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Microstructures and mechanical properties of near-eutectic and hypoeutectic Al-Si-Ni-Fe-Mn alloys were
studied under as-cast condition. Near-eutectic 78A115Si4Ni2.5Fe0.5Mn (wt.%) and hypoeutectic 83.6A111Si3-
Nil.9Fe0.5Mn (wt.%) alloys were processed by high pressure die casting. These two alloys have the same ternary
eutectic mixture of a-Al, Si and Alg(FeNiMn) with a melting point of 567 °C. Primary intermetallic phases of
block-like Al;7(FeNiMn)4Si and plate-like Al4(FeNiMn)Si; in these two alloys were observed. Precipitates of Si
and Ni-contained phase coexist in primary a-Al grains of hypoeutectic alloy. The lattice parameters of Alg(Fe-
NiMn), Al;7(FeNiMn)4Si, and Al4(FeNiMn)Si, phases are slightly changed compared with orthorhombic AlgNi,
orthorhombic Als¢Fez and tetragonal FeAlsSiy phases from the database, respectively. These two alloys have
excellent mechanical properties at high temperatures. The ultimate tensile strength (UTS) at 300 °C ranges from
135 + 6 MPa (hypoeutectic alloy) to 157 + 6 MPa (near-eutectic alloy), which is superior to commercial A383
alloy and some other heat-resistant alloys. Therefore, these near-eutectic and hypoeutectic Al-Si-Ni-Fe-Mn
alloys have huge potential for industrial application at elevated temperatures.

1. Introduction

For decades, aluminium alloys have been widely applied in the
automotive industry, due to their lightweight [1,2]. Especially, Al-Si
cast alloys constitute a major fraction (~85%-90%) of cast aluminium
alloys, because of their excellent castability, high corrosion and hot
tearing resistance, low thermal expansion and good weldability [3,4].
Generally, near eutectic/hypoeutectic Al-Si based alloys are extensively
used in pistons, engine bodies and cylinder heads, which expose to high
temperatures [5,6]. With the development of the automotive industry,
in particular, the application of new energy such as hydrogen, the per-
formance of the engines needs to be greatly improved. It results in an
increase in working temperature and pressure. Thus, it is vital for
aluminium alloys to offer the required mechanical properties at high
temperatures.

Numerous studies have been carried out for the development of Al-Si
based alloys (eutectic/near-eutectic) applied at elevated temperatures,
and there are two main approaches, which are particle-reinforced
composites and alloying, respectively. First of all, particle-reinforced
Al-Si based alloys are effective to improve mechanical properties at
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elevated temperatures up to 350 °C. For example, Hu et al. developed a
near-eutectic Al-Si based alloy with the addition of 1% nano-AIN,, re-
inforcements and the ultimate tensile strength increased 24.7% at
350 °C [7]. The same approach was also reported by researchers that SiC
[8]1, TiBy [9,10] and Al,Os [11] are alternative reinforcements for
contributing high-temperature performance of Al-Si based alloys. Sec-
ondly, the addition of extra elements into alloys based on a binary Al-Si
eutectic system is a traditional method to improve mechanical proper-
ties at elevated temperatures. It is mainly focused on precipitation
hardening and second phase strengthening. The elements of (0.5-5.5 wt
%) Cu and (0.6-1.3 wt%) Mg were commonly employed in Al-Si system
[12]. Due to the relatively high solubility of Cu and Mg in a-Al, the alloys
after T6 heat treatment are strengthened by 6’-/0’‘-Al,Cu and
'-MgoSis/B-MgsSig precipitates [13-15]. However, the contributions
of these precipitates in strength and creep resistance are very limited,
when the alloys are exposed to high temperatures over 250 °C. The rapid
coarsening of the precipitates degrades the mechanical properties,
induced by the high diffusivity of Cu and Mg in a-Al at elevated tem-
peratures [16]. Although the optimised combination of Cu and Mg in
Al-Si based alloys can lead to the formation of Q-AlsCupsMggSig
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Table 1
The name and measured composition of the alloys.
Alloy Name Alloy Composition (wt%)
Al Si Ni Fe Mn Cu Zn
A383 Balance 9.52 - 0.82 0.25 1.97 1.24
Alloy A Balance 15.51 3.80 2.30 0.51 - -
Alloy B Balance 11.22 2.81 1.81 0.48 - -
precipitate, which is more stable than 6°-/6’-Al,Cu and

B’-MgoSis/B-MgsSig precipitates at high temperature [17,18], the ten-
sile properties and creep resistance cannot be greatly improved
(>300 °C). Furthermore, the addition of (0.5-3 wt%) Ni and (up to 1.3
wt%) Fe has positive effects on the high-temperature mechanical
properties in Al-Si alloys, due to the formation of heat resistance phases
such as e-Al3Ni, §-Al3CuNi, y-Al;CuyNi, T-AlgFeNi and p-AlsFeSi. The 3D
network of these heat-resistant phases has a great contribution to me-
chanical performance at elevated temperatures [19-21]. In addition,
transition elements such as Mn, Cr, Mo, and Zr are also important for the
strengthing of Al-Si based alloys at high temperatures. Li et al. reported
that star-like Mn-contained phases contribute to the increase of strength
both at room temperature and high temperature [22]. Gao et al. found
that the addition of Zr (2.5 wt%) can form block-like ZrAlSi particles,
which can increase ~15% of the ultimate tensile stress and yield stress at
elevated temperatures [23].

With respect to alloying method, the selected elements for the
development of aluminium alloys applied at high temperatures need to
have low diffusivity and solubility in a-Al and are capable of forming
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heat-resistant phases. There are a few elements including transition el-
ements, and Mn, Ni and Fe are common candidates in Al-Si based alloys.
Furthermore, multi-component eutectic aluminium alloys have gained a
lot of attention due to their better mechanical or physical performance
than their binary counterparts [24-26]. Although ternary Al12.95 wt%
Si4.96 wt%Mg [27] and Al11.1 wt%Si4.2 wt%Ni [28,29] eutectic have
been investigated which exhibit finer eutectic structure than binary
Al-Si eutectic alloy, there is little research on quaternary Al-Si-Ni-Fe
eutectic system. Additionally, high-pressure die casting (HPDC) is one of
the most popular manufacturing processes of aluminium alloys, which is
able to obtain a good surface finish, the complicated shape of castings,
and high production efficiency [30]. The popular die-cast alloys for
application at elevated temperatures are A380, A383 and A384 alloys
[31,32]. Moreover, the alloys need to be solution treated at high tem-
peratures in order to obtain essential precipitates through subsequent
ageing. However, die-cast Al-Si alloys are very challenging for T6 heat
treatment, mainly due to the increase of porosity defects, surface blis-
tering and dimension instability after solution treatment at high tem-
peratures for a long time [33,34]. Therefore, it is attractive to develop
as-cast die-cast alloys for applications at elevated temperatures.

In this study, the multicomponent Al-Si-Ni-Fe eutectic system was
employed to design heat-resistant alloys. Minor Mn was selected to
improve the anti-solderability. It is also able to facilitate the formation of
the fine compact a-AlFeMnSi phase and prevent the formation of needle-
like B-AlFeSi phase which is detrimental to mechanical performance [35,
36]. The detailed microstructure was characterised by MicroCT, XRD,
TEM and SEM. Commerical A383 alloy was employed for the compari-
son of mechanical properties with newly developed alloys. The
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Fig. 1. SEM backscattered images showing the microstructure (a) A383 under low magnification (b) A383 under high magnification (c) Alloy A under low
magnification (d) Alloy A under high magnification (e) Alloy B under low magnification (f) Alloy B under high magnification.
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Fig. 2. SEM EDX point analysis of primary intermetallics in Alloy A (a,b) and Alloy B (c,d).
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Fig. 3. DSC heating and cooling curves of Alloy A (a) and Alloy B (b); SEM backscattered image showing the microstructure after DSC measurement of Alloy A (c)
and Alloy B (d).

relationship between microstructure and mechanical properties at clay crucible, which was placed in the electric resistance furnace at
elevated temperatures was established. 780 °C. After holding for 3 h, the temperature of the furnace was set to

720 °C and pure Zn with an extra 5 wt% weight burning loss was added
2. Experimental in A383 alloy. After 15 min, a commerical rotatory degasser with argon

gas and a rotation speed of 500 rpm for 10 min was applied for degassing

Starting alloys of commerical pure Al, AI50 wt%Si, Al20 wt%Ni, the melt. The melt was covered by granular flux. After 15 min, the melt
Al10 wt%Fe, pure Cu, pure Zn and Al20 wt%Mn were used for the was poured into the steel mould and a 50 x 80 x 150 ingot was obtained
preparation of the alloys. A 6-kg melt of each alloy was prepared in a for composition analysis. The ingot was cut and ground with SiC
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Fig. 4. (a) X-ray micro-CT scans of the volume of Alloy A and Alloy B with size @ 1.77 x 2.21 mm showing the primary intermetallic phases; size distribution of
primary intermetallic phases in Alloy A (b) and Alloy B (c); typical plate-like morphology of Phase A-2 (d) and block-like morphology of Phase A-1 (e).
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Fig. 5. TEM bright-field image showing the microstructure of Phase A-3 and Phase A-1 (a); TEM EDX point analysis of Phase A-1 (b) and Phase A-3 (c); the SADPs of

Phase A-1 (d-f) and Phase A-3 (g).
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Table 2
The comparison of lattice parameters between Alsg¢Fe, and Al;(FeNiMn),4Si
(Phase A-1).

Phase name d-spacing (A) Angles between the
plans
001) (01 011 a1 00 1/(0 (00 1)/(1
0) 0) 10) 10
Als gFey 4218  6.415 3.525 4917 90° 90°
Aly7(FeNiMn),Si  4.32 6.20 3.39 4.50 94° 85°

sandpaper. The designed composition of hypoeutectic alloy is
83.6A111Si3Nil.9Fe0.5Mn (wt.%), and the designed composition of
near-eutectic alloy is 78Al15Si4Ni2.5Fe0.5Mn (wt.%). The composition
of the alloys was measured with optical mass spectroscopy. The name
and the measured composition of the alloys are listed in Table 1.

The melt was dosed and poured into the short sleeve of a 4500 kN
HPDC machine. The pouring temperature was controlled at ~700 °C,
which was measured by a K-type thermocouple. The standard tensile
samples were obtained. The diameter is @ 6.35 mm and the gauge length
is 50 mm. The dimension of the casting and processing parameters are
shown in Fig. S1 (Supplementary Material). The initial injection speed is
0.2 m/s, the theoretical gate speed is 85.7 m/s and the holding pressure
is about 320 bar. The die-casting mould was preheated with mineral oil
at 200 °C. The samples were subjected to tensile testing using an Instron
5500 mechanical testing machine with a fixed rate of 1 mm/min at room
temperature, 200 °C and 300 °C. In terms of tensile testing at 200 °C and
300 °C, the samples were soaked for 40 min before starting the testing
programme. The testing data were obtained from at least 6 samples.

The middle part of the tensile testing samples was cut for micro-
structure characterisation. The microstructure of the alloys was char-
acterised in the central region from the cross-section of the rod. The
sample was cold-mounted, ground and polished. After that, a Zeiss
Supera 35 FEG SEM equipped with energy dispersive spectroscopy
(EDX) was used for the characterisation of the microstructure. The
volume fraction of the eutectic mixture was obtained from the SEM
backscattered images by Image J software. A Zeiss Auriga cross beam
420 SEM-FIB (focused ion beam) was used for the preparation of

Phase A-2
(Ala(FeNiMn)Si2)

120000 -
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transmission electron microscopy (TEM) samples. The samples were
milled to a thickness of about 80 nm and attached to the Cu grid. A JEOL
2100F TEM was used to study the eutectic region and primary phases.
The cooling and heating curves of the alloys were obtained by a Netzsch
404F1 differential scanning calorimeter (DSC) at a heating/cooling rate
of 10 K/min and a dynamic flow of 50 ml/min of argon gas. The X-ray
diffraction (XRD) sample was prepared from the cross-section of the &
6.35 tensile testing rod. A Bruker D8 Advance X-ray diffractometer with
Cu X-Ray radiation and Ni filter operated at a voltage of 40 kV and a
current of 40 mA was used to generate X-ray line profiles on each sample
for phase identification. 3D morphology and volume fraction of primary
phases in the alloys were characterised by Micro-CT (Zeiss Xradia 410
Versa X-ray). A Carbolite electric furnace was used for heat treatment.
The furnace was preheated to 300 °C and held for 1 h before putting
samples inside. The samples were cut from the ®6.35 tensile testing rod
with a thickness of 2.5 mm. Micro-CT was applied for the characteri-
sation of pores in the same sample of each alloy before and after heat
treatment.

3. Results
3.1. SEM results
The backscattered SEM images of Fig. 1 (a) and (b) show the

microstructure of A383 alloy. There is a dual-size distribution of a-Al
grains, labelled as a;-Al and ap-Al. The o;-Al and oy-Al grains have

Table 3
The comparison of lattice parameters between FeAlsSi; and Aly(FeNiMn)Sis
(Phase A-2).

Phase name d-spacing (A) Angles between the plans
@) (002) (01 a1 a1 (200)/ (00
00) D 0) 0)/ 011 2)/(21
(002) 0)
FeAl;Sis 3.030 4.762 5.114 4.286 90° 90° 90°
Al (FeNiMn) 3.20 4.69 5.03 4.22 88° 85° 89°
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Fig. 6. TEM bright-field image showing the microstructure of Phase A-2 (a); TEM EDX point analysis of Phase A-2 (b); the SADPs of Phase A-2 (c-e).
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Fig. 7. (a) TEM bright-field image of a-Al grain from Alloy B with inserted SADP of a-Al (b) HAADF STEM image under low magnification (c) high-magnified HAADF
STEM image showing the precipitates (d) EDX point analysis of Spot 1 and Spot 2 from (c).

average sizes of 20 + 5 pm and 8 + 4 pum. It corresponds to the two-step
solidification in the short sleeve and die cavity, respectively [37]. From
Fig. 1 (b), the eutectic Si, eutectic Al;Cu and fine compact a-AlFeMnSi
phases are distributed at the interdendritic regions. Fig. 1 (c) shows the
microstructure of Alloy A. The microstructure consists of primary
intermetallic phases and a eutectic mixture. There are only two types of
primary intermetallic phases based on morphology. They are plate-like
and block-like, labelled as Phase A-2 and Phase A-1, respectively.
High-magnification image of the microstructure is shown in Fig. 1 (d).
There are Si and plate-like phase (labelled as Phase A-4) in the eutectic
mixture, and some compact intermetallics (labelled as Phase A-3) are
near the eutectic region. From Fig. 1 (e), it can be seen that there are
some primary o;-Al and ap-Al grains in Alloy B, with average sizes of 22
+ 5 pm and 10 + 4 pm respectively. The area fraction of a-Al is about
40% which was obtained by image analysis. The plate-like and
block-like intermetallics in Alloy B are similar to those in Alloy A. They
are labelled as Phase B-2 and Phase B-1. Fig. 1 (f) shows a
high-magnification image of microstructure in the eutectic region. Si
and plate-like phases (labelled as Phase B-4) were found in the eutectic
region, and fine compact intermetallics (labelled as Phase B-3) distribute
near the eutectic region.

In order to further confirm the types of primary intermetallic phases
in these two alloys, SEM EDX point analysis was carried out in each
alloy, and at least 50 points of EDX analysis were obtained in each alloy.
The SEM EDX results are shown in Fig. 2. From the SEM EDX results, it
can be confirmed that there are mainly two types of primary in-
termetallics both in Alloy A and Alloy B. The block-like Phase A-1 and
Phase B-1 are the same phases, and the plate-like Phase A-2 and Phase B-
2 are also the same phases. Based on the composition, the plate-like
phase has a much higher content of Si and a lower content of Ni
compared with the composition of the block-like phase. The dissolution
of Mn takes place in the formation of these primary intermetallic phases.

3.2. DSC results

Fig. 3 (a) shows the DSC heating and cooling curves of Alloy A. From
the heating curve, It can be noticed that there are a main peak and a

small shoulder in the heating curve from low to high temperature. Based
on the SEM results in Fig. 1 (c), it can be induced that the main peak
corresponds to the melting of the eutectic mixture and the small
shoulder corresponds to the melting of primary intermetallic phases.
The heating curve of Alloy B is shown in Fig. 3 (b). One main peak and a
wide shoulder were found in the curve. Based on the SEM results in
Fig. 1 (e), the main peak corresponds to the melting of the eutectic
mixture. The wide shoulder corresponds to the melting of intermetallic
phases and a-Al grains. Both Alloy A and Alloy B have the same melting
temperature of 567 °C. In addition, it can be observed that there is one
peak with a wide shoulder in the cooling curve of Alloy A shown in Fig. 3
(a). The microstructure of the sample after DSC measurement is shown
in Fig. 3 (c). The microstructure consists of primary Si, dendritic inter-
metallic phases and a eutectic mixture. Combined with the cooling
curve, the main peak corresponds to the solidification eutectic mixture
at low temperatures and the wide shoulder corresponds to the formation
of Si and primary intermetallic phases at high temperatures. The DSC
cooling curve and the microstructure after DSC measurement of Alloy B
are shown in Fig. 3 (b) and Fig. 3 (d), respectively. There are two peaks
and a shoulder in the cooling curve of Alloy B. The two peaks from low
temperature to high temperature correspond to the formation of the
eutectic mixture and a-Al, and the wide shoulder corresponds to the
formation of primary intermetallic phases.

3.3. Micro-CT results

Fig. 4 (a) shows the X-ray Micro-CT scans of the volume with a size of
@ 1.77 x 2.21 mm in Alloy A (left) and Alloy B (right). The average size
distributions of Alloy A and Alloy B are shown in Fig. 4 (b) and (c),
respectively. The volume fraction of the primary intermetallics in Alloy
A is 5.8%, which is slightly higher than that in Alloy B (4.9%). There is a
wide size distribution of primary intermetallic phases in Alloy A and
Alloy B. A very small number of intermetallic phases has a size of over
200 pm, which is because of the dual-step solidification under HPDC
[36]. Alloy A has a coarser size of primary intermetallic phases (51 + 37
pm) than that (46 & 27 pm) in Alloy B. However, the average sphericity
in these two alloys is very close. It indicates the morphology of the
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Fig. 8. (a) TEM bright-field image of the eutectic region in Alloy A; (b) HAADF STEM image and EDX mapping of the selected region in (a); (c) TEM EDX analysis of

Phase A-4; (d—f) the SADPs of Phase A-4.

Table 4

The comparison of lattice parameters between Al3Ni and Alg(FeNiMn) (Phase A-4).

Phase name d-spacing (A) Angles between the plans

(001) (100) 011 aimn (001)/(100) (01 1)/(1 00) (01 1)/(111)
Al3Ni 4.801 6.598 4.020 3.433 90° 90° 69.9°
Alg(FeNiMn) 5.04 6.21 4.27 3.57 87.5 97 69.0°

primary intermetallics in these two alloys is quite similar. In addition,
the typical morphologies of Phase A-2 and Phase A-1 are shown in Fig. 4
(d) and (e), respectively. It is confirmed that Phase A-2 shows irregular
plate-like morphology, while Phase A-1 shows block-like morphology.

3.4. TEM results

Fig. 5 (a) shows the TEM bright field image of primary Phase A-3 and
Phase A-1. The average compositions measured by TEM EDX point
analysis of Phase A-1 and Phase A-3 are shown in Fig. 5 (b) and 5 (c),
respectively. The compositions are close to that measured under SEM
EDX point analysis shown in Fig. 2. Based on the composition, the
structure formula of Phase A-1 is close to Al;7(FeNiMn)4Si, and corre-
sponding selected area diffraction patterns (SADPs) are shown in Fig. 5

(d-f). The SADPs were identified based on orthorhombic Als gFe; phase
(a=7.656A,b=6415A, c=4.218A and a = f = A = 90°) [38].
However, there is a slight lattice distortion of Al;7(FeNiMn)4Si (Phase
A-1) compared with AlsgFe; phase. The differences in the lattice pa-
rameters are listed in Table 2. The d-spacings are slightly different be-
tween these two phases. It can be also found that the angles of (00 1)/(0
1 0) and (001)/(1 1 0) are not 90°, indicating it is not orthorhombic. In
addition, Phase A-3 was identified to be Aly7 1Fe3 2Mng gSi; o-type phase
from the TEM diffraction pattern in Fig. 5 (g) [39]. The lattice param-
eters of Phase A-3 including d-spacing and angle are almost the same as
the Aly7.1Fes3 2Mng gSi; 9 phase, indicating that there is no distortion in
the crystal. However, the composition of Phase A-3 shown in Fig. 5 (¢) is
different from Al;7 1Fe3 2Mng gSi; 9 phase, and the structure formula of
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Fig. 9. XRD patterns of Alloy A and Alloy B with 2 6 angles from 20° to 80° (a)
and from 20° to 50° (b); (c) the power XRD patterns of FeAlsSis, Als¢Fes,
Aly7.1Fe3 2Mng gSi; 9, and Al3Ni phases from the database with 2 6 angles from
20° to 50°.

Phase A-3 is close to Alj7 1(FeNiMn)4Sij . It can be found that only the
minor substitution of Ni in Fe or Mn occurs, which is not able to lead to
some distortion of the crystal. Hence, the lattice parameters of
Alq7.1(FeNiMn)4Si; ¢ are almost the same as Al;7.1Fes sMng gSiy 9 which
is from the database.

Fig. 6 (a) shows TEM bright-filed image of Phase A-2. The corre-
sponding TEM EDX point analysis of the composition of Phase A-2 is
shown in Fig. 6 (b). The structure formula of Phase A-2 is close to
Al4(FeNiMn)Siy. The SADPs in Fig. 6(c—e) of Phase A-2 were identified
based on the tetragonal FeAlsSip phase [40]. Compared with the
tetragonal FeAl3Si; phase (a=b = 6.061 A, ¢=9.525A and a = p=r=
90°), Phase A-2 has a lattice distortion. The comparison of the lattice
parameters between the FeAlsSi; phase and Phase A-2 is shown in
Table 3. The d-spacings are slightly different between these two phases.
It can be also found that the angles of (1 1 0)/(002), (200)/(01 1) and
(00 2)/(2 1 0) are not 90°, and the crystal structure of Al4(FeNiMn)Si is
not tetragonal.

TEM bright-field image of the precipitates in a-Al from Alloy B is
shown in Fig. 7 (a). There are a large number of precipitates inside o-Al
grains from Alloy B.
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Fig. 7 (b) shows HAADF STEM image under low magnification and
some bright precipitates with a size below 60 nm are inside the o-Al
grains. From the high-magnified HAADF STEM image (Fig. 7 (c)), there
are a dark coarse granular precipitate and a bright fine granular pre-
cipitate. EDX point analysis (Fig. 7 (d)) confirmed that the dark pre-
cipitate is Si phase and the bright precipitate is the Ni-contained phase
with a little Fe, Mn and Si.

Fig. 8 (a) shows the TEM bright-field image of the microstructure of
the eutectic region in Alloy A. There are fibrous Si phases and plate-like
Phase A-4 inside the eutectic region, corresponding to the SEM results in
Fig. 1 (d). Fig. 8 (b) shows HAADF STEM image and EDX mapping of the
selected region in Fig. 8 (a). It is further confirmed that there are three
eutectic phases (a-Al + Si 4+ Phase A-4) in this region, and Phase A-4 has
four elements, which are Al, Mn, Fe and Ni. The average composition of
Phase A-4 was obtained by TEM EDX analysis, as shown in Fig. 8 (c). The
structure formula is close to Alg(FeNiMn). The SADPs of Phase A-4
shown in Fig. 8(d-f) were identified based on the orthorhombic Al3Ni
phase (a = 6.598 A, b =7.352 A, ¢ = 4.801 A and « = B = A = 90°).
Compared with the orthorhombic Al3Ni phase, there is a crystal
distortion in Phase A-4. The comparison of lattice parameters between
Al3Ni phase and Phase A-4 is shown in Table 4. There are slight differ-
ences in the lattice parameters and the angle between (001) and (100) in
Phase A-4 is 87.5°, indicating the crystal structure is not orthorhombic.
The TEM result of the eutectic region in Alloy B is shown in Fig. 52
(Supplementary Material). The microstructures of the eutectic region
between Alloy A and Alloy B are the same, and they are both ternary
eutectic reactions consisting of a-Al, Si and Alg(FeNiMn) phases.

3.5. XRD results

Fig. 9 (a) shows the XRD patterns of Alloy A and Alloy B with 26
angles from 20° to 80°. The reference XRD patterns of corresponding
phases from the database are shown in Fig. 9 (c). The XRD patterns of
these two alloys are similar, which indicates that these two alloys have
the same phases. The peaks having relatively high intensities were
identified to be Si, a-Al and Alg(FeNiMn) phases, indicating their high
volume fractions. Fig. 9 (b) shows XRD patterns with 26 angles from 20°
to 50°. The small peaks were also identified, which correspond to pri-
mary intermetallic phases and the eutectic Alg(FeNiMn) phase from
TEM results.

3.6. Mechanical properties

Fig. 10(a—c) shows the typical tensile testing curves of A383, Alloy A
and Alloy B at room temperature, 200 °C and 300 °C, respectively. The
statistical mean tensile properties of A383, Alloy A and Alloy B are
shown in Fig. 10(d-f). A383 has the highest UTS of 305 + 7 MPa and EL
of 5.2 + 0.7%, as well as the lowest YS of 140 + 3 MPa at room tem-
perature. Alloy A has the highest YS of 202 + 6 MPa and the lowest EL of
0.95 + 0.2% at room temperature. There is a decrement in UTS in Alloy
A and Alloy B from room temperature to 300 °C, which is from 273 + 10
MPa to 157 + 6 MPa in Alloy A, and from 283 + 8 MPa to 135 + 6 MPa
in Alloy B. The UTS in A383 drops dramatically from room temperature
to 300 °C, which is from 305 4+ 7 MPa to 75 4 4 MPa. The YS shows a
similar trend in these three alloys from room temperature to 300 °C. The
YS in A383, Alloy A and Alloy B at 300 °C are 68 + 3 MPa, 149 + 3 MPa,
and 127 + 4 MPa, respectively. The developed alloys have much higher
YS at 300 °C than A383. The EL in these three alloys increases greatly
from room temperature to 300 °C. Especially, EL in A383 increases from
5.2 4+ 0.7% at room temperature to 21 + 2.5% at 300 °C. The EL of Alloy
A and Alloy B at 300 °C are 6.5 + 0.8% and 10 + 1.1%, respectively.
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4. Discussion
4.1. Microstructural evolution

Fig. 11 shows SEM EDX mapping of the microstructure in the eutectic
region of Alloy B after DSC measurement. The element distribution of Al,
Si, Mn, Fe and Ni is displayed, and it can be found that there are four
phases in this eutectic mixture, which are (AINi) phase, Si, a-Al and
(AINiFeMn) phase. (AINi) phase is marked by the red dashed circles,
(AINiFeMn) phase is marked by the cyan-blue dashed circles and Si is
marked by the orange dashed circles. (AINi) phase shows polygonal
morphology, and (AINiFeMn) phase shows Chinese-script morphology.
The cooling rate is 10 K/min, and the solidification is close to an equi-
librium state. It can be induced that under a near-equilibrium state, the
eutectic mixture in Alloy B is a quaternary eutectic reaction. Fig. 11 (b)
and (c) show the SEM EDX point analysis of Spot 1 and Spot 2, which
corresponds to the (AINi) and (AlFeNiMn) phases in Fig. 11 (a),
respectively. The (AINi) phase is AlgNi, and the structure formula of
(AlFeNiMn) phase is close to Alg(FeNiMn)s. The results of eutectic
microstructure obtained after DSC measurement in Alloy A is similar,
which is not shown here.

It is reported that there is an invariant quaternary eutectic reaction at
~556 °C in the Al-Fe-Ni-Si system, which is Liquid—a-Al + Si+e-Al3Ni
+ T-AlgFeNi [12]. T-AlgFeNi has a monoclinic crystal structure, and the

substitution of Ni and Fe in T-AlgFeNi phase leading to different ratios of
Ni/Fe can usually be found [41,42]. In the current work, there is a
quaternary eutectic reaction of Liquid—a-Al + Si + AlsNi + Alg(Fe-
NiMn); in the Al-Si-Ni-Fe-Mn system under near-equilibrium condi-
tions. It can be induced that Alg(FeNiMn); is T-AlgFeNi type phase with
the dissolution of Mn and a certain ratio of Ni/Fe. However, under rapid
solidification (HPDC), it becomes a ternary eutectic reaction of Liquid-
—a-Al + Si + Alg(FeNiMn) at 567 °C. The structure of materials depends
on Gibbs free energy at a given temperature, which can be described as
AG = AH-TAS. Here, AG is Gibbs free energy and T is temperature. AH is
enthalpy of mixing, which is mainly determined by the interaction en-
ergies of the component atoms and molecules. AS is entropy of mixing,
which is mainly determined by the configurational entropy of mixing
the different component atoms or molecules. In high entropy alloys,
entropy plays a dominant role in Gibbs free energy. Thus, the formation
single solid solution phase can be facilitated, while the formation of
intermetallic phases is suppressed [43]. Here, because of the many
components involved in eutectic solidification, the entropy of mixing
(AS) can be increased, but the enthalpy of mixing (AH) is still dominant
resulting in the formation of intermetallic phases [44]. A relatively high
entropy of mixing (AS) at high temperatures is able to facilitate the
formation of non-stoichiometry intermetallic compounds, and addi-
tional elements are accommodated based on binary or ternary inter-
metallic structures [45]. Due to the different atomic sizes and
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Fig. 11. (a) SEM EDX mapping of the eutectic mixture in Alloy B after DSC measurement (10 K/min); SEM EDX point analysis of Spot 1 (b) and Spot 2 (c).

Fig. 12. SEM backscattered images showing the fracture surface of Alloy A after tensile testing at 200 °C (a—c) and 300 °C (d-f).

interactions among the additional components, lattice distortion can be
found compared with the binary or ternary standard intermetallic
structure. In addition, it can be found that with the decreased cooling
rates the eutectic solidification transformed from a ternary reaction to a
quaternary reaction with two types of intermetallic phases. The phe-
nomenon is similar to high-entropy alloys at different cooling rates [46,
47]. Tt is reported that under a very slow cooling rate or
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high-temperature annealing, phase decomposition takes place in high
entropy alloys, and some intermetallic phases form rather than one or
two solid solution phases. Here, at a slower cooling rate, the thermo-
dynamic entropy loses its contribution. The diffusion has sufficient time,
leading to the formation of extra intermetallic phases. The supersatu-
rated phases are decomposed and disappeared. As a result, the eutectic
transforms from a ternary reaction to a quaternary reaction.
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Fig. 13. SEM backscattered images showing the fracture surface of Alloy B after tensile testing at 200 °C (a—c) and 300 °C (d-f).

Table 5
Mechanical properties of the heat-resistant alloys at room and elevated
temperatures.

Alloys (Condition) Temperature/ YS/ uTsS/ EL/%
°C MPa MPa
Al12Si4Cu2Ni0.8 Mg (T6) [55] 25 - 390 1
200 - 325 4
300 - 140 4
Al12Si4Cu2Ni0.8Mg0.2Nd (As- 25 196.6 240.5 0.89
cast) [56] 200 173.6 192.7 1.31
300 101.9 118.5 4.81
Al12Si4Cu2Ni0.8Mg0.2Gd (T6) 25 - 425 1
[55] 200 - 356 5
300 - 153 5
A16.728i6Cu0.6Mn0.6Fe0.13 25 ~210 ~250 ~2.5
Mg (T6) [57] 300 ~125 ~145 ~4
AA2618 (T6) [58] 300 95 100 20
Al13Si0.6Fe3Cu0.6Mn0.15Ti 25 210 285 2.7
(T6) [6] 300 125 138 8.5
Al13Si0.6Fe5Cu0.6Mn0.15Ti 25 280 336 0.82
(T6) (6] 300 130 144 7.2
A383 (As-cast) 25 140 305 + 52+
+3 7 0.7
200 122 170 + 15.8
+6 7 +2
300 68 + 75+4 21+
3 2.5
Current Alloy A (As- 25 202 273 £ 0.95
Work cast) +6 10 + 0.2
200 187 217 + 4.35
+5 8 +0.5
300 149 157 + 6.5 +
+3 6 0.8
Alloy B (As- 25 165 283 + 2+
cast) +4 8 0.3
200 156 197 + 7+1
+4 5
300 128 135 + 10 +
+4 6 1.1

In addition, there are three types of multicomponent primary inter-
metallic phases, and one is a well-known «a-AlFeMnSi type phase. A
similar phenomenon was reported by some researchers [42,48,49].
Intermetallic phases of AI(TM)Si with supersaturated elements (TM
represents transition elements such as Fe, Mn, Ni, Cr, V, Cu) can usually
be found in multicomponent Al-Si based piston alloys instead of many
binary or ternary intermetallic phases. In addition, based on the TEM
characterisation in the current work, the crystal structure of these
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primary intermetallics can be regarded as the distortion of basic binary
or ternary orthorhombic and tetragonal phases. The distortion may
originate from the interstitial or substitution of different atoms in the
orthorhombic and tetragonal phases. Simialr phenomenon is also re-
ported by Jo et al. [50] and it was found that the primary (ALSi)3(Zr,Ni,
Fe) phase can be regarded as Al3Zr-D023 crystal (tetragonal, [4/mmm
(139)) with lattice distortion. The formation of multicomponent super-
saturated intermetallic phases is able to reduce the enthalpies of the
system compared with the formation of numerous binary or ternary
intermetallic phases. Thus, it is very common that multicomponent
intermetallic phases can usually be found instead of many types of bi-
nary or ternary intermetallic phases in multicomponent alloys.

4.2. Relationship between microstructure and mechanical properties

Fig. 12 shows the fracture surface of Alloy A after tensile testing at
200 °C and 300 °C. The microstructures of Alloy A after tensile testing at
200 °C and 300 °C are similar. It can be found that the facture surface
consists of a mixture of dimples and cleavage. The cleavage corresponds
to primary intermetallic phases, while the dimples correspond to the
eutectic mixture. The cracks can be observed both at Alg(FeNiMn) phase
and primary intermetallic phases, indicating the crack initiation and
propagation along these intermetallic phases. It can be induced that
during the tension at elevated temperatures, these intermetallic phases
bear the load and prohibit the deformation of a-Al grains which becomes
very soft at elevated temperatures. No cracks can be found inside the
brittle Si phase, which may result from its fine microstructure. The
microstructure of the fracture surface in Alloy B after tensile testing at
200 °C and 300 °C is shown in Fig. 13. The fracture surface also consists
of dimples and cleavage. Apart from the cracks in the intermetallic
phases, there are numerous microvoids inside the eutectic region which
reflects its high elongation. The primary a-Al is able to accommodate the
stress concentration before the final failure which improves the ductility
of the alloy, and the final failure is mainly eutectic separation.

The elongations of the alloys at different temperatures are dominated
by the volume fraction of the intermetallic phases and a-Al. There is not
much difference in primary intermetallic phases between these two al-
loys. The near-eutectic alloy A has the lowest elongation, and further
introducing ~40% o-Al (Alloy B) is able to improve the elongation from
0.95% to 2%. The yield strength is mainly determined by the volume
fraction of the eutectic mixture in these two alloys both at room and
elevated temperatures, and a higher volume fraction of the eutectic
mixture contributes to a higher yield strength. A383 has the highest EL
and lowest YS among the three alloys at room and elevated
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Fig. 14. X-ray micro-CT 2D images showing the porosities in the cross-section of tensile test specimens with a thickness of 2.5 mm under as-cast and after exposure at

300 °C for 144 h; (a) Alloy A, (b) Alloy B.

temperatures, which is mainly because of the lowest volume fraction of
intermetallic phases. In addition, the yield strength of Alloy A is only
~14% higher than that of Alloy B at 300 °C, while the area fraction of
the eutectic mixture in Alloy B is ~40% lower than that in Alloy A.
Obviously, the precipitates in a-Al can be found in Alloy B under as-cast
state. Due to the rapid solidification and low solubility of Si, Fe, Ni and
Mn, these elements do not have enough time for diffusion to form
intermetallic phases at interdendritic regions. Instead, it forms
numerous precipitates inside a-Al as shown in Fig. 7. Ni-contained
precipitates have high thermal stability and they contain Fe, Ni and
Mn elements having very low diffusivity at high temperatures, leading to
a less coarsening rate. Thus, it can also make some contributions of
strength at 300 °C. The elongation and strength can be balanced by
optimisation of the volume fraction of intermetallic phases and o-Al
grains. Meanwhile, the introduction of a-Al with supersaturated low
diffusivity of elements is an effective way to improve the toughness of
the alloy.

Furthermore, the mechanical properties of the alloys in the current
work including Alloy A, Alloy B and A383 as well as some other heat-
resistant aluminium alloys are summarised in Table 5. Firstly, the EL
of Alloy A at room temperature is close to commerical Al-Si near-
eutectic alloys such as Al13Si0.6Fe5Cu0.6Mn0.15Ti and Al12Si4Cu2-
Ni0.8Mg0.2Nd (wt%) alloys. Secondly, it can be found that these heat-
resistant alloys after T6 heat treatment have excellent strength at tem-
peratures below 200 °C, while the strength decreases dramatically at
300 °C. The high strength of the alloys at a temperature below 200 °C
results from a high number density of precipitates after T6 heat treat-
ment. However, due to the high diffusivity of Cuand Mg at 300 °C [16],
the rapid coarsening of precipitates occurs. Consequently, the contri-
butions of precipitates on strength are greatly mitigated and the strength
of these alloys is dominated by the eutectic Si and heat-resistant inter-
metallic phases. In addition, it can also be found in Table 5 that Alloy A
and Alloy B show better combinations of UTS and EL at 300 °C. Espe-
cially, Alloy A (near-eutectic) has the highest UTS of 157 4+ 6 MPa with
good El of 6.5 + 0.8% at 300 °C. It can be induced that the inter-
connected network of a large volume fraction of heat-resistant inter-
metallic phases in Alloy A plays a very important role in the mechanical
properties of alloys at high temperatures [19,22,51]. Also, these
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multicomponent intermetallic phases usually have a higher hardness
than their binary or ternary intermetallic phases [48], which may result
from enhanced interatomic interactions and chemical bonds.

Fig. 14 (a) and (b) show X-ray micro-CT 2D images before and after
thermal exposure at 300 °C for 144 h of Alloy A and Alloy B, respec-
tively. The enlarged micro-CT 2D images before and after thermal
exposure are taken from the centre of the sample. From the enlarged
micro-CT 2D images, it can be found that some white and black granular
particles coexist, which correspond to pores and primary phases
respectively. Comparing the same location before and after thermal
exposure, it can be found that there is no obvious change in the size and
morphology of the pores. It is known that surface blistering and pore
expansion after heat treatment at high temperatures (480-540 °C) for a
long time can be found in the samples processed by HPDC [33,52-54].
The short time and decreased temperature can diminish pore expansion.
Here, the thermal exposure temperature is 300 °C, which is much lower
than the solution treatment temperature (480-540 °C). Although the
softening of the a-Al matrix takes place at 300 °C, the strength of the a-Al
matrix is still high enough to suspend the pore expansion. Hence, the
developed die-cast alloys have less sacrifice of mechanical properties
serving at elevated temperatures (<300 °C). Above all, the newly
developed alloys processed by HPDC are very potential for industrial
application at elevated temperatures.

5. Conclusions

1. Alloy A (78Al15Si4Ni2.5Fe0.5Mn, wt.%) and Alloy B
(83.6Al111Si3Nil1.9Fe0.5Mn, wt.%) have been successfully processed
by HPDC. Excellent mechanical properties can be achieved in the
developed alloys at high temperatures, which is very competitive
among heat-resistant aluminium alloys.

2. The as-cast microstructures consist of multicomponent primary
intermetallic phases (Alj7(FeNiMn)4Si, Al4(FeNiMn)Si;) and a
eutectic mixture in near-eutectic Alloy A. The same multicomponent
primary intermetallic phases, the same eutectic mixture and primary
a-Al with precipitates can be found in hypoeutectic Alloy B.

3. The melting temperature of the eutectic mixture in Alloy A and Alloy
B after HPDC process is 567 °C, and it is a ternary eutectic reaction of
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Liquid—a-Al + Si + Alg(FeNiMn). Alg(FeNiMn) has a distorted
crystal structure of AlsNi (a = 6.598 10\, b=7.352 10\, ¢ =4.801 A and
a =P =A=90°). The eutectic transforms to a quaternary reaction of
Liquid—a-Al + Si + Al3Ni + Alg(FeNiMn), under a slow cooling rate.

4. Al;7(FeNiMn)4Si phase shows block-like morphology with a dis-
torted crystal structure of AlsgFes (a = 7.656 A, b = 6.415 [o\, c=
4.218 Aand a = p = A = 90°). Al4(FeNiMn)Si, phase shows plate-like
morphology with a distorted crystal structure of FeAl3Si; (a = b =
6.061 10\, c=9.525Aand o= B =X =90°). The total volume fractions
of primary intermetallic phases are 5.8% in Alloy A and 4.9% in
Alloy B.

5. No pore expansion has been observed in these two alloys after
thermal exposure at 300 °C for 144 h.
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