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A novel Al-Si-Ni casting alloy with an ultra-high elastic modulus exceeding 100 GPa was developed by
compositional tailoring of a hypereutectic Al-18Si binary system through incremental Ni addition from 4 to 28 wt
%. The solidification behavior and microstructural evolution were systematically investigated with respect to Ni
content, focusing on the formation and morphology of Ni-rich intermetallic compounds (IMCs) and the refine-
ment of primary Si (Sip) particles. When the Ni content exceeded 8 wt%, Si, and primary Al3Ni formed
sequentially in the first stage of solidification, followed by the Al-Si-Al3Ni eutectic reaction. At Ni content
exceeding 20 wt%, the AlgNi3Si (t3) was formed as a primary phase, and it was observed to exist as a binary
mixture of Al3Ni-AlgNisSi with a core-shell structure. In addition, the nucleation temperature of Si, rises,
weakening the refinement effect of AIP and resulting in the coarsening of Si,. With further addition to 24 wt% Ni,
the Al3Niy was formed as a primary phase, and a ternary mixture with a distinct layered morphology appeared,
consisting of Al3Niy, AlgNisSi, and Al3Ni phases. Transmission electron microscopy (TEM) analyses revealed
crystallographic orientation relationships between these IMCs: (110)[113] AlgNisSi // (031)[113] Al3Ni and
(0113)[1211] Al3Niy // (100)[031] AlgNi3Si. Based on these observations, the phase formation sequence and
microstructural evolution mechanisms during solidification were elucidated as a function of Ni content, which
provides fundamental guidance for designing high-modulus lightweight alloys with optimized microstructures.

1. Introduction

Reducing vehicle weight can be accelerated by substituting tradi-
tional steel parts with Al-Si casting alloys, which offer excellent cast-
ability, good high-temperature strength, a low coefficient of thermal
expansion, and mechanical properties comparable to steel [1-4]. How-
ever, for critical structural applications such as ride-control and
handling components, Al-Si alloys must achieve an elastic modulus
comparable to that of steel (~210 GPa) [5-7]. Commercial hypereu-
tectic Al-Si alloys exhibit relatively high elastic modulus values (~80
GPa), surpassing those of pure Al and most general-purpose Al alloys
(~70 GPa). This enhancement is attributed to the stiffening effect of
hard primary Si (Sip), which form during the early stage of solidification.
It is estimated that primary and eutectic Si particles increase the elastic
modulus by approximately 1.6 GPa and 0.4 GPa per vol%, respectively
[8]. However, increasing the Si content to raise the fraction of Sij, often
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results in reduced ductility, presenting a significant trade-off between
stiffness and toughness.

To overcome this trade-off, various approaches have been proposed
to further enhance the modulus of Al-Si alloys without compromising
ductility [4,6-11]. These include the incorporation of reinforcing
ceramic phases and metastable precipitates. Nevertheless, the poor
wettability, brittleness, and interfacial instability of reinforcing particles
frequently hinder their uniform dispersion and limit their strengthening
effectiveness [10,12]. In addition, although metastable precipitation via
heat treatment can modify microstructures, it has been reported to
decrease the modulus due to the removal or redistribution of stiff phases
[8]. Recent studies suggest that alloying additions can simultaneously
reduce the Si particle fraction while enhancing the modulus. Among
candidate elements, Ni has attracted considerable attention due to its
low solid solubility in Al, which promotes the formation of Ni-rich in-
termetallics such as Al3Ni, Al3Niy, AlgNiy, and Al4Nisz [13,14]. The
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addition of Ni has been reported to increase the modulus of Al by
approximately 1.08-1.16 GPa per wt% [11,15], and by as much as ~1.9
GPa per wt% in Al-Si casting alloys via the formation of AlgNi [16].
Based on these findings, we recently developed an Al-18Si-8Ni alloy
exhibiting an elastic modulus of ~95 GPa [4]. In addition to improving
stiffness, Ni also enhances thermal stability by reducing the coefficient
of thermal expansion, while exerting minimal influence on electrical
conductivity [17-19]. Thus, these investigations suggest that Al-Si-Ni
alloys are promising candidates for achieving modulus values
exceeding 100 GPa.

However, the addition of Ni to a binary Al-Si system may also lead to
the formation of ternary intermetallic phases at specific compositions.
While the thermodynamics of intermetallic formation in the Al-Si-Ni
system have been previously investigated, most studies have focused
on hypoeutectic alloys (Si < 12.6 wt%, Ni < 6.1 wt%) [20-27], and
limited data are available for hypereutectic systems. Raghavan et al.
[21] reported the crystal structures and compositions of several ternary
phases in the Al-Si-Ni system, including Al;3Nig7Sizg, AlNisSi, AlgNisSi,
AlySig_yNiy3,y, and AlNi;Sio. Xiong et al. [22] calculated the formation
enthalpies of Nig(Al, Si), A16Ni3Si, Alysig,yNingrx, AlNilGSig, Nis(Al, Si)g,
and (Al, Ni)Si4 and constructed ternary phase diagrams over different
temperature ranges. Liu et al. [23] investigated the effect of Ni content
on the microstructure, physical properties and thermal behavior of Al-
22Si-xNi alloys (x = 0-20 wt%) and observed the transient formation
AlgNisSi during solidification; though its persistence and influence on
properties remained unclear. In particular, the mechanisms underlying
the consumption and transformation of ternary phases at high Ni con-
tents have not been sufficiently explained, highlighting the need for a
more systematic understanding of phase stability and solidification
behavior.

To address these gaps, this study aims to investigate the effects of Ni
content on the microstructural evolution and phase formation in hy-
pereutectic Al-18Si-xNi alloys.

Specifically, we explore the solidification pathways and formation
mechanisms of Ni-rich intermetallic phases, their crystallographic
orientation relationship, and thermodynamic stability. Through this
analysis, we seek to elucidate the fundamental mechanisms governing
solid-state transformations during solidification and provide guidance
for the design of high-modulus Al-Si-Ni casting alloys.

2. Experimental

Al-188Si-xNi (wt%) alloys with Ni contents ranging from 4 to 28 wt%
were prepared using a steel step mold, following the procedure
described in [4] and Fig. S1. Table 1 lists the chemical compositions of
the alloys measured by inductively coupled plasma optical emission
spectrometry (ICP-OES).

Microstructural characterization was carried out using an optical
microscope (OM, MA200, Nikon) and a field emission scanning electron
microscope (FE-SEM, Mira 1 LHM, TESCAN). Energy dispersive spec-
troscopy (EDS), electron backscatter diffraction (EBSD), and X-ray
diffraction (XRD) were employed to identify the IMCs. XRD was con-
ducted on a Malvern Panalytical diffractometer with Cu-Ko radiation

Table 1

Chemical compositions of the investigated Al-18Si-xNi alloys (wt%).
Alloy code Si Ni Mg Fe Ti P Al
4Ni 18.3 4.76 0.39 0.08 0.04 100 ppm Bal.

8Ni 17.7 8.74 0.41 0.08 0.04 100 ppm Bal.
12Ni 17.9 12.1 0.39 0.08 0.04 100 ppm Bal.
16Ni 17.7 17.2 0.41 0.07 0.04 100 ppm Bal.
20Ni 17.4 20.1 0.38 0.09 0.05 100 ppm Bal.
22Ni 17.7 22.7 0.38 0.07 0.04 100 ppm Bal.
24Ni 17.3 24.6 0.41 0.08 0.05 100 ppm Bal.
26Ni 18.0 26.2 0.39 0.06 0.03 100 ppm Bal.
28Ni 18.6 28.6 0.42 0.06 0.03 100 ppm Bal.
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(1.54 &), over a scanning angle (20) range of 10° to 140°, using a step
size of 0.0131°. Phase identification was carried out using ICDD cards,
and crystallographic information was obtained from references [24, 28,
29] (Table 2). The crystallographic features of the IMC phases were
examined by a spherical aberration Cs-corrected transmission electron
microscope (TEM, Themis Z, Thermo Fisher Scientific) operating at 300
keV. TEM samples were prepared using a focused ion beam (FIB, Scios2,
Thermo Fisher Scientific). The obtained ingots were cut into 40 x 15 x
3 mm specimens for measuring elastic modulus. Dynamic Young’s
modulus E (GPa) of alloys was determined by the Impulse Excitation
Technique (IET) according to ASTM E1876 [30].

3. Results
3.1. Solidification behavior and phase formation in Al-18Si-xNi alloys

Fig. 1 and Fig. S2 show Scheil simulations of Al-18Si-xNi alloy with
four different levels of Ni predicting phases in the early stage of solidi-
fication using Thermo-Calc with TCAL8 database [31]. The solidifica-
tion sequence corresponding to each alloy shown in Fig. 1 is presented in
Table 3 In the 4Ni and 16Ni alloys, solidification starts with the for-
mation of Sij at 672 and 709 °C, followed by the formation of primary
Al3Ni and a-Al (Fig. 1(a) and (b)). When increasing the Ni to 22 wt%
(22Ni), primary AlgNisSi begins to form first at 745 °C prior to the
formation of Sip, and then solidification proceeds similarly to the 4Ni
and 16Ni alloys (Fig. 1(c)). It is also predicted that the primary AlgNizSi
is consumed, leading to the formation of primary Al3Ni and Si, via a U-
type transition reaction [22,24] or a quasi-peritectic reaction, in which
the liquid phase reacts with the existing AlgNigSi phase to simulta-
neously produce Al3Ni and Si. This reaction exhibits characteristics of
both peritectic (L + a — f) and eutectic transformations (L — a + f), as
described in [23]:

Liquid + AlgNisSi (t3)—Al;Ni + Si €h)

As shown in Fig. 1(d), the solidification of the 28Ni alloy initiates at
an even higher temperature of 821 °C with the formation of primary
Al3Niy, followed by the serial formation of primary AlgNisSi, Sip, AlaNi
and a-Al, similarly to the 22Ni alloy. It should be noted, however, that
the primary AlsNis is no longer observed in the later stages of solidifi-
cation (Stage 3 to 5 in Table 3), as it undergoes a transition reaction
[22,24]:

Liquid + Al3Ni,—AlgNi;Si + Si (2)

Fig. 2 shows optical micrographs of as-cast Al-18Si—xNi alloys with
various Ni amounts, commonly consisting of Sij particles in black and
Ni-rich IMCs in gray. As the Ni content increases from 4 to 16 wt%, both
the size and the volume fraction of Ni-rich IMCs increase significantly. It
can also be seen in Fig. 2 that, besides the polygonal-shaped Si,, rather
coarser ellipsoidal primary Al3Ni was found to form in the alloys with Ni
content exceeding 8 wt%. Once the Ni content exceeds 20 wt%, the
morphology of the Ni-rich IMCs changes significantly. For example, the
IMCs in the 20Ni and 22Ni alloys exhibit a cloud-like morphology. At 24
wt% Ni, the cloud-like IMCs begin to disappear, and needle-like IMCs
start to form. The cloud-like IMCs have completely disappeared at 26 wt
% Ni.

To further verify the effect of Ni addition on the stiffness, the elastic
modulus of Al-18Si-xNi alloys were measured in accordance with ASTM
E1876 [30], and the results are summarized in Table. 4. As the Ni
content increased, the elastic modulus gradually rose from 86.21 GPa,
with an average increment rate of approximately 1.45 GPa per Ni wt%,
exceeding 100 GPa at 16 wt% Ni. However, in the composition range
where cloud-like IMCs formed (20-22 wt%), the elastic modulus
increased more steeply, at a rate of about 1.84 GPa per Ni wt%. In
addition, for compositions where needle-like IMCs formed (> 24 wt%),
the increase in elastic modulus became more moderate, suggesting that
the morphological evolution of Ni-rich IMCs with Ni addition is closely
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Table 2
Crystallographic data of constituent phases in the Al-18Si-xNi alloys.
Phase Crystal structure Space group Lattice parameters Veen (A%) Density(g/cm?®) Ref
Al FCC Fm3m (225) a=b=c=4.0515A,a=p=y=90° 66.50 2.7 [28]
Si Cubic Fd3m (227) a=b=c=5432A a=p=y=90° 160.28 2.33 [24]
AlsNi Orthorhombic Pnma (62) Z - E‘ilf’:b ;?386’ c=48144, 235.31 3.95 [29]
AlgNisSi Cubic Im3m (229) a=b=c=831594 a=p=y=90° 575.08 4.23 [24]
Al3Ni, Trigonal P3m1 (164) Z - E - ;6(:?35:1; 0:0 4.9003 A 69.15 4.76 [24]
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Fig. 1. Scheil simulations predicting the solidification sequence of Al-18Si-xNi alloys in the early stage of solidification using Thermo-Calc with TCAL8 database

[31]: (a) 4Ni; (b) 16Ni; (¢) 22Ni; and (d) 28Ni.

related to the variation in the alloy’s stiffness.

Figs. 3(a) and (b) shows the enlarged micrographs showing Ni-rich
IMCs with cloud-like and needle-like structures observed in the 22Ni
and 28Ni alloys, respectively. Both morphologies show a sharp contrast
between phases, indicating the presence of multiple phases. The cloud-
like IMCs exhibit a core-shell structure, in which a polygonal dark gray
phase is surrounded by a light gray shell. On the other hand, the needle-
like IMCs have a layered structure consisting of a black core, a dark gray
intermediate layer, and an outmost light gray layer. (Hereafter referred
to as core-shell and layered structure, respectively.)

It is also clear from Fig. 2 that the overall blocky morphology of Si,
remains constant while its size changes with Ni content. As evidenced in
Fig. 3(c), the Sij, size is 30—40 pm when the Ni content is 4 to 16 wt%,
and increases sharply to ~60 pm at 20 wt%Ni. When the Ni content
exceeds 20 wt%, the Si, size stabilizes in the range of 55-70 pm. This

coarsening behavior can be interpreted as resulting from changes in the
nucleation temperature of the phase refiner (AlP) and Si,,, depending on
the Ni content, as shown in Fig. 3(b) [32]. As the Ni content increase, the
nucleation temperature of Si, rises from 663 to 776 °C, despite a con-
stant Si content. This is because Al content decrease as the amount of
alloying additions increase, leading to a higher Si, nucleation temper-
ature under hypereutectic conditions. In contrast, the nucleation tem-
perature of AIP remains relatively stable, as the P content is very low
(100 ppm), despite varying Ni-to-Al ratios [33]. At 20 wt% Ni, the
nucleation temperature of Si, exceeds that of AIP. Although AIP typi-
cally acts as an effective refiner for Si,, its refining effect diminishes or
disappears when its nucleation temperature becomes lower than that of
Sip, resulting in coarser Si particles.



Y.-H. Lee et al.

Table 3

Scheil simulations predicting reaction sequences of the Al-18Si-xNi alloys in the
early stage of solidification using Thermo-Calc with a TCAL8 database [31] as
depicted in Fig. 1.

Stage  4Ni and 16Ni 22Ni 28Ni
Si + Liq. e o
. AlgNisSi + Liq. Al3Ni, + Liq.
1 At 672 °C (4Ni), 709 °C 1 1
enn At 745 °C At821°C
AloNi + Si + Liq. ) o AlgNiSi + ALNip +
2 At 619 °C (4Ni), 694 °C ‘ilt ;3’;1&12‘351 R
(16ND) At753°C
5 Z}Asl;z ?éSI(\LlNJE)S;lL:g' ALNi + Si + Lig. Si + AlgNisSi + Lig.
enn At 694 °C At 753 °C
A Egl HALNLESIE N si o Lig.
A At 693 °C
a-Al + ALNi + Si +
5 - - Liq.

At 570°C

3.2. Phase identification and quantification of Ni-rich IMCs

To further investigate the morphologies Ni-rich IMCs, we performed
SEM and EDS analyses on Al-18Si-xNi alloys (Fig. 4). As shown in Fig. 4
(a, b), skeleton-like and granular IMCs were identified in the 4Ni and
16Ni alloys, respectively. Elemental mapping revealed no overlap be-
tween Ni and Si, indicating that the Si-rich particles correspond to Sip,
while the Ni-rich particles are AlsNi. In contrast, the 22Ni alloy
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contained core-shell IMCs with compositional gradients within indi-
vidual particles. Specifically, the particle exteriors were relatively Ni-
lean and exhibited higher Si content, as highlighted by the white ar-
rows in Fig. 4(c). Similarly, the layered structure IMCs observed in the
28Ni alloy displayed Ni-rich interiors and Ni-lean exteriors; again, the
exteriors showed elevated Si content (Fig. 4(d)). These findings suggest
that once the Ni content exceeds approximately 20 wt%, the IMCs par-
ticles have morphologies wherein multiple IMC phases may coexist
within a single particle.

Fig. 5 presents the image quality (IQ; a, d), phase (b, e), and inverse
pole figure (IPF; c, f) maps for the 22Ni (a—c) and 28Ni (d-f) alloys. In the
22Ni alloy, the IQ map (Fig. 5 (a)) illustrates distinct contrast in the
intermetallic compound (IMC) phases, consistent with the SEM obser-
vation. The phase map (Fig. 5 (b)) indicates a core-shell structure
comprising an AlgNi3Si core and an Al3Ni shell. Notably, some particles

Table 4
Variation of elastic modulus, density, and specific modulus with Ni content in Al-
18Si-xNi.

Properties Al-18Si-xNi alloys
4Ni 16Ni 22Ni 28Ni
Elastic modulus, E (GPa) 86.21 103.63 114.68 123.51
Density
2.73 2.96 3.17 3.23
(g/cm®)
Specific modulus
(105 m¥/s?) 31.58 35.01 36.18 38.24

Fig. 2. OM images showing microstructures of the Al-18Si-xNi alloys with the addition of Ni ranging from 4 to 28 wt%.
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Fig. 4. SEM images and corresponding EDS mapping of Al-18Si-xNi alloys: (a) 4Ni; (b) 16Ni; (c) 22Ni alloy with a core-shell IMCs; and (d) 28Ni alloy with needle-

like IMCs having a layered structure.

deviate from this structure, showing Si instead of Al3Ni as the shell phase
and the AlgNisSi core (highlighted by the white dotted line). The IPF
map (Fig. 5 (c)) reveals that the AlgNi3Si core has a single crystallo-
graphic orientation, acting as a substrate for shell growth, whereas the
shell consists of multiple grains with varying orientations (white ar-
rows). In the 28Ni alloy, the IQ map (Fig. 5 (d)) similarly shows clear
contrast between IMC phases. The phase map (Fig. 5 (e)) identifies all
layered particles as comprising an Al3Nis core, an intermediate AlgNi3Si
layer, and an outer Al3Ni shell. Interestingly, the AlgNisSi and AlgNi,
phases appear intermingled, suggesting a possible inter-diffusion be-
tween the two phases during formation. The IPF map (Fig. 5(f)) confirms
that the Al3Ni, core exhibits a single orientation, while the surrounding
layers contain multiple grain orientations (indicated by white arrows.
These results demonstrate that both the solidification behavior and
resulting IMC morphology in Al-18Si-xNi alloys are strongly affected by
Ni content. Furthermore, the observed structures support a hypothesis
that diffusion-driven formation occurs between the Ni-rich phases dur-
ing solidification.

Fig. 6 presents the XRD patterns of the Al-18Si-xNi alloys. All alloys
exhibit high-intensity peaks at 28.43° and 38.45°, corresponding to the
(111) planes of Si and Al, respectively. In addition, several low-intensity
peaks associated with the orthorhombic Al3Ni phase are observed. Due
to its low symmetry and numerous distinct diffraction planes, AlgNi
produces multiple peaks, and its intensities increase with increasing Ni
content. As shown in Fig. 6(b), the (011), (101), and (111) peaks of
Al3Ni become more prominent as the Ni content increases to 16 wt%.
When the Ni content reaches 20 wt%, additional peaks appear at 21.35°,
26.22°, 40.71°, and 53.97°, respectively corresponding to the (200),
(211), (321), and (411) planes of AlgNisSi. AlgNisSi has a cubic crystal
structure with space group Im3m [24]. Furthermore, at Ni content
reaches of 24 wt%, and higher, new peaks are observed at 18.08° and
31.40°, associated with the (001) and (011) planes of Al3Nip which has a
trigonal structure with space group P3m1 [24].

The phase fractions of Al-18Si-xNi alloys were quantified by the
derivative difference minimization method using XRD data. The quan-
tified fractions for the Al-matrix, Si, AlgNi, AlgNi3Si, and Al3Ni; phases
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Fig. 6. X-ray diffraction patterns of (a) Al-18Si-xNi alloys; (b) compositions at which AlgNi3Si phase forms, along with the low-angle diffraction patterns for lower Ni
contents; (c) compositions at which Al3Ni, phase forms, along with the low-angle diffraction patterns for lower Ni contents.

are shown in Fig. 7(a). Al3Ni is the only Ni-rich IMC phase formed in the
4-16 Ni alloys, and its volume fraction increases with Ni content,
reaching a maximum of 18.22 vol% in the 16Ni alloy. In the 20Ni alloy,
the AlgNisSi phase begins to form while Al3Ni fraction decreases to
15.18 vol%. Then, the Al3Ni fraction slightly increases to 16.34 vol% in
the 22Ni alloy. When Ni is added more than 24 wt%, Al3Ni, phase starts
to form, and its volume fraction is unlikely to change with the increase in
Ni content. This is somewhat different from the microstructural analysis
result in Fig. 2, and this discrepancy in the phase quantification by XRD
possibly comes from several factors such as the severity of segregation,

particle size of the phases and peak overlapping. Fig. 7(b) shows the
thermodynamic calculations (Scheil simulations) predicting the phase
fractions of the Al-18Si-xNi alloys using Thermo-Calc software and the
TCALS database [31]. Unlike the IMC fraction analysis using XRD data,
thermodynamic calculations predict a continuous decrease in the vol-
ume fraction of AlgNi due to the formation of AlgNi3Si, and a decrease in
the volume fractions of both Al3Ni and AlgNi3Si due to the formation of
AlgNiz.
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Fig. 7. Volume fractions of constituent phases in Al-18Si-xNi alloys: (a) estimated by XRD analysis and (b) calculated by Scheil simulations [31].

4. Discussions
4.1. Phase transformation mechanisms in the Al-18Si-xNi alloys

The addition of Ni to Al-18Si alloys induces significant changes in the
type, volume fraction, and morphology of Ni-rich IMCs. When the Ni
content exceeds a threshold level, typically above ~20 wt%, the
microstructure evolves from single AlgNi phase to more complex multi-
phase structures containing AlgNi3Si and Al3Nis. These IMCs are formed
through a series of sequential solidification events both primary nucle-
ation and phase transformations.

Fig. 8 shows the liquidus projection of the Al-Si-Ni phase diagram
calculated using Thermo-Calc with TCAL8 database [31]. The segrega-
tion lines (dotted lines) during solidification of the Al-18Si-16Ni, 22Ni,
and 28Ni are calculated using Scheil simulations and are also super-
imposed over Fig. 8. It is clear from Fig. 8 that the solidification se-
quences of the Al-18Si-xNi alloys are highly sensitive to the Ni content,
indicating the initial formation of Si, AlgNisSi, and AlsNiy as primary
phase at 16 wt%Ni, 22 wt%Ni and 28 wt%Ni, respectively. In the 16Ni
alloy, the solidification begins with the sequential formation of Si, and
primary Al3Ni, followed by a ternary Al-Si-Al3Ni eutectic reaction. When
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Fig. 8. Solidification paths across the liquidus projection of the equilibrium Al-
Si-Ni ternary phase diagram [31].

increasing the Ni content to 22 wt%, primary AlgNisSi, which is desig-
nated as 73 [24] and Sij, form sequentially. The subsequent formation of
Al3Ni is likely to occur via a quasi-peritectic reaction [23] or a U-type
transition reaction [24] (Liq. + AlgNi3Si = Al3Ni + (Si)) and the solid-
ification is finally terminated in the ternary Al-Si-Al3Ni eutectic reac-
tion. In the 28Ni alloy, solidification initiates with primary AlsNiz and
primary AlgNi3Si formation and then goes through a transition reaction
(Lig. + Al3Niy = AlgNisSi + (Si)) [24]. Similar to the 22Ni alloy,
following reaction upon solidification of the 28Ni alloy undergoes the
quasi-peritectic and the ternary eutectic reactions subsequently.

The solidification pathways derived from Fig. 8, in conjunction with
the microstructures shown in Fig. 5, suggest that the phase trans-
formations occurring in the 22Ni and the 28Ni alloys in the early stage of
solidification are more likely to reflect quasi-peritectic reactions
involving interfacial nucleation and diffusion-driven growth. In order to
confirm the reactions upon solidification, particularly the nucleation
event, orientation relationship between the Ni-rich IMCS in the core-
shell structure (22Ni alloy) and layered structure (28Ni alloy) were
analyze using TEM and the results are presented in Fig. 9 and Fig. 10,
respectively. In the 22Ni alloy, Figs. 9(a) and (b) show bright field (BF)
TEM images exhibiting AlgNi3Si core surrounded by multi grains of
Al3Ni shells. The EDS maps in Fig. 9(c) and a high resolution (HR) TEM
image (Fig. 9(d)) along with the diffraction pattern analysis (Fig. 9(e))
confirm the presence of a distinct interphase phase boundary between
AlgNisSi and AlsNi of the core-shell structure (see the crystallographic
data in Table 2). More importantly, a selected area diffraction pattern
obtained by fast Fourier transform (FFT) in Fig. 9(e) reveals a crystal-
lographic orientation relationship (OR) between AlgNi3Si and AlsNi:
(110)[113] AlgNisSi // (031)[113] Al3Ni. It is also clear from Fig. 9(f)
that the (110) AlgNisSi and (031) are parallel to each other with an
approximately 7° misorientation angle, indicating that Al3Ni nucleates
epitaxially on the AlgNi3Si substrate via a quasi-peritectic reaction [34].
Based on the HR TEM results and the simulated atomic arrangements
(see electronic Supplementary Fig. S3), lattice misfit between the phases
was calculated by Edge-to-Edge model [34,35], which reveals the
interatomic mismatch of 4.95 % along [113] AlgNisSi and [113] Al3Ni.
This is consistent with acceptable OR conditions for interfacial nucle-
ation (typically less than 10 %).

In the 28Ni alloy, layered IMC particles are observed with a primary
Al3Niy core, an intermediate AlgNisSi layer, and an outer Al3Ni shell
(Fig. 5(e) and Fig. 10(a)). The HR TEM image in Fig. 10(b) shows the
interface between Al3Niy and AlgNisSi, while FFT in the inset indicates
the OR of (0113)[1211] Al3Ni, // (100)[031] AlgNi3Si. As evidenced in
Fig. 10(c), an inverse FFT exhibits a parallel plane between Al3Ni, and
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Fig. 9. (a, b) Scanning transmission electron microscopy (STEM) bright-field (BF) images showing an AlgNi3Si core surrounded by multi grains of Al3Ni shells in the
22Ni alloy and (c) EDS elemental maps corresponding (b). (d) High-resolution (HR) TEM image and the (e) corresponding fast Fourier transform (FFT; inset) showing
the orientation relationship: [113] Al3Ni || [113] AlgNisSi. (f) Inverse FFT image showing the interface between Al3Ni and AlgNisSi phases along (031) Al3Ni and

(110) AlgNisSi planes.

I

i

Fig. 10. (a) STEM BF image and (b) the corresponding EDS elemental maps of layered IMC particle in the 28Ni alloy with a Al3Ni, core, an intermediate AlgNi3Si,
and an outer Al3Ni shell (¢c) HR TEM image and the FFT (inset) along [031] AlgNi3Si || [1211] Al5Ni,. (d) Inverse FFT image showing the interface between AlgNi3Si

and Al3Ni, phases along (400) AlgNisSi and (0113) AlsNi, planes.

AlgNisSi along (0113) Al3Niy and (100) AlgNisSi. Lattice misfit calcu-
lations using Edge-to-Edge model [34,35] based on the crystallographic
information (Table 2) yield an interatomic misfit of 0.65 % along the
directions of [1211] Al3Ni, and [031] AlgNisSi (see electronic Supple-
mentary Fig. S4). Both misfit values — (4.95 % for AlgNisSi / AlsNi and

0.65 % for Al3Niy / AlgNisSi) — fall well within the Edge-to-Edge model
criterion (<10 %) for crystallographic coherence [34,35], validating the
existence of OR between the Ni-rich IMCs. More importantly, this
microstructural evidence confirms that the formation of AlgNi3Si in the
28Ni alloy proceeds via a quasi-peritectic reaction, rather than the
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conventional U-type transition reaction [24].
4.2. Diffusion-driven transformation in the Al-18Si-28Ni alloy

To further elucidate the formation of multiphase intermetallic
compounds (IMCs) particularly in the 28Ni alloy, the Gibbs free energy
(G) of relevant IMC phases was calculated as a function of temperature
using the Thermo-Calc software and the TCAL8 database [31,36,37]. As
shown in Fig. 11, within the solidification temperature range of the
Al-18Si-28Ni alloy, the thermodynamic stability of the IMCs follows the
order: Al3Ni < Al3Niy < AlgNisSi. Notably, AlgNisSi has a substantially
larger lattice volume (512.22 f\g) than AlsNiy (58.16 Ag) and Al3Ni
(11.45 AS) [38], providing more void space that facilitates atomic
movement, lowers diffusion barriers, and enhances defect accommo-
dation (e.g., vacancies). These characteristics make AlgNisSi both ener-
getically and structurally favorable for solid-state diffusion and phase
transformation.

Richter and Isper [24] previously reported that AlgNisSi is thermo-
dynamically stable and remains in the microstructure after annealing
the sample with the nominal composition of AlsySizgNizg (Al-15Si-48Ni
in mass percent). However, under controlled cooling conditions (5 K/
min) in their differential thermal analysis (DTA), this phase was not
detected. Instead, a metastable phase assemblage of Al3Niy, Al3Ni, and Si
was observed. They attributed this to kinetic suppression of the peri-
tectic reaction forming AlgNi3Si. However, the absence of compositional
combined with crystallographic characterization in their study contrasts
with the present work. The microstructure of the sample after the DTA
measurement in their study closely resembles our observations in Fig. 5,
suggesting that the phase they identified as Al3Nij could in fact be the
more thermodynamically stable AlgNisSi. This implies that AlsNiy,
which forms early during solidification, may undergo a diffusion-driven
transformation to AlgNisSi either during solidification. This trans-
formation is thermodynamically favorable and, as our data suggests,
kinetically feasible.

Fig. 12 provides additional evidence that the residual thickness of
Al3Ni, is strongly dependent on the cooling rate, increasing from 3.04
pm at 5 K/s to 57.81 pm at 50 K/s. These observations, along with
thermodynamic calculations, support the reaction pathway by which the
AlgNi3Si is formed via a quasi-peritectic reaction and a diffusion reaction
(Eq. (3)) as follows:

2Al1;3Niy(s) + [Si]—>AlgNi;Si(s) + [Ni] 3)
x102
—— AI;Ni
2 G(T)=(-2.23 x 10%)+ (5.78 x 10%)T - (1.05 x 102) T2 AlgNi,Si
+(2.22 X 10°) T-1 - (2.63 X 10°%) T3 - (9.52 x 10) TIn(T)
—— AI;Ni,
=
[e) G(T) = (-3.16 x 10°)+ (5.84 x 10%)T - (1.72 x 10?) T2
E -4 |- (106 x102) TIn(T)
~ \
-
X
'
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-
o
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Fig. 11. Gibbs free energy of Ni-rich IMCs of the 28Ni alloy plotted as a
function of temperature.
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where [Si] and [Ni] are dilute solutes in liquid Al solution. As illustrated
in Fig. 13, the formation of AlgNisSi starts with its nucleation onto a
primary Al3Ni; by the quasi-peritectic reaction (Eq. (2)), followed by the
diffusion of [Si] to Al3Ni, through the AlgNisSi layer and the subsequent
formation of AlgNisSi via Eq. (3). From a kinetic point of view, it is
therefore considered that the diffusivity velocity of Si in the AlgNisSi
layer and the reaction velocity of AlgNi3Si formation at the AlgNisSi /
Al3Ni, interface are essential for the complete phase transformation of
Al3Ni, into AlgNisSi. At very high cooling rates, for instance 50 K/s in
this study, both the quasi-peritectic reaction (Eq. (2)) and the diffusion-
driven reaction (Eq. (3)) are suppressed, resulting in the prevalent
retention of metastable Al3Ni, in the final microstructure (Fig. 12(d)).

It should be also mentioned that thermodynamic calculations predict
that AlgNisSi undergoes a quasi-peritectic reaction (Eq. (1)) to form
Al3Ni and Si in the later stage of solidification (see Table 3 and Fig. 8).
However, AlgNisSi is always observed in the 28Ni alloy cast at all
cooling rates as shown in Figs. 5, 10 and 12. This suggests that the
successive transformation from AlgNisSi to AlgNi is unlikely to be
completed during solidification. More importantly, similar to the Al3Niy
to AlgNisSi phase transformation that occurs in the early stage of so-
lidification, the phase transformation from AlgNi3Si to Al3Ni is governed
by a thermodynamically favorable quasi-peritectic reaction but kineti-
cally limited under fast cooling conditions.

5. Conclusions

In this study, solidification behavior, microstructural evolution, and
phase transformation mechanisms of Al-18Si-xNi casting alloys with
varying Ni contents up to 28 wt% were systematically investigated:

1. For Ni contents ranging from 4 to 20 wt%, solidification proceeds
with the sequential formation of Si, and primary Al3Ni, followed by a
ternary Al-Si-Al3Ni eutectic reaction.

2. When the Ni content exceeds 20 wt%, primary AlgNisSi forms first,
followed by the nucleation of Al3Ni multi grains surrounding it,
resulting in a core-shell morphology. TEM observations identified a
crystallographic orientation relationship (OR) between AlgNi3Si and
AlsNi: (110)[113] AlgNisSi // (031)[113] Al3Ni, suggesting that
Al3Ni nucleates epitaxially on the AlgNisSi substrate via a quasi-
peritectic reaction.

3. At Ni contents exceeding 24 wt%, distinct layered Ni-rich particles
were observed, consisting of a primary AlsNi, core, an intermediate
AlgNisSi layer, and an outer AlgNi shell. The well-defined OR of
(0T13)[T211] Al3Niy // (100)[031] AlgNisSi. between AlsNiy and
AlgNisSi indicates the formation of AlgNisSi in the early stage of
solidification occurs via a quasi-peritectic reaction with a crystallo-
graphically coherent interface.

4. The Al3Niy phase forms primarily at high Ni content (> 24 wt%),
subsequently undergoes a diffusion-driven transformation to the
thermodynamically more stable AlgNisSi phase. Thermodynamic
Gibbs free energy calculations, combined with measurements of re-
sidual AlgNiy thickness, confirm the feasibility and partial incom-
pleteness of this transformation under rapid cooling conditions.
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Fig. 13. Schematic illustration of the quasi-peritectic and diffusion-driven formation of AlgNi3Si phase in the 28Ni alloy.
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