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Abstract: The microstructure evolution and mechanical properties of quaternary Al-Cu-Si-Mg eu-
tectic alloy prepared via arc melting and suction casting were studied. This alloy exhibits a single
endothermic DSC peak with a melting temperature of 509 ◦C upon heating, suggesting a eutectic
reaction. The cast alloy microstructure consisted of four phases, α-Al, Al2Cu (θ), Si and Al4Cu2Mg8Si7
(Q), in the eutectic cells and also in the nano-scale anomalous eutectic in the intercellular regions. The
eutectic cells show different morphologies in different parts of the sample. Well-defined orientation
relationships between the α-Al, Al2Cu, and Q phases were found in the eutectic cell centres, while
decoupled growth of Q phase occurred at the cell boundaries. The bimodal microstructure exhibits
excellent compressive mechanical properties, including a yield strength of 835 ± 35 MPa, a fracture
strength of ~1 GPa and a compressive fracture strain of 4.7 ± 1.1%. The high strength is attributed to
a combination of a refined eutectic structure and strengthening from multiple hard phases.

Keywords: quaternary eutectic; aluminium; anomalous eutectic; orientation relationship

1. Introduction

Eutectic alloys have been extensively studied for decades, due to their low melting
temperature, high strength and good castability [1–4]. Eutectic solidification takes place by
nucleation and growth processes, which affect the final microstructure and properties [5,6].
There are many investigations into binary eutectic alloys, and several theories have been
established. For example, it is found that λ2ν and λ∆T are constant in binary lamellar and
rod eutectic alloys solidified at small undercoolings, where λ, ν and ∆T are the eutectic
interlamellar or inter-rod spacing, the solidification growth rate and the solid/liquid
interface temperature during solidification, respectively [7–9]. Eutectic solidification at
large undercooling, i.e., rapid solidification, has also been investigated. A refined nano-
scale eutectic structure is usually found in rapidly solidified binary eutectic alloys, and
there is a critical value of growth rate leading to the decoupling of eutectic growth [10,11].
This leads to a transition from coupled lamellar to anomalous eutectic structure after rapid
solidification, with the onset of non-cooperative growth often associated with a kinetic shift
in the eutectic composition [12–15].

The addition of minor ternary element additions to binary eutectic alloys is often
able to modify the eutectic microstructure [16–19], leading to effects such as: (1) binary
eutectic cellular growth, (2) binary eutectic non-coupled growth, or (3) the formation of
a ternary eutectic structure with three different coupled or non-coupled phases [20–25].
Eutectic solidification in undercooled melts is governed by the diffusion of elements in
front of the solid/liquid interface, and the first two effects of adding a ternary element
are caused by an increase in constitutional undercooling at the solid/liquid interface and
a corresponding destabilisation of the solid/liquid interface [17,18,26]. Alternatively, the
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addition of a ternary element may be sufficient to reach a ternary eutectic composition
with three distinct eutectic phases, and more complex coupled or non-coupled three-phase
eutectic patterns form [27–29].

Although many investigations have been done on binary and, to a lesser extent,
ternary eutectic alloys, there has been very little investigation of quaternary eutectic alloys
with four distinct eutectic phases [29]. Eutectic solidification is the basis of many cast
alloys, and it is worth studying quaternary eutectic or multi-component eutectic alloys,
since with more elements the alloys can form more complex microstructures and may be
able to achieve higher strengths [29–31]. This paper describes an investigation into the
solidification behaviour of a quaternary Al-Cu-Si-Mg eutectic alloy when manufactured by
rapid solidification. In addition, the compressive mechanical properties of the alloy were
studied.

2. Materials and Methods

A 1 kg starting alloy ingot with a nominal quaternary eutectic composition of Al-
28 wt%Cu-6wt%Si-2.2wt%Mg [32] was prepared by melting appropriate amounts of Al
(99.94%), Al-50wt%Si (99.72%), Cu (99.99%) and Mg (99.92%) in an induction furnace.
The resulting composition of the ingot was Al-27 ± 0.25wt%Cu-5.5 ± 0.13wt%Si-2.3 ±
0.11wt%Mg-0.1 ± 0.06wt%Fe, as measured by inductively-coupled plasma mass spectrom-
etry (ICP-MS)(Thermo Fisher Scientific, Waltham, MA, USA). The ingot was then processed
into 3 mm diameter × 30 mm long rods by arc-melting under an argon atmosphere fol-
lowed by suction casting into a water-cooled copper mould maintained at a temperature of
16 ◦C, using an Edmund Buhler MAM-1 system (Edmund Bühler GmbH, Bodelshausen,
Germany). Specimens for microstructural examination were taken from the half-length
and bottom of the rods, as shown in Figure 1. After cold mounting, grinding and polishing,
they were etched for 5 s in a 0.5 vol% solution of HF acid. Microstructural characterisation
was performed using a combination of scanning electron microscopy (SEM)(Carl Zeiss,
Oberkochen, Germany) in a Zeiss Supra 35 operated in backscattered electron imaging
mode with an accelerating voltage of 20 kV. A Bruker D8 Advance X-ray diffractometer
(XRD)(BRUKER, Billerica, Massachusetts, USA) with Cu X-ray source and Ni filter operat-
ing at a voltage of 40 kV, a current of 40 mA, and a step size of 0.24 degrees/min was used
for phase identification. Specimens for SEM characterisation with very high magnification,
transmission electron microscopy (TEM) and transmission Kikuchi diffraction (TKD) were
prepared using focused ion beam (FIB)(Carl Zeiss, Oberkochen, Germany) milling with
an Mo grid and Pt deposition in a Zeiss Auriga Cross Beam instrument. Specimens were
thinned to a thickness of about 80–150 nm. A JEOL 2100F TEM (JEOL, Tokyo, Japan) was
used to study the as-cast eutectic microstructure. The video obtained from FIB-SEM tomog-
raphy slices shows the 3D morphology of the eutectic (Video S1). TKD maps were acquired
in a Zeiss Auriga-60 SEM (Carl Zeiss, Oberkochen, Germany) using 20 kV electrons and
a 60 µm diameter objective aperture with ‘High Current’ mode switched on. The sample
working distance was 3.1 mm and the sample was back-tilted to −30◦. TKD maps were
captured using an Oxford Instruments Nordlys F camera and Aztec software using a 70 ms
pattern exposure time and 20 nm map step size. The melting temperature and heat of
fusion of the quaternary alloy were measured using a Netzsch 404F1 differential scanning
calorimetry (DSC)(NETZSCH Group, Selb, Germany) instrument operated at a heating rate
of 20 K/min, in a dynamic flow of Ar at a flow rate of 50 mL/min. Cylindrical specimens
sectioned from the half-length of the 30 mm rod with a 2:1 aspect ratio were prepared for
compression testing, as shown in Figure 1. Uniaxial compression (Instron, Norwood, MA,
USA) tests were carried out on three separate samples at room temperature with an initial
strain rate of 10−3 s−1.



Metals 2022, 12, 7 3 of 15Metals 2022, 12, x FOR PEER REVIEW 3 of 15 
 

 

 
Figure 1. Schematic diagram showing the locations for metallography and compression test speci-
mens. 

3. Results 
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Figure 2a shows the XRD spectrum obtained from the as-cast sample. The quaternary 
eutectic alloy consisted of four crystalline phases, which corresponded to α-Al, Si, Al2Cu 
and Al4Cu2Mg8Si7 (Q). This XRD result agreed with the phases observed previously in the 
quaternary Al-Cu-Si-Mg eutectic alloy processed by directional solidification [33]. Figure 
2b shows a DSC trace from the quaternary alloy obtained during heating at 20 K/min. 
Only one endothermic DSC peak with a shoulder was observed, and the onset and peak 
temperature were found to be 509 °C and 553 °C, respectively. This indicates that the melt-
ing of the four phases takes place at the close temperature, corresponding to quaternary 
eutectic reaction: 𝐿 ⇋ 𝛼-Al + Si + 𝜃-Al Cu + Q 

The melting temperature is close to the expected melting temperature (507 °C) of the 
quaternary Al-Cu-Si-Mg eutectic on the equilibrium phase diagram [32]. 
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Figure 1. Schematic diagram showing the locations for metallography and compression test specimens.

3. Results
3.1. Microstructure

Figure 2a shows the XRD spectrum obtained from the as-cast sample. The quaternary
eutectic alloy consisted of four crystalline phases, which corresponded to α-Al, Si, Al2Cu
and Al4Cu2Mg8Si7 (Q). This XRD result agreed with the phases observed previously in the
quaternary Al-Cu-Si-Mg eutectic alloy processed by directional solidification [33]. Figure 2b
shows a DSC trace from the quaternary alloy obtained during heating at 20 K/min. Only
one endothermic DSC peak with a shoulder was observed, and the onset and peak temper-
ature were found to be 509 ◦C and 553 ◦C, respectively. This indicates that the melting of
the four phases takes place at the close temperature, corresponding to quaternary eutectic
reaction:

L � α-Al + Si + θ-Al2Cu + Q
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Figure 2. (a) XRD spectrum of Al−Cu−Si−Mg eutectic alloy (b) DSC curve of Al−Cu−Si−Mg
eutectic alloy with a heating rate of 20 K/min.

The melting temperature is close to the expected melting temperature (507 ◦C) of the
quaternary Al-Cu-Si-Mg eutectic on the equilibrium phase diagram [32].

Figure 3a,b shows the microstructures of the quaternary Al-Cu-Si-Mg alloy, taken from
transverse and longitudinal sections at the half-length position in the sample, respectively.
The microstructures of the transverse and longitudinal sections are quite similar, indicating
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a 3D equiaxed cellular structure, consisting of coupled eutectic cells, 5–25 µm in size, and
anomalous eutectic in the intercellular regions. The microstructures of the alloy obtained
from the transverse and longitudinal section at the bottom of the sample are shown in
Figure 3c,d, respectively. The microstructures of the transverse and longitudinal sections
are again quite similar, again indicating a 3D equiaxed cellular structure, consisting of
coupled eutectic cells, 10–25 µm in size, and anomalous eutectic in the intercellular regions.
The main differences between the microstructures at the half-length in Figure 3a,b and at
the bottom in Figure 3c,d are that (1) the spacing of the eutectic phases is much smaller
at the bottom, indicating a faster cooling rate and solidification speed, and (2) the size of
the eutectic cells is a little larger at the bottom. Schematics of the microstructures at the
half-length and the bottom are shown in Figure 3e,f, respectively.
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Figure 3. SEM secondary electron images showing the microstructure of half-length of the sample (a)
transversal (b) longitudinal; the microstructure of the bottom part (c) transversal (d) longitudinal;
schematic of the microstructure in half-length (e) bottom (f).

Figure 4a shows the microstructure at higher magnification, showing both the coupled
cellular eutectic structure and the intercellular regions, taken from a transverse section
of the half-length sample. The coupled eutectic cells and the anomalous eutectic in the
intercellular regions can be seen more clearly. The interlamellar spacing of the Al2Cu and
α-Al phases at the cell boundaries is 500–800 nm, and at the cell centre is 150–250 nm. SEM
EDX point analyses of Spot 1 and Spot 2 taken from Figure 4a are displayed in Figure 4b,c.
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All four elements were present in both the cell centres and the intercellular regions, but
there was considerably more Si and Mg in the anomalous eutectic intercellular regions.
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Figure 4. (a) SEM secondary electron image taken from a transverse section at half-length of the sample
under high magnification (b,c) SEM-EDX point analyses of Spot 1 and Spot 2 obtained from (a).

Figure 5a again shows the microstructure at higher magnification, again showing the
coupled cellular eutectic structure and the intercellular regions, but this time taken from
a transverse section of the bottom sample. There were some branchings of the eutectic
phases at the cell boundaries with an interlamellar spacing (Al2Cu and α-Al) of 70–160 nm.
However, in the cell centre, an anomalous eutectic structure with a coarse morphology was
observed. The corresponding SEM-EDX mapping is shown in Figure 5b, which was taken
from Area 1 in Figure 5a. Si was again shown to be segregated into the intercellular regions.
Such elemental distribution was also observed in the longitudinal section of the half-length
and bottom region of the sample.
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Figure 6a shows TEM bright-field images of the microstructure taken from the cell
centres at the half-length position of the rod. In the cell centres, there are mainly three
phases (α-Al, Al2Cu and Q). The Q phase is in the form of particles with a diameter of
50–100 nm, attached to the Al2Cu lamellae. Although a small fraction of Si phase particles
can also sometimes be observed in the cell centres, more often only three phases (α-Al,
Al2Cu and Q) co-exist. Figure 6b shows selected area diffraction patterns (SADPs) from
α-Al, Si, Q and Al2Cu, corresponding to [1 0 0]Al, [0 0 1]Si, [0 0 0 1]Q and [1 1 0]Al2Cu zone
axes, respectively. From TEM diffraction patterns (not shown here), there are no well-
defined orientation relationships between Si and the Al2Cu, Q and α-Al phases. However,
well-defined orientation relationships between the Q, Al2Cu and α-Al phases were found,
and further characterisation with SEM-TKD are shown in Figures 7 and 8.
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Figure 7a shows typical eutectic colonies at the half-length position in the rod, taken
from the sample prepared by FIB. The identified phases from TKD include the Al2Cu,
α-Al and Q phases, in agreement with the TEM results shown in Figure 6. In TKD, the
detected diffraction pattern comes from the bottom face of the sample, and the SEM image
in Figure 7a is also from the bottom face. Figure 7b shows the distribution of the eutectic
phases α-Al, Al2Cu and Q, with the Q and Al2Cu phases at the cell boundaries showing a
much coarser morphology. Although Si particles were visible in the SEM image of Figure 7
and could be identified as diamond cubic phase in the TEM, they could not be discriminated
from the fcc α-Al phase using TKD, because of the similar crystal structures and backscatter
coefficients between Si and α-Al, so that their TKD patterns are expected to be nearly
identical. The bottom right corner of the SEM image of Figure 7a shows a mixture of Si and
Al phases, but this region is indexed as a single α-Al grain in Figure 7b,c. There are two
possible explanations: either the detected diffraction pattern is a mixture of Si and α-Al
phases with a cube–cube orientation relationship and therefore similar diffraction patterns,
or one of the phases dominates the detected signal. The inverse pole figure (IPF) of the
selected region in Figure 7a is displayed in Figure 7c. The α-Al and Al2Cu plates have an
interlamellar spacing of ~150 nm and a good orientation relationship from the centre to the
edge of the cell. However, the Q phase shows different colours in the IPF map from the
centre to the edge of the cell, indicating that misorientations develop during growth. The
detailed analysis of the orientation relationship of the three phases (α-Al, Q and Al2Cu)
in the centre region has been reported in our previous work [34]. The common directions
of Al2Cu, α-Al and Q phases were found to be [120]Al2Cu, [110]Al and [0001]Q, and the
common planes were found to be (121) Al2Cu, (111) Al and (31 40)Q.

An IPF-Z map taken from the cell boundary from the half-length of the sample is
shown in Figure 8b, which was taken from the same sample prepared by FIB (Figure 7a).
The size of the Q phase particles increased to ~200 nm in the cell boundary. The lamellar
α-Al and Al2Cu structure appeared irregular compared with the cell centre. Pole figures of
the Al2Cu, α-Al and Q phases in the cell boundary are shown in Figure 8b. The common
planes of the α-Al and Al2Cu phases were found to be the same as those in the cell centre
without misorientation. However, the Q phase has a large deviation from {0001} and {3140}
planes, indicating that the Q particles at the cell boundary exhibit different orientations. In
other words, there were no well-defined orientation relationships between Q and Al2Cu, or
Q and α-Al phases in the cell boundaries.

The detailed microstructure in the bottom part of the rod is shown in Supplementary
Material (Video S1). The anomalous eutectic and eutectic branches are shown in Video S1,
and it is clearly seen that there are four phases inside the eutectic branches. Many nano-
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scale Si particles were observed at cell boundaries, and some coarse Al2Cu lamellae with
a size of ~500 nm were found at the tip of the eutectic branches. The Q phase shows a
rod-like morphology. In addition, the divorced growth of Q fibres from Al2Cu and α-Al
lamellas is also seen, which is similar to that at the half-length position of the rod.

3.2. Mechanical Properties

Figure 9 shows a typical compressive stress-strain curve from the quaternary alloy
at a strain rate of 1 × 10−3 s−1. The alloy exhibits excellent compressive properties.
The fracture strength, yield strength and compressive fracture strain were found to be
1036 ± 28 MPa, 835 ± 35 MPa and 4.7 ± 1.1%, respectively. An inset in Figure 9 shows the
fractured sample after the compression test. It can be seen that the maximum shear plane is
inclined to the load direction by approximately 45◦.
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The fracture surface of the quaternary alloy taken is shown at low magnification
in Figure 10a. The shear band direction is indicated by the white arrow. It can be seen
that the fracture surface mainly comprises flat and bumpy features, which are marked
in Figure 10a as Area A and Area B, respectively. Many wavy cracks can be observed
in the fracture surface. The detailed microstructure of Area A and Area B is shown in
Figure 10b,c, respectively. From Figure 10b, the flat features consist of smooth areas and
dimples. The detailed microstructure of Area B (Figure 10c) contains a few wavy cracks
along the boundaries of cellular colonies, indicating that the majority of the cracks are
separated by the boundaries of cellular colonies. In addition, the coarse Al2Cu phase was
found to fracture at the boundaries of cellular colonies, as shown in Figure 10c. This is
because the coarse Al2Cu particles are brittle and therefore vulnerable to crack initiation.

Figure 11a shows TEM bright-field image along [001]Al zone axis of α-Al lamella
within one eutectic cellular colony at low magnification. It can be noted from strain contrast
that the orientation of α-Al is same from the centre to the boundary of the cell. A large
number density of dislocation can be seen either in the eutectic cell or at the intercellular
region. The nanoscale anomalous eutectic was found at cell boundaries. Figure 11b shows
the dislocations inside the cell. The dislocations were entrapped inside the eutectic phases.
No dislocations are found in Q or Al2Cu phase.
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4. Discussion
4.1. Microstructure Evolution

The solidification of a eutectic colony starts from one effective nucleus, followed
by coupled growth of the eutectic phases, with redistribution of solute across and along
the liquid/solid interface [9]. This results in the formation of a diffusion layer ahead of
the solid–liquid front. With an increase of the cooling rate, the diffusion layer becomes
very thin, accompanied by the short diffusion distance of the solute atoms, in order to
accelerate the eutectic growth [9,10,35,36]. It is should be noted that the quaternary eutectic
growth front can transform from planar to cellular morphology. Such a transformation
can be explained by solid–liquid interface stability theory [37]. The unstable eutectic
growth front can lead to the development of a cellular structure [38], due to the presence of
impurities or additional elements which change the interfacial undercooling, destabilising
the solid–liquid front, resulting in the formation of eutectic cells. From microstructure
characterisation, the majority of phases are Al2Cu, α-Al and Q, while Si is a minor phase.
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The diffusion in front of the solid/liquid interface is very complex at a high cooling rate.
The favourable morphology of quaternary eutectic alloy is reached when each phase has
fine lamellar or rod spacing in contact with the other two/three phases so as to provide
efficient diffusion paths in the liquid or at the solid/liquid interface [39]. Coarsening at
the cellular boundaries is caused by changing the growth rate of the eutectic phases, large
interface curvature at the cellular boundaries, and interface crystallography.

Eutectic cells with equiaxed branches were found in the bottom part of the sample,
which has a higher cooling rate, due to the radial and bottom surface heat transfer [40,41].
The melt is undercooled, and with the development of eutectic cells, a negative temperature
field forms ahead of the solid–liquid surface [36,42]. From the microstructure analysis in
Figure 5 and Video S1, there are partitioning components, especially Si, enriched in the
cellular boundaries, destabilising the interface and causing high constitutional undercool-
ing [43]. Eutectic branches develop, driven by thermal and constitutional undercooling.
It is reported that eutectic branches are able to dissipate the excessive latent heat more
effectively [44,45]. The excessive heat will transfer from the remaining liquid to the eutectic
colonies, resulting in the breakdown of the cellular interface into branches.

Furthermore, an anomalous eutectic structure in the cell centre with a coarse mi-
crostructure is shown in Figure 5. Remelting or fragmentation could be the origin of its
formation [14,46]. The negative temperature gradient leads to a higher temperature in the
centre of the cell. As a result, a fine eutectic structure is heated and fragmented, with a
driving force from the reduction of interfacial energy. In addition, fine anomalous eutectic
microstructures were found at the intercellular regions both in the half-length and bottom
part of the sample. The fine anomalous eutectic region was the last solidified liquid, where
microsegregation of Si took place. The local composition is far away from the eutectic
point, and this last solidification pocket has high constitutional undercooling and a high
rate of heat transfer through eutectic cells. Solidification commences with a heterogeneous
nucleation of multi-phases with fine sizes and a crystallographic OR, generating more in-
terfaces and consuming the high undercooling. Consequently, the fine anomalous eutectic
microstructure formed.

An orientation relationship (OR) is often observed between the different phases after
coupled eutectic solidification. The orientation relationship in the Al-Al2Cu eutectic be-
tween the Al and Al2Cu phases has been reported by Cantor et al. [47] to be variable, but
most commonly

{211}Al2Cu//{111}Al and〈120〉Al2Cu//〈110〉Al

This OR is usually observed in Al-Cu alloys with various cooling rates, and is similar
to those observed in the current work. The difference is that there are a lot of nano-scale Q
phase particles adjacent to the α-Al-Al2Cu lamellae. The OR of Al2Cu, Q and α-Al is

{211}Al2Cu//{111}Al //
{

3140
}

Q and〈120〉Al2Cu//〈110〉Al//〈0001〉Q

The lattice parameters of tetragonal Al2Cu, hexagonal Q and cubic α-Al phases are
a = b = 0.60671 nm and c = 0.48771 nm, a = b = 1.03933 nm and c = 0.401736 nm, and
a = b = c = 0.404975 nm respectively. In other words, the lattice parameters of Q are
considerably different from Al2Cu and α-Al. The lattice disregistries of α-Al/Q, Q/Al2Cu
and Al2Cu/α-Al can be calculated by the method proposed by Nabarro [48], based on the
TKD results in the current study. The formula can be written as follows

Fx/y =
2
(
ndx −mdy

)
ndx + mdy

(1)

where Fx/y is the disregistry between any two of the eutectic phases x and y, dx and dy are
the corresponding spacings of x and y phase particles respectively, and n and m are integers.
The d-spacings of {211}Al2Cu, {111}Al, and

{
3140

}
Q are 1.44164 nm, 0.701437 nm, and

0.31849 nm, respectively. It can be seen that twice the d-spacing of {111}Al matches the d-
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spacing of {211}Al2Cu. Therefore, nAl2Cu and mAl are 1 and 2, respectively. The calculated
FAl2Cu/Al is 2.7%, meaning that the interface between α-Al and Al2Cu is coherent [49].
Similarly, the disregistries between Q and α-Al, and between Q and Al2Cu are calculated
to be 9.9% and 9.6%, respectively. The interfaces between Q and α-Al, Q and Al2Cu are
therefore semi-coherent [49].

The disregistries between Q and α-Al, and between Q and Al2Cu are larger than
the disregistry between α-Al and Al2Cu. It should be noted that during multi-phase
eutectic solidification, a variety of different interfaces are generated, and there will be a
corresponding variety of different interfacial energies, following the rules that there is a
balance between minimising the total interfacial energy and maximising the growth rate
under rapid solidification [10,50]. Thus, the orientation relationship between α-Al and
Al2Cu has a close-packed direction with a coherent interface. The total interfacial energy
can be minimised since α-Al and Al2Cu are majority phases that generate a large number
of interfaces. In addition, the lower-fraction Q phase shows a rod-like morphology inserted
in between the α-Al and Al2Cu lamellae and forming semi-coherent interfaces. Although
there are some semi-coherent interfaces between the α-Al, Al2Cu and Q phase having
high interfacial energy, such a structure is favourable for a short diffusion path and high
growth rate [39]. The α-Al and Al2Cu eutectic phases continue with coupled growth from
the centre to the edge of the cell. However, Q-phase initially grows in a coupled manner
within the cell but changes to a decoupled manner towards the cell boundary. It can be
observed that at the cellular boundaries, Al2Cu and Q show a much coarser morphology,
with 2–3 times the particle size, caused by a lower growth rate and a correspondingly long
diffusion path at the cell boundaries.

4.2. Relationship between the Microstructure and the Mechanical Properties

The quaternary alloy in the current study has higher compressive yield strength than
some other binary and ternary alloys [23,26,51]. It is known that the hard Al2Cu or Q
phases suppress the bypassing of dislocations in α-Al, so that a fine lamellar spacing and
a fibrous Q phase both increase the flow stress [47,52,53]. Hence, the quaternary eutectic
alloy has a finer microstructure and, therefore, a higher yield strength than some Al-based
ternary eutectic alloys [23,26].

It is reported that structural heterogeneities such as exist in bimodal or multi-modal
eutectics are an effective approach to dissipating excessive stress via the rotation of cellular
colonies [54,55]. Although the quaternary eutectic has a bimodal eutectic structure, no
rotation behaviour was observed from the fracture surface. It can be also induced by the
relatively lower compressive plasticity compared with Al-Cu-Si based ultrafine eutectic
alloys [26]. Instead, many wavy microcracks similar to eutectic cell sizes were found at the
eutectic cell boundaries, which had very coarse Al2Cu lamellae. In another word, the crack
initiates from coarse Al2Cu lamellae. The crack tends to extend along the cell boundaries,
rather than penetrate into the eutectic cells. The suggested fracture mechanism of bimodal
quaternary Al-Cu-Si-Mg alloy is shown in Figure 12. Firstly, the nucleation of the crack
occurs in the defects or large voids near the surface of the sample. Secondly, the increase in
load leads to the extension of the crack along the cell boundaries, meanwhile, some voids
nucleate and grow because the stress near the eutectic cells exceeds the critical value of the
coarse Al2Cu lamellae. Finally, the main crack further propagates along the cell boundaries
and some small cracks penetrate into the eutectic cells with the increase of stress inside the
cells. As a result, catastrophic failure takes place.
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Figure 12. The suggested fracture mechanism of bimodal quaternary Al-Cu-Si-Mg alloy.

The mechanical properties of current and reported Al-based eutectic alloys are shown
in Table 1. Although the quaternary eutectic alloy has high compressive strength, ductility
is relatively low compared with some ternary eutectic alloys [23,26]. Based on the facture
analysis, further work is needed to try to improve the ductility of the alloy. Furthermore,
future detailed elemental distribution mapping of the fracture surface will elucidate the
fracture behaviour in such quaternary eutectic mixture. The introduction of ductile α-Al
phase regions and modification of the eutectic cells such as changing its size, volume
fraction and refinement of eutectic phases at cell boundaries are two methods that may be
effective in improving the ductility.

Table 1. The compressive mechanical properties of current and reported Al-based ultrafine eutectic
alloys.

Alloy Composition
/Atomic Percent

Sample Size
/mm

Yield Strength
/MPa

Fracture Strength
/MPa

Plastic Strain
/%

Al83Cu17 [51] ∅1 ~1000 ~1200 ~2

Al81Cu13Si6 [26] ∅3 ~773 ~1000 ~8

Al81Ni13Si6 [55] ∅3 502 556 5.2

Al81Ni5Cu8Si6 [55] ∅3 598 773 14.8

Al88Cu10.5Ni1.5 [23] ∅3 800 1000 9

Al96.9Ni3.1 [19] ∅3 ~210 ~350 ~20

Al95.4Ni4Cr0.6 [19] ∅3 ~380 ~800 ~35

Al77.1Cu13.6Mg3Si6.3
(current work) ∅3 ~835 ~1036 ~4.7

5. Conclusions

A quaternary eutectic Al-Cu-Si-Mg alloy was prepared by induction casting as well as
arc melting and suction casting. The microstructure of the quaternary alloy was studied
from different parts of the castings, i.e., at different cooling rates and, therefore, solidifica-
tion speeds. The mechanical properties of the quaternary alloy in compression were also
studied. The following conclusions can be made:

1. The quaternary eutectic alloy solidifies with four distinct solid phases (α-Al, Si, Al2Cu
and Al4Cu2Mg8Si7 (Q)), and one endothermic DSC peak with a melting point of 509 ◦C.

2. The as-cast microstructure of the quaternary eutectic alloy consists of cellular eutectic
and fine anomalous eutectic in the intercellular regions. Both eutectic microstructures
exhibit four solid phases (α-Al, Si, Al2Cu and Al4Cu2Mg8Si7 (Q)). A cellular eutectic
with surrounding branches was found in the fastest cooled part of the sample.
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3. A well-defined orientation relationship between the α-Al, Al2Cu and Q phases
was found in the centres of the cells, with {211}Al2Cu//{111}Al //

{
3140

}
Q and

〈120〉Al2Cu//〈110〉Al//〈0001〉Q. However, at the cellular boundaries, decoupled
growth of Q phase was also found.

4. The alloy shows an excellent compressive yield strength of 835 ± 35MPa, with a
moderate compressive fracture strain of 4.7 ± 1.1%. The propagation of cracks along
cell boundaries is the main factor leading to the catastrophic failure of the sample.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/met12010007/s1, Video S1.
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