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• CALPHADmodellingwas used to predict
various volume fraction of eutectic mix-
ture based on Al-Si-Mg-Mn system.

• Ultrafine binary (Al + Mg2Si) and qua-
ternary (Si + α-Al + Mg2Si + π-
AlFeMnSiMg) eutectic were achieved
in the die-cast alloys.

• The ultrafine eutectic mixture and fine
α-AlFeMnSi particles result in high
strength of the alloys.

• The higher volume fraction of eutectic
mixture decreases the elongation but
enhances the yield strength.
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Themicrostructure evolution andmechanical properties of recently developed die-cast Al-Si-Mg-Mn alloyswere
investigated. CALPHAD modelling, based on the thermodynamic database, was carried out to design Al-Si-Mg-
Mn alloys with different solid fractions of the eutectic mixture. Experimental results confirmed that the new
Al-Si-Mg-Mn alloys have excellent yield strength of 230–280 MPa, ultimate tensile strength of 340–370 MPa
and elongation to fracture of 2.3–4.3% from the standard tensile samples under as-cast condition. The as-cast mi-
crostructure consists of α-Al, α-AlFeMnSi, binary eutectic (Al + Mg2Si) and ultrafine quaternary eutectic
(Si+α-Al+Mg2Si+π-AlFeMnSiMg). The high strength is induced by the formation ofmulti-scale eutecticmix-
tures and fine α-AlFeMnSi particles. The newly designed Al-Si-Mg-Mn alloys offer 20–50% increase in yield
strength with good ductility, as compared with the commercially available die-cast aluminium alloys.

© 2019 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

High-pressure die casting (HPDC) has been widely used for the pro-
duction of automotive components with many advantages including
good surface finish, high dimensional accuracy and excellent
).

en access article under the CC BY-NC
mechanical properties [1,2]. The application of die-cast aluminium al-
loys has increased considerably in the past ten years to replace steel
parts due to its lightweight for improved fuel efficiency in automotive
vehicles. For many decades, great efforts have been made on the devel-
opment of die-cast aluminium alloys with enhanced mechanical prop-
erties. The registered die-cast aluminium alloys are mainly based on
Al\\Si, Al-Si-Cu, Al-Si-Mg, Al-Si-Cu-Mg and Al\\Mg systems [3]. The
mechanical properties of commercially available die-cast alloys are
-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. The dimension of die casting with overflow and biscuit.

Table 1
Mechanical properties of commercial aluminium alloys for HPDC [15,16].

Alloy Alloy
system

Tensile
strength
/MPa

Yield
strength
/MPa

Shear
strength
/MPa

Elongation
/%in 50
mm

413 Al-Si 295 145 170 2.5
383 Al-Si-Cu 310 150 – 3.5
B390 Al-Si-Cu-Mg 317 250 – 1
A360 Al-Si-Mg 317 170 180 3.5–5
A380 Al-Si-Cu 325 160 185 3.5–4.5

383/384 Al-Si-Cu 310–330 150–165 – 2.5–3.5
A413 Al-Si 290 130 170 3.5
361 Al-Si-Mg 250–290 120–150 – 5–7
A360 Al-Si-Mg 270–300 140–160 – 3–6
516 Al-Mg 290–315 170–190 – 10
518 Al-Mg 310 190 – 5–8
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listed in Table 1. They exhibit yield strength and elongation to fracture
of approximately 120–190 MPa and 2–8%, respectively. In order to im-
prove the mechanical properties, alloying elements such as Cu, Mn, Zn
or Mg have been added into the die-cast aluminium alloys, resulting
in the formation of AlMgZn, Al2Cu, AlMn or CuZn4 intermetallics that
contribute to the strengthening mechanism. In addition, solid solution
strengthening and precipitation hardening are also responsible for en-
hanced mechanical properties of these alloys. Zhang et al. developed
Al-5 Mg-0.6Mn (wt%) die-cast alloy that has a yield strength of
~212 MPa [4]. The Al-8.8Si-1.7Cu-0.4 Mg-0.5Mn (wt%) with a yield
strength of about 200 MPa and ultimate tensile strength 370 MPa was
first reported by Dong et al. [5]. Furthermore, the Al-11 Mg-3.5Zn-3Si
(wt%) die-cast alloy was developed by Ji et al. [6] and it has a yield
strength of about 250 MPa, an ultimate tensile strength of 350 MPa
and elongation to fracture of 2.5% under as-cast condition. Further
strength improvement of the die-cast alloys can be obtained by conven-
tional processingmethods including solution and artificial ageing treat-
ments. However, heat treatment of die-cast alloys at a high temperature
(e.g. 540 °C) can cause unacceptable surface blistering and dimensional
instability, resulting from entrapment of gas [7]. It is reported that the
addition of Mn is essential, due to its prohibition of die soldering and
the suppression of β-Fe phases [8]. However, besides the improvement
of themechanical properties, the addition of Cu or Zn increases not only
the density of the alloys but also the cost of these alloys. In addition, it is
detrimental to hot tearing or reduction of corrosion resistance of Al\\Si
cast alloys [9–11].

In recent years, the ultrafine eutectic and hypoeutectic multicompo-
nent alloys with bimodal/multi-modal microstructure had drawn con-
siderable attention due to the benefit of the ultrafine eutectic
structure to improve the plasticity and damage tolerance [12]. The de-
velopment of ultrafine eutectic alloys has been reported on a limited
number of alloy systems. The multicomponent TiNbCoCuAl alloy with
an ultrafine eutectic microstructure was developed by Okulov et al.
[13]. Such multicomponent alloy exhibits a combination of good
strength and high ductility. This is due to the presence of ultrafine eu-
tecticmicrostructure, togetherwith specific orientation relationship be-
tween eutectic phases that can inhibit the propagation of dislocations. It
is believed that the high strength property of this alloy is due to the re-
stricted mobility of dislocation by the nano/ultrafine eutectic mixture,
while large ductility property is due to the strain accommodation or
stress relaxation reported by Kim et al. [14]. For die-cast aluminium
Table 2
Measured compositions of Al-Si-Mg-Mn die-cast alloys.

Alloy Alloy composition (wt%)

Al Si Mg Mn Fe

A Balance 5.22 2.35 0.48 0.16
B Balance 7.48 3.55 0.52 0.18
C Balance 13.17 5.81 0.47 0.20
alloys, there is still a challenge to improve the yield strength and frac-
ture elongation to a level above 200 MPa and 4%, respectively. The de-
velopment of multicomponent eutectic systems for die-cast
aluminium alloys provides a potential route to enhance the yield
strength beyond 200 MPa with reasonable elongation to fracture.

The purpose of current work is to design multicomponent alumin-
ium based die-cast alloyswith yield strength in excess of 200MPawith-
out the addition of Cu or Zn. Since ternary Al-Si-Mg alloys, such as A356,
A357 and A360, exhibit good mechanical properties, age hardening re-
sponse, excellent castability, low density and good weldability [17,18].
Therefore, the quaternary Al-Si-Mg-Mn eutectic system was selected
for the development of high strength die-cast aluminium alloys using
schematic studies of the microstructural evolution and tensile mechan-
ical properties.

2. Experiment

The starting materials used in the present study were elemental Al
and Mg with commercial purity (99.9%) and master alloys of Al-50wt
Fig. 2. Solidification path of Al-Si-Mg-Mn alloys calculated by the CALPHAD software
Pandat 8.5.



Table 3
The calculated content of elements in the Al-Si-Mg-Mn die-cast alloys.

Alloy Volume fraction of eutectic mixture Alloy composition (wt%)

Al Si Mg Mn Fe

A 0.3 Balance 5.16 2.05 0.5 ~0.15
B 0.5 Balance 7.66 3.05 0.5 ~0.15
C 1.0 Balance 13.9 5.55 0.5 ~0.15
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%Si and Al-20wt%Mn. A 6 kgmelt of the startingmaterials apart from el-
emental Mg, was prepared each time in a clay-graphite crucible with an
electric resistance furnace. The melt temperature was maintained at
720 ± 5 °C. Pure Mg ingots preheated to a temperature of 200 °C
were carefully added to the melt. After half-hour homogenisation,
argon gas was introduced into the melt via a commercial rotatory
degasser at 500 rpm for 5 min. The melt was then covered by commer-
cial granular flux, following by further homogenisation for about
15 min. Optical mass spectroscopy was used to determine the actual
compositions of as-cast alloys and these measured compositions are
listed in Table 2.

The 4500 kN HPDC machine was used for making standard tensile
testing samples. The melt was dosed and poured into the shot sleeve
with a temperature 60 °C above the liquids temperature, as measured
by a K-type thermocouple. For each HPDC run, the total mass of melt
was maintained at about 750 g with an initial injection speed of
~2.3 m/s and gate speed of ~62 m/s. A designed tensile testing mould
was used to cast eight ASTM standard samples with a diameter of
Ф6.35mm and a gauge length of 50 mm. The dimension of the die cast-
ing, including overflow and biscuit, is shown in Fig. 1. During casting,
the mould was pre-heated by mineral oil to a temperature of 250 °C.
The casting samples were tensile tested after being left at ambient con-
dition for more than one day.

Samples for microstructural evaluation were taken near the centre
region from the middle of φ6.35 mm tensile rods. After cold mounting,
grinding and polishing, the sampleswere examined using a Zeiss optical
microscope with quantitative metallography. The volume fraction was
determined from more than five different areas, ranging from the
edge to the centre of each sample using ImageJ software. The samples
were etched for 2 s by 0.5% HF acid for scanning electron microscopy
(SEM) characterisation using a Zeiss Supera 35 FEG SEM equipped
with the energy dispersive spectroscopy (EDX). The electron backscat-
ter diffraction (EBSD) with a step size of 0.4 μm was used for grain
sizemeasurement. The samplewas electrolytically polishedwith a solu-
tion of nitric acid and methyl alcohol (1:3) at a temperature of−30 °C.
Fig. 3. The XRD spectrum of
OIM TSL software was used for the statistic analysis of grain size. The X-
ray diffraction (XRD) sample was prepared from the vertical section of
the Ф6.35 mm rod. A Bruker D8 Advance X-ray diffractometer with Cu
X-Ray radiation andNifilter operated at a voltage of 40 kV and a current
of 40 mA was used to generate X-ray line profiles on each sample for
phase identification. Transmission electron microscopy (TEM) speci-
mens were prepared by milling the sample to a thickness of around
80 nm and applying the lift-out technique in a Zeiss Auriga cross
beam focused ion beam (FIB) using Cu grid with Pt deposition. A JEOL
2100F TEM was used to study the refined microstructure. The melting
temperature and heat of fusion of Al-Si-Mg-Mn alloys were determined
using a Netzsch 404F1 differential scanning calorimetry (DSC) instru-
ment operated at a heating rate of 20 K/min, in a dynamic flow of Ar
at a flow rate of 50 ml/min.

The ASTM B557 standard tensile testing was carried out on an
Instron 5500 machine. The extensometer with 50 mm gauge length
was used and the testing rate was set at 1 mm/min. The testing data
were obtained from at least 6 test specimens from each alloy.
3. Results

3.1. CALPHAD of the multicomponent Al-Si-Mg-Mn system

The eutectic reaction (L → α-Al + Mg2Si + Si) in Al-Si-Mg ternary
system at aluminium corner was calculated with Pandat 8.5 software
to be Al13.9%Si5.55%Mg (wt%). Based on Al-Si-Mg eutectic composition,
the hypo-eutectic Al-Si-Mg alloys with 30% and 50% volume percent-
ages of the eutectic mixture were calculated. The excess Mn was intro-
duced to prevent die soldering and the formation of Mn contained
strengthening phases. Fe is considered as an impurity in HPDC. Hence,
the predicted solidification paths of both eutectic and hypo-eutectic
compositions in Al-Si-Mg-Mn system with Fe impurity based on Scheil
description, are shown in Fig. 2. The calculated compositions of Al-Si-
Mg-Mn alloys were listed in Table 3, which are named as alloy A, alloy
B and alloy C, respectively.

The solid fraction of eutectic mixture changes from ~0.3 to ~1 with
different amount of Si and Mg. All three alloys have the same final qua-
ternary eutectic reaction L → α-Al + α-AlFeMnSi+Mg2Si + Si at the
same eutectic temperature of ~554 °C. L→α-AlFeMnSiwith a solid frac-
tion of about 0.011 forms in alloy B prior to the reaction of L → α-
AlFeMnSi+α-Al, while only one reaction (L → α-AlFeMnSi+α-Al) is
found before eutectic reaction in alloy A. Both alloy B and alloy A have
same ternary eutectic reaction L → α-Al + α-AlFeMnSi +Si with a
the Al-Si-Mg-Mn alloys.
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solid fraction of approximate 0.03, followed by the final quaternary eu-
tectic reaction L → α-Al + α-AlFeMnSi + Si + Mg2Si.

3.2. Microstructure

3.2.1. XRD analysis
Fig. 3 presents XRD patterns of the developed Al-Si-Mg-Mn alloys

with the various volume fraction of eutectic mixtures. The main XRD
peaks were identified and they corresponded to α-Al, Si, Mg2Si and α-
AlFeMnSi phases. However, the small XRD peaks corresponded to π-
AlFeMnMgSi phase.

3.2.2. Optical microstructure and EBSD analysis
Fig. 4 (a) shows a typical hypo-eutectic microstructure of alloy A in

the as-cast state and the EBSD orientation map of alloy A is shown in
Fig. 4 (b). From the optical micrograph, there are two types of eutectic
at grain boundaries (further confirmed under SEM), which are named
‘Eu1’ and ‘Eu2’, and the volume fraction of eutectic mixture was deter-
mined to be 24 ± 8% from the image analysis. The microstructure of
Fig. 4.Opticalmicrographs showing themicrostructure evolutionwith the increased eutectic vo
alloy B (d) and grain size distribution of alloy A and alloy B (f).
alloy B is shown in Fig. 4 (c), which is similar to alloy A. The volume frac-
tion of eutecticmixture in alloy B is found to be 42±7%,which is higher
than that in alloy A. Alloy C exhibits a different microstructure com-
pared with alloy A and alloy B, as shown in Fig. 4 (e). Apart from coarse
eutectic and fine eutecticmatrix labelled as ‘EU1’ and ‘EU2’, some coarse
Mg2Si and compact α-AlFeMnSi particles, were found with the size of
15–40 μm and 10–30 μm, respectively. The compositions of these
phases measured by SEM-EDX are listed in Table 4. The as-cast micro-
structure of alloy C is dominated by eutectic structure and some α-Al
grainswere observedwith the volume fraction of ~11%. The image anal-
ysis of α-Al volume fraction from the centre to edge in alloy C is shown
in supplementary material (Fig. S1). The microstructure of eutectic Al-
Si-Mg-Mn alloy has a bimodal morphology that consists of small
rosette-like binary eutectic embeddedwithin the fine quaternary eutec-
tic matrix.

Two types of α-Al grains were observed, which are labelled as ‘α1’
and ‘α2’ in Fig. 4 (a,c). α1-Al phase shows coarse fragmented morphol-
ogy in both alloy A and alloy B, separated by fineα2-Al grains. Theα-Al
grain size distribution of alloy A and alloy B analysed by the EBSD is
lume fraction in alloy A (a), alloy B (c) and alloy C (e); EBSD orientationmap of alloy A (b),



Fig. 5. DSC curves of alloy A, alloy B and Alloy C obtained from both heating and cooling
with a rate of 10 K/min.

Table 4
Average compositions of intermetallic phases characterised by SEM EDX analysis.

Alloy name Morphology Identified
compound

Al Si Mg Mn Fe

at.%

Alloy A Fine compact Al15(Fe,Mn)3Si2 72.6 11.1 – 13.6 2.7
Alloy B Fine compact Al15(Fe,Mn)3Si2 73.1 10.9 – 12.3 3.7
Alloy C Coarse compact Al15(Fe,Mn)3Si2 71.5 12 – 12.9 3.6

polygon Mg2Si 81.7 5.8 12.5 – –
Fine compact Al15(Fe,Mn)3Si2 71.7 11.7 – 12.9 3.7
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shown in Fig. 4 (b) and (d), respectively. The comparison of grain size
distribution between alloy A and alloy B is shown in Fig. 4 (f). The aver-
age grain size of α2-Al and α1-Al are found to be 12 ± 5 μm and 35 ±
11 μm in alloy A and, 9 ± 4 μm and 30 ± 12 μm in alloy B, respectively.

3.2.3. DSC results
Fig. 5 shows typical DSC spectra of alloy A, alloy B and alloy C. From

DSC curves obtained from a heating cycle, the onset temperature of the
melting peak for each alloy was similar and was found to be 554 °C,
which coincides with the calculated quaternary eutectic reaction tem-
perature. There are two main endothermic DSC peaks for alloy A and
alloy B, which correspond to the melting of the eutectic mixture and
α-Al dendrites. However, only one endothermic DSC peakwith a should
feature was observed in alloy C. The shoulder feature is associated with
themultiple eutectic reactions (e.g.binary and quaternary eutectic reac-
tion) and the small volume fraction of α-Al dendrites. The DSC results
validate the predicted solidification paths of these alloys with a various
volume fraction of eutectic mixture. From theDSC curves obtained from
the cooling cycle, two large exothermic peaks are found in alloy A and
alloy B, which correspond to the formation ofα-Al dendrites and eutec-
ticmixture. However, there are some additional small exothermic peaks
present in the DSC curves of these alloys as compared with those ob-
tained from the heating cycle. It is because the cooling rate is very
slow and the solidification occurs at near-equilibrium condition while
themeasured composition is slightly different from equilibrium compo-
sition. Thus some intermetallic compounds or ternary eutectic form be-
fore final eutectic reaction [17]. The alloy A has the highest solidification
temperature of primaryα-Al (611 °C), and the lowest temperature was
found in alloy C.

3.2.4. Scanning electron microscopy results
The microstructure of eutectic mixture and α-AlFeMnSi particles

was further characterised by SEMunder backscattered electron imaging
and in-lensmode, which are shown in Fig. 6 (a, c, e) and (b, d, f), respec-
tively. Fig. 6 (a) and (c) are backscattered electron micrographs show-
ing the microstructure of alloy A and alloy B, respectively. In Fig. 6. (a),
the α-AlFeMnSi particles with size ranging from 1 to 3.5 μm were ho-
mogeneously distributed in alloy A. The area percentage of the α-
AlFeMnSi particles is approximate 1.2%,whichwere analysed by ImageJ.
In alloy B, the area percentage of α-AlFeMnSi particles is about 1.4% but
they have a finer size of 1–2.5 μm and they are distributed within the
eutectic region, as shown in Fig. 6. (c).

In alloy C, there is a small amount of fineα-AlFeMnSi particles pres-
ent in the eutectic regions with a size of 1–2 μm, as shown in Fig. 6
(e) and (f). Large polygon Mg2Si and compact α-AlFeMnSi particles
with size over 10 μm were observed from EDX maps as shown in the
supplementarymaterial (Fig. S2). The average compositions of these in-
termetallic compounds were analysed and shown in Table 4. Fig. 6
(b) and (d) shows the eutectic microstructure in alloy A and alloy B
under SEM in-lens mode taken at the same magnification. The ‘EU1’
and ‘EU2’ regions in alloy A show a finer microstructure compared
with those in alloy B. The ‘EU1’ region has an interlamellar spacing of
0.3–0.7 μm, while in alloy B, the interlamellar spacing is 0.5–1.3 μm.
The ‘EU2’ eutectic mixture in both alloy B and alloy A consist of four
phases which are Si, Mg2Si, and α-Al, together with needle-like π-
AlFeMnSiMg phases [19]. The ‘EU2’ eutectic region in alloy C shown in
Fig. 6 (f) is similar to that of alloy B. The ‘EU2’ eutectic region in alloy
A shows a finer microstructure. It can be noticed in Fig. 6 (b) that,
apart from three types of phases (i.e. Si, Mg2Si and α-Al), the needle-
like π-AlFeMnSiMg phasewith higher area fraction was found in the ul-
trafine eutectic region in alloy A having a width of 100–400 nm and
length of 2–5 μm. Further characterisation of the ultrafine eutectic re-
gions with TEM will be discussed later.

The aspect ratio and average size of eutectic Si phase in ‘EU2’ are
shown in Table 5, which were characterised using in-lens SEM images
(not shown here), taken at higher magnification. It can be found that
the Si in these alloys has nearly the same aspect ratio. In addition, the
Si particles present in alloy A has the smallest average size of 0.23 ±
0.14 μmas compared to those present in alloy Bwith the largest average
size of 0.42 ± 0.28 μm. Moreover, the finer eutectic Si phase was
achieved in the current Al-Si-Mg-Mn alloys, compared with binary
Al\\Si eutectic alloys with a similar solidification condition [20–22].

The size distributions ofα-AlFeMnSi particle present in alloy A, alloy
B and alloy C are shown in Fig. 7 (a,b,c), respectively. Alloy B and alloy C
have finer particles which have a concentrated size range between 1
and 1.5 μm, while the much broader distribution of α-AlFeMnSi parti-
cles appears in alloy A. There are a few large α-AlFeMnSi particles
(over 10 μm) in alloy C with hexagonal morphology. The inserted im-
ages are backscattered electronmicrographs taken at lowmagnification
showing the size and distribution ofα-AlFeMnSi particles. Furthermore,
the aspect ratio of α-AlFeMnSi particles was analysed in Fig. 7 (d). The
α-Fe particles present in alloy B and alloy C show a lower aspect ratio.

3.2.5. Transmission electron microscopy results
Fig. 8 (a) shows a bright-field TEMmicrograph of the quaternary eu-

tectic mixture present in alloy A taken at [010] zone axis of π-
AlFeMnSiMg phase, together with corresponding selected area diffrac-
tion patterns (SADP), as shown in Fig. 8 (d-g). Fig. 8 (b) shows BF-
STEM image and elemental distributions of ultrafine eutectic regions.
There are four kinds of phases co-existed within the ultrafine eutectic
region of alloy A, which coincide with the microstructure characterised
under SEM. Mg2Si phase has a size of ~100 nm while π-AlFeMnSiMg
phase has ~250 nmwidth and 2–3 μm length. The Si phase in alloy A ex-
hibits fragmented and spheroidized morphology. Moreover, the high
density of twins was observed in some Si particles, together with the
corresponding SADP pattern, as shown in Fig. 8 (g). It is reported that
the induced twinning in Si by the additional element or impurities is
the most established growth model [23]. Herein, the high density of
twinning Si may result from the absorption of the additional elements



6 Q. Cai et al. / Materials and Design 187 (2020) 108394
of Mg, Fe or Mn preventing further growth. The Mg2Si phase has ultra-
fine particulate morphology with the size of 100–250 nmwhich is usu-
ally observed to be Chinese-script morphology in other solidification
conditions with a lower cooling rate [24]. Fig. 8 (c) and (e) show the
EDS spectra, together with an inset of measured composition and
SADP of π-AlFeMnSiMg phase, respectively. The substitution of Mn in
π-AlFeMnSiMg phase was found as well as lower content of Fe and
Mn compared with the equilibrium π-AlFeMnSiMg phase.

3.3. Mechanical properties

Fig. 9 (a) shows tensile stress-strain curves of these Al-Si-Mg-Mn al-
loys prepared by HPDC. These alloys have a yield strength above
230MPa. However, the elongation to fracture increases with decreasing
volume fraction of eutectic mixture. Fig. 9 (b) shows the comparison of
the tensile properties of these three Al-Si-Mg alloys. Alloy A has the
highest elongation to fracture of 4.3% and yield strength of 231 MPa.
The excellent yield strength of 281 MPa was achieved in alloy B with
reasonable elongation to fracture of 2.3%. Although alloy C has the
Fig. 6. (a, c, e) Backscattered SEMmicrographs showing themicrostructure of alloy A, alloy B allo
in alloy A, alloy B and alloy C.
highest yield strength of 285 MPa, its elongation to fracture is only lim-
ited to 0.8%. The yield strength of current Al-Si-Mg alloys ismuch higher
than those of commercially available diecast aluminium alloys
(Table 1), while the elongations of alloy A and alloy B are at the accept-
able level. It should be noticed that no extra elements such as Cu and Zn
were added as strengthening elements to design the alloy with im-
proved high yield strength.

Fig. 10 shows the fracture surface of alloy A (a) and alloy B (c),which
were taken in the middle part of the sample. The fracture is a combina-
tion of eutectic region separation and cleavage fracture of α1-Al grains.
It should be noted that the fracture surfacewas dominated by the eutec-
tic separation, and only a few fractures of α1-Al grains were observed.
The separation of the eutectic regions at grain boundaries of alloy A
and alloy B were shown in Fig. 10 (b) and (d), respectively. The cracks
were found in large Mg2Si in alloy C shown in Fig. 10 (e) and it shows
cleavage features. It can be noted that the cracks initiated from large
polygon Mg2Si particles, leading to the low ductility in alloy C.

Fig. 11 shows the dislocation pile-ups at the boundary between eu-
tectic and α-Al grain after 3% interrupted tensile testing of alloy A. The
y C (b, d, f) in-lens SEMmicrographswith largermagnification showing the eutectic region



Table 5
Aspect ratio and equivalent diameter of Si particles in alloy A, alloy B and alloy C.

Alloy Alloy A Alloy B Alloy C

Si aspect ratio 2.55 ± 2.02 2.44 ± 1.37 2.43 ± 1.59
Si average diameter (μm) 0.23 ± 0.14 0.42 ± 0.28 0.38 ± 0.15
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strain contrast insideα-Al grains indicates massive dislocation pile-ups
at the boundary which results from plastic deformation. More disloca-
tionswere found at the boundary of theultrafinequaternary eutectic re-
gion shown in Fig. 11 (b).

4. Discussion

4.1. Microstructure evolution

The HPDC process is a two-stage solidification process, where some
phases partially solidified in the shot sleeve at a very slow cooling rate
and rest of liquid solidified in the die cavity at a very high cooling rate
[25]. Hence, two types of α-Al phases were observed in alloy A and
alloy B, and α1-Al solidified in the shot sleeve has a larger size, while
much finerα2-Al forms in the die cavity. It can be found that increasing
the volume fraction of the eutectic mixture can contribute to a decrease
of α2-Al and α1-Al grains in size. The refined α-Al grain size with the
increasing volume fraction of eutectic is due to the growth restriction
mechanism [26]. The more addition of Si and Mg into the alloys in-
creases the volume fraction of eutectic and in the meantime, more sol-
utes segregate at the solid/liquid interface, affecting the constitutional
undercooling and restricting the growth of dendrites. Therefore, the
finer α-Al grain size was achieved. Moreover, in alloy C, large polygon
Mg2Si and compact α-AlFeMnSi particles are formed without the
Fig. 7. The size distribution ofα-AlFeMnSi particles present in alloy A (a), alloy B (b) and alloy C
of the aspect ratio.
presence of coarseα1-Al phase. FromPandat 8.5 prediction, some inter-
metallic compounds formed before the eutectic reactions. It should also
be noted that alloy C is close to the ternary eutectic composition, which
is reported to be a quasi-binary reaction and L → α-Al + Mg2Si forms
before final eutectic reaction [27]. As a result, coarse compact α-
AlFeMnSi particles and some eutectic phase of polygon Mg2Si formed
in the shot sleeve. In addition, some α2-Al phases were found in the
sample with an average volume fraction of 11% from edge to centre, al-
though the composition in alloy C is close to eutectic composition. It is
because HPDC process is nonequilibrium process with two-stage solid-
ification. Large Mg2Si andα-AlFeMnSi form in the shot sleeve, consum-
ing the solute and the composition on the later solidification in die
cavity is changed. Furthermore, segregation of solute distribution exists
that near the surface or defect band there is an increase of solute con-
centration [28]. Consequently, the composition is close to off-eutectic
composition and some α2-Al dendrites form.

The fine eutectic morphology solidified in the die cavity with
submicron-scale binary eutectic and ultrafine quaternary eutectic is
achieved in the Al-Si-Mg-Mn eutectic or hypo-eutectic alloys by HPDC
process. The bimodal eutectic microstructure of eutectic alloys was
also found and reported by Kim et al. [14]. The typical bimodal eutectic
microstructure in eutectic alloys consists of two types of eutectic with
different length scale and the formation of this unique structure is due
to the high cooling rate and additional elementswhich can affect the to-
pological and crystallographic anisotropy of the liquid/solid interface,
and destabilize the liquid/solid interface, resulting in shifting the couple
eutectic growth zone under nonequilibrium solidification condition
[29]. Thus, the homogeneous distribution of inhomogeneous structure
formed in ternary eutectic alloys. Furthermore, from XRD results, the
change of volume fraction of eutectic mixture has no influence on the
types of phases in the microstructure. It should be noted that π-
(c) together with insets of SEMmicrographs of corresponding alloys and (d) the frequency



Fig. 8. (a) Bright-field TEM micrograph of the ultrafine eutectic region in alloy A showing the microstructure of quaternary eutectic (b) the elemental distributions inside the eutectic
region (c) EDS spectra of π-AlFeMnSiMg phase, together with inset of measured composition and (d-g) SADP pattern of π-AlFeMnSiMg, Si, Mg2Si and α-Al phases, respectively.
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AlFeMnSiMg appeared in these alloys which was not predicted by
Pandat 8.5. It is mainly due to the non-equilibrium solidification under
HPDC process and the database employed in the current study. The eu-
tectic structure is finer than some binary Al\\Si diecast alloys. It is be-
cause the multicomponent recipe in the final solidification liquid can
increase the constitutional undercooling and contribute to competitive
growth of multi-phase, resulting in the refinement of the eutectic
phase [17,30]. Moreover, The eutectic Si phase in alloy A is most excep-
tional among these three alloys. Compared with alloy B and alloy C,
‘EU2’ in alloy A has the smallest interdendritic regions (eutectic re-
gions), indicating less remaining liquid andmore solid/liquid interfaces.
Therefore much fastest heat transfer through α-Al dendrites during
final eutectic solidification was obtained. As a result, ‘EU2’ has the
smallest size of Si.
Fig. 9. Mechanical properties of the as-cast Al-Si-Mg-Mn alloys (a
The addition of Mn can suppress the formation of β-Fe phase in
HPDC, and similar to the development of α-Al phases, the dual size dis-
tributions ofα-AlFeMnSi particles are caused by two-stage solidification
aswell. It was reported that the coarseα-AlFeMnSi particles solidified in
the shot sleeve are below 10 μm, provided the iron content is less 0.2%
[9]. Compared with alloy A, alloy B has the finer α-AlFeMnSi particles
with a lower aspect ratio and the size of α-AlFeMnSi particles is below
5 μm in all these three alloys. According to the solidification sequence
predicted by Pandat 8.5 in Fig. 2, the majority of α-AlFeMnSi particles
formed at a temperature ranging from 617 to 600 °C beforeα-Al forma-
tion in alloy B,while in alloy A the formation ofα-AlFeMnSi particles ac-
companies withα-Al at the temperature ranging from 620 °C to 556 °C.
Therefore, the α-AlFeMnSi particles in alloy B have less solidification
time due to increased undercooling. As a result, α-AlFeMnSi particles
) tensile stress-strain curves, (b) average tensile properties.



Fig. 10. SEMmicrographs of specimens after tensile tests, showing fractured surface of alloy A (a), alloy B (c) and alloy C (e); and crack propagation through the eutectic structure of alloy A
(b), alloy B (d) and alloy C (f) (note: loading axes for (b), (d) and (f) are vertical).
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in alloy B shows faceted hexagonal morphology with a lower aspect
ratio and finer size distribution. They are distributed along grain bound-
aries or inside the eutectic regions. Furthermore, it can bαe observed
Fig. 11. TEM BF micrographs showing dislocations at the binary eutectic region (a)
that a large area fraction of large α-AlFeMnSi particles formed in alloy
C, and finer α-AlFeMnSi particles formed at the eutectic regions with
lower area fraction. The solidification path of alloy C involves the
and the ultrafine quaternary eutectic region (b) of 3%-tensile-strained alloy A.
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formation ofα-AlFeMnSi particles from 615 °C to 554 °C, prior to eutec-
tic reaction, according to Fig. 2. Herein, the large α-AlFeMnSi particles
nucleated and grew in the short sleeve. This implies a reduced amount
of Fe present in the remaining liquid and it solidifies into few finer α-
AlFeMnSi particles near the final eutectic temperature.

The π-AlFeMnSiMg phase in alloy A is much finer compared with
those in A356 and A357 alloys [18,31]. In alloy A, the formation of
final quaternary eutectic reactionwith a high volume fraction of refined
π-AlFeMnSiMg phase is attributed to the partitioning of Fe to the re-
maining liquid and much faster heat transfer of the last smaller
interdendritic regions under non-equilibrium solidification condition
[18]. Lastly, the composition of π-AlFeMnSiMg phase is slightly different
from the equilibrium composition Al9FeMg3Si5 taking into consider-
ation of substitution of Mn, and this results from non-equilibrium solid-
ification process.

4.2. Relationship between microstructure and mechanical properties

The Al-Si-Mg-Mn alloys in the current work showed excellent me-
chanical properties, especially having a high yield strength in excess of
200 MPa. The mechanical properties of the dendrite-ultrafine eutectic
composite strongly depend on the phase selection and volume fraction
of strengthening phases [13]. In anotherword, the elongation can be tai-
lored by controlling the volume fraction of eutectic mixture, and at the
same time, the strength can be improved via optimisation of eutectic
microstructure frommonolithic eutectic structure tomultimodal eutec-
tic structure with multicomponent phase. The microstructure of cur-
rently developed alloys consists of the soft α-Al primary phase,
ultrafine/submicron-scale eutectic mixture, and small α-AlFeMnSi
phases. The soft α-Al primary phase can act as a barrier for the crack
propagation of catastrophic failure. The ultrafine/submicron-scale eu-
tectic structure and fine iron-contained particles contribute to the
high strength for these alloys. The elongation of the alloys was domi-
nated by the volume fraction of eutectic mixture present in these alloys.
Hence, the highest elongation was achieved in alloy A. However, the
presence of large brittle Mg2Si or large α-AlFeMnSi phases, together
with the highest volume fraction of eutectic mixture present in alloy C
is responsible for the lowest elongation to fracture of ~0.8%.

The coarse Si particles in binary Al\\Si diecast alloys playing an im-
portant role in the strength as they are the main sources of stress con-
centration and the crack paths preferentially go through the eutectic
region. In the current work, ultrafine Si and Mg2Si phases together
with fine iron-contain multicomponent phases inside the eutectic re-
gion can be more effective to suppress the crack development and α-
AlFeMnSi particles formed at the grain boundary further improve the
tensile stress. Moreover, based on Hall-Petch theory, higher yield
strength can be achieved with much finer eutectic structure [32]. In ad-
dition, the ultrafine quaternary eutectic with much finer structure is
more effective to inhibit the propagation of dislocation, as shown in
Fig. 11. Some irregular dislocations were found inside the eutectic re-
gions as well, due to the generation of dislocations within the eutectic
region.No crackswere found on the eutectic phases. Therefore, theplas-
tic deformation of ultrafine eutectic alloys was governed by dislocation
slip inside theα-Al grains and the excellent yield strength is because of
the interaction of dislocations between ultrafine eutectic and α-Al
grains leading to better work hardening regime [33]. Hence, the alloys
in the current study have higher strength than some other diecast alu-
minium alloys. It should also be noted that alloy B has higher strength
than alloy A, due to much higher volume fraction of eutectic mixture.
However, the highest volume fraction was obtained in alloy C, and the
yield strength is similar to alloy B. The reasons are as follows. Firstly,
in alloy C, a lot of coarse Mg2Si phases which form from binary eutectic
reaction. This reduces the contribution of binary eutectic in the strength
comparedwith that in alloy A and alloy Bwhich havemuch finer binary
eutectic lamellar spacings. Secondly, a large volume fraction of large
compact α-AlFeMnSi phases formed prior to the final eutectic reaction
in alloy C, resulting in a small quantity of fine α-AlFeMnSi phases
forming in the die cavity. Therefore, the strength of alloy C is balanced
by the increased volume fraction of eutectic mixtures and coarsening
of α-AlFeMnSi and Mg2Si phases. Consequently, alloy C exhibits similar
yield strength with alloy B.

5. Conclusion

(1) High strength die-cast aluminium alloys have been developed
based on the concept of multi-component ultrafine secondary
phase strengthening mechanism. The as-cast Al-Si-Mg-Mn alloy
with 30% eutectic provides the high yield strength of 231 MPa,
ultimate tensile strength of 340 MPa and elongation of 4.3%.
The as-cast Al-Si-Mg-Mn alloy with 50% eutectic exhibits the
super high yield strength of 281 MPa and elongation of 2.3%.

(2) The high strength die-cast Al-Si-Mg-Mn alloys show complex
microstructure, consisting of primary α-Al phase, α-AlFeMnSi,
binary eutectic (Al + Mg2Si) and ultrafine quaternary
Al + Mg2Si + Si + π-AlFeMnSiMg eutectic.

(3) The finest eutectic Si phase with an average size of 230 nm was
achieved in the Al-Si-Mg-Mn die-cast alloy with 30% eutectic
mixture. The fine α-AlFeMnSi particles in Al-Si-Mg-Mn hypo-
eutectic alloys were obtained with an average size below 2 μm.

(4) The high number of dislocation pile-ups at eutectic boundaries or
inside the eutectic cause excellent yield strength.
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