each sample with a 5 kg load and 10 s dwell time. The 

electron backscatter diffraction (EBSD) with a step size of 0.4 μm was used for 

grain size measurement. The EBSD samples were prepared via vibratory 

polishing with a frequency of 80 Hz for 4 h. The X-ray diffraction (XRD) samples 

were prepared from the vertical section of the tensile test bar near the centre of 

the gauge section. A Bruker D8 Advance X-ray diffractometer with Cu X-Ray 

radiation and Ni filter operated at a 40 kV and a 40 mA was used for phase 

identification. A Zeiss Auriga cross beam 420 SEM-FIB (focused ion beam) was 

used for the preparation of transmission electron microscopy (TEM) samples. 

The samples were milled to a thickness of about 80 nm attached on the Mo grid. 

A JEOL 2100F TEM was used to study the ultrafine microstructure of the 

sample. The melting and cooling curves of these alloys were determined with a 

Netzsch 404F1 differential scanning calorimeter (DSC) operated at a 

heating/cooling rate of 5 K/min and a dynamic flow of 50 ml/min of Ar gas. The 

3D morphology of ultrafine eutectic was obtained via FIB-SEM tomography 

slices, which are provided as a video in the supplementary material. The 50% 

mixed backscattered and secondary electron mode was used to get the most 

information from each image.  

3. Results 

3.1 CALPHAD of the quaternary Al-Cu-Si-Mg system 

The quaternary Al-Cu-Si-Mg phase diagram was reported by Mondolfo [32]. 

One of the quaternary eutectic points, with a composition of 

Al28wt%Cu6wt%Si2.2wt%Mg was selected with an equilibrium melting point of 

507 °C. The CALculation of Phase Diagram (CALPHAD) modelling was used 

to design the current alloys based on the eutectic composition above. Fig.1 

shows the simulated solidification paths of quaternary Al-Cu-Si-Mg 

hypoeutectic alloys with 20%, 25% and 30% eutectic mixture based on Scheil 

solidification modelling. The predicted compositions of these alloys with various 

volume fraction of eutectic mixture are shown in Table 2, and these three alloys 

were named Al5Cu, Al6.6Cu and Al10.6Cu, respectively. There are only three 

reactions in Al10.6Cu alloy, which are Liquid→α-Al, Liquid→α-Al+Si+Al2Cu, and 



 

 

final Liquid→α-Al+Si+Al2Cu+Al5Cu2Mg8Si6(Q) at 510.6 °C. In terms of Al5Cu 

and Al6.6Cu alloys, the binary and ternary eutectic reactions were observed 

(Liquid→α-Al+Si and Liquid→α-Al+Si+Al5Cu2Mg8Si7), following the reaction 

Liquid→α-Al. All three alloys have the same final quaternary reaction at 

510.6 °C. Due to die soldering during HPDC process and the formation of 

needle-like β-Al5FeSi, minor amounts of Mn (0.5 wt%) and Fe (0.1 wt%) were 

added into these alloys [33,34]. The measured compositions of these three 

alloys are shown in Table 1. 

 

Fig.1 Simulated solidification path of die-cast quaternary Al-Cu-Si-Mg alloys 

predicted by Pandat 8.5 

Table 2 The predicted compositions of Al-Cu-Si-Mg alloys  

Alloy Name 
Alloy Compositions (wt%) 

Al Cu Mg Si 

Al5Cu Balance 5 1.1 2.2 

Al6.6Cu Balance 6.6 1.1 2.2 

Al10.6Cu Balance 10.6 1.1 2.2 

3.2 Microstructure 

Fig.2. (a) shows XRD spectra of these three alloys which corresponded to the 

equilibrium phases predicted by thermodynamic calculations. Apart from 

eutectic phases (α-Al, Si, Al2Cu and Al5Cu2Mg8Si6), α-AlFeMnSi phase was 

found, due to the addition of Mn and Fe. The heating curves of these three 

alloys obtained by DSC are shown in Fig.2 (b). From the heating curves in Fig.2 



 

 

(b), there are only two endothermic peaks in Al10.6Cu, which coincides with the 

melting of the quaternary eutectic mixture and primary α-Al phase. Another 

endothermic peaks appear in Al5Cu and Al6.6Cu following the quaternary 

eutectic melting peak. From the prediction in Fig.1, these peaks correspond to 

the melting of binary or ternary eutectic mixture. The temperatures at which the 

quaternary eutectic mixture melts for the three alloys are quite similar, at 

~508 °C, as shown in the magnified inserted image in Fig.2 (b). The alloy is fully 

liquid at a temperature of Al10.6Cu is 620°C, and in Al5Cu and Al6.6Cu, they 

are 629 °C and 636 °C, respectively. The experimentally determined eutectic 

temperatures, as well as the fully liquid temperatures, show a trend similar to 

that observed for the Scheil simulation result in Fig.1.    

 

Fig.2 (a) XRD spectra (b) DSC heating curves of the die-cast hypoeutectic Al-

Cu-Si-Mg alloys with a heating rate of 5 K/min 

Fig.3.(a) shows a typical microstructure of Al5Cu alloy. There are two types of 

α-Al grains labelled α1-Al and α2-Al. The α1-Al grains are coarser and solidified 

in the shot sleeve, while finer α2-Al grains form in the die cavity with a much 

higher cooling rate [35]. Apart from Al2Cu intermetallics at grain boundaries, 

there are three types of eutectic structure in Al5Cu alloy, as shown in Fig.3.(a), 

which are called ‘EU1’, ‘EU2’ and ‘EU3’ regions. The microstructures of these 

three eutectic regions are shown in Fig.3 (b,c,d) at high magnification. From 

SEM images, the eutectic structure (labelled as ‘Eu1’) consisted of α-Al and 

Al2Cu with a lamellar spacing of 200-400 nm. The second coarse eutectic 

structure (labelled as ‘Eu2’) consisted of a lamellar spacing of 250-400 nm, as 

shown in Fig. 3.(c), and the grey phase was identified to be Al5Cu2Mg8Si7(Q) 

phase. Fig.3.(d) shows the finest eutectic structure (labelled as ‘Eu3’) compared 

with ‘Eu1’ and ‘Eu2’, indicating final quaternary eutectic reaction. The 

microstructure of Al6.6Cu alloy is similar to that of Al5Cu alloy and is shown in 

the Supplementary Material (Fig.S1). 



 

 

 

Fig.3 SEM Backscattered images showing (a) typical microstructure of Al5Cu 

taken at low magnification (b) the microstructure of ‘EU1’, (c) ‘EU2’ and (d) 

‘EU3’ (e) the fine compact α-AlFeMnSi intermetallics taken at high 

magnification 

Fig.4 (a) shows a typical microstructure of Al10.6Cu. The eutectic structure was 

more uniform and comprised of two different sizes of α-Al grains, together with 

an ultrafine eutectic structure. The magnified image in Fig.4.(b) shows the 

structure of such fine eutectic microstructure. The lamellar eutectic structure of 

α-Al-Al2Cu was observed with an interlamellar spacing of 150-300 nm. The α-

AlFeMnSi particles were observed at the boundary between the eutectic 

mixture and α-Al dendrites. Further characterisation with TEM of the ultrafine 

eutectic regions in Al10.6Cu and Al5Cu alloys will be discussed below.  



 

 

 

Fig.4 SEM Backscattered micrographs showing (a) typical microstructure of 

Al10.6Cu (b) the morphology of finer eutectic mixture 

The grain structure of α-Al in these three alloys was obtained from EBSD 

analysis. Fig.4 (a-c) shows the EBSD grain-orientation in Al5Cu, Al6.6Cu and 

Al10.6Cu alloys. The corresponding statistical analysis of grain size distribution 

and average grain size are shown in Fig.4 (d). The bimodal size distributions of 

α1-Al and α2-Al grain are shown in the EBSD images. The α-Al grains show an 

equiaxed structure without a preferred orientation. Al10.6Cu has the finest α1 

and α2 grains with an average size of 33.0 μm and 9.8 μm, respectively. The 

average grain sizes of α1 and α2 in Al6.6Cu are slightly finer than that of Al5Cu, 

which are 10.8 μm and 35.7 μm, respectively. Al5Cu alloy has the largest sizes 

of α1 (38.8 μm) and α2 (11.0 μm ) grains than those in Al6Cu and Al10Cu alloys. 

 



 

 

Fig.5 EBSD orientation map of α-Al grains in Al5Cu (a), Al6.6Cu (b), Al10.6Cu 

(c) and corresponding grain size distribution (d) 

Fig.6 (a-b) shows the ultrafine eutectic microstructure in Al5Cu alloy. It 

consisted of four phases (e.g. Al2Cu, Si, Q and α-Al) as confirmed by selected 

electron diffraction patterns, as shown in Fig 6 (c-f). Such ultrafine eutectic 

mixture was also found in Al6.6Cu by TEM analysis and the TEM result for 

Al6.6Cu is not included here. The α-Al and Al2Cu phases co-existed together in 

a lamellar structure with a lamellar spacing of 100-250 nm, which is slightly finer 

than that in Al10.6Cu alloy. Q phase shows irregular morphology without 

attaching to Al2Cu lamellas. Fine Si particles were found in the ultrafine eutectic 

region as well, and there are no orientation relationships among these phases.  

 

Fig.6 (a) TEM bright-field image (b) HAADF-STEM image showing the 

ultrafine eutectic region in Al5Cu (c-f) SADP patterns of Al2Cu, Q, α-Al and Si 

Fig.7 shows the ultrafine eutectic microstructure of Al10.6Cu. The TEM bright-

field image (Fig.7. (a)) is taken along the [110]Al2Cu zone axis, and the fine 

eutectic mixture consisted of a mixture of four phases (e.g. Al2Cu, Si, Q and α-

Al). The Al2Cu and α-Al eutectic mixture exhibit a lamellar structure with an 

interlamellar spacing in the range of 150nm to 300 nm, and all Q phase particles 

are attached to the Al2Cu lamella. Only one particle of Si phase was observed 

in this quaternary eutectic region, which is marked in Fig.7 (a). The EDX 

mapping of Area 1 in Fig.7 (a) is shown in Fig.7 (b). The X-ray mapping was 

used to indicate elemental components of each phase present in the 

microstructure and subsequent identification of each phase was performed 



 

 

using selected area electron diffraction patterns obtained from TEM studies. All 

spherical particles in Fig.7 (a) are found to be Q phase, and the size distribution 

is 50-100 nm. The SADP patterns of Q, Al2Cu, Si and α-Al phases are shown 

in Fig.7 (c-f). The 3D analysis of the morphology of eutectic phases was carried 

out with FIB-SEM tomography, as shown in Video (S1). The Q phase shows a 

fibrous morphology and attaches itself to the Al2Cu lamellae, while the Si phase 

exhibits irregular morphology with a small area fraction entrapped between the 

Al2Cu lamellae.  

 

Fig.7 (a) TEM bright-field image with the inserted high-magnified image 

showing the ultrafine eutectic region in Al10.6Cu (b) corresponding X-ray 

elemental maps obtained from the rectangular ‘Area 1’ (c-f) SADP patterns of 

Al2Cu, Q, α-Al and Si 

The orientation relationships between each of Al2Cu, Q and α-Al phases in 

Al10.6Cu alloy were determined from HRTEM studies of eutectic phases shown 

in Fig.7 (a). Fig.8 shows HRTEM images and corresponding FFT patterns, as 

well as one-dimensional Fourier-filtered images of interfaces between the 

eutectic phases. Fig.8 (a) shows the interface structure between Al2Cu and α-

Al. From the corresponding FFT in Fig.8 (b), the orientation relationship 

between α-Al and Al2Cu was found to be (2̅20)𝐴𝑙~3° 𝑓𝑟𝑜𝑚 (002̅)𝐴𝑙2𝐶𝑢   and 

[110]𝐴𝑙//[110]𝐴𝑙2𝐶𝑢  . The HRTEM image and FFT of the interface structure 

between Q and α-Al are shown in Fig.8 (d,e), respectively. The parallel planes 

of Q and α-Al were identified to be (1̅13)Al and (101̅0)Q from FFT pattern. The 

orientation relationship between Q and α-Al was found to be [110]𝐴𝑙//[0001]𝑄 

and (1̅13)𝐴𝑙//(101̅0)  𝑄
. The orientation relationship between Al2Cu and Q was 



 

 

determined from Fig.8 (g) and (h). The angle between (002̅)Al2Cu and (1̅100)Q 

planes are ~3˚ when [110]𝐴𝑙2𝐶𝑢//[0001]𝑄. Hence, the orientation relationships 

between Al2Cu, Q, and α-Al is summarised as: 

{
(2̅20)𝐴𝑙~3° 𝑓𝑟𝑜𝑚 (002̅)𝐴𝑙2𝐶𝑢 ,  (1̅13)𝐴𝑙 (101̅0)  𝑄

⁄ , (002̅)𝐴𝑙2𝐶𝑢~3° 𝑓𝑟𝑜𝑚 (1̅100)𝑄

[110]𝐴𝑙//[110]𝐴𝑙2𝐶𝑢//[0001]𝑄

 

 

Fig.8 (a, d, g) HRTEM image showing the interface of Al and Al2Cu, Q and Al, 

Al2Cu and Q in Al10.6Cu, respectively (b, e, h) fast Fourier transformation 

(FFT) image of their HRTEM (c, f, i) Fourier transformed patterns of the 

interfaces between the eutectic phases 

Fig.8 (c,f,i) shows one-dimensional Fourier-filtered images of boundaries 

between these eutectic phases. Dislocations on the interfaces among these 

three phases were observed. There are only a few dislocations found between 



 

 

α-Al and Al2Cu interface, which indicates a coherent interface. Such interfaces 

are very stable and cannot easily be modified. However, there is a larger 

amount of distortion between Q and Al2Cu, α-Al and Q interfaces, in which 

different types of dislocations coexist.  

3.3 Mechanical properties 

 

Fig.9 The average hardness and area percentage of eutectic mixtures from 

the edge to the centre of the tensile sample (a) Al5Cu (b) Al6.6Cu and (c) 

Al10.6Cu 

Fig.9 shows the average hardness and area percentage of the eutectic mixture 

in these three alloys which were obtained from the edge to the centre of the 

cross-section. The area percentage of the eutectic mixture was measured from 

the backscattered SEM images using an ImageJ software. The central region 

of each alloy contained the lowest area percentage of the eutectic mixture, 

while the defect band region has the highest volume fraction of eutectic mixture. 

The hardness profile for each alloy coincides with the profile of area percentage 

of the eutectic mixture from the centre to the edge region. The highest hardness 

in Al10.6Cu alloy was achieved to be 147 HV in the defect band region, and the 

hardness in the central region is about 120 HV. Al5Cu alloy has the lowest 

hardness of 101 HV in the central region with the least amount of area 

percentage of eutectic mixture of 8.9%.  



 

 

 

Fig.10 The tensile stress-strain curves of die-cast quaternary Al-Cu-Si-Mg  

hypoeutectic alloys 

Fig.10 (a) shows the tensile stress-strain curves of these three alloys, and an 

inset of a typical standard tensile test sample. Table 3 compares tensile 

properties of alloys studied in this work with those found in recently developed 

die-cast alloys. The quaternary Al-Cu-Si-Mg hypoeutectic alloys show excellent 

mechanical properties with a good combination of strength and ductility. 

Al10.6Cu alloy has the highest yield strength of 267±5 MPa and ultimate tensile 

strength of 395±16 MPa, but the lowest elongation of 3.4±0.5%. The ultimate 

tensile strength of Al10.6Cu far exceeds the ultimate tensile strength (e.g. below 

350MPa) of existing die-cast alloys reported in the literature. However, the 

highest elongation of 7.72±1.4% was found in Al5Cu with good yield strength 

of 219±3.1 MPa and ultimate tensile strength of 344.7±6.5 MPa. The Al-Cu-Si-

Mg die-cast alloys exhibit a yield strength above 200 MPa and a good 

elongation to failure, which can be tailored by modification of the percentage of 

eutectic mixture. Fig.10.(b) shows a plot of elongation versus yield strength of 

these three alloys. The measured area percentages of eutectic mixture in Al5Cu, 

Al6.6Cu and Al10.6Cu are 17.1%, 21.4% and 26.6%, respectively. The increase 

in area percentage of the eutectic mixture from 21.4% in Al6.6Cu alloy to 26.6% 

in Al10.6Cu leads to a dramatic increase in the yield strength and a reduction 

in the elongation to failure to a useful level of  3.4%.  

 

 



 

 

Table 3 The mechanical properties of the recently developed die-cast alloys 

and the alloys studied in this work  

Alloy composition(wt%) Temper 
Tensile 

Strength/MPa 

Yield Strength 

/MPa 

Elongation 

/% 

Al10Si1.2Cu0.8Mn [36] As-cast 308 190 6.6 

Al10Si0.4Mg0.55Fe0.2-0.85Mn [37] As-cast ~225 ~150 8-12 

Al7Si0.7Mn0.3Mg [38] As-cast ~260 ~125 ~10 

Al9Si3Cu [39] As-cast ~330 ~140 ~6 

Al5.5Mg2Si0.57Mn [1]    As-cast ~320 ~180 ~8 

Al10Mg2.8Si3.5Zn0.5Mn [2] As-cast ~350 ~250 ~2.0 

Al8Si3Cu1.8Zn0.86Fe [40] As-cast ~339 ~147 ~5.2 

Al10Si1.6Cu0.68Fe [41] As-cast ~300 ~213 ~1.8 

Current Work  

Al5Cu As-cast 344.7±6.5 219±3.1 7.72±1.4 

Al6.6Cu As-cast 365±4.5 231±5.2 6.2±0.8 

Al10.6Cu As-cast 395±16 267±5 3.4±0.5 

The fracture surfaces of these three alloys are shown in Fig.11. From Fig.11, a 

combination of eutectic separation and cleavage fracture of α1-Al grains, as 

well as some porosities can be found. More eutectic separation appeared in 

Al10.6Cu (Fig.11 (c)), corresponding to the highest area percentage of the 

eutectic mixture. A few dimple ruptures were found in α2-Al regions in Al5Cu 

and Al6.6Cu, indicating the higher ductility.   



 

 

 

Fig.11 SEM micrographs showing fracture surfaces of Al5Cu (a), Al6.6Cu (b) 

and Al10.6Cu (c) 

4. Discussion 

4.1 Microstructure evolution 

Solidification during HPDC process is a two-stage solidification process, which 

commences when the melt is poured into the shot sleeve. The relatively low 

temperature of the shot sleeve (250 °C) is able to cool the melt below the 

liquidus temperature [42], and the α1-Al grains initiate a start forming in the shot 

sleeve. After passing through the narrow ingate, the fragmented or rosette α1-

Al grains form. During the filling process in the die cavity, much finer α2-Al 

grains form, due to the high cooling rate ~1000 K/s [43]. With increasing Cu 

content, both α1-Al and α2-Al grains becomes finer. Al10.6Cu has the finest 

grain size, due to the growth restriction as the increased amount of solute in the 

solid/liquid front mitigates the dendritic growth [44]. 

A defect band can be observed in die-cast alloys, as a result of 

macrosegregation of alloying elements associated with high Cu containing alloy 

composition and high percentage of the eutectic mixture. The mechanism of 

defect band formation was proposed by Gourlay et al [45]. It is because of the 

dilatant shear bands resulting from strain instabilities of initially solidified grains 



 

 

[45]. In addition, the accompanied macrosegregation in the defect band region 

is due to the inverse segregation or exudation [46].  

Furthermore, the addition of Mn can suppress the formation of needle-like β-

AlFeSi phase, and the small addition of Fe and high cooling rates contribute to 

the fine α-AlFeMnSi particles, which form prior to eutectic reactions. Most of the 

α-AlFeMnSi particles are distributed along the grain boundaries. Thus, the 

minor addition of Mn and Fe have minimal effect on the types of eutectic phases 

formed during solidification.  

The formation of ultrafine quaternary eutectic structures in Al5Cu, Al6.6Cu and 

Al10.6Cu alloys occurs at the end of the solidification in HPDC process. 

Al10.6Cu alloy, which was designed with quaternary hypoeutectic composition, 

has uniform eutectic microstructure. The reduction of Cu content in Al-Cu-Si-

Mg alloy can decrease the total volume fraction of eutectic mixture, and some 

binary or ternary eutectic structures are formed at high temperature with a 

coarser morphology. The final quaternary eutectic in these three alloys exhibits 

a very fine microstructure. The solidification of a multi-phase quaternary 

eutectic mixture occurs via competitive growth process and 

cooperative/decoupled growth of eutectic phases [12]. Thus, compared with 

binary or ternary eutectic reactions, the solute diffusion across the solid/liquid 

interface of quaternary eutectic mixture is more complex, and is accompanied 

by high constitutional undercooling. Therefore, the lamellar thickness or 

spacing of multi-component eutectic alloys is usually finer than their binary 

counterparts. 

Moreover, the final quaternary eutectic microstructure involves the coupled 

growth of α-Al, Q and Al2Cu phases and the independent growth of the facet Si 

phase, as observed in Al10.6Cu alloy. However, in Al5Cu and Al6.6Cu, the 

morphology is different, and only coupled growth of α-Al and Al2Cu eutectic 

phases without any cooperative growth of Q phase attaching the lamellae. 

There is a large variation in the interfacial energy associated with Q phase due 

to the hexagonal crystal structure, whereas the coupled growth of these three 

phases is very difficult and only occurs at specific undercooling conditions. 

Meanwhile, the smaller interdendritic regions in Al5Cu and Al6.6Cu alloys 

represent solidification at a higher cooling rate as compared that in Al10Cu, 

which was indicated by finer lamellar spacing. Consequently, the high cooling 

rate in the HPDC of Al5Cu and Al6.6Cu is believed to prevent the cooperative 

growth of Q phase with α-Al and Al2Cu.  

The interfaces among α-Al, Q and Al2Cu phases were well defined from HRTEM 

studies of Al10.6Cu. Bramfitt [47] calculated the misfit of the interfaces where 

lattice mismatch (δ) can be expressed as: 
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where [𝑢𝑣𝑤]𝑛
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𝑖  direction. The mismatch 

between the interfaces was reconstructed and simulated based on Bramfitt 

method. Fig.12 shows the atomic matching of the common planes among Al2Cu, 

Q and α-Al phases. The selection of common planes and zone axis directions 

is based on results shown in Fig.7. The calculation parameters are listed in 

Supplementary Material (Table S1).  

The interface between Q and Al2Cu has the highest δ value of 7.3%, while the 

δ value of interface between α-Al and Al2Cu is smallest (2.3%). Based on the 

authors’ knowledge, the orientation described is a new orientation relationship 

for α-Al-Al2Cu, which formed a coherent interface during solidification. This 

orientation relationship is different from that in binary Al-Cu or ternary Al-Cu-Ag 

systems [48,49]. The interfaces of Q and Al2Cu, as well as Q and α-Al, are semi-

coherent. The common interfaces between phases are usually found in the 

eutectic solidification to facilitate the reduction of the total energy of the system. 

In this alloy, a majority of interfaces are formed between α-Al and Al2Cu 

lamellae. The interfacial energy of Q/Al2Cu and Q/α-Al is higher than α-Al/Al2Cu. 

The lowest mismatch between α-Al and Al2Cu and lowest interfacial strain in 

Q/Al2Cu and Q/α-Al interfaces enable the development of the orientation 

relationship among three eutectic phases. However, the nucleation and coupled 

growth mechanism of this quaternary eutectic system still need to be further 

systematically studied.   

 



 

 

Fig.12 Schematic illustration of the matching of interfaces for (2̅20)Al 

/(002̅)Al2Cu (a), (1̅13)Al/(101̅0)Q (b) and (002̅)Al2Cu/(1̅100)Q (c) respectively 

4.2 Relationship between microstructure and mechanical 

properties 

Table 3 compares the tensile properties of recently reported die-cast alloys 

based on Al-Si, or Al-Mg binary systems with those obtained from quaternary 

Al-Cu-Si-Mg hypoeutectic alloys. The newly developed Al5Cu and Al6.6Cu 

alloys have comparable tensile properties to existing die-cast alloys. However, 

Al10.6Cu alloy has superior tensile properties to those of reported die-cast 

alloys. The strengthening mechanism of current die-cast alloys is contributed 

by eutectic phases, such as Si or Mg2Si. Some Fe and Mn are added into these 

existing alloys, forming α-AlFeMnSi intermetallic compound, which further 

enhances the strength of these alloys. Moreover, it was found that the addition 

of Cu into Al-Si alloys or addition of Zn into Al-Mg alloys lead to the yield strength 

close to or greater than 200 MPa, due to a combination of solute solution 

strengthening of α-Al and second phase strengthening of copper-/zinc-

contained intermetallic compound [2,36,41]. Although these die-cast alloys 

have yield strengths close to or over 200 MPa, the elongation to failure is 

relatively small (e.g. below 3%), resulting from increased volume fraction of 

copper-/zinc-contained intermetallic compounds [2,36,40,41]. 

The microstructure of quaternary Al-Cu-Mg-Si hypoeutectic alloys consists of 

ultrafine quaternary eutectic mixture, compact α-AlFeMnSi particles and fine α-

Al grains. The fine size and morphology of α-AlFeMnSi phases with 

considerably low volume fraction have little negative influence on crack initiation 

[37]. Moreover, the Al2Cu phase, which is the majority of intermetallic compound 

inside the eutectic region, has high elasticity [50] and forms a fine lamellar 

structure with α-Al phase. Thus, a large interaction force is required for the 

generation of dislocations in the lamellae [50]. Additional strengthening 

mechanism is contributed from other fine eutectic phases such as fibrous Q and 

irregular Si phases. Consequently, the alloys in the current work show more 

favourable mechanical properties than existing die-cast alloys.  

The volume fraction of eutectic mixture plays a vital role in the elongation and 

strength of the alloys [5]. Okulov et al. reported that during deformation of 

hypoeutectic ultrafine eutectic alloys, the microstructure undergoes three 

stages [21]. The wave slip bands form, which is caused by dislocation pile-ups, 

and it is usually observed along a closed packed plane. After that, the slip bands 

increases and penetrate into ultrafine regions. With further deformation, cracks 



 

 

are formed in the eutectic regions and propagate along with the slip bands, 

resulting in final failure. With the increase in the volume fraction of eutectic 

mixture more interconnected ultrafine eutectic mixture in the alloy is able to 

retard the deformation of soft α-Al dendrites. Consequently, this results in 

excellent yield strength and ultimate tensile strength properties, but lower 

elongation to failure. Moreover, with further deformation, the dendrites cannot 

accommodate the tensile stress, resulting in fast propagation of cracks along 

grain boundaries. The failure occurs as a result of the separation of 

interdendritic eutectic region .  

Lastly, the relationship between yield strength and elongation is nonlinear. As 

shown in Fig.10 (b), the increasing Cu content in the Al-Cu-Si-Mg alloy 

composition leads to an increase in the area percentage of eutectic mixture and 

strength but a decrease in elongation to failure. Compared with Al5Cu and 

Al6.6Cu, Al10.6Cu has a uniform ultrafine eutectic structure without any coarse 

binary or ternary eutectic mixture. In the meantime, this quaternary ultrafine 

eutectic with a fine lamellar morphology can effectively dissipate the excessive 

strain in the form of multi-cracks [51]. In addition, the interfaces between α-Al 

and Al2Cu are coherent, which is favourable for dislocation propagation [52]. To 

summarise, the approach of designing alloys with multi-phase and multi-

component eutectic structure concept offers huge potential for alloy 

development with exceptional strength and acceptable ductility.    

5. Conclusions 

(1) The die-cast Al-Cu-Si-Mg alloys with designed 20-30% ultrafine eutectic 

mixture show excellent yield strength of 219-267 MPa, ultimate tensile 

strength 344.7-395 MPa and elongation of 3.4-7.72 %, respectively.  

(2) The microstructure of Al5Cu and Al6.6Cu alloys mainly consists of fine α-Al 

phases, binary/ternary eutectic and quaternary eutectic mixture (Si, Al2Cu, 

α-Al and Al4Cu2Mg8Si7). The Al10.6Cu alloy has a uniform ultrafine 

quaternary eutectic (Si, Al2Cu, α-Al and Al4Cu2Mg8Si7) with the absence of 

coarse binary/ternary eutectic structure.  

(3) The Al10.6Cu has the smallest α1-Al and α2-Al grain sizes compared with 

those in Al5Cu and Al6Cu alloys. The α1-Al and α2-Al grain increase in size 

with decreasing Cu content in the alloy composition.  

(4) The defect band region has the highest area percentage of eutectic 

mixtures, as well as the highest hardness in each alloy.  

(5) The coupled growth of Al2Cu, α-Al and Q(Al4Cu2Mg8Si7) phases was found 

in Al10.6Cu alloy. The α-Al-Al2Cu lamellae exhibit coherent an interface, 

while the α-Al-Q and Al2Cu-Q interfaces are semi-coherent. This orientation 

relationship of the quaternary eutectic phases is absent in Al5Cu and 



 

 

Al6.6Cu alloys due to the different solidification condition, as compared to 

that in Al10.6Cu. 
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