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A novel near-eutectic Al-15.0Si-4.1Ni-1.9Fe (wt%) alloy with a ternary eutectic reaction of Liquid—a-Al+Si-+(Al,
Si)s(Fe,Ni) was investigated. Eutectic Si and (AlSi)s(Fe,Ni) phases exhibit short nanoscale fibrous morphologies
with volume fractions of 14.3 + 1.6% and 15.1 + 1.9%, respectively. The (Al,Si)s(Fe,Ni) phase has a tetragonal
Al 7FeSiy 3-type crystal structure with excellent thermal stability, which contributes to high mechanical prop-

erties at room and elevated temperatures. First-principles density-functional theory (DFT) calculations reveal its
chemical composition of tetragonal (Als 75Si.25)(FeosNigs) having Si solution at the Al sites with two Fe
neighbours contributes to the lowest solution energy. The newly developed alloy has superior mechanical
properties at room and elevated temperatures compared with other typical heat-resistant aluminium alloys,
which has great potential for industrial applications.

The development of heat-resistant aluminium alloys has been a
continuous subject, which is able to broaden their applications under
various working conditions [1,2]. One of their applications is engine
components such as pistons and cylinder heads [3-5]. It requires the
alloys to have low thermal expansion, high wear resistance, good cast-
ability and excellent mechanical properties at elevated temperatures
[6]. Currently, most commercial alloys were designed based on binary
Al-Si eutectic systems with 11-16% Si, and the addition of some other
elements including up to 1.3% Fe, 0.5-5.5% Cu, 0.5-3% Ni, and
0.6-1.3% Mg (wt%) is able to further improve its mechanical perfor-
mance [3,7,8]. To be detailed, the addition of a large amount of Si
contributes to its low thermal expansion, excellent castability and good
wear resistance. The addition of Fe and Ni can leads to the formation of
interconnected Fe-contained and Ni-contained intermetallic compounds
(IMCs), having high thermal stability [9-11]. Besides, Cu and Mg having
high solubility in a-Al are able to provide precipitation hardening after
ageing. 6°-/0"’-AlyCu, p’-MgoSis/ p’’-MgsSig and Q’/Q (AlCuMgSi) pre-
cipitates are usually formed in these alloys [12-17]. Nevertheless, these
precipitates have limited influence on the mechanical properties of the
alloys when exposed to a temperature above 250 °C [15,18-20], due to
the high diffusivity and solubility of Cu and Mg in a-Al at elevated
temperatures. With respect to increasing the strength of the alloys at
elevated temperatures (>250 °C), heat-resistant IMCs play a dominant
role [20-22].
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Furthermore, it is evident that the unique microstructure and me-
chanical properties can be achieved in the huge unknown multicom-
ponent phase space [23,24]. Especially, it has bought our attention that
multicomponent eutectic alloys with in-situ grown ultrafine IMCs usu-
ally have exceptional mechanical or physical properties than binary
eutectic counterparts, due to the high volume fraction of IMCs and
refined microstructure [25-28]. Hence, exploring Al-Si based multi-
component eutectic space and engineering the IMCs is another prom-
ising way to further improve mechanical performance at elevated
temperatures. In this study, a ternary eutectic reaction in the quaternary
Al-Si-Ni-Fe system is found for the first time, and the Al-Si-Ni-Fe
near-eutectic alloy is reported. The compressive mechanical properties
of the alloy at room and elevated temperatures were investigated, which
has been compared with some other commerical aluminium alloys. The
relationship between the microstructure and mechanical properties was
discussed.

The near-eutectic Al-Si-Ni-Fe alloy (Alloy A) with compositions of Al-
15.0Si-4.1Ni-1.9Fe (wt%) was prepared with the pure elements of Si
(99.99wt%), Al(99.99wt%), Ni(99.97wt%), and Fe(99.9wt%) by arc
melting under pure argon atmosphere. A ~5 g button of the alloy was
obtained after arc melting, which was remelted five times to insure the
compositional homogeneity. The buttons were processed into @5 mm
diameter and 30 mm length rods with a suction casting machine and
water-cooled copper mould. For comparison purposes, small buttons
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Fig. 1. (a) SEM in-lens image showing the microstructure of Alloy A (b,c) SEM in-lens image under high magnification from different directions of eutectic cells
showing Si and intermetallic compound (IMC) (d) DSC heating and cooling curves of Alloy A; the 3D morphology of eutectic phases obtained from FIB-SEM technique
(e) 3D structure of a-Al, Si and IMC without segmentation (f) the segmentation of intermetallic compound (IMC) (g) the segmentation of Si; (h) SEM backscattered

image of Alloy B (i) SEM EDX mapping of Alloy B.

(~5 g) cut from ingots of a popular commerical aluminium piston alloy
with a measured composition of Al-12.8Si-3.9Cu-1.9Ni-1.0Mg-0.4Fe (wt
%) [10,29]1, which is named Alloy B, were also processed into @5 x 30
mm rods using the same facility and parameters. The half-length of the
rod was cut and cold-mounted. After grinding and polishing, a Zeiss
Supra 35 scanning electron microscope (SEM) equipped with
energy-dispersive X-ray spectroscopy (EDX) operating at the voltage of
20 kV was used for microstructure characterisation. The size of the
eutectic phases was analysed by Image J software. Focused ion beam
(FIB) and scanning electron microscope (SEM) technique, which is
known as FIB-SEM, was applied for 3D morphology of the eutectic
microstructure. The 3D reconstruction of FIB-SEM slides was carried out
with Dragonfly software, Version 2020.2 for Windows 10. The nano/-
ultrafine eutectic phases were characterised by a JEOL 2100F trans-
mission electron microscope (TEM). TEM samples were prepared by a
Gatan Precision Ion Polish system (PIPS) with a voltage of 2-5 kV and
milling angles of 3.5-5°. A Netzsh 404F1 differential scanning calo-
rimetry (DSC) was used to measure the melting temperature and heat
fusion of the eutectic alloy with a heating and cooling rate of 10 K/min.
A Bruker D8 Advance X-ray diffractometer with Cu X-Ray radiation
operated at a voltage of 40 kV and a current of 40 mA was used to
generate X-ray line profiles for phase identification. The annealing was

carried out with a Carbolite electric resistance furnace. Vickers hardness
was obtained with an FM-800 tester with a load of 5 kg and a dwell time
of 15 s. The middle part of @5 mm rod was sectioned with a length of
~10 mm for the compression test. Uniaxial compression tests were
conducted at room temperature, 200 °C, and 300 °C, under a strain rate
of 103 s, Nominal stress (force divided by original cross-section area)
and nominal strain (cross-head displacement divided by sample length)
were obtained. The samples were soaked for 40 min at a designed
temperature before the compression test, and the tests were interrupted
under elevated temperatures. At least three samples were tested under
each temperature. For a better understanding of the formation of IMCs,
first-principles density functional theory (DFT) calculations were per-
formed. The detailed method was provided in Supplementary Material.

Figure 1(a) shows the general view of the microstructure of Alloy A.
The microstructure consists of the major part of the eutectic matrix and
some primary a-Al dendrites. The area fraction of the eutectic region is
92%, indicating the alloy composition close to the eutectic composition.
Figure 1(b) and (c) show the detailed microstructure of the eutectic cells
from different directions under high magnifications. The SEM images in
Fig. 1(b) and (c) reveal three eutectic phases: the grey a-Al, the dark
fibrous Si, and the bright fibrous IMC. The fibre lengths of eutectic Si and
IMC are less than 1 pm. Figure 1(d) shows the DSC heating and cooling
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Fig. 2. (a) TEM bright-field image showing the microstructure of eutectic region (b) HAADF-STEM image and element distribution of eutectic phases (c) SADPs of
IMC (d) TEM EDX point analysis of IMC; (e) XRD spectra of Alloy A; (f) the Si solution energy on Si contents for the highly stable configurations (g) The schematic

structure of the most stable (Aly 75Sig 25)(Feo sNig s).

curves of the alloy, where there is only one endothermic peak with a
small shoulder in the heating curve. The main peak and the small
shoulder correspond to the melting of the eutectic and the a-Al den-
drites, respectively. There is a large exothermic peak with a slightly
more separated high-temperature second peak in the cooling curve,
corresponding to the solidification of the eutectic and a-Al dendrites,
respectively. The 3D morphology of the eutectic structure is shown in
Fig. 1(e)-(g). It confirms the fibrous morphology of Si and IMC eutectic
phases. The eutectic rod spacing of IMC and Si is measured as 98 + 32
and 140 + 40 nm, respectively. The average diameter of the Si fibres is
80 + 20 nm, while the average diameter of IMC is 82 + 35 nm. The
volume fraction of Si and IMCs are 14.3 & 1.6% and 15.1 + 1.9%,
respectively. Figure 1(h) shows a general view of the microstructure of
Alloy B. The microstructure consists of the binary eutectic cells (Si+o-
Al), small a-Al dendrites and IMCs (bright phases) at eutectic cell
boundaries. SEM EDX mapping of Alloy B is shown in Fig. 1(i). It can be
found that Si is mainly distributed in the eutectic cells, and IMCs are
distributed at cell boundaries having Cu, Ni, Fe and Mg elements. These
two alloys were solidified under the same cooling rate. Alloy A has a
much finer microstructure than Alloy B, and it indicates that refined

eutectic microstructure can be achieved under multi-component ternary
eutectic solidification.

Figure 2(a) shows TEM bright-field image of the microstructure in
the eutectic region from Alloy A. The HAADF-STEM image and element
distribution of the eutectic phases are shown in Fig. 2(b). From the
compositional quantification by the TEM/EDX in Fig. 2(d), the IMC has
an average composition of 77.1%Al, 6.5%Si, 8.6%Fe and 7.8%Ni (at.%).
Figure 2(c) shows the selected area electron diffraction patterns (SADPs)
obtained from 4 different zone axes of the eutectic IMC, which estab-
lishes a tetragonal crystal structure for the IMC, with its lattice param-
eters measured asa = b = 5.95 f\, c=9.82 10\, and a = = A =90°. The
IMC is therefore very similar to the tetragonal Al ;FeSi, 3 phase, which
hasa=b=6.061 A, c = 9.525 A, and a = p = A = 90° [30]. Combined
with the TEM/EDX results in Fig. 2(d), the structure formula of the IMC
is believed to be (Al,Si)s(Fe,Ni). The XRD spectra is shown in Fig. 2(e),
and peaks of (Al,Si)s(Fe,Ni) phase are identified based on Al, 7FeSis 3
phase from the database.

To obtain insight into the formation and stability of the (Al,Si)s(Fe,
Ni) compounds, first-principles density functional theory method was
employed based on the AlsFe model [30]. The calculations reveal that Ni
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Fig. 3. (a) Vickers hardness of Alloy A after annealing at 200 °C and 300 °C for different times (b) rod spacing of IMC after annealing at 200 °C and 300 °C for
different times; SEM in-lens image showing the microstructure of Alloy A after annealing at 200 °C for 5 h (c), after annealing at 200 °C for 360 h (d), after annealing

at 300 °C for 168 h (e), and after annealing at 300 °C for 360 h (f).

atoms prefer mixing at the layers parallel to the (c-)-axis. Si prefers the
neighbourhood of Fe atoms and no other Si in its neighbourhood. The
stable configuration has one Si solutioned at the Al sites with two Fe
neighbours, which was used as the starting point. The results of
first-principles calculations are summarized in Table S1 (Supplementary
Material). Figure 2(f) shows that at low Si content, the highly stable
configurations result from the solution of Si at the Al sites with two Fe
neighbours (black circles). The solution energy decreases with
increasing Si content at the Al sites with two Fe neighbours till Si content
reaches x = 0.25, which corresponds to the occupation of one-quarter of
the All sites [30]. The schematic structure of the highly stable config-
uration is shown in Fig. 2(g). Further addition of Si causes the solution
energy to increase almost linearly with the Si contents. Calculations
showed that from the most stable configuration, the energy increase rate
is slower for Si solution at the sites with one Fe and one Ni neighbour
(green squares). Such configurations indicate extra freedom of the

atomic arrangements with the same chemical composition.

The hardness of the alloy as a function of annealing time at 200 °C
and 300 °C is given in Fig. 3(a), with the corresponding change in the
spacing of the IMC fibres during the annealing being shown in Fig. 3(b).
There is a slight decrement in hardness after annealing at 200 °C and the
hardness decreases very quickly after annealing at 300 °C. The spacing
of the IMC fibres increases from 98 + 32 nm at the as-cast state to 122 +
25 nm after annealing at 200 °C for 360 h, and further to 160 + 25 nm
after annealing at 300 °C for 360 h, indicating the excellent thermal
stability of the IMC phase. The eutectic microstructure after annealing is
shown in Fig. 3(c)-(f), where little change in eutectic Si and IMC can be
seen after annealing at 200 °C for different times. However, coarsening
of eutectic Si takes place after annealing at 300 °C as shown in Fig. 3(e)
and (f). The diameters of eutectic Si are 100-300 nm after annealing at
300 °C for 360 h. The coarsening of the eutectic Si seems to be the main
cause of the decrease in hardness after annealing at 300 °C.
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Fig. 4. (a) Room-temperature (RT) and elevated-temperature compressive curves of Alloy A and Alloy B (b) yield strength versus temperature of Alloy A, Alloy B and
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precipitates in a-Al under low magnification (d) and high magnification (e); (f) SEM backscattered image of eutectic region in Alloy B after compression test

at 300 °C.

Figure 4(a) shows the compressive stress-strain curves of Alloy A and
Alloy B from room temperature (RT) to 300 °C. Alloy A has a yield
strength of 485 + 20 MPa at RT. Compared with Alloy A, Alloy B has a
much lower yield strength of 396 + 10 MPa. At 200 °C, Alloy B has a
slightly higher yield strength of 320 + 12 MPa than Alloy A, which has a
yield strength of 300 + 10 MPa. At 300 °C, Alloy A and Alloy B have
yield strengths of 172 + 7 MPa and 135 + 6 MPa, respectively. Alloy A
exhibits a much higher yield strength at 300 °C. The compressive yield
strengths of Alloy A, Alloy B and some other heat-resistant aluminium
alloys from RT to 300 °C are summarised in Fig. 4(b). It can be found
that Alloy A has very competitive mechanical properties, which is very
potential for industrial applications.

Alloy B has a coarser microstructure than Alloy A. In Alloy B, the
eutectic Si has a diameter of 300-700 nm and coarse lamellar/granular
IMCs have a micro-scale size. Thus, Alloy A with nano-scale eutectic
microstructure has a much higher yield strength than Alloy B. However,
Alloy A has a slightly lower yield strength than Alloy B at 200 °C. It is
because of precipitation hardening of Alloy B at 200 °C. Because of rapid
cooling, a supersaturation of Cu and Mg is obtained [31,32]. Thus, after
soaking or during compression test at 200 °C, numerous nano-scale
precipitates can form which contributes to the strength of the alloy. As
a result, less sacrifice of strength takes place. As shown in the
HAADF-STEM image from Fig. 4(d) and (e), bright phases are 6/6’
(AlyCu) phase [20,33] and dark phases are Q/Q’ phase [15,16,20,34],
which formed in a-Al matrix after the compression test at 200 °C. At
300 °C, Alloy A has a much higher strength than Alloy B. The

Table 1
Eutectic microstructure and yield strength in different heat-resistant eutectic
alloys.

Alloy Casting Microstructure Volume Yield Strength/

composition/ method (inter- fraction MPa

wt% lame.llar/rod (phase)/% 200 °C 300 °G

spacing)

Al-10Ce [36] Steel a-Al+A;;Ces 10% 66 48

mould (0.5-1 pm) (Al1Ces)

Al-6Ni [37] @32 x a-Al+AI3Ni 14.2% 76 57

127 mm (1.7 pm) (Al3Ni)
Al-6.5Ni [38] Copper a-Al4+-Al3Ni - 170 + -
mould (370 nm) 11

Al-8.3Ni- @3 mm a-Al4-Al3Ni - 237 + -
0.91Cr [38] (250-350 nm) 14

Al-8.3Ni- a-Al+AlNi - 275 + -
1.1Cr [38] (150-200 nm) 10

Al-10.2Ni- a-Al-+Al3Ni - 250 + -
1.3Cr [38] (200-270 nm) 8

Al-6.3Ni- a-Al+Al3Ni/ - 180 + 150 +
0.2Fe [39] AlgFeNi 12 15

(90-140 nm)

Al-15.08i- Copper a-Al4-Si+IMC 14.3 + 300 + 172 +
4.1Ni-1.9Fe  mould (98-140 nm) 1.6%(Si), 10 7
(Current @5 mm 15.1 +
work) 1.9%(IMC)
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microstructure of Alloy B after compression at 300 °C is displayed in
Fig. 4(f). Compared with the microstructure in Fig. 4(c) under the same
magnification, it can be found that a large number of bright precipitates
(6/6’ phase) are visible under SEM. These precipitates are much coarser
than that after compression at 200 °C (Fig.4(d) and (e)), due to Ostwald
ripening process [35,19]. At 300 °C, these coarsening precipitates made
a limited contribution to strength in Alloy B. However, the main
strengthening phases in Alloy A at 300 °C are short-fibrous ultrafine
IMCs, which contributes to the high strength of the alloy. Furthermore,
the mechanical properties of eutectic composites mainly depend on the
types, volume fraction, morphology and size of eutectic phases. The
detailed microstructure and yield strength of some other heat-resistant
eutectic alloys are summarised in Table 1. It can be found that a
higher volume fraction and refinement of IMCs leads to a higher strength
at elevated temperatures. The additional elements in binary eutectic
systems or multicomponent eutectic solidification can lead to refined
microstructure, which is favourable for the mechanical properties.

In conclusion, the microstructure and compressive mechanical

properties of Al-15.0Si-4.1Ni-1.9Fe (wt%) alloy with ternary eutectic
solidification (Liquid—a-Al+4Si+(ALSi)s(Fe,Ni)) was studied. The (Al
Si)s(Fe,Ni) phase with a volume fraction of 15.1 + 1.9% is a tetragonal
Al, 7FeSiy 3-type phase and plays an important role in the mechanical
properties at room and elevated temperatures. The alloy shows higher
mechanical properties at room temperature and 300 °C compared with
Al-12.8Si-3.9Cu-1.9Ni-1.0Mg-0.4Fe (wt%) alloy and some other typical
aluminium alloys. It has great potential for application in the industry
for elevated-temperature applications.
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