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ARTICLE INFO ABSTRACT

Keywords: A trace addition of Zr to a multicomponent Al-14Si-3Cu-4.5Ni casting alloy has often been found to form a coarse
AL-Si casting alloy plate-like Zr-rich intermetallic compound with a size of a few tens of pm at the beginning of solidification.
Multicomponent

Evaluation of the phase composition has confirmed that the Zr-rich intermetallic phase consists of multicom-
ponent constituent elements, mainly Al, Si, Ni and Fe, and is present in a form of (Al,Si)3(Zr,Ni,Fe). The existence
of such a complex (ALSi)3(Zr,Ni,Fe) phase has not yet been predicted by phase equilibria calculation of the
multicomponent Al-14Si-CuNiMg systems. In this paper, transmission electron microscopy studies combined
with electron backscattered diffraction pattern analysis reveals the crystallography information of the (Al,Si)3(Zr,
Ni,Fe) phase for the first time and identifies it as a modified Al3Zr-D023 crystal (tetragonal, I14/mmm(139)) with
slightly changed lattice parameters of a = b = 3.275 A and ¢ = 15.475 A. The primary (ALSi)3(Zr,Ni,Fe) phase is
found to nucleate directly onto AIP particles. The mechanical properties of the Zr-rich intermetallics were also
investigated using nanoindentation at both room and elevated temperatures and were compared to those of the

Zr-rich intermetallics

Microstructure characterization

High temperature mechanical properties
Nucleation

Si phase.

1. Introduction

Multicomponent Al-Si casting alloys have been widely used for high-
temperature powertrain applications owing to their important charac-
teristics: good castability, high strength-to-mass ratio, and low thermal
expansion coefficients with good wear resistance. The accelerated de-
mand for improved fuel efficiency necessitates the development of new
alloys for pistons which can withstand higher gas temperatures of
350-400 °C and pressures up to 20 MPa. In order to maintain strength at
the elevated temperatures, alloy design for Al-Si casting alloys has been
extensively approached with the addition of substantial amounts of Cu
and Ni [1-5]. Moreover, certain transition metals (TMs), such as Ti, V
and Zr, have been suggested to improve high temperature performance
with a strengthening mechanism associated with thermally stable pre-
cipitates and intermetallics. The transition elements have low diffusivity
and solubility in Al and form AI3TM precipitates, and tri-aluminide
phases with a cubic L1, structure can maintain coherency with the Al
matrix at elevated temperatures of 370-425 °C [6] and thus contribute
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to the high temperature strength. Meanwhile, when a TM is added to
Al-Si casting alloys, Si in the alloys is likely to react with the TM and
TM-rich silicides (TMSiy), and Si can also dissolve into coarse flake-like
tetragonal Al3TM-DO03 intermetallics in the early stage of solidification
[7-12]. This could decrease the amount of solute retained within the Al
matrix [13] and thus reduce the volume fraction of thermally stable
Al3TM- L1, precipitates. Owing to their stable nature at 350 °C, how-
ever, Gao et al. [8,11,14] reported that Ti/Zr-rich intermetallics also
significantly improved the elevated temperature properties of Al-Si
piston alloys, particularly when they were formed in a blocky shape
with the additions of high content Ti (3.1 wt%) or Zr (2.5 wt%). It was
also proven that flake-like (Al,Si)sZr intermetallics that formed with a
trace Zr addition had a marginal or even detrimental effect on the high
temperature strength [8,14].

The combined addition of Zr with Ni has been attempted in order to
improve the high temperature properties of Al-Si casting alloys [8,9,14,
15]. Minor additions of both Zr and Ni were designed to form such
coherent precipitates as AlsZr-L15 and Al3Ni in the Al matrix while
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inevitably producing various intermetallic phases of Al3Ni, AlgFeNi and
(Al1,Si)3Zr upon solidification [9,16]. The evaluation of phase equilibria
in a ternary Al-Ni-Zr predicted that the presence of Zr and Ni could form
various ternary AINiZr intermetallics of which the crystal structure
varied with phase composition [17,18]. With the addition of Ni content
up to 4 wt%, Belov et al. [13] reported that Zr formed no phases,
excluding AlsZr-L1, dispersoids, in the Al-Ni-Mn-Fe-Si-Zr systems while
Ni formed primary AlgFeNi with eutectic Al3Ni phases without inter-
action with Zr.

We designed new Al-Si piston alloys with variations in the content of
the alloying element for high temperature applications [12,19,20].
Acknowledging that both Cu and Ni enhance load transfer to an inter-
connected Al-Si eutectic network by forming various Cu/Ni-containing
intermetallic phases, we attempted alloying with increased Ni content
in excess of the Cu amount, while microstructural refinement was ach-
ieved through liquid metal processing combined with fast cooling. In the
alloy with trace additions of Ti, V, Zr, instead of forming a primary AlsNi
phase, we experimentally observed that Ni was present in a massive
flake-like Zr-containing phase that was not included in the databases of
TCAL3 of Thermo-Calc [21] nor FTlite of FactSage [24]. This impor-
tantly indicates that Ni dissolved in the Zr-rich intermetallic phase and
then changed the composition and the crystallography characteristics of
the phase.

Therefore, the aim of this work is to clarify the formation of a new Zr-
rich intermetallics in the multicomponent Al-14Si-3Cu-4.5Ni alloy. The
study involves phase identification of the Zr-containing intermetallics
with a combinational use of transmission electron microscopy (TEM)
and electron backscattered diffraction (EBSD). The hardness of the new
intermetallic phase at both room temperature and elevated temperature
(350 °C) was also investigated using hot-stage nanoindentation, and its
important role for high temperature strength is further discussed.

2. Experimental

The Al-14Si alloy used in this study was produced by Dong Yang
Piston Co., Ltd. (Korea). The chemical composition of the alloy is given
in Table 1. The alloy melt was degassed with inert gas (Ar) and was
isothermally held at 800 °C. The melt weighing 2.5 kg was then cast into
a steel permanent mould preheated to 130 °C at a cooling rate of 4 K/s.
T7 heat treatment (solid solution treatment at 470 °C for 2 h followed by
aging at 230 °C for 5 h) was carried out on the cast alloys.

Metallographic samples were prepared by a standard polishing
procedure with a final polishing by a 0.05 pm colloidal silica suspension.
The microstructures of the specimens were observed using a Nikon
MA200 optical microscope (OM), a JEOL JSM-6610LV scanning electron
microscope (SEM) and a ZEISS Merlin Compact SEM equipped with an
energy dispersive X-ray spectrometer (EDS). Electron backscatter
diffraction (EBSD) combined with EDS was applied to identify inter-
metallic phases using a JEOL JSM-7900F field emission SEM (FE-SEM)
and AZtecSynergy software. A thin foil sample containing phases of
interest was prepared by a JEOL JIB-4601F focused ion beam (FIB) and
was analyzed by a JEOL JEM-2100F transmission electron microscopy
(TEM).

The nanoindentation method was used to measure the mechanical
properties derived from the measured load-displacement curves under
loading/unloading through appropriate data analysis. The hardness was
determined using a technique developed by Oliver and Pharr [23]. The
indentation experiments were performed using a Hysitron TI-950 nano
indenter. The alloy after prolonged aging at 350 °C for 100 h was
machined into a plate with a uniform thickness of 5 mm and 10 mm of
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length and width. The sample was then carefully polished in a way
similar to the EBSD sample preparation. A three-sided pyramid Berko-
vich tip was used for all indentations. For each phase of interest,
particularly the Si phase and Zr-rich intermetallics, approximately 10
different indentations were made with a maximum load of 10 mN at a
loading rate of 0.5 mN/s, followed by holding for 10 s in order to obtain
reliable data. A hot stage consisting of a thermally controlled heating
element and a ceramic insulator was used for indentations at elevated
temperature (350 °C). To obtain thermal equilibrium, heating of the
sample involved multiple steps, gradually heating to the targeted tem-
perature of 350 °C for 30 min and holding it for another 30 min. With
stable environmental conditions for the hot stage, experiments were
performed in a chamber with an argon atmosphere surrounding the
heated sample to prevent oxidation.

3. Results and discussion
3.1. Identification of a new Zr-rich intermetallic phase

Fig. 1 (a) shows a Scheil simulation of the Al-14Si alloy predicting
the phases formed in the early stage of solidification using Thermo-Calc
with a TCAL3 database [21]. Trace addition of 40 ppm P was also
considered for the thermodynamic calculation using FactSage with a
FTlite database [24] and the result has been subsequently implemented
to the Thermo-Calc calculation. This is reasonably in good agreement
with cooling curve analysis experimentally detecting the reactions of
primary phases during solidification at a cooling rate of 0.3 K/s as shown
in Fig. 1(b). Due to the very small volume fractions of silicides, such as
SizZr and SiyTi as well as AlP, their reactions were hardly detected in the
cooling curve of Fig. 1(b). It should also be noted that Zr-rich in-
termetallics, of which the existence is not predicted by the thermody-
namic calculation, was found to form in the early stage of solidification,
even prior to the formation of primary Si as observed in both the cooling
curve and the microstructure (see Fig. 2). Fig. 2(a) shows a typical
microstructure of the Zr-rich intermetallics observed in the as-cast
Al-14Si alloy, exhibiting a coarse plate-like morphology with a size of
a few tens of pm. As shown in Fig. 2(b) and (c), EDS mapping along with
point analysis on the phase in Fig. 2(a) reveal that the Zr-rich in-
termetallics contain large quantities of Al, Si and Ni (~51 at.%Al, ~18
at.%§Si, ~23 at.%Ni) with approximately 5 at.%Zr and 3 at.%Fe. In the
presence of a high Ni content of 4.5 wt%, Zr is not solely present in forms
of Al3Zr-DOy3 or AlgZr-L; phases [8,9,13,14,25] but is likely to react
with Ni and Al, forming a more complex phase with additional solubility
for Si and low Fe. The chemical composition quantitatively analyzed for
the Zr-rich intermetallics suggests that the phase belongs to the chemical
formula of (ALSi)3(Zr,Ni,Fe).

Phase identification of constituent phases in the alloy was accom-
plished by combining EDS and EBSD. While analyzing constituent ele-
ments of phases by EDS, EBSD patterns were simultaneously collected to
assist in the selection of a phase from a list of candidate phases derived
from the crystallographic database filtered by the chemical information.
Besides the open crystal structure database provided by the AZtec soft-
ware (Inorganic Crystal Structure Database), the information of some
excluded phases having additional solubility for different elements were
also manually added for a more accurate analysis. Fig. 2(a) shows the
area of scanning. It is evident from Fig. 2(d) that the EBSD phase map-
ping by combining EDS and EBSD was able to identify Al, Si, AlgFeNi and
Al3(Cu,Ni), phases based on the crystallographic information [26] as
listed in Table 2. However, the Zr-rich (Al,Si)3(Zr,Ni,Fe) phase did not
match any of the phases within the considered database, suggesting that

Table 1

Chemical composition of an Al-14Si-3Cu-4.5Ni alloy.
element Si Cu Ni Mg Fe Mn Zr Ti \Y P Al
[wt.%] 14.26 3.01 4.56 0.60 0.40 0.19 0.20 0.11 0.10 0.004 bal.
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Fig. 1. (a) Scheil simulation predicting phases formed in the early stage of solidification of the Al-14Si alloy using Thermo-Calc with a TCAL3 database and (b) a
cooling curve experimentally achieved during solidification of the alloy at a cooling rate of 0.3 K/s.
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Fig. 2. (a) SEM image showing a Zr-containing intermetallic phase (arrowed) formed in the as-cast Al-14Si alloy and its corresponding (b)EDS maps exhibiting the
distribution of constituent elements of the Al, Ni, Zr and Fe and (c¢) EDS spectrum. (d) EBSD phase map identifying Al (light green), Si (red), AlgFeNi (dark green),

Al3(Cu,Ni)2 (magenta) except the Zr-containing intermetallics (black).

Table 2
Crystallographic data for constituent phases of the Al-14Si alloy [26].
Phase Crystal Space SG Lattice Structure
structure group (SG) No. parameter type
Al cubic Fm3m 225  a=4.050A Cu
Si cubic Fd3m 227  a=5431A C
AlgFeNi monoclinic P2, /c 14 a=6.290 A AlgCos
b=6.2104
¢ =8.560 A
B = 94.76°
Al3(Cu, hexagonal P3m1l 164 a=b= Al3Ni,
Ni), 4.028 A
c=4.891A
y =120°

a large quantity of Ni dissolved in the phase would control the lattice
parameter or even the crystal structure of the known (AlSi)3Zr phase
(tetragonal, I4/mmm (139), a = 4.005 A, ¢ = 17.285 A) [26].

To clarify the crystallographic information of the new Zr-rich (Al,
Si)3(Zr,Ni,Fe) phase, we precisely extracted a TEM sample containing
the phase using a FIB milling technique and then analyzed it for both the
chemical and crystallographic information. Fig. 3(a) shows a SEM image
exhibiting an (Al,Si)3(Zr,Ni,Fe) phase selected for FIB preparation of the
TEM sample. Cross-sectioning across the dotted line in Fig. 3(a), we
observed the (Al,Si)3(Zr,Ni,Fe) phase as shown in Fig. 3(b). Fig. 3(c) and
(d) show a high resolution TEM image and an electron diffraction
pattern, respectively, obtained from a squared area of Fig. 3(b). As can
be seen in the inset of Fig. 3(c), the selected area diffraction pattern
obtained by Fast Fourier Transformation (FFT) analysis indicates that
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Fig. 3. (a) SEM image showing an (Al,Si)3(Zr,Ni,Fe) phase containing an in-
ternal particle in the as-cast Al-14Si alloy and (b) the cross-section image in the
FIB sample. (c) HR TEM image obtained from (b) the squared area and (d) its
electron diffraction pattern identifying the Zr-rich intermetallics as a new
tetragonal (Al,Si)3(Zr,Ni,Fe) phase.

the c-axis [001] is normal to the plane of the (Al,Si)3(Zr,Ni,Fe) plate of
which the growth is likely to occur with a strong anisotropy. This is in
good agreement with the primary AlsZr crystals of which the {001}
planes are known to have a high crystalline perfection and thus make it
too difficult for atoms to attach to these planes during the growth pro-
cess [27]. Further analysis on the SAD pattern in Fig. 3(d) confirms that
a unit cell of (ALSi)3(Zr,Ni,Fe) can be described as a body-centered
tetragonal (I4/mmm) with lattice parameters of 3.275 A and 15.475 A
for a and c, respectively. It should also be mentioned that Ni and Fe can
certainly replace Zr in (ALSi)3Zr but they are unlikely to change the
crystal structure. However, a high content of Ni of ~23 at.% (and a few
Fe) dissolved in the (Al,Si)3(Zr,Ni,Fe) and otherwise controlled the lat-
tice parameters, reducing both the a and c values by 18% and 10%,
respectively.

The experimentally determined crystallographic file for (ALSi)3(Zr,
Ni,Fe) was implemented in the crystallography database and manual
EBSD analysis was once again carried out. As can be seen in Fig. 4, it
should be highlighted that the Kikuchi diffraction patterns in Fig. 4(b)
are consistent with the (Al,Si)3(Zr,Ni,Fe) intermetallics. This impor-
tantly suggests that the (Al,Si)3(Zr,Ni,Fe) is indeed a new intermetallic
Zr-rich phase that is significantly different in chemical composition and

Fig. 4. (a) SEM images showing an (Al,Si)3(Zr,Ni,Fe) intermetallic phase in the
as-cast Al-148Si alloy and (b) the corresponding EBSD diffraction pattern with
simulated bands based on the crystallographic information derived from TEM
analysis in Fig. 3(c) and (d).
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lattice parameters compared with (Al,Si)sZr.
3.2. Formation of (ALSi)3(Ni,Zr,Fe) intermetallics

Thermodynamic calculation [24] predicts that the addition of Ni
exceeding 2.3 wt% can form primary AlsNi following the formation of
primary Si in the investigated alloy (see electronic Supplementary
Fig. S2). Ni less than 2.3 wt%, on the other hand, is more likely to form
eutectic Al-Al3Ni instead of developing primary AlgNi. Therefore, the
addition of approximately 4.5 wt%Ni in the alloy containing 0.2 wt%Zr
provides excess Ni in the melt, which makes it possible to form primary
Al3Ni while being also incorporated in the pre-existing AlsZr in the early
stage of solidification. We experimentally confirmed that the primary
tetragonal AlsZr intermetallics were not solely formed but were rather
capable of containing substitutional solutes of Si, Ni and Fe, forming
tetragonal (Al,Si)3(Zr,Ni,Fe) intermetallics as evidenced in Figs. 1 and 2.

The commercially available thermodynamic databases of TCAL3 and
FTlite for Thermo-Calc and FactSage, respectively, have not yet recog-
nized the formation of the complex (AlSi)s3(Zr,Ni,Fe) intermetallic
phase for Scheil simulations and thus were not likely to give an accurate
prediction for the early stage of solidification as shown in Fig. 1(a). A
cooling curve of the Al-14Si alloy in Fig. 1(b) clearly exhibits a reaction
occurring at about 630 °C where no other phases than (Al,Si)3(Zr,Ni,Fe)
could possibly form in the first stage of solidification. It was also pre-
dicted that the alloy containing 40 ppm P can have AIP formed at 667.8
°C followed by the formation of (Al,Si)3(Zr,Ni,Fe) and primary Si, which
suggests that the AIP could affect the nucleation of such primary phases.

Fig. 5(a) shows a typical SEM micrograph of an (ALSi)3(Zr,Ni,Fe)
phase where an internal particle is often found to be entrapped. The
squared area in Fig. 5(a) was further investigated for the EDS point
analysis and line scan across the internal particle and the surrounding
intermetallics as shown in Fig. 5(b). Fig. 5(c) reveals that Al and P are
detected from the internal particle and O is also always present in large
quantities, possibly due to the active reaction with water during con-
ventional polishing process. The EDS line scan results in Fig. 5(d) further
confirm the presence of Al and P within the particle, suggesting that the
AIP particle can act as a potent nucleation site for (ALSi)3(Zr,Ni,Fe)
intermetallics. Such an intimate physical relationship between the
phases however does not provide conclusive proof of nucleation and
hence the crystallographic evidence needs to be proved by means of
TEM. On a TEM sample prepared by FIB milling to extract (Al,Si)3(Zr,Ni,
Fe) intermetallics containing AlP (see electronic Supplementary S.2), we
therefore attempted to look further into the internal interfaces between
AlP and (Al,Si)3(Zr,Ni,Fe). Fig. 5(e) shows a TEM image exhibiting an
AlP particle well-wetted by (AlSi)3(Zr,Ni,Fe) while the oxidation
occurring on the AlP particle was observed to even be accelerated during
the TEM work. This oxidation event rapidly disrupted the crystalline
nature of AIP and hence the AIP contacting the (Al,Si)3(Zr,Ni,Fe) inter-
metallic phase was found to have a typical amorphous structure as
shown in Fig. 5(f). It is known that AIP has a face centered cubic (fcc)
structure and the lattice parameter is 5.431 A. The interatomic spacing
along the most closely packed direction of AIP <01-1> is 7.680 A of
which the double is nearly identical to the closely packed direction (Al,
Si)3(Zr,Ni,Fe) <001> = 15.475 A. This yields a very low lattice misfit
(~2.5%) between AIP and (Al,Si)3(Zr,Ni,Fe), and thus AIP can be a
potent nucleation site for the (Al,Si)3(Zr,Ni,Fe) intermetallics.

3.3. Hardness of (ALSi)s(Zr,Ni,Fe) intermetallics

Fig. 6 (a) shows the typical load-displacement curves of (Al,Si)3(Zr,
Ni,Fe) intermetallics measured at room temperature (RT) and the
elevated temperature of 350 °C. For comparison, primary Si, which is
known as the hardest phase in multi-component Al-Si alloys [4,5], was
also investigated and the results are illustrated in Fig. 6(b). As shown in
Fig. 6(a), the loading curve of (Al,Si)3(Zr,Ni,Fe) intermetallics at RT are
serrated by a series of discrete steps (pop-in), indicating a process of
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Fig. 5. SEM image showing (a) an (Al,Si)3(Zr,Ni,Fe)
intermetallic phase and (b) the existence of an in-
ternal particle within the intermetallic phase in the
as-cast Al-14Si alloy. (c) EDS spectrum obtained
from the internal particle and (d) EDS line scan
across the phases in (b) showing the presence of P
and O in the centrally located particle. () TEM im-
ages of an (AlSi);3(Zr,Ni,Fe) phase containing AIP
particles and (e) HR TEM image showing the inter-
face between the (AlSi)3(Zr,Ni,Fe) and AIP as
squared in (e), while exhibiting a typical amorphous
structure of AIP fully oxidized, possibly AIPO,.
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Fig. 6. Typical load-displacement curves at room temperature and elevated temperature, 350 °C for (a) (Al,Si)3(Zr,Ni,Fe) intermetallics and (b) primary Si phase.

producing mobile dislocations. Elevated temperature, however, reduces
the dislocation density and allows dislocation movement. Hence, the
small serrations in the loading curve disappears at 350 °C where creep
effects are observed with a stable plateau occurring during the dwell
time at a maximum load as shown in Fig. 6. Additionally, it appears that
the hardness of (ALSi)3(Zr,Ni,Fe) and primary Si phases are less likely to
decrease with an increase in the temperature to 350 °C and both have
good creep resistance.

The measured hardness of primary Si at RT is 11.0 & 0.3 GPa, which
is in good agreement with the value obtained by Chen et al. (H = 11.1
GPa) [5] and Jang et al. (H = 11.5-12.5 GPa) [28]. Primary Si exhibits a
good thermal stability and maintains its hardness up to 350 °C. As shown
in Fig. 6(b), the maximum indentation depth becomes slightly larger
with an increasing temperature from RT to 350 °C while the gradient of
the curves at both temperatures are similar. It should be noted that the
measured hardness of (Al,Si)3(Zr,Ni,Fe) intermetallics is 11.3 £ 0.5 GPa,
which is equivalent to that of the hard phase of primary Si at RT. As
evidenced in Fig. 6(a), the change in the curve for the (Al,Si)3(Zr,Ni,Fe)
intermetallics with an increasing temperature is marginal and the final
indentation depth increases slightly. Average hardness values for both
(ALSi)3(Zr,Ni,Fe) and primary Si were determined by approximately 10
different indentations and the results are listed in Table 3. Similarly to
primary Si, at 350 °C, (ALSi)3(Zr,Ni,Fe) intermetallics has a small
decrease of about 14% in the hardness and still retains the good high

Table 3
Mean hardness of (ALSi)3(Zr,Ni,Fe) intermetallics and the primary Si phase at
room temperature and 350 °C.

Hardness (GPa) (ALSi)3(Zr,Ni,Fe) primary Si

at RT
at 350 °C

11.341 + 0.464
9.710 + 1.582

11.018 + 0.332
10.652 + 0.475

temperature stability.

It has been reported that the hardness of the Al matrix decreased the
most drastically from 1.45 to 0.14 GPa when the temperature was
increased from RT to 350 °C [5]. The softening of the matrix at the
elevated temperature was due to the coarsening of Cu and Mg rich
precipitates, which occurs even after a relatively short aging time of 1 h
at 350 °C [29]. The high temperature strength of the Al-14Si alloy is
therefore given by a transfer of load from the soft Al matrix to the rigid
intermetallics, Si and the interconnected networks [3]. Introducing a
large volume fraction of thermally stable intermetallics and Si may be
the key to enhancing the high temperature strength of the Al-14Si alloys.
Knowing that (Al,Si)3(Zr,Ni,Fe) intermetallics retains such a high
hardness of about 10 GPa at 350 °C, the formation of such plate-like
Zr-rich intermetallics, which allows a high degree of contiguity with Si
and aluminides, can certainly contribute to the enhancement of the
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elevated temperature mechanical properties. The extra load transfer
from the Al matrix to the hard (Al,Si)3(Zr,Ni,Fe) intermetallics and the
multiphase networks when exposed to high temperature conditions is
currently under investigation and is to be further discussed in our future
study.

4. Conclusions

Trace addition of Zr to a multicomponent Al-14Si-3Cu-4.5Ni alloy
was found to form coarse plate-like Zr-rich intermetallics at the begin-
ning of solidification. A detailed microstructural characterization
confirmed that the formation of a (ALSi)3(Zr,Ni,Fe) phase which had not
been predicted by phase equilibria calculation of the multicomponent
Al-14Si alloy.

The (Al,Si)3(Zr,Ni,Fe) intermetallics has a body-centered tetragonal
(I4/mmm) structure with lattice parameters of 3.275 A and 15.475 A for
a and c, respectively, exhibiting a modified Al3Zr-D023 where sub-
stantial solutes of Si, Ni and Fe can be dissolved. The calculated atomic
mismatch along the most closely packed direction of AIP <01-1> and
(ALSi)3(Zr,Ni,Fe) <001> is ~2.5%. Evidence that (Al,Si)3(Zr,Ni,Fe)
intermetallics formed directly on AIP suggests that AIP can act as a
potent nuclei site for (Al,Si)3(Zr,Ni,Fe) phases during the solidification
of the Al-14Si alloy.

The (Al,Si)3(Zr,Ni,Fe) intermetallics has a very high hardness of 11.3
GPa, which is equivalent to the value of the hardest phase Si in the Al-
14Si alloy. The (ALSi)3(Zr,Ni,Fe) intermetallics has good mechanical
properties at 350 °C with the good high temperature stability. The
hardness of (Al,Si)3(Zr,Ni,Fe) intermetallics decreases slightly by 14%
and retains a high hardness value of approximately 10 GPa at 350 °C.
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