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In the present study, the effect of nickel (Ni) on the mechanical properties of spray-formed (SF) Al-15Si-2Cu alloy
at different temperatures was examined and evaluated with that of the as-cast (AC) alloy. The microstructure of
SF alloys revealed uniformly distributed spherical shaped primary silicon and eutectic silicon phases along with
fine Ni and Cu intermetallic particles dispersed throughout the equiaxed Al matrix. The microstructure of AC
alloys consisted of coarse primary Si, flake-type eutectic phase, Cu-rich intermetallics with a complex branched
morphology and a network of short strips. The mechanical properties of the alloys were assessed at temperatures
of 30°C, 100°C, 200°C and 300°C. The SF alloys exhibited higher hardness than AC alloys at all temperatures
with a maximum increase of 74 % at 30°C. The hardness of alloys showed a decreasing trend with increasing
temperature. The mechanical strength of SF alloys was higher than that of the AC alloys across the entire
temperature range from 30°C to 300°C with a decrease in ultimate tensile strength (UTS) by 4-6 % at 250°C. The
SF alloys demonstrated a significant increase in UTS (25 % at 30°C and 40 % at 300°C) compared to the AC
alloys. The Al-15Si-2Cu-2Ni alloy showed highest increase (14.3-18.6 %) and Al-15Si-2Cu-6Ni alloy showed the
lowest increase (10.5 % to 14 %) in percent elongation between 30°C and 300°C.

1. Introduction

The automotive industry is being driven by increasingly stringent
environmental regulations to develop lighter and more fuel-efficient
vehicles aimed at reducing overall emissions. The Aluminum-Silicon
(Al-Si) alloys are widely used in this context because of their high
strength-to-weight ratio, excellent castability, superior wear resistance,
and high thermal conductivity [1].

Nonetheless, the majority of Al alloys available in the market exhibit
significantly reduced mechanical strength and wear behavior at tem-
peratures above 200°C. Considerable work has been carried out in the
past to modify the alloy composition and refine the microstructure to
improve the high-temperature mechanical performance [2]. Multicom-
ponent Al-Si alloys are commonly employed in the manufacturing of
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pistons and other critical components with an increasing demand for
high-performance variants [3]. The physical and mechanical properties
of these alloys are significantly influenced by the intermetallic phases
including their size, morphology and distribution. Additionally, the
volume fraction and distribution of the Al matrix and Si particles
significantly influence the ductility, hardness and thermal expansion
characteristics. Some traditional Al-Si casting alloys can meet the
room-temperature requirements through the precipitation of Cu- and
Mg-rich phases [4]. The addition of Cu in particular facilitates precipi-
tation hardening by the formation of Al-=Cu intermetallics enhancing the
strength and hardness under both as-cast and heat-treated conditions
thereby enabling the replacement of heavier cast iron parts such as en-
gine blocks and cylinder heads [5]. However, apart from Mg and Cu,
most alloying elements exhibit limited solubility in aluminum. The
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casting process often leads to equilibrium and non-equilibrium solidi-
fication paths resulting in complex intermetallic structures [6]. Elzanaty
et al. [7] have assessed the mechanical properties of Al-Si-Cu alloys
under high-temperature conditions and reported that the strength and
hardness of the alloys increased as the Si content increased but the
ductility of the alloys decreased. Gariboldi et al. [8] have found that the
tensile strength in hypo-eutectic and near-eutectic Al-Si-Cu alloys
declined markedly above 200°C, while ductility and hardness more
accurately reflected the microstructural evolution. Ni and Cu additions
to hypereutectic Al-Si alloys promote the formation of stable in-
termetallics (Al Cu, ALNi, ALCuNi, Al,CuNi) enhancing the
high-temperature strength [9]. Notably, the addition of Ni increases the
number of 6-Al-Cu phase pairs and refines their morphology. Several
studies have reported that the addition of Ni can significantly improve
the high-temperature performance of Al-Si-Cu alloys, increasing the
effective operating temperature beyond 200°C. For instance, Liu et al.
[10] have demonstrated that the introduction of 1-2 wt% Ni into
Al-Si-Cu alloys extended their structural and mechanical stability up to
300°C under sustained thermal and mechanical loading conditions.
Similarly, Zhang et al. [11] have observed that the Ni-containing
intermetallic phases particularly AlsNi and Al-CusNi contributed to the
enhancement of creep resistance and reduced the degradation at
elevated temperatures thereby improving the high-temperature appli-
cability of these alloys. The microstructural refinement due to the
addition of Ni and Cu enhances the alloy’s resistance to coarsening and
degradation. Cu encourages Al:Cu formation, while Ni promotes the
development of AlsNi phases both contribute to the strengthening by
precipitation and solid-solution mechanisms. These alloying elements
also reduce the dendritic arm spacing thereby improving the strength in
accordance with the Hall-Petch relationship. Spray forming results in a
fine-grained, equiaxed microstructure with a homogeneous distribution
of Si, Cu and Ni phases, thereby enhancing the mechanical strength and
tribological properties. Mehabubsubahani et al. [2] have found that the
spray-deposited Al-15Si-4Ni-2Cu alloy exhibited approximately 24 %
higher hardness and significantly reduced the wear rate at temperature
up to 300°C as compared to both binary spray-formed and as-cast alloys.
Moreover, Lii et al. [12] have examined Al-7Si-1.5Cu-0.4Mg alloy with a
low Ni content in it and observed a notable improvement in
elevated-temperature mechanical strength above 250°C. Microstruc-
tural stabilization by the addition of Ni-Cu reduces coarsening and
retention loss at high temperature while maintaining fine dendritic
spacing and strong intermetallic network that conform to Hall-Petch
strengthening [13]. The combination of Ni-Cu alloying and spray
forming thus produces a thermally stable microstructure that preserves
the mechanical integrity and wear resistance above 200°C. In the pre-
sent study, the influence of the addition of nickel (Ni) on the mechanical
behavior of spray-formed (SF) Al-15Si-2Cu-xNi alloys was investigated
and compared with that of the as-cast (AC) alloys. The aim was to assess
the effect of varying Ni content on the microstructure, tensile strength,
ductility and hardness of the alloys under both ambient and elevated
temperature conditions. Thus the present investigation provides an
insight into the role of Ni in enhancing the mechanical performance of
hypereutectic Al-15Si-2Cu alloy for high-temperature engineering
applications.

2. Materials and methods

In the present study, Al-15Si-2Cu-2Ni, Al-15Si-2Cu-4Ni and Al-158Si-

Table 1

Elemental Composition of the Alloys (wt%).
Alloy Designation Si Ni Cu Fe Mg Al
Al-15Si—2Cu—2Ni Al 15.05 2.01 2.01 0.08 0.006 Bal
Al—-15Si—2Cu—4Ni A2 15.04 4.05 2.06 0.04 0.0067 Bal
Al-15Si—2Cu—6Ni A3 15.00 6.01 2.10 0.03 0.0011 Bal
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2Cu-6Ni alloys were selected. The elemental composition of the alloys
has been listed in Table 1. The as-received ingots of cast alloys (Fenfee
Metallurgical, India) were remelted in an electric furnace (SILICARB
Recrystallized (P) Ltd., India) and the molten metal was subsequently
poured into preheated steel dies to form cylindrical bars.

The synthesis of spray-formed alloys of different composition was
performed by varying the process parameters of each alloy as reported in
Table 2.

The microstructural features were explored using an optical micro-
scope (Lynax and Zeiss Axio Scan-Z1). The relative phase distribution
and grain size were measured by ASTME112-10 by image analysis
software (Nascent Technology, Inc.). Scanning Electron Microscopy
(SEM) (JEOLJSM-6480LV) was utilized to analyse the microstructure
and tensile fractured surface of samples. The phase composition was
examined under Energy-Dispersive X-ray (EDX) spectroscopy and SEM
was performed at an acceleration voltage of 10-30 kV.

2.1. Hardness testing

The microhardness of the alloys was measured by Vickers hardness
Tester (Future Tech Japan: FM3100) complying with the ASTM E384
test method. The hardness test was conducted at a load of 200 g for a
dwell period of 15 s. The average of six measurements taken from
different locations on each sample was recorded as the representative
hardness of the alloys.

2.2. Tensile testing

The tensile specimens were machined from both as-cast (AC) and
spray-formed (SF) alloys in accordance with the E8-ASTM standards.
Room temperature tensile tests were conducted using standard universal
(FIE-UNITEK 9550 & TEC-SOL, India) testing machines. For high-
temperature tensile testing, a split-type high-temperature testing ma-
chine (MCS-10KN) equipped with a dedicated hot chamber and a suit-
able stand was used. The equipment conformed to the ASTM E21 and
ISO 6892 Part II standards. The furnace was capable of reaching tem-
peratures up to 1200°C and was fitted with three thermocouples with
active control on the first and third thermocouples to ensure uniform
heating. The temperature variation inside the chamber was maintained
within +3°C. Before testing, samples were held at the target tempera-
ture for 15 min to ensure thermal equilibrium throughout the gauge
section. A front-facing slot of 25 mmx 60 mm was provided in the
furnace for inserting an extensometer for strain measurement. The
specimens were aligned along the load axis and securely clamped using
two grips. A slight preload was applied to prevent slippage during
testing. All tests were performed at a constant nominal strain rate of
0.05 min™! , equivalent to a cross head speed of 0.0083 mm/s. For each
alloy composition, five tensile specimens were tested, and the reported
results represent the average of five individual measurements.

Table 2
Spray forming process parameters.

Alloy Designation Super heat Substrate Gas Melt
melt Distance pressure flow
temperature (mm) (MPa) rate
o (kg

min~Y)
Al-15Si—2Cu—2Ni 940 390 0.45 2.5
S1

Al-15Si—2Cu—4Ni 950 400 0.45 2.2
S2

Al-15Si—2Cu—6Ni 980 410 0.45 2.5
S3
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3. Results and discussion
3.1. XRD analysis

The XRD patterns of the as-cast alloys are shown in Fig. 1(a—c). High-
intensity peaks observed in the three AC alloys at 38.6°, 44.8°, 65.2° and
78.3° are attributed to Al (ICDD-00-001-1180). The presence of the Si
phase was confirmed from the peaks that appeared at 28.5° and 69°
(ICDD-00-001-0787). The peaks are narrower in the Al, A2, and A3
alloys because of their coarser microstructures. This is consistent with
the general principle that coarser grains produce sharper diffraction
peaks due to reduced macrostrain and lower defect density [14].

The XRD patterns of S1, S2 and S3 alloys are shown in Fig. 1(d-f)
respectively. The XRD patterns of the three SF alloys show that the high-
intensity peaks at 38.8°, 44.8°, 65.5°, and 78.6° are attributed to Al. The
Si phase was confirmed from the peaks that appeared at 28.8° and 69°.
The peaks in S1, S2 and S3 alloys are typically broader because of finer
microstructures and smaller grain size that arise from the fast-cooling
rates in spray forming. The broadening of peaks with reduced grain
size is theoretically explained by the Scherrer equation, which relates
the peak width to crystallite size and lattice strain [15]. Also, the in-
tensity of SF alloys is higher (0 — 6000c/s) than AC alloys (0 — 3000c/s),
which may be attributed to the differences in preferred orientation or
phase fraction influenced by the rapid solidification process [16]. In
addition to the presence of Al and Si peaks, the common diffraction
peaks at angles of 22.09°, 41.84°, 56.5° and 76.5° are attributed to the
Al:Ni phase in the A3 alloy and at 56.5° and 76.5° in the A1, A2, S1, S2,
and S3 alloys respectively (ICDD-04-007-0402). The AL:Ni peak in-
tensity increased as the Ni content increased, confirming the presence of
a greater fraction of the Al:Ni phase. This trend is in agreement with
previous studies, which show that addition of Ni promote the formation
of AlsNi and other Ni-rich intermetallics during solidification in Al-based
alloys [17,18]. The appearance of an additional peak at the angle of
47.4° in S1, S2 and S3 alloys and also in Al, A2, and A3 alloys is
attributed to the Al-Cu phase (ICDD-01-080-5762). The formation of
Al:Cu is consistent with Cu-containing aluminum alloys undergoing
eutectic reactions during solidification as reported in earlier phase di-
agram studies [19].

3.2. Microstructural features of as—cast alloys

The Fig. 2(a) displays the optical micrograph of the A1l alloy, which is
composed of coarse blocks of primary Si particles, needle/acicular type
eutectic Si, blocks of Cu-rich intermetallic phase. The microstructure
revealed a network of short strip-like features along with a reticulated
Ni-rich intermetallic phase distributed within the interdendritic regions
of the matrix. Additionally, the primary silicon particles, with an
average size of 155 + 5pum, were observed as sharp-edged, blocky
structures. The Fig. 2(b)&(c) display the microstructures of the A2 and
A3 alloys respectively. They consist of primary a-Al dendrites, primary
Si blocks, and eutectic Si surrounding their boundaries.

The addition of Ni has no effect on the morphology or size of the
primary Si phase or eutectic Si phase which are gray in color. The
6-Al:Cu phase (white contrast) exists in the form of Chinese script. The
fraction of AlsNi phase clearly increased at high Ni concentration and
the morphology of the Al:Cu phase changed from strip-shape to
fishbone-shape. On the other hand, eutectic Si and Al:Ni phase are
difficult to discern from one another on the basis of optical image
contrast. The average size of Al:Ni phase for Al, A2 and A3 alloys are
16.52, 18.94, and 21.21 um respectively. Additionally, the average Si
phase size increases with increasing Ni content. The average particle size
of primary Si was 10.32, 14.04 and 16.62 um for Al, A2 and A3 alloys
respectively. Using Image-Pro Plus analyzer, mean diameter and phase
volume percentage were measured as reported in Table 3. The average
grain sizes of A1, A2, and A3 alloys are 12, 6.7, and 5.6 pm respectively.
This shows that the alloy’s grain size decreases as the Ni concentration
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increases. This grain refinement behavior aligns with previous findings
that intermetallic particles such as AlsNi act as heterogeneous nucleation
sites and pin grain boundaries, thereby restricting grain growth during
solidification [20]. This grain refinement is due to the formation of
intermetallic compounds between Ni and other elements (such as Al and
Si), which impedes the growth of grains during the solidification pro-
cess. As a result, the addition of Ni refines the silicon particles. This
effect is also supported by thermodynamic modeling and microstruc-
tural observation in Al-Si based systems containing Ni, where the for-
mation of Ni-containing intermetallics retards dendritic growth and
promotes nucleation of refined eutectic structures [21]. The occurrence
of nickel silicides (such as NiSi, NizSi etc.) is responsible for this phe-
nomenon. These nickel silicides act as nucleation sites for primary Si,
thereby reducing its size and distributing it more uniformly. As reported
by Jiang et al. [22] nickel silicides lower the nucleation barrier for Si
crystallization, enhancing the formation of fine homogeneously
distributed Si particles. The Ni content in hypereutectic Al-Si—Cu alloys
tends to form complex intermetallic compounds such as AlaNi, AlsCuaNi
and others with Al-Si-Cu alloys. The increased Ni content enhances the
overall microstructural refinement. This includes the primary oa—Al
phase, eutectic Si and other phases present in the microstructure. These
observations align with the solidification behavior described by Reddy
et al. [23]. They have reported that Ni-rich phases promote grain
refinement and enhance high-temperature performance through struc-
tural stabilization.

The quantitative phase analysis of the A1, A2 and A3 alloys by image
analyzer is shown in Table 4. The area percentage of Si clearly decreases
marginally with increasing Ni content and the number of eutectic Si
phases decreases. An increase in the Ni content from 2 to 6 wt% resulted
in an increase in the Al3Ni intermetallic phase area from 26.3 % to
34.2 % (Table 4).

The Fig. 3(a) shows the SEM/EDS micrograph of the Al alloy. The Al
alloy exhibits a typical hypereutectic morphology consisting of coarse
primary Si particles embedded in the Al matrix. These primary Si par-
ticles appear in angular and faceted form and a network of eutectic
silicon is observed in fine, fibrous or acicular form non-uniformly
distributed throughout the matrix.

Additionally, bright script-like and needle-shaped intermetallic
phases are evident, likely consisting of Ni and Cu-based compounds such
as AlgNi, AlyCu and Al3CuNi. These intermetallics are predominantly
located in the inter dendritic regions, formed during the final stage of
solidification. The Fig. 3(b) presents the EDS spectra of the Al alloy
obtained from different spots within the microstructure. Table 5 pre-
sents the EDS results of the chemical composition of the different phases.
The spectra spots 1, 2, 3, 4, 5 and 6 are identified as primary Si, Al3Ni,
0-Al,Cu intermetallic, eutectic Si, Al3CuNi and a-Al phases respectively
(Fig. 3(a)). The 5-Al3Ni phase and e-Al3CuNi white phase appeared as
interconnected reticular networks, strip-like formations and fishbone
structures.

The Fig. 4(a) shows the SEM/EDS microstructure of the A2 alloy.
Compared to the Al alloy, the A2 alloy revealed a significant increase in
the volume fraction of intermetallic phases. Both alloys contain coarse,
angular primary silicon particles; however, the A2 alloy shows a denser
distribution of Ni-rich intermetallics, which appear in script-like and
blocky form, concentrated primarily in the inter dendritic regions. The
increased Ni content in the A2 alloy promotes the formation of complex
Al-Ni-Cu-Si intermetallic compounds, resulting in a more fragmented
and discontinuous Al matrix. Notably, the A2 alloy exhibits the
appearance of rod-like secondary phases along with the fiber-like AlsNi
in greater volume. The 0-Al=Cu phase is observed in a rod-like form,
while the e-(AlsCuNi) phase appears as multiple separate short rods.
Additionally, the volume fraction of both § and € phases are higher in the
A2 alloy than in the A1 alloy.

The EDS analysis of the A2 alloy as shown in the Fig. 4(b) provides
the elemental composition of ¢ intermetallic at spot-1. The spectrum
spots 5 and 6 confirm the formation of significant Ni-rich intermetallic
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Fig. 2. Optical micrographs of AC alloys (a) Al alloy; (b) A2 alloy; (c) A3 alloy.

Table 3
Average grain size, grain area and volume fraction of phase alloys.
Alloy Average Diameter (um) Average Grain Area (um) Grain No.
Al 12 126 10
A2 6.7 44.6 11
A3 5.6 315 12
Table 4
Phase composition of AC alloys.
Phase Area %
Al A2 A3
Primary Si 9.20 9.03 8.7
Eutectic Si 42.74 39.48 36.66
Al3Ni 26.3 30.43 34.22
Al,Cu 10.32 9.83 7.04

phases such as AlaNi and e-(AlaCuNi). A small amount of iron (0.43 wt%)
may be attributed to Fe-based intermetallics or impurities while the
oxygen content (2.22 wt%) likely results from the surface oxidation
during sample preparation. Table 6 outlines the EDS results obtained for
the individual phases present in the A2 alloy.

The Fig. 5(a) presents the SEM/EDS microstructure of the as-cast A3
alloy, which clearly exhibits the presence of primary Si particles,
eutectic Si, a-Al grains, and various intermetallic phases. The primary Si
particles appear to be randomly distributed with a block-like
morphology, particularly noticeable at spot 2 in the micrograph.
These particles range in size approximately from 50 to 150 ym. Eutectic
Si particles, in contrast, exhibit a rod-like or acicular morphology with a
high aspect ratio, forming in the inter dendritic regions. The presence of
these Si phases was further confirmed by the EDS spectrum shown in
Fig. 5(b) and supported by XRD analysis. In addition to the silicon
phases, the microstructure includes distinct intermetallic compounds.
Chinese-script-like AlCu is identified, as indicated by the EDS data at
spot 6 in Fig. 6(a). Notably, Ni-rich intermetallic phases such as AlsNi
and AlsCuNi are also observed at spots 1 and 3. These appear as coarse,
non-interconnected fishbone or fibre-like structures. The volume frac-
tion and size of these Ni-rich intermetallics are significantly higher in A3
alloy compared to the A2 alloy. The increase in Ni content promotes the
formation and growth of the AlsNi phase, which becomes more promi-
nent as the alloy reaches saturation levels of Ni during solidification. The
higher Ni concentration not only increases the quantity of AlsNi but also
provides more nucleation sites for its formation. As a result, the AlsNi
phase becomes larger and more numerous.

The availability of Ni in the molten alloy directly influences the size
and morphology of these intermetallics. With continued increase in Ni
content, the Al:Ni particles may evolve in complexity and size. Addi-
tionally, the elevated Ni level enhances the formation of AlsCuNi by
allowing more Ni atoms to combine with Cu and Al. This is due to the
increased chemical activity and mutual solubility of Ni with Al and Cu at
elevated temperatures, which facilitates the nucleation of ternary
intermetallic compounds. Before the formation of AlsCuNi, other phases
such as AlNi and Al:Cu may form, and these can coexist or even

transform under certain solidification conditions. According to phase
equilibrium studies and solidification simulation, AlsNi typically forms
at higher temperatures and acts as a precursor phase, while Al-.Cu ap-
pears during eutectic reaction. As cooling continues, and with the
presence of sufficient Ni and Cu, the AlsCuNi phase can form either
directly or through a peritectic or eutectoid transformation from these
precursor phases [24]. The evolution of these phases depends on the
local composition, cooling rate, and nucleation kinetics.

Experimental results from piston-grade Al-Si-Cu-Ni alloys also
confirm that with increasing Ni content, the fraction of AlsCuNi in-
creases, contributing to the improved thermal stability and strength at
elevated temperatures [25]. Compared to the Al alloy, which has a
relatively balanced microstructure with moderate intermetallic pres-
ence, the A2 alloy, exhibits localized but increased Ni-rich phase for-
mation and the A3 alloy displays a heavily reinforced structure. The
dense and coarse distribution of intermetallics in A3 alloy significantly
alters the continuity of the Al matrix, which may improve the me-
chanical strength and thermal resistance but can potentially reduce
ductility. Table 7 provides the detailed phase composition of the A3
alloy supporting the microstructural observation and confirming the
increased formation of Ni-rich intermetallics with higher Ni content.

3.3. Microstructural features of spray formed (SF) alloys

The optical microstructures of SF alloys are shown in the Fig. 6. The
S1 alloy (Fig. 6(a)) consisted of spherical shaped Si phases exhibited a
homogeneous distribution within the equiaxed Al matrix. The optical
micrographs of S2 and S3 alloys as shown in Fig. 6(b) and (c), reveal
fine, spherical primary Si and eutectic Si phases, along with finely
dispersed Ni-rich and Cu-rich intermetallic particles (appearing as white
contrast), uniformly distributed within the equiaxed Al matrix. The Cu
and Ni intermetallic particles range in size from 10 to 20 pm and have an
aspect ratio of 7 & 1.3, whereas the primary Si particles are 40 + 1.7 pm
in size and have an aspect ratio of 1.5 & 0.26. The intermetallic phase
size clearly increases with increasing Ni content, which is uniformly
distributed in the matrix and has a spherical, round-edged rod shape.
The average grain size and average grain area of the alloys were
measured by the intercept method. The average grain size of S1 alloy is
greater than that of S2, and S3 alloys (Table 8). Additionally, the grain
size decreases with increasing Ni content.

The Fig. 7 presents the SEM and EDS micrographs of S1, S2 and S3
alloys. It is evident that the SF alloys exhibit notable variations in phase
formation and distribution with increasing nickel content. In the S1
alloy, the microstructure mainly consists of finely distributed primary Si
particles in the Al matrix. The Ni-rich intermetallic phases, such as AlsNi
and AlsFeNi are present in small quantities and appear as fine, dispersed
particles with an average size ranging from 5 to 15 um. These phases are
uniformly distributed and do not form networks or clusters (Fig. 7(a)). In
the S2 alloy, with an increased Ni content of 4 wt%, there is a noticeable
increase in the volume fraction of the Ni-rich intermetallics. The phases
identified include AlsNi and AlsCuNi which are more abundant and are
observed predominantly along the grain boundaries. The intermetallic
phases slightly exhibit coarser morphology with average sizes between
10 and 30 um. The distribution is relatively uniform although localized
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Fig. 3. (a) SEM/EDS micrograph & (b) EDS spectra of Al alloy.

clustering is observed, indicating the early stages of phase coarsening
(Fig. 7(b)). The S3 alloy, containing 6 wt% Ni, displays a substantial
increase in the amount and size of the Ni-rich intermetallics. The phases
Al:Ni, AlsCuNi and AlsFeNi are present in higher volume fractions and
form interconnected networks and blocky morphology. The average
phase size ranges from 20 to 40 um (Fig. 7(c)). The increased Ni content
leads to phase coarsening and the formation of complex, multi-phase
regions. Comparatively, the S1 alloy exhibits the finest and most

homogeneous phase distribution, while the S2 alloy shows a balanced
microstructure with an optimal combination of phase refinement and
volume fraction. The S3 alloy, although rich in strengthening phases,
demonstrates excessive coarsening and network formation. The EDS
results depicting the phase composition of S1, S2 and S3 alloys at
different spectral locations are shown in Table 9, Table 10 and Table 11
respectively.

The spray formed Al-Si-Cu-Ni alloy exhibits a refined and uniform
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Table 5

EDS results of the Al alloy at different spectral locations.
Wt. (%)
Spectral point Al Si Ni Cu
1 0.38 98.54 - -
2 74.91 — 23.35 1.45
3 84.82 — - 11.17
4 54.12 34.13 0.12 1.18
5 85.61 0.00 08.59 6.40
6 98.12 1.25 —_— 0.63
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Fig. 4. (a) SEM/EDS micrograph & (b) EDS spectrum of the A2 alloy (spot-1).

Table 6
Phase composition of the A2 alloy at different spectral locations.
Wt (%)
Spectral location Phase Al Si Ni Cu

1 8-Al3CuNi 69.62 0.73 13.30 7.41
2 Primary-Si 1.85 97.54 0.33 0.28
3 Eutectic-Si 44.18 53.42 0.41 1.99
4 a-Matrix 96.97 1.16 0.41 1.41
5 e-AlgNi 70.9 — 27.45 1.02
6 6-AlyCu 66.13 0.01 1.02 32.86

distribution of Si and intermetallic phases due to the increased cooling
rate during atomization. Significant undercooling of the droplets prior to
the nucleation of primary Si promotes refinement, while the reduced
deposition temperature suppresses phase growth. Consequently, fine Si
particles, Ni-rich intermetallics, and a higher number of Al-Cu pre-
cipitates are observed in the spray formed structure. The dendritic and
Chinese-script morphology typical of as-cast alloys are significantly
modified, making it difficult to distinguish between the primary 6, 8, and
¢ phases. The evolution of microstructure in spray formed hypereutectic
Al-Si alloys has been attributed to rapid cooling, droplet fragmentation,
and impact during deposition, resulting in equiaxed grains and fine Si
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Fig. 5. (a). SEM/EDS micrograph &(b) EDS spectrum (spot-1) of the as-cast
A3 alloy.

dispersion. In Al-Si-Cu-Ni systems, the solidification sequence deviates
from the equilibrium pathways. It is assumed that solidification begins
with the formation of intermetallic §-AlsNi and e-Al3CuNi phases, fol-
lowed by primary Si nucleation on 8-AL:Ni, with the remaining liquid
solidifying into an irregular eutectic of a-Al, Si and Al=Cu. According to
Zhou et al. [26], the spray deposited microstructure contains both
eutectic and primary Si, with a predominance of metastable & and ¢
phases. The volume fraction of e-AlsCuNi is higher than that of the
equilibrium & phase. This can be attributed to the alloy’s strong ten-
dency to form metastable phases during atomization and the sluggish
transformation kinetics to equilibrium phases. The 8-AlsNi phase for-
mation is influenced by the thermal conditions during solidification.
Spray deposition occurs in two stages: rapid solidification during gas
atomization and slower cooling during droplet consolidation. The
e-phase may form within droplets before deposition and can transform
into 8-AlsNi due to the slower cooling rate after deposition, acting as a
short term annealing effect [27].

3.4. Mechanical properties

3.4.1. Hardness of AC and SF alloys

The variation in hardness of the AC and SF alloys at different tem-
peratures is presented in Fig. 8. The data clearly shows that the SF alloys
consistently exhibit higher hardness than their AC counterparts across
the entire evaluated temperature range (30°C to 300°C). At 30°C, the
hardness of the SF alloy is 142 HV compared to 112 HV for the AC alloy,
reflecting an increase of approximately 26.8 % (Fig. 8(a)). This
enhancement is attributed to the rapid solidification during the spray
forming process, which refines and homogenizes the distribution of
primary Si and intermetallic phases. At 100°C, the hardness of the SF
alloy decreases slightly to 136 HV, while the AC alloy registers 105 HV,
maintaining a 29.5 % improvement in the SF alloy (Fig. 8(b)). The
higher retention of hardness at elevated temperatures suggests greater
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Fig. 6. Optical micrographs of spray formed (a) S1 (b) S2 and (c) S3 alloys.

Table 7

Phase composition of the A3 alloy at different spectral locations.
Spectral point/Phase Al Si Ni Cu
1. 8-Al3CuNi 64.16 0.73 15.36 21.16
2. Primary Si 2.55 96.54 0.13 0.18
3. Eutectic Si 48.18 49.22 0.20 1.09
4. a-Matrix 96.27 2.26 0.31 1.02
5. 0-Al,Cu 70.25 1.04 0.39 26.37
6. Al3Ni 67.2 — 32.75 0.03

Table 8

Average grain size and area of the SF alloys.

Alloy Average Diameter (mm) Average Grain Area (mm?)
S1 0.009 0.00036
S2 0.006 0.00026
S3 0.004 0.00016

thermal stability of Ni- and Cu-rich intermetallics such as AlsNi, Al2Cu
and AlsCuNi which remain more stable and resist coarsening under
thermal exposure [28]. At 200°C, the hardness further decreases to 127
HV for the SF alloy and 98 HV for the AC alloy. Despite this drop, the SF
alloy retains a 29.6 % higher hardness (Fig. 8(c)).

The finer microstructure in the SF alloy slows the softening process
by retarding the diffusion-driven coarsening of strengthening phases,
such as 0-Al-Cu and 8-AlsCuNi [29]. At 300°C, the spray formed (SF)
alloy exhibits a hardness of 115 HV, whereas the as-cast (AC) counter-
part demonstrates a reduced value of 89 HV (Fig. 8(d)). This corresponds
to a 29.2 % enhancement in high temperature hardness for the SF alloy.
This trend confirms that the SF microstructure offers superior thermal
resistance, with enhanced phase stability and grain boundary pinning
effects due to the refined intermetallics. A uniformly equiaxed Al matrix
contains finely distributed primary and eutectic silicon, along with
thermally stable intermetallic phases (0, € and §), accompanied by
increased solid solubility of alloying elements contributes to the
enhanced hardness and temperature resilience of the SF alloys. These
microstructural features, supported by rapid solidification theory,

provide multiple barriers to dislocation movement, thereby improving
the alloy’s overall mechanical response [30].

The presence of intermetallic phases in the SF alloys significantly
reduces the matrix ductility, resulting in enhanced hardness. These
particles impede the motion of dislocations during deformation, thereby
increasing the resistance to plastic flow and improving the hardness of
the alloy. The relationship between grain size and hardness is described
by the Hall-Petch equation [31]

H, = Hv, + -kH,d/® (¢

Where H, denotes the hardness of the polycrystalline metal

‘d’ represents the grain size

Hv,-&-kH, are constants

According to Eq. (1), a reduction in grain size leads to an increase in
hardness. The higher hardness observed in the SF alloys at ambient
temperature is primarily attributed to the refined grain size of the Si
phase and the presence of thermally stable intermetallics such as Al=Cu,
Al:Ni, and AlsCuNi. These phases act as obstacles to the dislocation
movement, thereby enhancing the localized resistance to plastic defor-
mation. The effect of temperature on hardness is expressed by the Eq. (2)
[32]

H, = -Ae®" 2)

where * and ® are constants

T is the test temperature (°K)

The Eq. (2) indicates that the hardness decreases exponentially with
increasing temperature. This behavior is observed in both AC and SF
alloys, where the reduction in hardness at elevated temperatures is
attributed to the increased atomic vibration, which reduce the material’s
resistance to indentation. Among the studied compositions, the S1 alloy
exhibited lower hardness at elevated temperatures compared to the S2
and S3 alloys. The reduced thermal stability of the eutectic Si and Al
matrix phases in S1 alloy contributed to this decrease. In contrast, the S2
and S3 alloys demonstrated better retention of hardness at high tem-
peratures, which is attributed to the presence of intermetallic phases
such as ALNi, Al-Cu, and AlsCuNi, likely in their thermodynamically
stable forms. Additionally, the reduced softening of the eutectic Si and
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Fig. 7. (a) SEM/EDS micrographs of spray formed (a) S1 (b) S2 and (c)
S3 alloys.

Table 9

EDS results of the phase composition of S1 alloy at different spectral locations.
Spectral point Phase Al Si Ni Cu
Point 1 Primary-Si 2.18 97.01 0.30 0.51
Point 2 0-Al,Cu 65.37 1.26 0.13 33.24
Point 3 5-Al3Ni 74.76 — 24.47 0.77
Point 4 e-Al3CuNi 68.13 — 17.08 10.79
Point 5 a-Al matrix 81.37 12.7 0.13 5.80
Point 6 Eutectic Si 58.56 38.81 1.25 1.57
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Table 10

EDS results showing the phase composition of S2 at different spectral locations.
Spectral point Phase Al Si Ni Cu
Point 1 Primary Si 1.28 98.29 0.18 0.24
Point 2 Al3CuNi 60.13 0.14 2291 16.79
Point 3 Al3Ni 74.23 — 25.70 —
Point 4 Eutectic Si 78.41 17.05 0.16 4.38
Point 5 AyCu 57.15 2.14 — 41.14
Point 6 a-Al matrix 80.37 12.7 0.15 6.20

Table 11

EDS results of the phase composition of S3 alloy at different spectral locations.
Spectral point Phase Al Si Ni Cu
Point 1 Primary Si 4.26 95.21 0.26 0.27
Point 2 Al3Ni 72.08 0.22 30.69 —_
Point 3 Al3CuNi 68.37 0.52 17.67 13.47
Point 4 a-Al matrix 81.37 11.7 0.13 6.18
Point 5 Eutectic Si 84.33 14.17 0.45 1.02
Point 6 6-Al;Cu 65.37 0.26 0.13 34.24

Al matrix in these alloys enhanced their resistance to plastic deformation
under thermal exposure.

3.4.2. Tensile properties of AC and SF alloys

The Fig. 9 depicts the ultimate tensile strength (UTS) of AC and SF
alloys. The Fig. 9(a) shows a consistent decrease in the ultimate tensile
strength (UTS) of Al, A2 and A3 alloys as the testing temperature in-
creases from room temperature (RT) of 30°C to 300°C. For all the three
alloys, the highest UTS is observed at RT, while the lowest occurs at
300°C. Among the alloys, A3 alloy consistently exhibits the highest UTS
across all temperatures, followed by A2 and then A1 alloys. The Fig. 9(b)
presents the UTS of SF alloys (S1, S2, S3), which remained higher than
those of AC alloys at all temperatures. While the UTS of SF alloys also
decreased with temperature, the reduction was comparatively moderate
around 10-17 % at 100°C and only 4-6 % at 250°C. Among the SF al-
loys, S3 alloy maintained the highest UTS throughout the temperature
range. On comparison between Figs. 9(a) and 9(b), it is evident that SF
alloys outperform AC alloys in terms of tensile strength at both ambient
and elevated temperatures. The superior thermal stability of SF alloys is
attributed to their refined microstructure, particularly the presence of
fine intermetallic compounds and silicon particles, which hinder dislo-
cation movement and delay softening at high temperatures.

The data presented in Table 12 illustrate the decrease in the ultimate
tensile strength (UTS) of AC alloys as the temperature increases. The
reduction in UTS for alloys Al, A2 and A3 shows a lower range, varying
between 5.3 % and 14.55 % with increasing temperature. These results
indicate that the decrease in UTS with increasing temperature is less
pronounced in the Cu- and Ni-alloyed alloys than in the binary alloy.
Table 13 shows the increase in UTS of the SF alloys at different tem-
peratures compared with that of the AC alloys. Compared to their AC
counterparts, the UTS of S1, S2 and S3 alloys is high at both room and
elevated temperatures. The UTS of all the SF alloys are 25 % and 30 %
and 25-47 % higher compared to AC alloys at RT and 300°C respec-
tively. This behaviour can be supported by the presence of thermally
stable intermetallic phases such as Al:Ni, Al-Cu, and AlsCuNi which have
high melting points and strengthen the matrix by impeding dislocation
motion at elevated temperatures [21]. Moreover, the refined and uni-
formly distributed Si particles and intermetallics resulting from the
rapid solidification of spray forming contribute to higher strength
retention. Studies have shown that Ni additions promote the formation
of fine, heat-resistant intermetallic compounds which inhibit grain
boundary sliding and retard phase coarsening under thermal stress [33].

Table 14 shows the reduction in the UTS of the SF alloys with
increasing temperature. The results indicate that the percentage
decrease in the UTS with increasing temperature is minimal.
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Table 12
Decrease in UTS (%) with increasing temperature.

Ultimate Tensile Strength (MPa}

Table 14

(b)

Reduction in the UTS of SF alloys with temperature.

Alloy Al A2

A3

Alloy

Temperature (°C) % Reduction

% Reduction

% Reduction

100°C 9.72% 9.52% 11.42%
200°C 16.9 % 11.92 % 11.5%
300°C 24.55 % 22.85 % 17.46 %
Table 13
Increase in the UTS of SF alloys compared with that of AC alloys.
Temperature/Alloy S1 S2 S3
30°C 33.30 % 25.0 % 24.70 %
100°C 29.50 % 29.72 % 19.50 %
200°C 23.68 % 32.07 % 32.30 %
300°C 27.70 % 38.50 % 42.00 %

10

Temperature (°C)
100°C
200°C
300°C

S1 S2 S3

% Reduction % Reduction % Reduction
5.273 % 3.13% 1.42%

6.46 % 5.6 % 4.32%
8.82% 6.83 % 5.20 %

The Fig. 10(a) illustrates the variation in yield strength (YS) of the AC
alloys with temperature. A consistent decline in YS is observed with
increasing temperature across all compositions. At 30°C, A2 alloy shows
a 17 % increase in YS compared to Al alloy, while A3 alloy exhibits an
additional 11.23 % increase over A2 alloy, resulting in a cumulative
improvement of approximately 30 % from A1 alloy to A3 alloy. As the
temperature rises, the YS of all alloys decreases, but the rate of reduction
is notably lower in the Ni-enriched compositions. Specifically, at 100°C,
the YS reduction is 7.9 % for A1 alloy, 7.48 % for A2 alloy, and 5.5 % for
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Fig. 10. Yield strength of (a) AC and (b) SF alloys at different temperatures.

A3 alloy. At 200°C, the respective reductions are 8.45 %, 7.19 %, and
6.9 %. At 300°C, Al alloy shows a 15.38 % reduction in YS, while A2
and A3 alloys experience lower reductions of 13.58 % and 10.4 %,
respectively. These values clearly demonstrate that the increase in Ni
content enhances the thermal stability of the AC alloys, with A3 alloy
consistently exhibiting the least degradation in strength across all tem-
peratures. The data in Table 15 confirms this trend, underscoring the
role of Ni in stabilizing the mechanical properties at elevated
temperatures.

The Fig. 10(b) depicts the YS behavior of the SF alloys with respect to
temperature, revealing superior performance compared to their as-cast
counterparts across the entire temperature range. At room tempera-
ture, the YS of S1, S2 and S3 alloys is higher than that of their respective
AC alloys by 15.8 %, 17.4 %, and 25.4 %. This improvement becomes
more pronounced at elevated temperatures. At 100°C, the YS values of
S1, S2 and S3 alloys are higher by 31.4 %, 22 %, and 30 % respectively.
At 200°C, the YS values are 27 %, 21 %, and 36 % while at 300°C, the YS
of S1, S2 and S3 alloys surpass their AC counterparts by 33 %, 21 % and
46.7 % respectively. These results demonstrate that the SF process
significantly enhances the yield strength, particularly under thermal
exposure, with the highest gain observed in S3 alloy due to its higher Ni
content and refined microstructure. Furthermore, Table 16 shows that
the percentage reduction in YS with temperature is less pronounced in
the SF alloys compared to the AC alloys. From room temperature to
100°C, the reduction in YS is limited to 5 % for S1 alloy, 4.64 % for S2
alloy and only 2 % for S3 alloy. At 200°C, the respective reductions are
6.47 %, 5.43 %, and 2.05 %, while at 300°C, they reach 10.6 %, 6.89 %,
and 3.7 %. These findings highlight the enhanced thermal stability of
the SF alloys, particularly S3 alloy, which consistently exhibits minimal
strength degradation with temperature. The combined influence of Ni
addition and the uniform, fine-grained microstructure resulting from
spray forming contributes to the superior mechanical performance and
thermal resistance of the SF alloys. Thus, both compositional modifi-
cation and processing technique (b)

play critical roles in optimizing the yield strength and its retention at
elevated temperatures.

The Fig. 11 illustrates the variation in percent elongation (%3) of the
AC and SF alloys at different temperatures. In Fig. 11(a), the AC alloys
show a general trend of increasing elongation with temperature. For Al
alloy, the elongation increases from 7.3 % at room temperature to

Table 15
Reduction in the yield strength of AC alloys with temperature.

Alloy Al A2 A3

Temperature (°C) % Reduction % Reduction % Reduction

100°C 7.90 % 7.48 % 5.50 %
200°C 8.45% 7.19% 6.90 %
300°C 15.38 % 13.58 % 10.40 %
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Table 16
Reduction in yield strength with temperature in SF alloys.

Alloy S1 S2 S3

Temperature (°C) % Reduction % Reduction % Reduction

100°C 5.05 % 4.64 % 2.01 %
200°C 6.47 % 5.43 % 2.05 %
300°C 10.60 % 6.89 % 3.70 %

11.57 % at 300°C. A similar trend is observed for A2 and A3 alloys,
where the elongation rises from 5.67 % to 9.17 % and from 4.56 % to
8.89 % respectively, over the same temperature range. Notably, there is
a slight reduction in elongation for all AC alloys when the temperature
increases from 30°C to 100°C, followed by a significant increase be-
tween 200°C and 300°C, indicating that higher temperatures promote
ductility by facilitating dislocation mobility and reducing flow stress.
Among the AC alloys, Al alloy consistently exhibits the highest ductility
at all temperatures, whereas A3 alloy, which contains a higher Ni con-
tent, shows the lowest elongation, likely due to the increased volume
fraction of intermetallics that hinder plastic deformation. In contrast,
Fig. 11(b) shows that the SF alloys exhibit substantially higher elonga-
tion values than their AC counterparts across all temperatures, indi-
cating superior ductility as a result of the refined and homogeneous
microstructure produced by the spray forming process. For S1 alloy, the
elongation increases from 12.2 % at 30°C to 19 % at 300°C. Similarly, S2
alloy shows an increase from 11.5% to 15 %, and S3 alloy from
10.5-14 % over the same temperature range. Unlike the AC alloys, the
SF alloys show a progressive increase in elongation with temperature,
with no initial drop, indicating improved thermal stability and defor-
mation characteristics. However, the total elongation decreases with
increasing Ni content across the SF alloys, with S3 alloy consistently
exhibiting lower ductility than S1 and S2 alloys. This reduction in
ductility with higher Ni levels is attributable to the presence of a greater
amount of Ni-rich intermetallics that act as stress concentrators and
restrict matrix plasticity. The enhanced elongation in SF alloys can be
theoretically explained by their finer grain size and more uniform phase
distribution, which enhance the alloy’s ability to accommodate plastic
deformation by promoting uniform slip and reducing localized strain
accumulation [34]. Moreover, rapid solidification during spray forming
limits the formation of coarse intermetallics and minimizes micro
segregation, both of which are detrimental to ductility. In contrast, the
coarse, brittle intermetallic compounds (Al:Ni, AlsCuNi) formed in AC
alloys (particularly with higher Ni content) have been reported to
degrade elongation due to their tendency to fracture early and initiate
cracks under tensile stress [35]. Similar trends of improved ductility
through microstructure refinement have been documented in
high-performance Al-Si-Cu-Ni piston alloys subjected to rapid solidifi-
cation routes [33].
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3.4.3. Morphology of fractured surfaces

The SEM fractured surface morphologies of the AC alloys at room
temperature are shown in Fig. 12. The Al alloy SEM fractography
(Fig. 12(a)) is primarily composed of zones that are rather flat and
featureless. This suggests that cracks may propagate during deformation
at the Si/matrix interface as well as at the intermetallic/matrix interface,
potentially leading to alloy failure. This behaviour is typical of interfa-
cial decohesion seen in Al-Si alloys where stress concentration near rigid
Si particles promotes crack initiation, especially in coarse-grained mi-
crostructures [36]. The Fig. 12(b) shows the A2 alloy fractograph. It
mainly consists of more facets, and a few dimples between two and five
microns in size are clearly visible in the fractograph, indicating that the
micro voids connected quickly. Furthermore, a series of cracks were
noted in the area surrounding the interface of the a-Al matrix and the
intermetallic phase. Such mixed features of fracture, with both cleavage
planes and ductile dimples are commonly reported in alloys containing
Al>Cu or AlsNi, as the sharp interface of these intermetallics can initiate
decohesion during tensile loading [35].

The fractograph of the A3 alloy is shown in Fig. 12(c), where large
facets are readily visible, indicating weak ductile fracture. The primary
failure mode observed in the examined alloy was quasi-cleavage frac-
ture. As the volume fraction of the Ni content increases, the proportion
of cleavage planes also increases. The coarse primary Si phase that the
cracks follow is close to the intermetallic and Al matrix, indicating that it
is unlikely that the matrix will crack through the interfaces because of
the weak phase connection. This fracture tendency has been corrobo-
rated in studies where higher Ni content resulted in brittle AlsCuNi or
Al:Ni phases that reduce the alloy’s overall plasticity [37].

The fractograph of the A1l alloy at 300°C (Fig. 13(a)) reveals the
presence of numerous small voids and dimples, which are attributed to
the fracture of Si and Si eutectic particles. The gradual fracturing of
these particles in the plastic zone increases the overall crack propagation
rate. The alloy fractograph has dimples in addition to cleavage planes.
This observation implies that a-Al undergoes a particular degree of
deformation before breaking, which is in line with the elongation per-
centage growth. This type of fracture transition with increasing tem-
perature is consistent with thermally activated dislocation movement
and matrix softening, which enhances ductile failure mechanism in Al
alloys [38]. The A2 alloy fracture surface morphology (Fig. 13(b)) in-
dicates a transition from brittle fracture to a combination of brittle and
ductile fracture as the temperature increases. Small, ductile dimples
with dispersed particles of the intermetallic phase are visible in Fig. 13
(b). The A3 alloy fracture surface (Fig. 13(c)) displays a mixed ductile
trans-crystalline character, with deep dimples signifying extensive
plastic deformation and typical ductile features. The Fig. 13(c) provides
evidence of deboned Si particles and coarse intermetallic phase pre-
cipitates within the dimples, suggesting that the ductility of the alloy is
improved at elevated temperatures. Such observations are in agreement
with fracture studies of heat-resistant Al-Si-Cu-Ni alloys where
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elevated temperatures reduce interfacial stresses and activate more
plastic deformation pathways in the matrix [39].

The Fig. 14 displays the SEM tensile fractograph of SF alloys tested at
30°C. The fractograph of S1 alloy, as shown in Fig. 14(a), has coexisting
facets and underdeveloped pits. Nonetheless, the alloy exhibits a
considerable amount of ductility and a reasonable ductile fracture.

The primary Si particles are linked to a few large dimples, small
microscopic cracks and many micro voids that make up the fractured
surface. This indicates that micro void coalescence and particle-matrix
decohesion are active fracture mechanisms, typically observed in
refined Al-Si systems where moderate intermetallics enable energy ab-
sorption through ductile tearing [40]. The S2 alloy fracture (Fig. 14(b))
displays tiny, poorly defined facets joined by shallow dimples or tear
ridges within the facets. The facet center exhibits a minor river pattern
extending outward. The presence of tear ridges and river patterns sig-
nifies a quasi-cleavage fracture mode, often occurring when in-
termetallics are more fragmented but still capable of initiating micro
cracks under tensile loading [41]. The SEM fractograph of the S3 alloy is
displayed in Fig. 14(c). It is made up of tiny micro voids and cracks
connected to the principal Si and intermetallic phases. There are pre-
mature ductile dimples and microscopic voids on the fractured surface,
indicating highly ductile fracture. Such morphology corresponds to
improved toughness and plastic strain tolerance, attributed to the fine
and uniform microstructure obtained by spray forming, which impedes
crack propagation by distributing strain more evenly across the matrix
[42]. SF alloys are stronger because of the homogenous dispersion and
refinement of different components. This microstructural refinement
leads to a Hall-Petch type strengthening and contributes to simulta-
neous enhancement of both strength and ductility, as reported in
numerous studies on rapidly solidified Al-Si-Cu-Ni alloys [43,44].

The fractograph of the S1 alloy at 300°C is shown in Fig. 15(a). Large
dimples formed and spread across the whole fractured surface of the
alloy, which demonstrated a fully ductile fracture mode. Furthermore, at
300°C the dimples are even more enlarged than they are at 30°C (RT)
and there are significantly more coalescent dimples and tear ridges on
the fractured surface. The fractured morphology of S2 alloy at 300°C is
shown in Fig. 15(b). It consists of a mixed mode of brittle and highly
ductile fracture. Compared with those of the fractured surfaces at room
temperature, the fractured surfaces of the SF alloys included much larger
and wider dimples. The fractured morphology of S3 alloy depicted in
Fig. 15(c) exhibit both dimples and cleavages, indicating a ductile
fracture mode. Moreover, slip bands are observed in the cleavage facet,
indicating plastic deformation in the second phase. The dimples in the
SF alloys are smaller than those in the AC alloys, which aligns with the
higher UTS. Compared to the S1 and S2 alloys, the S3 alloy has more
dimples on the fractured surface, with deeper dimples, which is
consistent with its greater elongation.

The reduced UTS and YS of the Al alloy at 30°C are due to the
presence of coarse primary Si particles in polyhedral and/or plate-like
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Fig. 12. Fractured surface morphology of AC (a) Al (b) A2 and (c) A3 alloys
at 30°C.

forms, as well as eutectic Si with poor plastic compatibility. The inter-
face with the soft matrix experiences stress accumulation, leading to
increased levels of strain. Brittleness increases with increasing Si content
and the development of small cracks and voids when subjected to tensile
stress [45]. The development of micro cracks and voids is due to plastic
incompatibility between the ductile Al matrix and the Si particles pre-
sent within the matrix. The addition of Cu and Ni to Al-15Si alloy often
causes an increase in both the UTS and YS at 30°C (RT). The Cu and Ni
dissolve in the aluminum matrix to a certain extent, creating a solid
solution that impedes dislocation movement, thus increasing the UTS of
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Fig. 13. Fractured surface morphology of AC (a) Al, (b) A2 and (c) A3 alloys
at 300°C.

the alloy. Additionally, the addition of Cu and Ni to Al-Si alloys results in
the formation of hard intermetallic (AloCu, Al3CuNi and Al3Ni) phases.

These phases act as obstacles to dislocation motion, significantly
increasing the YS and UTS through precipitation hardening. The S1 alloy
exhibits superior strength and ductility due to appropriate interface
bonding, which is enabled by the even dispersion of fine primary Si
particles in the Al matrix and the increased surface-to-volume ratio of Si
particles. The improvement in the UTS of S1, S2 and S3 alloys is due to
the refinement of the microstructure and the uniform distribution of
primary Si particles and fine intermetallics. Furthermore, SF alloys do
not possess connected brittle secondary phases and they can withstand a
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Fig. 14. Fractured surface morphology of SF (a) S1, (b) S2 and (c) S3 alloys
at 30°C.

considerable amount of plastic deformation before fracture, resulting in
improved ductility [46]. The coarse form of hard and brittle Si phases in
hypereutectic Al—Si alloy consists of coarse primary material and has a
limited plastic deformation ability even at elevated temperatures. Past
research [47] revealed that the morphology and size of eutectic Si and
intermetallics have little effect on the strain hardening of the alloy. The
properties of a-Al substantially affect the deformation characteristics of
AC alloys at elevated temperatures. According to previous studies, the
UTS of a cast Al—Si piston alloy ‘c’ can be described by the Eq. (3) [48]
6= (1 —fp>am +f,0, 3)
where o, and o, are the fracture strengths of the a-Al and brittle phases
respectively

and f,. s the volume percentage of the phases

The softening of a-Al is the primary reason for the decrease in UTS as
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Pa = LR.vaT
S3400 15.0kV 10.3mm x467 SE

Fig. 15. Fractured surface morphology of SF (a) S1, (b) S2 and (c) S3 alloys
at 300°C.

the brittle phases remain stable under the testing temperatures used in
this study. The alloy strength decreases with temperature and is corre-
lated with a-Al. At moderately elevated temperatures, some dislocation
traces are detected in the samples at 100°C, indicates that a-Al experi-
ences a mild and uniform deformation. This agrees with the significantly
limited ductility exhibited under these thermal conditions. A noticeable
increase in dislocation density along with the formation of entangled
dislocation structures after tensile testing at 200°C, indicates that the
a-Al phase has experienced significant plastic deformation. Sub grains
form during tension at 300°C, indicates that a-Al has better ductility
during tension above 300°C. This leads to a significant increase in
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elongation. The discussion above leads to the conclusion that the
deformation behavior of a-Al is similar to that of the whole alloy. The SF
alloys have higher YS and UTS than those produced by conventional
casting. The increase in UTS and decrease in ductility with increasing
amount of Ni in the Al-15Si alloy can be attributed to the increasing
volume fraction of the intermetallic Al,Cu, Al3CuNi and AlgNi phases.
The cavitation resistance is reduced when intermetallic phases that are
plastically incompatible are present in the matrix, resulting in the
occurrence of early micro cracking and consequently reducing ductility
when subjected to tensile loads. Compared with AC alloys, SF alloys
have better ductility. This is because they do not have brittle secondary
phases and can resist significant plastic deformation before fracturing
[49]. The low ductility of AC alloys is caused by cracking at the in-
terfaces of the Si/Al matrix. The hypereutectic Al-Si alloy has polyhedral
primary Si and needle-shaped eutectic Si particles, which are not plas-
tically compatible and create stress when in contact with the ductile Al
matrix. A high Si content in an alloy causes the development and
advancement of micro voids and micro cracks under tensile strain,
leading to a low UTS. Furthermore, defects found in AC alloys decrease
the area that can withstand stress, weakening the alloy and reducing the
maximum amount of stress it can carry. Compared to SF alloys, the AC
alloys exhibited lower UTS, YS and ductility.

4. Conclusions
In the present study, the effect of Ni and Cu on the mechanical

properties of spray formed Al-15Si alloys at room and elevated tem-
peratures was explored and the following conclusions may be drawn.

<3

% The microstructures of S1, S2 and S3 alloys show the presence of fine
spherical shaped primary Si and eutectic Si phases and fine Ni-rich
and Cu-rich intermetallic particles uniformly dispersed in the Al
matrix.

% The cast alloys consisted of primary coarse Si, a flake type eutectic
phase, a Cu-rich intermetallic phase in the form of Chinese-script and
a network of short strips and are dispersed non uniformly in dendritic
Al matrix.

% The SF alloys exhibited higher hardness than the AC alloys at all
temperatures, with a maximum increase of 74 % at room tempera-
ture. The study suggested that the evenly dispersed thermally stable
intermetallic phases, such as Al3Ni and Al3CuNi contributed to the
improved hardness and thermal stability of the SF alloys.

+ SF alloys demonstrated a significant increase in UTS by 25 % at 30°C
(RT) and 40 % at 300°C, as compared to that of AC alloys, indicating
their superior strength and thermal stability.

< The yield strength (YS) of the SF alloys is higher than that of the AC
alloys at all temperatures, with a minimal decrease in the YS
(2-14.65 %) at 300°C.

< The SF alloys exhibit superior elongation properties, with a pro-
gressive increase in % elongation with temperature. The S1 alloy
shows the greatest increase (14.3-18.6 %), and the S3 alloy shows
the lowest increase (10.5-14 %) between 30°C and 300°C.

% The addition of Cu and Ni to Al-15Si alloys improved the strength,

elongation properties & thermal stability of the alloys, making them

the promising materials for high-temperature applications.
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