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a b s t r a c t

Eutectic alloys were fabricated from the quaternary Al-Cu-Si-Ni system via arc melting and suction casting. 
An invariant ternary eutectic reaction (α-Al+Si+θ-Al2(CuNi)) was found in the quaternary alloy system with a 
composition of Al67.2Cu24Si8Ni0.8 (wt%). The dissolution of Ni (∼1.7 at%) into tetragonal θ-Al2Cu takes 
place during this ternary eutectic reaction. Density functional theory (DFT) calculations show that the 
configurational entropy stabilises this level of randomly substituted Ni with Cu sites in the θ-Al2Cu lattice at 
high temperatures. The as-solidified eutectic microstructure exhibits a lamellar θ-Al2(CuNi) phase showing 
fragmented lamellar morphology with a lamellar thickness of 130  ±  30 nm and Si exhibits fibrous mor-
phology with a fibre diameter below 100 nm. The thermal stability of the Al-Cu-Si-Ni eutectic alloy after 
post-solidification annealing was investigated, and the thermal stability of the ternary eutectic micro-
structure is better than the corresponding Al33Cu (wt%) binary eutectic microstructure. It was found that Ni 
solution in θ-Al2(CuNi) phase contributes to the thermal stability of this ternary eutectic microstructure and 
β2-Al3(CuNi)2 (β1-(Cu2.9Ni0.1)Al type, Fm-3 m) phase can transform from θ-Al2(CuNi) phase after annealing 
at different temperatures. The Al-Cu-Si-Ni eutectic alloy has excellent as-cast hardness together with 
thermal stability. It is potentially valuable for the design of new aluminium alloys for serving at elevated 
temperatures.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

For decades, cast aluminium alloys have gained a lot of attention 
in the aerospace and automotive industry, due to their high specific 
strength (strength/density) and resistance to exposure at moderate 
temperatures [1–3] Cast aluminium alloys usually consist of a partial 
or complete eutectic structure, which plays an important role in 
their mechanical properties both at room and high temperatures 
[4,5]. In particular, Al-Cu based eutectic and hypoeutectic alloys have 
exceptional mechanical properties, due to a combination of pre-
cipitation [6–8] and Al-Cu eutectic strengthening [9–11]. A fine eu-
tectic structure can be achieved via rapid solidification, leading to 
considerable improvement in strength [12]. In recent years, there 
has been large amount of research on the Al-Cu based multi-
component eutectic or near-eutectic alloys. Adding more elements 
to the Al-Cu eutectic system can lead to a unique eutectic micro-
structure and thus improve physical or mechanical properties. For 
example, the bimodal eutectic structure was found in Al(13 at%)Cu 
(6 at%)Si ternary eutectic alloy, consisting of cellular binary eutectic 

(α-Al+Al2Cu) and ternary eutectic matrix (α-Al+Al2Cu+Si) [13,14]. 
This ternary eutectic alloy shows better toughness than binary Al-Cu 
eutectic alloy [15]. Moreover, Tiwary et al. studied the mechanical 
properties of ternary Al(10 at%)Cu(1.5 at%)Ni alloy [16]. The alloy 
consisting of primary Al7Cu4Ni (R-32 H) phase and binary eutectic 
matrix (α-Al+Al2Cu), exhibits better mechanical properties than Al- 
Cu binary eutectic alloy at room and elevated temperature, resulting 
from the refined eutectic structure and primary Al7Cu4Ni (R-32 H) 
phase. In addition, similar Al-Cu based eutectic or near-eutectic al-
loys were also reported in ternary Al-Cu-Mg [17,18] and Al-Cu-Co 
[19] systems. Due to the complexity of the phase diagram and the 
lack of a suitable database, it is very difficult to predict the qua-
ternary eutectic point. To date, only quaternary Al-Cu-Si-Mg [20] and 
Al-Cu-Si-Fe eutectic alloys [21] were reported. The four types of 
eutectic phases (α-Al, Si, Q-Al4Cu2Mg8Si7 and Al2Cu) in Al-Cu-Si-Mg 
and (α-Al, Si, Al7Cu2Fe and Al2Cu) in Al-Cu-Si-Fe were involved into 
these quaternary eutectic solidifications.

Furthermore, it is also known that Ni is very practical and ef-
fective for improving high-temperature mechanical performance. 
The addition of Ni into Al-Cu or Al-Si-Cu based piston alloys can lead 
to excellent mechanical properties at elevated temperatures 
(≤350 °C), resulting from the formation of Ni-containing phases such 
as orthorhombic ɛ-Al3Ni (Pnma), hexagonal Al3Ni2 (P-3m1), 
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rhombohedral Al7Cu4Ni (R-32 H), hexagonal Al3CuNi (P-3m1) 
[16,22–24]. For instance, Zuo et al. investigated the effect of Ni in Al- 
Si-Cu cast piston alloy and found that the ultimate tensile strength at 
250 °C increased from 162 MPa to 187 MPa with an increased vo-
lume fraction of ɛ-Al3Ni from 1.03% to 8.2% [25]. The mechanical 
properties at elevated temperatures with the addition of Ni 
(0–1.5 wt%) in ternary Al-27 wt%Cu-5 wt%Si eutectic alloy were re-
ported by Awe et al. [26]. The ultimate tensile strength at elevated 
temperature can be greatly improved as well as excellent elongation, 
with the addition of less than 1 wt%Ni. It can be concluded that Al- 
Cu-Si-Ni quaternary system has the potential for designing heat- 
resistant alloys.

The coarsening of microstructure in aluminium eutectic alloys 
can be usually found after their exposure to elevated temperatures, 
due to the driving force of reducing the interfacial energy of eutectic 
phases at high temperatures. Higher thermal stability of eutectic 
phases contributes to less sacrifice of the strength at high tem-
peratures and it is favourable for the application of the alloys at 
elevated temperatures. A few investigations on the thermal stability 
of eutectic phases have been studied on different eutectic aluminium 
alloys, such as Al-Ni [27], Al-Ce [28,29], Al-Fe [30] and Al-Ni-Mn [31]
systems. With respect to Al-Cu based alloys, most of the studies 
focused on preventing the coarsening θ’-Al2Cu precipitates, and θ’- 
Al2Cu is thermodynamically metastable over 250 °C [32–34]. How-
ever, the coarsening behaviour of eutectic phases is also important 
and they have a great impact on the mechanical performance of the 
alloys at elevated temperatures of cast alloys [35,36].

Motivated by the above concern, the eutectic point in the Al-Cu- 
Si-Ni system was explored and studied. Detailed microstructural 
characterisation of eutectic Al-Cu-Si-Ni alloy was performed to 
identify the phases. The hardness of studied Al-Cu-Si-Ni and Al-Cu 
binary alloys were compared. A post-solidification annealing was 
conducted in the eutectic Al-Cu-Ni-Si alloy to study the micro-
structure evolution of eutectic phases and their thermal stability. 
The dissolution of Ni into Al2Cu was found in the system, leading to 
high hardness and thermal stability. It provides new insight into 
designing heat-resistant aluminium alloys in Al-Cu based system. 
The alloys based on Al-Cu-Si-Ni eutectic system are the potential for 
industrial applications at either room temperature or elevated 
temperature conditions.

2. Experimental

Small ∼4 g ingots of various compositions were prepared by arc 
melting under an argon atmosphere with pure elements of Al 
(99.94%), Si (99.99%), Ni (99.98%), and Cu (99.99%). The ingots were 
arc melted and solidified with an Edmund Buhler arc melting system 
at least five times to ensure the homogeneity of the composition. 
Rod samples of 3 mm diameter and 30 mm length were prepared 
with suction casting into the water-cooled copper mould. The mi-
crostructure examination was taken from the middle part of the rod. 
The samples were cold mounted, ground and polished for char-
acterisation with a Zeiss Supra 35 scanning electron microscope 
(SEM) equipped with energy-dispersive X-ray spectroscopy (EDX) 
operating at the voltage of 20 kV. The thickness of eutectic phases 
was analyzed by Image J software from SEM images. Bulk phase 
identification at room temperature and elevated temperatures was 
obtained in a Bruker D8 Advanced X-ray diffractometer (XRD) 
equipped with in situ heating chamber operating at 1 × 10−4 Pa, and 
using a Cu X-ray source and Ni filter at a voltage of 40 kV and a 
current of 40 mA with a step size of 0.24°/min. The 3D morphology 
of the eutectic was obtained via a focused ion beam and scanning 
electron microscopy technique, which is known as FIB-SEM tomo-
graphy. The 3D structure was obtained from SEM slides using 
Dragonfly software, Version 2020.2 for Windows 10. Samples for 
transmission electron microscopy (TEM) were prepared by a Gatan 

Precision Ion Polish system (PIPS) with voltage 2–5 kV and milling 
angles of 3.5–5°. The TEM samples were characterised with a JEOL 
2100 F transmission electron microscope (TEM). The compositions of 
the phases were identified by EDX in JEOL 2100 TEM operated at 
200 kV. The melting temperature and heat fusion were measured 
using a Netzsh 404F1 differential scanning calorimetry (DSC) with a 
heating/cooling rate of 5 K/min and dynamic flow of argon gas at a 
constant flow rate of 50 ml/min. The heat treatment was carried out 
in a Carbolite electric resistance furnace. For each heat treatment, 
the furnace was preheated to the designed temperature and held for 
4 h, and after that, the samples were put inside, promptly. The 
samples were taken out and cooled in the air after each period. In 
the current work, the selected annealing temperatures are 350 °C 
and 500 °C. A temperature of 350 °C was selected because most of 
the heat-resistant aluminium alloys were used at the temperature 
below 350 °C, and the selection of 500 °C aims at the accelerating 
microstructure evolution during annealing. Vickers hardness mea-
surements were performed with an FM-800 tester with a load of 
5 kg and a dwell time of 15 s. An average hardness value was ob-
tained from 8 measurements for each sample.

The Al33wt%Cu binary eutectic alloy was prepared to compare its 
properties with the newly developed alloy. It is named Alloy A. The 
composition of Al-Cu-Si-Ni eutectic alloy was obtained from the 
experimental method, as shown in Fig. 1. Firstly, a starting alloy with 
a composition of Al24Cu9Si1Ni (wt%) was prepared, which consisted 
of a mixture of binary cellular Al–Al2Cu eutectic, Si/Ni-containing 
primary particles and a fine-scale ternary eutectic. The composition 
collected from the ternary eutectic microstructure region was 
measured by EDX analysis. Secondly, a new alloy with this measured 
ternary eutectic composition was prepared, which contained a much 
higher fraction of the fine ternary eutectic microstructure, but still 
with minor binary eutectic and primary α-Al and primary Si phase 
regions. The composition of the ternary eutectic was again measured 
in this secondary alloy by EDX. Thirdly, a new alloy with this newly 
measured ternary eutectic composition was prepared, which again 
contained a much higher fraction of the fine ternary eutectic struc-
ture. After this iterative procedure, the alloy consists almost com-
pletely of a very uniform ternary eutectic microstructure with only 
very minor residual regions of binary eutectic. In other words, the 
alloy composition was now very close to the true ternary eutectic 
composition in the Al-Cu-Si-Ni system. This final eutectic alloy with 
a composition of Al24Cu8Si0.8Ni (wt%) was named Alloy B. Apart 
from the eutectic alloy, the Al-Cu-Si-Ni alloys which have the com-
position around the eutectic point were prepared, aiming at in-
vestigating the solidification sequence. The names, compositions, 
microstructure and hardness of the Al-Cu-Si-Ni alloys are sum-
marised in Table 1.

3. First-principles calculations

For a better understanding of the experimental observations, 
first-principles density functional theory (DFT) calculations for Ni- 
containing θ-Al2Cu at ambient conditions were performed. Then, the 
related contribution of the configurational entropy to the stability of 
the Ni-doped θ-Al2Cu crystals at elevated temperatures was esti-
mated. A supercell approach for investigating Ni containing θ-Al2Cu 
phase was employed. A 2a0 × 2a0 × 3c0 supercell, where a0 and c0 are 
the lattice parameters of θ-Al2Cu unit cell was built [37]. In the Al- 
rich region of the ternary Al-Cu-Ni system, there are two stable 
phases, tetragonal θ-Al2Cu and cementite-type ε-Al3Ni [38]. These 
two binary compounds are used as references in the present theo-
retical study. The supercell used in the DFT calculations contained 48 
chemical formula units.

The Ni containing θ-Al2Cu can be represented as:  
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(1-y/48)Al96Cu48+(x+y)Al3Ni-(4x+y)Al=(Al96−xNix)(Cu48−yNiy)+ΔH                                                                                             
(1) 

Here, ΔH is the reaction enthalpy. The formation energy ΔE for θ- 
(Al96−xNix)(Cu46−yNiy) is.  

ΔE=E[(Al96−xNix)(Cu48−yNiy)]–{(1-y/48)E[θ-Al96Cu48]+(x+y)E(Al3Ni)- 
(4x+y)E(Al)}                                                                          (2) 

Here, E[θ-(Al96−xNix)(Cu48−yNiy)], E[θ-Al96Cu48], E(Al) and E(Al3Ni) 
are the calculated total valence-electron energies for θ-(Al96−xNix) 
(Cu48−yNiy), θ-Al96Cu48, α-Al, θ-Al2Cu and ε-Al3Ni, respectively. The 
calculated formation energy, ΔE = - ΔH at ambient conditions and 
zero-point vibration contribution is ignored.

The plane-wave approach which has been implanted in the code 
VASP (Vienna ab initio simulation package) for all the first-principles 
calculations is utilized [39]. The Gaussian smearing (smearing width 
being 0.1 eV) was employed. The projector augmented-wave (PAW) 
method within the generalized gradient approximation (PBE-GGA) is 
utilized [40,41]. Hubbard U correction was applied for the Cu 3d 
electrons [42]. The U= 4 eV is adopted according to the literature 
[43,44]. For electronic structure calculations, we used cut-off en-
ergies of 520.0 eV for the wave functions and 700.0 eV for the aug-
mentation functions. Dense k-meshes were used for sampling the 
electronic wave functions, e. g. a 12 × 12 × 16 (256 k-points) in the 
Brillouin zone (BZ) of θ-Al2Cu in the Monkhost-Pack scheme [45].

4. Results

4.1. As-cast microstructures

The SEM backscattered images with the same magnification of 
the selected multi-component Al-Cu-Si-Ni alloys are displayed in 
Fig. 2(a-i). Alloy C has the highest content of Ni (1 wt%), and some 
polygon bright phases can be found in Fig. 2(a). These phases were 
identified as Ni-contained phases by SEM EDX (not shown here). 
With the decrease of Ni content in the alloy, there are almost no Ni- 
contained primary phases. The multi-component Al-Cu-Si-Ni alloys 
in the current study exhibit hierarchical morphology in the length 
scale of constituent phases. There are only three types of primary 
phases in these alloys, which are the Ni-contained phase, Si, and α-Al 
phases. Two types of eutectic structures with different length scales 
were observed. One type is binary cellular eutectic with Al2Cu in-
terlamellar spacing of 250–600 nm. Another type is a fine eutectic 
matrix with Al2Cu interlamellar spacing of ∼120 nm. The area frac-
tion of the fine eutectic region can be increased by the modification 
of the compositions. The primary phases and types of eutectic 
structure in these alloys are summarised in Table 1.

Fig. 3(a) shows the XRD spectrum of the Al24Cu8Si0.8Ni (wt%) 
ternary eutectic alloy (Alloy B). There are only three eutectic phases 
in Alloy B which are Al2Cu, Si and α-Al. The addition of Ni in the alloy 
does not lead to the formation of additional Ni-containing phases 

Fig. 1. The illustration of steps for obtaining eutectic alloy composition in the Al-Cu-Si-Ni system. 

Table 1 
Chemical compositions, microstructures and hardness of the Al-Cu-Si-Ni alloys (wt%). 

Alloy name Composition (wt%) Microstructure Hardness 
(HV5)

Al Cu Si Ni

Alloy A 67 33 - - Al2Cu+ α-Al (binary eutectic) 255  ±  6
Alloy B 67.2 24 8 0.8 Al2Cu+ α-Al+Si (ternary eutectic) 253  ±  6
Alloy C 66 24 9 1 β2-phase+Si (primary), Al2Cu+ α-Al (binary eutectic), Al2Cu+ α-Al+Si (fine eutectic) 230  ±  13
Alloy D 67.7 24 7.5 0.8 Al2Cu+ α-Al (binary eutectic), Al2Cu+ α-Al+Si (fine eutectic) 248  ±  6
Alloy E 67.1 25 7 0.9 β2-phase+Si (primary), Al2Cu+ α-Al (binary eutectic), Al2Cu+ α-Al+Si (fine eutectic) 231  ±  5
Alloy F 67.6 24 8 0.4 Si (primary), Al2Cu+ α-Al (binary eutectic), Al2Cu+ α-Al+Si (fine eutectic) 246  ±  5
Alloy G 68.7 22 8.5 0.8 α-Al+Si (primary), Al2Cu+ α-Al (binary eutectic), Al2Cu+ α-Al+Si (fine eutectic) 229  ±  11
Alloy H 65.2 25 9 0.8 Si (primary), Al2Cu+ α-Al (binary eutectic), Al2Cu+ α-Al+Si (fine eutectic) 248  ±  5
Alloy I 67.2 23 9 0.8 β2-phase+Si (primary), Al2Cu+ α-Al (binary eutectic), Al2Cu+ α-Al+Si (fine eutectic) 210  ±  3
Alloy J 68.5 23.5 7.3 0.7 Si (primary), Al2Cu+ α-Al (binary eutectic), Al2Cu+ α-Al+Si (fine eutectic) 228  ±  8
Alloy K 68.7 21 9.5 0.8 α-Al+Si (primary), Al2Cu+ α-Al (binary eutectic), Al2Cu+ α-Al+Si (fine eutectic) 212  ±  4
Alloy L 67.1 26 6 0.9 β2-phase(primary), Al2Cu+ α-Al (binary eutectic), Al2Cu+ α-Al+Si (fine eutectic) 237  ±  7
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during the eutectic solidification. The microstructure of binary 
Al33wt%Cu alloy (Alloy A) is shown in Fig. 3(b) and (c). The two 
types of phases can be identified from the image. The bright phase is 
Al2Cu, and the dark phase is α-Al. The microstructure has eutectic 
cells with two dominated phases, which are α-Al and Al2Cu. The 
average interlamellar thickness of Al2Cu in Alloy A is 100  ±  30 nm 
and it exhibits a regular structure. The SEM backscattered image in 
Fig. 3(d) shows the microstructure of the eutectic structure and the 
cell boundaries in Alloy B. The high-magnified image in Fig. 3(e) 
shows the Al2Cu lamellae with an average thickness of 120  ±  30 nm, 
having fragment morphology. The size is very close to that of Alloy A. 
In addition, Vickers hardness was performed in these two eutectic 
alloys and off-eutectic Al-Cu-Si-Ni alloys. The hardnesses of Alloy A 
and Alloy B are 255  ±  6 HV5 and 253  ±  6 HV5 respectively, which are 
very close. They are higher than other off-eutectic alloys (Table 1).

DSC heating and cooling curves of Alloy B are displayed in 
Fig. 4(a). There is only one endothermic peak during heating corre-
sponding to the ternary eutectic reaction, and the melting tem-
perature is about 523 °C. However, there are mainly three peaks on 
the exothermic peak during cooling from the melt. The micro-
structure of Alloy B after DSC is shown in Fig. 4(b). The micro-
structure consists of primary α-Al, binary coarse eutectic and fine 
ternary eutectic. The pre-peaks in the exothermic peak in Fig. 4(a) 
correspond to the initial solidification of small amounts of primary 
α-Al and binary α-Al+Al2Cu eutectic, followed by the main peak 
corresponding to the solidification of ternary α-Al+Al2Cu+Si eutectic. 
The SEM EDX mapping of the fine eutectic region from Fig. 4(b) is 
shown in Fig. S1 (Supplementary Material). It is revealed that there 
are three types of eutectic phases (α-Al, Al2Cu and Si) and the dis-
solution of Ni in Al2Cu phase is found.

TEM bright-field images and corresponding selected area dif-
fraction patterns (SADPs) in Fig. 5(a) reveal that the fine-scale fea-
tures result from the ternary eutectic reaction in Alloy B. There are 

three phases in the microstructure which are α-Al, Al2Cu and Si as 
identified from corresponding SADPs. The Al2Cu shows a fragmented 
lamellar morphology with a size below 200 nm. The distribution of 
the α-Al, Si, and Al2Cu eutectic phases are also shown in the HAADF- 
STEM image from Fig. 5(b). Small (< 100 nm) Si particles are attached 
to the Al2Cu fragment lamellae. EDX analysis under TEM was per-
formed in a few Al2Cu phases in Alloy B, shown in Fig. 5(c). The 
average composition of the Al2Cu phase is Al69.4Cu28.9Ni1.7 (at%). The 
normal lattice parameter of Al2Cu is a=b= 6.06 Å and c= 4.87 Å [37]. 
However, the lattice parameter of Al2Cu in the ternary eutectic alloy 
measured from SADP is a=b= 5.82 Å and c= 4.79 Å, which is smaller 
than the standard lattice parameter of Al2Cu phase. Thus, the smaller 
lattice parameter is caused by the dissolution of Ni into the Al2Cu 
phase. Interestingly, the dissolution of Ni in Al2Cu was also found in 
Alloy B at slow solidification conditions (after DSC measurement at 
5 K/min), shown in Fig. S1 (Supplementary Material).

Fig. 6 shows the 3D reconstruction of fine ternary eutectic in 
Alloy B. The morphology of Al2Cu phase in Alloy B exhibits a less 
regular and fragmented lamellar morphology, which is different 
from that in binary Al-Cu eutectic alloys. The fragment of the la-
mellar indicates the instability of the lamellar growth. The Si phase 
has shot fibre morphology aligned together with the lamellar Al2Cu 
phase, showing the cooperative growth of the eutectic phases. The 
lamellar morphology (Al2Cu) and fibre morphology (Si) correspond 
well with the volume fraction of the eutectic phases [46].

4.2. Microstructure evolution after annealing

In order to study the thermal stability, Alloy B was annealed at 
different temperatures for different times. Fig. 7(a-c) and (d-f) show 
the backscattered images of Alloy A and Alloy B after annealing, 
respectively. The as-cast lamellar thickness of Al2Cu in Alloy A is 
100  ±  30 nm as shown in Fig. 3(b), and it coarsens to ∼4 µm after 

Fig. 2. SEM backscattered images of of-eutectic Al-Cu-Ni-Si alloys (a) Alloy C (b) Alloy D (c) Alloy F (d) Alloy G (e) Alloy H (f) Alloy I (g) Alloy J (h) Alloy K (i) Alloy L. 
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168 h annealing at 350 °C shown in Fig. 7(a). In comparison, the as- 
cast lamellar thickness of Al2Cu phase in Alloy B changes from 
∼130 nm to ∼1.5 µm after the same condition shown in Fig. 7(d). A 
similar phenomenon of a slower coarsening rate is also present in 
Fig. 7(b,e) and (c,f). It is revealed that the microstructure of Alloy B 
has much better thermal stability.

In addition, the high-magnified SEM-backscattered images of 
microstructures in Alloy B after annealing for various temperatures 
and times, are present in Fig. 8(a-d). It can be found that there are 
some fine brighter phases attached to the Al2Cu phases, which are 
marked by red dash circles. It is indicated that there are some new 
phases formed in Alloy B after annealing at different temperatures. 

Fig. 3. (a) The XRD spectrum of Alloy B (b) SEM backscattered images showing the microstructure of Alloy A under low magnification (c) the eutectic cell boundary of Alloy A 
under high magnification; (d) SEM backscattered images showing the microstructure of Alloy B under low magnification (e) the eutectic cell boundary under high magnification 
from (d).

Fig. 4. (a) DSC heating and cooling curves of Alloy B (b) SEM backscattered image showing the microstructure after DSC measurement with an inserted high-magnified image of 
the ternary eutectic region.
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The dual-size distribution of the bright intermetallic phase was 
found in Fig. 8(c) and (d). Under as-cast conditions, Al2Cu phase in 
Alloy B dissolves ∼1.7 at% of Ni and it can be induced that these 
brighter phases are Ni-contained phases which developed from 
Al2Cu phase. It is further confirmed that the better thermal stability 
of Al2Cu phase in Alloy B results from the dissolution of Ni.

Fig. 9(a) shows TEM bright-field image with inserted HAADF- 
STEM image of the microstructure of Alloy B after annealing for 
168 h at 350 °C, corresponding to the SEM results in Fig. 8(a). EDX 
mapping of this region is shown in Fig. 9(b), and the Ni-rich region 
indicates the phase transformation. The composition of this phase is 
about 62Al33.1Cu4.9Ni (at%) from the EDX point analysis under TEM, 
shown in Table 2. Three SADPs were obtained from the Ni- 

containing phase under different zone axis after annealing shown in 
Fig. 9(c), and it was identified to be β1-(Cu2.9Ni0.1)Al-type phase [47]. 
β1-(Cu2.9Ni0.1)Al phase has FCC crystal structure and the lattice 
parameter is a=b=c= 5.841 Å and α = β = γ = 90°. Here, the Ni-con-
taining phase is named β2 phase. The structural formula of β2 phase 
is close to Al3(CuNi)2.

Fig. 10 (a) shows the TEM bright-field image with inserted 
HAADF-STEM image of the microstructure of Alloy B after annealing 
at 500 °C for 5 h. β2 phase (β1-(Cu2.9Ni0.1)Al-type) was also identified 
from the SAPDs in Fig. 10 (c). The crystal structure and lattice 
parameter of the formed β2 phase after annealing at 500 °C for 5 h 
are almost the same as that after annealing at 350 °C for 168 h, 
shown in Table 2. However, the composition of β2 phase is about 
61.8%Al31.2%Cu7.0%Ni (at%), which is different from that after an-
nealing at 350 °C for 168 h, as shown in Table 2. However, based on 
the composition in Table 2, β2 phase was also found with a structural 
formula of Al3(CuNi)2 [48]. The ratio of Cu:Ni in β2 phase which 
formed at 500 °C is lower than that at 350 °C. The EDX mapping of 
the region is displayed in Fig. 10 (b). It is clearly shown that β2 phase 
developed from Al2Cu phase indicated by the high Ni element. Al2Cu 
phase contains the minor Ni element. Si phase shows fibrous mor-
phology with a diameter below 1 µm, and some Si phases are en-
trapped inside Al2Cu phase with a smaller size of ∼500 nm.

Fig. 11 (a) shows HRTEM and the FFT images of the interface 
between Al2Cu and β2-phases in Alloy B annealed at 500 °C for 5 h. 
The schematic of the FFT diffraction pattern is displayed in Fig. 11 (b). 
The orientation relationship was found to be (220)β2 // (220)Al2Cu and 
[111]β2 // [111]Al2Cu. The lattice disregistries of β2/Al2Cu can be cal-
culated by the method proposed by Nabarro [49] as Fβ2/Al2Cu 

= 2(nd 2− mdAl2Cu)/ (nd 2+mdAl2Cu). Where Fβ2/Al2Cu is the disregistres, 
d 2 and dAl2Cu are corresponding D-spacings, n and m are integers. The 
D-spacing of (220)β2 and (220)Al2Cu measured from SADPs are 
0.210 nm and 0.215 nm, respectively. Here, m and n can be taken as 1. 
The calculated Fβ2/Al2Cu is − 2.35%. This indicated the interfacial 
structure is semi-coherent and has low strain energy, which en-
courages the nucleation of the β2 phase.

Fig. 5. (a) TEM bright-field image of Alloy B with corresponding SADPs (b) HAADF-STEM image (c) EDX analysis of Al2Cu phase. 

Fig. 6. The morphology of eutectic phases in Alloy B obtained from FIB-SEM tomo-
graphy technique (a) three eutectic phases of α-Al, Si and Al2Cu (b) Al2Cu phase (c) Si 
phase (d) Al2Cu and Si phases.
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The average phase composition and lattice parameters of Al2Cu 
and β2 phase in Alloy B under as-cast and after annealing at different 
times and temperature are summarised in Table 2. The average 
compositions and lattice parameters of β2 and Al2Cu phase were 
obtained from TEM EDX and SAPDs, respectively. The lattice para-
meters of a and b in Al2Cu increase as the Ni content in Al2Cu de-
crease from 1.7% to 0.6% (at%) after 5 h of annealing, and there is 
almost no change in Ni content in the Al2Cu phase with further 
annealing at 500 °C. The composition of β2 phase is closer to the 
structural formula of Al3(CuNi)2 after annealing at 500 °C for dif-
ferent times. In addition, the lattice parameters of β2 phase are very 
close in Alloy B annealed for different times at 500 °C and 350 °C, 
which indicates the phase transformation takes place via the diffu-
sion of elements at different temperatures without changing its 
crystal structure.

5. Discussion

5.1. As-cast microstructure and hardness of Al-Cu-Si-Ni ternary eutectic 
alloy

It is reported that there is a quaternary eutectic reaction in the 
equilibrium Al-Cu-Si-Ni system, which is L→α-Al+ θ-Al2Cu+Si+ γ- 
Al7Cu4Ni at ∼520 °C [38,50]. γ-Al7Cu4Ni (Al3Ni2 type, hR12, R32H) 
has a rhombohedral-distorted B2 lattice (hexagonal) [51–53]. The 
lattice parameters are a=b= 4.105 Å and c= 39.9 Å. However, in the 
current study, the Al-based eutectic (Alloy B) was fabricated and a 
ternary eutectic reaction (α-Al+θ-Al2(CuNi)+Si) occurred in this 
quaternary Al-Cu-Si-Ni system. For simplification, θ-Al2(CuNi) is 
named Al2Cu phase. The Ni is involved in the ternary eutectic re-
action with its dissolution into Al2Cu phase under either rapid or 

Fig. 7. SEM backscattered images showing the microstructure after annealing for different times and temperatures (a) Alloy A and (d) Alloy B annealed for 168 h at 350 °C; (b) 
Alloy A and (e) Alloy B annealed for 5 h at 500 °C; (c) Alloy A and (f) Alloy B annealed for 168 h at 500 °C.

Fig. 8. enlarged images showing the phase transformation in Alloy B (a) 168 h at 350 °C (b) 5 h at 500 °C (c) 9 h at 500 °C (d) 168 h at 500 °C. 
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slow cooling rates and Alloy B shows a very uniform fine eutectic 
structure. It is different from the microstructure in so-called bimodal 
Al-Cu-Si [54] or Al-Si-Mg ternary eutectic alloys [55,56], having 
binary cellular eutectic and ternary eutectic matrix. In addition, 
ternary eutectic reactions have not been found in the ternary Al-Cu- 
Ni alloys [16,57]. Instead, the fine eutectic matrix in these Al-Cu-Ni 
alloys is lamellar Al-Al2Cu binary eutectic. Overall, there is a lack of 
thermodynamic information on the quaternary Al-Cu-Si-Ni system, 
and more work needs to be done for the completion of the phase 
diagram.

Furthermore, it is known that ternary eutectic solidification is a 
diffusion-controlled process with a short diffusion layer along a 
solid-liquid front [58,59]. During the solidification in Alloy B, the 
transversal diffusion along solid/liquid interface is very complex. 
Al2Cu phase absorbs Al, Cu and Ni elements while rejecting Si. α-Al 

and Si also absorb Al and Si respectively as well as rejecting ex-
cessive elements. During rapid solidification, the short transversal 
diffusion is favourable for the development of the eutectic structure 
at high growth rates, resulting in fine interlamellar/rod spacing. The 
interlamellar spacing in binary eutectic alloys is linear to the un-
dercooling in the solid/liquid front, based on Jackson and Hunt 
model [46,60]. This also shows a similar trend in ternary eutectic 
alloys [61,62]. Thus, the additional elements can provide high con-
stitutional undercooling, which results in finer interlamellar spacing. 
In a multicomponent quaternary alloy, solidification tends to be 
initiated with a primary phase, then a binary eutectic and then a 
multicomponent eutectic as the liquid is enriched in alloying ele-
ments by the rejection of solute at the solid/liquid interface. The 
lamellar structure arises from a balance between minimising the 
total interfacial energy (promoted by a large spacing) and 

Fig. 9. (a) TEM bright-field image of Alloy B with inserted HAADF-STEM image showing the phase transformation after annealing for 168 h at 350 °C (b) the EDX mapping of phase 
transformation region (c) the corresponding SADPs of β2-phase.

Table 2 
The compositions of Al2Cu phase and β2 phase as well as their lattice parameters under as-cast and after annealing in Alloy B. 

Alloy temper Al2Cu phase β2-phase (β1- (Cu2.9Ni0.1)Al type)

Composition (at%) Lattice parameter 
(Å)

Composition (at%) Lattice parameter 
(Å)

Al Cu Ni Al Cu Ni

As-cast 69.4 28.9 1.7 a=b= 5.82; 
c= 4.79

− − − −

Annealing 
(500 °C for 5 h)

69 30.2 0.6 a=b= 5.94; 
c= 4.80

61.8 31.2 7.0 a=b=c= 5.90

Annealing 
(500 °C for 9 h)

69.6 29.9 0.5 a=b= 5.97; 
c= 4.81

61.2 31.6 7.2 a=b=c= 5.88

Annealing 
(500 °C for 168 h)

68.6 30.9 0.5 a=b= 5.96; 
c= 4.80

59.9 32.8 7.3 a=b=c= 5.82

Annealing 
(350 °C for 168 h)

68 31.6 0.4 a=b= 5.95; 
c= 4.82

62 33.1 4.9 a=b=c= 5.87
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Fig. 10. (a) TEM bright-field image of Alloy B with inserted HAADF-STEM image showing the phase transformation after annealing for 5 h at 500 °C (b) the EDX mapping of phase 
transformation region (c) the corresponding SADPs of β2-phase.

Fig. 11. (a) HRTEM image with FFT images showing the orientation relationship in Alloy B after annealing for 5 h at 500 °C (b) the schematic of the FFT diffraction pattern indexed 
along [1 1 1] axis for both the β2 phase and Al2Cu phase.
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maximising the speed of growth (promoted by a small spacing). The 
absence of a Ni-containing phase favours rapid eutectic growth by 
minimising the interfacial energy and simplifying the diffusion path.

The first-principles calculations revealed that the solution of Ni 
at the Al sites in θ-Al2Cu costs high energies (> 1.8 eV/Ni). Thus, it is 
unlikely for Ni substitution at the Al sites. The calculated formation 
energies for Ni solution at the Cu sites in θ-Al2Cu according to Eq. (2)

at ambient conditions are plotted in Fig. 12. The calculations re-
vealed moderate formation energies for Ni at the Cu sites in the 
crystal. The calculated formation energies are positive and increase 
almost linearly on the Ni content at ambient conditions. This means 
that Ni-containing θ-Al2Cu is unfavourable at low temperatures. 
Solutions of Ni in the θ-Al2Cu provide extra freedom in the system. 
This causes configurational entropy contributions to the free energy 
of the system at elevated temperature (T), ΔG(T) = ΔH – T ΔSconf. 
Here, ΔH is the change of enthalpy which is equal to the formation 
energy of the crystal at − 273.15 °C when the zero-vibration con-
tribution is ignored, ΔSconf = ln(w), where w is the number of con-
figurations, is the configurational entropy. Using the random model, 
we calculated the free energies of the Ni -containing θ-Al2Cu at 
elevated temperatures.

At low temperatures (< 300 °C), the calculations show that Ni- 
containing θ-Al2Cu is unfavourable even with the configurational 
entropy contributions shown in Fig. 12. With the increase in tem-
perature, the configurational entropy contribution becomes domi-
nant. At 500 °C, about 1.4 at% Ni can be dissolved in this phase and at 
730 °C, about 2.6 at% Ni can replace Cu in the structure. The calcu-
lations also revealed the reduction of the lattice parameter (volume) 
of the unit cell with Ni content, corresponding to the results ob-
tained from SADPs in Fig. 5(a). This is due to the smaller volume of Ni 
as compared to that of Cu [63].

The hardness of the eutectic alloys is mainly affected by the type 
and size of the strengthening phases. From the hardness in Table 1, it 
can be found that the higher area fractions of a fine ternary eutectic 

Fig. 12. Free energies of Ni solution at the Cu sites in θ-Al2Cu at − 273.15 °C, 300 °C, 
503 °C and 727 °C.

Fig. 13. In situ XRD spectrum with 2 Theta angle between 39° and 46° of Alloy B during annealing for different times as well as before and after annealing measured at 25 °C (a) 
annealing at 350 °C (b) annealing at 500 °C.

Q. Cai, C. Fang, C. Mendis et al. Journal of Alloys and Compounds 941 (2023) 168942

10



matrix in Al-Cu-Si-Ni alloys lead to higher hardness, and the ternary 
eutectic Al-Cu-Si-Ni alloy (Alloy B) has the highest hardness than 
other Al-Cu-Si-Ni alloys. The relationship between the size of the 
reinforcement phase and strength can be described by the Hall- 
Petch equation [64,65], which can be written as σy = σe+Kλ1/2. The σy 

is the yield strength, σe is friction strength, and λ is the interlamellar 
spacing. The ternary eutectic structure (α-Al+θ-Al2(CuNi)+Si) has a 
finer interlamellar spacing than that in binary cellular eutectic 
structure, thus the eutectic Al-Cu-Si-Ni alloy has the highest hard-
ness. In addition, the binary Al-Cu eutectic alloy has a similar 
hardness to that of the eutectic Al-Cu-Si-Ni alloy. But, the volume 
fraction of Al2Cu phase in binary Al-33 wt%Cu alloy is higher than Al- 
24 wt%Cu-8 wt%Si-0.8 wt%Ni alloy according to their alloy composi-
tions. There are three reasons. Firstly, the Al2Cu phase in eutectic Al- 
Cu-Si-Ni alloy shows fragment and sphere morphology. It can pro-
vide more substrates between α-Al and Al2Cu for dislocation pile up 
and the stress distribution are more uniform, compared with la-
mellar type morphology in binary Al-Cu eutectic alloy [54]. Sec-
ondly, the doping of Ni into Al2Cu was studied by Zhou et al. [66]. It 
was found that the doping of Ni in Al2Cu is able to increase intera-
tomic interactions and the chemical bonds in the Al2Cu crystals. 
Thus, the hardness of Al2Cu can be improved by the dissolution of Ni 
into the structure. Consequently, the hardness of the alloy was in-
creased. Lastly, the nanoscale fibrous Si phase can also make a 
contribution to the hardness of the alloy.

5.2. Thermal stability and phase transformation of ternary Al-Cu-Si-Ni 
eutectic alloy

The phase transformation was further confirmed by in situ XRD. 
Fig. 13 shows a series of XRD spectrum of Alloy B during annealing at 
350 °C and 500 °C for different times as well as before and after 
annealing measured at 25 °C. The peaks with its corresponding plans 
and phases were labelled. All peaks shift to a smaller 2-Theta angle 
at high temperatures, due to the thermal expansion. The peak po-
sitions of the β2 phase during and after annealing at 350 °C and 
500 °C are both between 43.5° and 44.5°, respectively. This is the 
only peak which can be found in the XRD spectrum after and during 

annealing. The peak position of the β2 phase corresponds to the 
{220} plans which were identified from the XRD spectrum of FCC β1- 
(Cu2.9Ni0.1)Al phase [47]. The phase transformation is accompanied 
by the development of peaks from β2 phase with the annealing time 
in the XRD spectrum. In Fig. 13 (a), the formed peak is splitting at 
350 °C at different times and the intensity of the formed peak in-
creases with the time of annealing. The peak of the β2 phase appears 
at 5 mins at 500 °C, and the splitting is more severe. The peak po-
sitions of β2 phase are very close at 350 °C and 500 °C, indicating the 
very close crystal structure and lattice parameters. The reason for 
peak splitting in β2 phase is the weakening of symmetry during 
phase transformation at high temperatures. It is known that at high 
temperatures, the process of phase transformation accompanied by 
atomic diffusion leads to some distortion in the FCC β2 phase. Here, 
the {220} planes lose their symmetry and split into two peaks, 
corresponding to the crystal distortion from cubic to tetragonal. 
Moreover, the peak splitting at 350 °C and 500 °C is also found in 
peaks of (220)Al2Cu and (112)Al2Cu. In Fig. 8(a), it can be found that the 
non-uniform distribution of the bright phase around the Al2Cu phase 
occurred, which may result from the non-uniform distribution of Ni 
in the Al2Cu particle before or during annealing at 350 °C. In addi-
tion, as shown in Fig. 12, the favourable Ni content in Al2Cu is about 
1.4 at% at about 500 °C. Therefore, there are Ni-rich and Ni-poor 
regions in Al2Cu crystals. As mentioned before, the addition of Ni 
into the Al2Cu crystal reduces its lattice parameters. As a result, the 
peak splitting of Al2Cu phase is observed in samples prepared at 
500 °C. In addition, the peak splitting of (002)Al might result from a 
solid solution of Cu and Si at high temperatures, and the distortion of 
α-Al is from cubic to tetragonal.

During annealing, the β2 peak forms after annealing at 500 °C for 
5 min, indicating the fast phase transformation at 500 °C. After an-
nealing for 90 min at 350 °C, there is a distinct peak of β2 phase. This 
indicates a much slower phase transformation at 350 °C and the 
microstructure stability of the alloy is related to the phase trans-
formation including diffusion and growth β2 phase. It is known that 
after the heat treatment in binary Al-Cu alloys, the fine eutectic 
Al2Cu lamellae become coarse and spheroidised morphology which 
is driven by minimising the total area of the eutectic interfaces. 

Fig. 14. The schematic illustration of phase transformation during annealing. 
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Simultaneously, this coarsening process is accompanied by the 
necking and dissolution of the Al2Cu phase [67], due to the high 
solubility and diffusion coefficient of Cu in α-Al. The coarsening of 
Al2Cu is detrimental to the mechanical properties of Al-Cu based 
alloys. Interestingly, the Al2Cu phase shows finer microstructure in 
Alloy B than that in Alloy A after annealing. The microstructure 
evolution in Alloy B during annealing has three stages based on 
experimental observations, and the schematic illustration is shown 
in Fig. 14. In the first stage, the Al2Cu phase with the dissolution of Ni 
is at non-equilibrium state processed under rapid solidification in 
suction casting, and the diffusion of Ni inside the Al2Cu phase occurs 
after annealing at high temperatures. Also, Ni has very low solubility 
in α-Al and its diffusion into α-Al is very limited, while Cu can diffuse 
into α-Al. The Ni diffuses towards the edge of the Al2Cu phase, 
forming a composition gradient. Meanwhile, Cu diffuses towards the 
adjacent Al2Cu phase through α-Al, feeding the growth of the Al2Cu 
phase. Some small β2 phases nucleated and grow at the edge of the 
Al2Cu phase. The composition gradient and small β2 phases are able 
to provide the barriers to the diffusion of Cu, resulting in the slow 
growth of the Al2Cu phase. In stage 2, the Ni further diffuses into the 
edge, and more β2 phases form. Further growth of existing β2 takes 
place. At the same time, the β2 phase can act as a barrier for the 
growth of the Al2Cu phase. In another word, the free growth of the 
Al2Cu phase is restricted by β2 phase. In the last stage, the Al2Cu 
phase is spheroidised and coarsened, and some β2 phase is detached. 
It corresponds to the microstructure in Fig. 8(c) and (d), which 
shows the dual-size distribution of the intermetallic phase. The in-
ternal Ni diffusion in the third stage is less compared with the be-
ginning, as indicated by the Ni content of Al2Cu in Table 2. It is 
because there is a limited amount of Ni in Al2Cu phase providing the 
growth of β2 phase at this stage. Thus, the composition of Ni in β2 

phases tends to be stable at this stage.
The annealing temperature plays a dominating role in the speed 

of the phase transformation process. At 350 °C for 168 h, a bright 
layer and small β2 phases were found in the microstructure as shown 
in Fig. 8(a). Also, the formation of the β2 phase has a lower Ni con-
tent, as shown in Table 2. These indicate the microstructure evolu-
tion is still in the first stage. The finer microstructure in Alloy B 
compared with Alloy A after annealing at this temperature is be-
cause of the composition gradient and small β2 phases in Al2Cu 
phases. However, at 500 °C for 9 h, there are a few β2 phases de-
tached and attached to the Al2Cu phase, as shown in Fig. 8(c). It 
corresponds to Stage 3 in Fig. 14. The finer microstructure in Alloy B 
compared with Alloy A after annealing at 500 °C is because of the 
composition gradient and small β2 phase adjacent to Al2Cu phase in 
the first stage as well as the growth restriction of β2 phase in a later 
stage. Lastly, the size of β2 phase in Alloy B changes very slightly after 
exposure at 500 °C for different times, which indicates its high 
thermal stability. It is reported that high entropy B2 aluminides with 
the same lattice containing multiple transition elements such as 
(Fe1/4Co1/4Ni1/4Cr1/4)Al, (Fe1/4Co1/4Ni1/4Cu1/4)Al and (Fe1/5Co1/5Ni1/ 

5Mn1/5Cu1/5)Al have high thermal stability at elevated temperature, 
due to their high configurational entropy [68]. Here, the FCC β2 phase 
has a fixed crystal structure and a constant lattice parameter during 
phase transformation, but various content of Ni depending on the 
temperature. The dissolution of Ni in this FCC crystal structure is 
able to enhance the high configuration entropy, leading to a decrease 
of Gibbs free energy. Thus, high thermal stability can be achieved.

6. Conclusions

1. The ternary Al/Si/θ-Al2(CuNi) eutectic in the quaternary Al-Cu-Si- 
Ni system was shown to have a eutectic composition of 
Al67.2Cu24Si8Ni0.8 (wt%) and a eutectic temperature of 523 °C. 
The ternary eutectic alloy was then prepared by arc melting and 
suction casting.

2. The hardness of the ternary Al/Si/θ-Al2(CuNi) eutectic is higher 
than some other off-eutectic Al-Cu-Si-Ni alloys but is very close 
to that of the binary Al/θ-Al2Cu eutectic.

3. The eutectic solidification is accompanied by cooperative growth 
of α-Al, Si and Al2Cu phases. The Al2Cu phase shows fragmented 
lamellar morphology with a lamellar thickness of 130  ±  30 nm, 
and Si has fibrous morphology with a size below 100 nm.

4. The dissolution of Ni (1.7 at%) in Al2Cu phase was found in the 
eutectic alloy after rapid solidification. First-principles DFT cal-
culations revealed that configurational entropy contributed to 
the stabilised Ni-containing Al2Cu phase at high temperatures.

5. Phase transformation occurs after post-solidification annealing. 
β2 phase (Al3(CuNi)2) was found after annealing both at 350 °C 
and 500 °C, which has β1-(Cu2.9Ni0.1)-type crystal structure.

6. This microstructure of ternary eutectic alloy has better thermal 
stability than binary Al/θ-Al2Cu eutectic, and there is potential for 
its use at elevated temperatures up to 350 °C.
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