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a b s t r a c t

Hypereutectic Al–Si and Al–Si–Sc alloys were spark plasma sintered from corresponding gas-atomized
powders. The microstructures of the Al–Si and Al–Si–Sc alloys possessed remarkably refined silicon
particles in the size range of 0.38–3.5 mm and 0.35–1.16 mm respectively in contrast to the silicon particles
of size greater than 100 mm typically found in conventionally cast alloys. All the sintered alloys exhibited
significant ductility of as high as 85% compressive strain without failure even with the presence of re-
latively higher weight fraction of the brittle silicon phase. Moreover, the Al–Si–Sc alloys have shown
appreciable improvement in the compressive strength over their binary counterparts due to the presence
of intermetallic compound AlSi2Sc2 of size 10–20 nm distributed uniformly in the matrix of those alloys.
The dry sliding pin-on-disc wear tests showed improvement in the wear performance of the sintered
alloys with increase in silicon content in the alloys. Further, the Al–Si–Sc ternary alloys with relatively
lesser silicon content exhibited appreciable improvement in the wear resistance over their binary
counterparts. The Al–Si–Sc alloys with bimodal distribution of the strengthening phases consisting of
ultra-fine (sub-micron size) silicon particles and the nano-scale AlSi2Sc2 improved the strength and wear
properties of the alloys while retaining significant amount of ductility.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

The aluminum–silicon (Al–Si) alloys exhibit low coefficient of
thermal expansion and high thermal conductivity making the al-
loys suitable for the internal combustion (IC) engine components
such as pistons and cylinder blocks [1,2]. The presence of silicon
gives the alloy its wear resistance required for the sliding com-
ponents within the engine [3,4]. The strength and the wear re-
sistance of these alloys can be further enhanced by increasing the
silicon content in the alloys. However, the acicular (needle-like)
morphology of eutectic silicon and the relatively large primary
silicon crystals of size more than 100 mm segregated randomly in
soft aluminum matrix (α-aluminum) pose problems for the me-
chanical properties of these alloys. Classically, this undesirable
silicon morphology in Al–Si alloys was dealt with adding small
amounts of sodium or strontium elements [5]. These elements
modify the eutectic silicon by a mechanism called as impurity
induced twinning (IIT). However, in the case of hypereutectic Al–Si
alloys, the refinement of primary silicon is not effective by the
aforementioned IIT mechanism [6].

It is possible to effectively refine the silicon phase in Al–Si al-
loys by adopting rapid solidification techniques such as spray
forming and powder metallurgy as the processing routes [7–11].
Moreover, rapid solidification techniques offer other advantages
such as excess solid solubility, formation of non-equilibrium
phases that could be harnessed to aid the mechanical strength of
the alloys. For instance, substantial refinement of eutectic and
primary silicon phases was observed in both hypoeutectic and
hypereutectic Al–Si alloys produced by spray forming [7,10]. The
refinement of silicon phase in Al–Si alloys was observed to pro-
mote lesser and uniform microstructural stress distribution lead-
ing to better mechanical performance of these alloys [12]. How-
ever, the effectiveness of the refinement of silicon phase reduces
with increasing silicon content in the alloy due to the higher en-
thalpy release during solidification in the alloy [7,10]. Hence, Al–Si
alloys with high silicon require very high cooling rates to sustain
the silicon phase refinement. In this regard, alloys processed
through powder metallurgy route encompass relatively higher
cooling rates compared to the spray forming route. However,
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Table 2
Spark plasma sintering process
parameters.

Heating rate 100 °C/min
Maximum temperature 450 °C
Applied pressure 50 MPa
Holding time 2 min
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relatively longer sintering duration and elevated processing tem-
peratures employed in conventional sintering process result in the
loss of refined microstructures of the powder particles [11]. In
contrast to the conventional powder sintering techniques, spark
plasma sintering (SPS) can significantly reduce the number of
steps involved with sintering and the processing lead time besides
the possibility of obtaining highly dense materials. In this context,
the hypereutectic Al–Si alloys produced by the SPS route which
could potentially yield in greater silicon phase refinement was not
investigated so far.

Furthermore, the addition of scandium was reported to effec-
tively modify the eutectic silicon phase of the as-cast hypoeutectic
Al–Si alloys by improving the wettability between the silicon and
aluminum during solidification [13]. However, the scandium ad-
dition has not refined the primary silicon phase in the as-cast
hypereutectic Al–Si alloys [14]. Moreover, the addition of scan-
dium to Al–Si alloys results in the formation of the AlSi2Sc2 in-
termetallic phase known as V-phase that prevails in the form of
finely distributed particles of about 10 nm. The presence of
V-phase was observed to improve the mechanical properties of the
as-cast hypoeutectic Al–Si alloys while its effect on the tribological
properties was not explored so far. In addition, the effect of the
V-phase on the mechanical and tribological performance of the
hypereutectic Al–Si alloys having refined silicon phase produced
by rapid solidification techniques such as spray forming and
powder metallurgy was not investigated [13].

In the present work, an attempt was made to capture the po-
tential of the SPS processing route in achieving microstructures
having highly refined silicon phase of hypereutectic Al–Si alloys
followed by the evaluation of their mechanical and tribological
performance. In addition, the influence of the nano-scale scan-
dium rich phase AlSi2Sc2 (V-phase) formed upon the addition of
scandium to these alloys was also investigated.
2. Experimental details

The Al–x%Si and Al–x%Si–0.8Sc alloy (x¼13, 16, 19 and 22 wt%)
powders were produced from the master alloys (Table 1) by gas
atomization process using nitrogen (N2) gas at pressure 14 MPa.
The powder particles in the size window of 25–175 mm segregated
by sieving were considered for the present study. The size dis-
tribution of the particles was measured using Microtrac Laser
Particle Analyzer (USA). The powder particles sufficient to make
compacts of size 30 mm in diameter and 10 mm in thickness were
arranged in a cylindrical die made up of pure graphite which was
directly kept in the sintering machine.

The sintering of the powders was performed in vacuum using
SPS (Sumitomo Coal Mining Co. Ltd, Japan). The sintering process
parameters used are presented in Table 2. For a constant 50 MPa
pressure, heating rate of 100 °C/min, and holding time of 2 min,
sintering experiments were performed at various temperatures
varying, namely, 300, 400 and 450 °C respectively. Since complete
sintering of the powder particles was observed at 450 °C, sintering
experiments for all the compositions were performed at this
temperature.
Table 1
Chemical composition of the master alloys.

Alloy Si (wt%) Sc (wt%) Fe (wt%) Others (wt%) Al

Al–13Si 11.56 – 0.19 0.10 max Balance
Al–47Si 49.50 – 0.25 0.10 max Balance
Al–2Sc 0.0049 2.0 0.00063 0.10 max Balance
Al (pure) 0.243 – 0.753 0.10 max Balance
The density of the sintered compacts was measured using li-
quid displacement method. The sintered alloy samples were
etched using Keller’s reagent (2.5% HNO3, 1.5% HCl, 1% HF and
balance is distilled water) for about 100 s for microscopic ex-
amination. The microstructures of the alloy samples were captured
using FEI Quanta 200 FEG SEM (USA) fitted with lithium-doped
silicon energy dispersive X-ray spectrometer (EDS) of AMETEK of
Process and Analytical Instruments for the microstructural and
wear track characterization. Transmission electron microscopy of
the samples was performed using TECNAI 20G2 operating at
200 kV. The size distribution of the silicon phase was estimated by
using the open source image analysis tool ImageJ.

The sintered alloys were heat treated isothermally at 375 °C in
argon atmosphere for about 0.5, 1, 2, 4 and 8 h. The hardness of the
sintered alloys was measured using Wolpert Wilson Instruments,
402MVD Vickers hardness tester (USA) at a load of 1 kg for a dwell
period of 10 s. The quasi-static uni-axial compression tests were
conducted on alloy samples of 4�4 mm2 cross-section and 5 mm
in height conforming to the ASTM C170/C170M-09 standard using
INSTRON 3367 (USA) kN dual column testing machine at a strain
rate of 0.031 min�1. For the aforementioned heat treatment and
the TEM studies, Al–22Si and Al–22Si–0.8Sc were considered as
the representative alloys for the binary and ternary alloys re-
spectively and discussed in this work.

The pin-on-disc dry sliding wear tests were conducted on the
sintered alloy samples. The alloy samples turned to the size of
6 mm in diameter and 25 mm in height were used as the wear
specimens. The hardened steel discs of 60 HRC (2.2 GPa) were
used as counter-surface for the wear experiments. Specimens were
slid for 2000 m at a speed of 0.3 ms�1. The wear tests were con-
ducted at 27 °C in open atmosphere. The specimens were ultra-
sonically cleaned before and after each wear test run and weighed
using electronic weighing machine having 0.1 mg precision.
3. Results

3.1. Powder characterization

The morphology and size distribution of the powder particles
as measured by the laser particle analyzer are shown in Fig. 1. The
powder particles obtained were a conglomeration of spherical and
irregular morphologies. The size of the powder particles varied in
the range of 25–200 mm with an average size of 109 mm. The
powder particles exhibited varied microstructures as shown in the
representative micrographs (Fig. 2). The powder particles typically
consisted of regions where ultra-fine and equiaxed silicon particles
were present and the size and morphology gradually changed
towards the other end of the particle where fine silicon with aci-
cular morphology was present (Fig. 2(a–c)). Some of the powder
particles exhibited clusters of ultra-fine silicon particles of uniform
size with equiaxed morphology (Fig. 2(d)).

3.2. Spark plasma sintering

The densification curves of the sintering compacts at various
temperatures are shown in Fig. 3. The microstructures of the



Fig. 1. Powder particles: (a) SEM micrograph of the representative powder particles morphology and (b) size distribution as measured by laser particle analyzer.

Fig. 2. Representative microstructures of the powder particles before sintering.
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compacts sintered at various temperatures are shown in Fig. 4. The
compact sintered at 300 °C reveals clear gap among the particle
boundaries indicating incomplete sintering. The compact sintered
at 400 °C shows partial sintering of the powder particles with
random openings among inter-particle boundaries. The compact
with 450 °C shows no inter-particle boundaries suggesting the
complete densification of the powder particles/compact. The
deep-etched micrograph of the completely sintered compact is
shown in Fig. 4(d). The inter-particle boundaries revealed by
etching show the complete sintering/densification of the powder
particles. The compacts of each alloy with 30 mm in diameter and
10 mm in height were produced. The relative densities of the
compacts were above 99%, against their theoretical (calculated)
densities (Table 3).



Fig. 3. Densification of the powder particles during spark plasma sintering at
varied temperatures.

Table 3
Density and hardness of the sintered compacts.

Alloy Measured density (g/
cc)

Relative density (%) Hardness (MPa)

Al–13Si 2.62 4 99 722
Al–16Si 2.63 765
Al–19Si 2.62 847
Al–22Si 2.59 894
Al–13Si–0.8Sc 2.63 844
Al–16Si–0.8Sc 2.61 878
Al–19Si–0.8Sc 2.60 937
Al–22Si–0.8Sc 2.58 995
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3.3. Microstructural characterization

The microstructures of the sintered Al–Si and Al–Si–Sc alloys
are shown in Figs. 5 and 6. The presence of silicon phase in the
sub-micron size range with equiaxed morphology of less than
5 mm uniformly distributed throughout the matrix (α-aluminum)
Fig. 4. (a) SEM micrographs of the compacts sintered at (a) 300 °
in all the alloys is observed. The size distribution of the silicon
particles as measured by the image analysis is shown in Fig. 7. The
average size of the silicon particles was around 380 nm in the case
of Al–13Si alloys and about 3.5 mm in the case of Al–22Si alloys
(Fig. 7). In the case of the ternary alloys, the size of the silicon
phase particles varied from 350 nm in the case of Al–13Si–0.8Sc
alloys to around 1.16 mm in the case of Al–22Si–0.8Sc alloys (Fig. 7).
The X-ray mapping of the EDS analysis of Al–22Si–0.8Sc alloy is
shown in Fig. 8. The X-ray mapping suggests the presence of finely
distributed scandium-rich phase throughout the matrix. The
transmission electron micrographs (Fig. 9) showed the presence of
ultra-fine silicon phase of sub-micron size in concomitant to the
nano-scale AlSi2Sc2 (V-phase) of size 10–20 nm.
C (b) 400 °C, (c) 450 °C (un-etched) and (d) 450 °C (etched).



Fig. 5. High resolution SEM micrographs of the sintered binary hypereutectic Al–Si alloys: (a) Al–13Si, (b) Al–16Si, (c) Al–19Si and (d) Al–22Si.
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3.4. Heat treatment and mechanical testing

The hardness of the sintered binary Al–Si alloys varied from
758 to 894 MPa for the Al–13Si and Al–22Si respectively. Upon the
addition of scandium, an improvement of 10–13% in the hardness
of these alloys was observed that varied from 872 to 995 MPa for
the Al–13Si–0.8Sc and Al–22Si–0.8Sc respectively. The micro-
structures of the heat treated Al–22Si and Al–22Si–0.8Sc alloys are
shown in Fig. 10 and they suggest that the silicon was not coar-
sened during the heat treatment. The hardness of the alloys as a
function of heat treatment time are presented in Fig. 10(b) and (c).

The sintered compacts subjected to compression tests did not
fail in brittle but deformed up to 85% strain before the experi-
ments were stopped. The compression stress–strain diagrams (up
to the strain of 0.35 mm/mm) of the sintered alloys are shown in
Fig. 11(a) and (b). The compressive strength of the binary alloys
varied from 187 MPa to 214 MPa at a strain of 10% corresponding
to the Al–13Si and Al–22Si alloys respectively (Table 4). The
ternary alloys exhibited about 7–11% of improvement in the
compressive strength with Al–13Si–0.8Sc and Al–22Si–0.8Sc alloys
having a compressive strength between 200 and 238 MPa re-
spectively at a strain of 10%.

3.5. Wear studies

The representative wear tracks of the pin-on-disc sliding wear
test specimens are shown in Fig. 12. The EDS data and the X-ray
mapping of a representative wear surface (Al–22Si–0.8Sc) are
shown in Table 5 and Fig. 13. The EDS analysis showed the pre-
sence of oxygen, iron, chromium and manganese apart from alu-
minum and silicon. The wear performance of the alloys in terms of
weight loss per unit distance at different normal loads is shown in
Fig. 14. At a normal load of 0.176 MPa, the wear performance of the
alloys did not exhibit appreciable variation as a function of silicon
content in the alloys. However, at relatively higher loads, the wear
resistance of both Al–Si and Al–Si–Sc alloys increased with in-
crease in the silicon content of the alloys. Moreover, the ternary
alloys with relatively low silicon content such as Al–13Si–0.8Sc
exhibited relatively better wear resistance at higher loads com-
pared to their binary counterparts while the ternary alloys with
relatively higher silicon content exhibited wear resistance similar
to that of their binary counterparts under all loading conditions.
4. Discussion

4.1. Aluminum–silicon powder characteristics

The microstructure of some of the powder particles (Fig. 2)
exhibited two distinct silicon phase morphologies indicating dif-
ferent regimes of solidification mode. Levi and Mehrabian [15]
proposed that there are two stages in the solidification of droplets.
In the first stage, high solid/liquid interface velocity results in ra-
pid solidification and finer microstructures. The partly equiaxed



Fig. 6. High resolution SEM micrographs of the sintered Al–Si–Sc alloys: (a) Al–13Si–0.8Sc, (b) Al–16Si–0.8Sc, (c) Al–19Si–0.8Sc and (d) Al–22Si–0.8Sc.

Fig. 7. Size distribution of the silicon particles in the sintered alloys as measured by
the image analysis.
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silicon morphology of the droplets shown in Fig. 2(a–c) indicate
the regions where first stage of the solidification would have taken
place. During this stage of solidification, the latent heat of fusion is
absorbed by the droplet itself resulting in the increase of the
droplet temperature (recalescence). The external heat extraction
from the droplet surface is insignificant in this stage and the so-
lidification during this stage is called as adiabatic solidification.
But, increase in the droplet temperature results in decreased solid/
liquid interface velocity and the remaining solidification takes
place in isothermal fashion constituting the second stage of soli-
dification. The external heat extraction from the droplet plays
significant role in this stage of solidification. The relatively low
convective heat transfer rates result in relatively lower solidifica-
tion rates during this stage. The regions in the droplets shown in
Fig. 2(a–c) with silicon having relatively coarse and acicular mor-
phology correspond to the isothermal solidification regime. If the
droplet is undercooled to the extent such that the temperature rise
due to the recalescence would not touch or exceed the melting
point, then the particle is said to have hyper-cooled. In such dro-
plets, solidification rate is fairly rapid since the heat transfer rate to
the external media plays less important role and the solidification
rate is purely controlled by the internal heat transfer rate. The
microstructure of the powder particle in Fig. 2(d) having uniform
morphology suggests that the particle is hyper-cooled.

4.2. Metallurgical quality of the compacts

The densification curves (Fig. 3) and the corresponding mi-
crographs (Fig. 4) depict the strong dependence of the tempera-
ture on the sintering of the alloys. At 300 °C, displacement rate
(Fig. 4(a)) during sintering indicate no significant mass transport
occurred resulting in non-sintering of the powder particles. At
temperatures beyond 400 °C, the higher displacement rates sug-
gest the occurrence of significant mass transport during sintering.



Fig. 8. EDS X-ray mapping of (a) the Al–22Si–0.8Sc alloy, showing the presence of (b) fine silicon particles and (c) fine and uniform distribution of scandium-rich phase and
(d) the corresponding EDS data.
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The micrographs of the sintered compacts at 450 °C (Fig. 4(c) and
(d)) reveal complete sintering of the powder particles with clean
particle–particle interface. The aforementioned temperature at
which complete sintering of the powder particles was realized is
significantly lower than the temperature employed (about 560 °C)
for the complete sintering of a similar alloy in the case of con-
ventional sintering process [11]. Further, the simultaneous appli-
cation of pressure and temperature during the sintering process
resulted in attaining the near theoretical density of the alloys. This
is in contrast to the conventionally sintered materials where sig-
nificant amount of porosity is inevitable. Hence, the capability of
spark plasma sintering in producing highly dense hypereutectic
Al–Si alloys even with relatively lower sintering temperature is of
technological importance.

4.3. Microstructure of the sintered compacts

Silicon phase of the spark plasma sintered Al–Si and Al–Si–Sc
alloys possessed essentially particulate and equiaxed morphology.
It is interesting that portions of the relatively coarse and acicular
morphology found in the microstructures of the powder particles
disappeared and only fine-scale silicon with near-equiaxed mor-
phology prevailed in the sintered compacts. This could be attrib-
uted to the fact that the powder particles tend to undergo plastic
deformation during sintering due to the simultaneous application
of pressure and temperature. The relatively stiff and brittle silicon
phase tends to fragment into small particles to accommodate the
plastic flow of soft aluminum matrix resulting in complete dis-
appearance of the coarse-acicular morphology found in the mi-
crostructures of some portions of the powder particles. The frag-
mentation of the larger and irregular-shaped silicon particles into
small particles during the deformation of the Al–Si particles was
also observed earlier in bulk deformation processes such as hot
extrusion [16–18]. The microstructure of the sintered alloy shown
in Fig. 15(a) exemplifies the supposedly isothermally solidified
region of a powder particle with silicon of acicular morphology
appears to have fragmented into relatively smaller particles after
sintering. The microstructure of the sintered compacts shown in
Fig. 15(b) exemplifies the supposedly adiabatically solidified
powder particle having silicon with equiaxed morphology.

The size of silicon crystals in the sintered compacts is com-
parable to that of the silicon size in powder particles indicating
there was no much coarsening of the silicon phase happened
during the sintering process. The retaining of the ultra-fine silicon
phase without coarsening from the powder particles is possible
partly due to the high heating rate (100 °C/min) and shorter sin-
tering time associated with the spark plasma sintering process.
Besides, the retention of the refined microstructure of the powder
particles even after sintering is also partly due to the relatively
lower sintering temperature employed. Moreover, during spark
plasma sintering, high temperatures required for proper particle-
to-particle bonding are developed only locally at the particle



Fig. 9. Transmission electron micrographs of the Al–22Si–0.8Sc: (a) bright field image showing the presence of fine silicon particles along with aluminum matrix and (b) the
dark field image showing the presence of finely distributed V-phase and (c) the corresponding selected area diffraction pattern.

N. Raghukiran, R. Kumar / Materials Science & Engineering A 657 (2016) 123–135130
interfaces allowing for much of the particle core to retain its re-
fined microstructures existing in the powder particles. The mi-
crostructures of the sintered compacts shown in Fig. 16 demon-
strate the relatively coarsened silicon particles along the inter-
particle boundaries at random instances. The buildup of localized
high temperatures along the particle boundaries during SPS could
result in the coarsening of the silicon particles at the corre-
sponding places locally. Moreover, the temperature buildup during
SPS depends on the exact gap that prevails locally among the
powder particles. In the present study, since the powder particles
are of irregular shape leading to significant variation in the inter-
particle spatial gap during the course of sintering, resulting in
corresponding variation in temperature buildup and the silicon
tends to coarsen at those places where sufficiently high tem-
peratures are built up.

The silicon refinement achieved in the sintered alloys is quite
substantial compared to the refinements achieved in the similar
alloys produced by convention sintering and other processing
techniques. For instance, the size of the primary silicon in con-
ventionally cast Al–Si alloys goes beyond 100 mm [6]. The silicon
refinement in the range of 5–20 mm was achieved in spray formed
Al–Si alloys [10]. The Al–Si alloy produced by powder metallurgical
route using conventional sintering at 560 °C resulted in silicon size
of 10–30 mm [11]. The significant difference in the size of silicon
phase of the Al–Si alloys processed through each of the afore-
mentioned routes can be attributed to the different cooling rates
associated with each of those processes during the solidification.
The relatively high sintering temperatures and longer sintering
time duration involved in the conventional sintering in contrast to
the SPS process results in Oswald ripening of the silicon particles
losing much of the refined microstructure of the powder particles
[11]. Since the silicon present in a relatively soft aluminum matrix
is a hard and highly stiff phase with very little elastic response
(Young’s modulus�150 GPa), its size and morphology plays sig-
nificant role on the microstructural stress distribution in the
material upon loading. The finer and equiaxed silicon phase was
observed to promote uniform stress distribution within the mi-
crostructure of the Al–Si alloys resulting in better mechanical
performance under loading [12,19]. Hence, the remarkable re-
finement of the silicon phase in the present alloys with silicon size
varying from sub-micron to �3 mm size is expected to enhance the
mechanical properties of these alloys.

From the size distribution of the silicon phase particles, it was
evident that the refinement is affected by the silicon content in the
alloys. The higher enthalpy release during the solidification of
droplets due to the higher silicon content results in relatively
faster recalescence of the droplet affecting the solidification rate.
Cui et al. [7] estimated that the enthalpy release during complete
solidification of Al–13Si and Al–22Si melts of 75 K superheat is
about 540 J/g and 840 J/g respectively. Due to the relatively faster
rate of recalescence of the droplet solidification, the adiabatic so-
lidification mode where relatively faster solidification rates are
involved tends to prevail in a rather limited region with rest of the
droplet undergoing isothermal solidification. In the case of binary
Al–Si alloys, this caused the silicon size to vary from 0.38 to 3.5 mm
in Al–13Si and Al–22Si respectively.

The silicon size varied only narrowly in the case of Al–Si–Sc
alloys from 0.35 to 1.16 mm in Al–13Si–0.8Sc and Al–22Si–0.8Sc
respectively. The relative insensitiveness of the silicon size with
varying silicon content in the ternary alloys suggests the role of
scandium addition to these alloys. It was reported that scandium
effectively refined the eutectic silicon phase in as-cast Al–Si alloys
[13,20]. The refinement of silicon upon scandium addition was
attributed to the improved wettability between aluminum and
silicon during solidification rather than impurity induced twinning
(IIT) mechanism that is responsible for the refinement of silicon
when trace level addition of elements such as sodium and stron-
tium to Al–Si alloys.



Fig. 10. The SEM micrographs (a and b) of the Al–22Si and Al–22Si–0.8Sc after 8 h of heat treatment and (c) the corresponding hardness values at different time intervals.
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4.4. Mechanical performance

The typical convective cooling rates of spherical aluminum
droplets of size about 100 mm in nitrogen atmosphere with relative
gas velocity of about 1 Mach number were calculated to be in the
range of 106–107 °C/s [21]. Such high cooling rates sufficiently
undercool the droplets promoting the supersaturated solid solu-
tion of silicon and scandium in aluminum. For instance, the X-ray
microprobe analysis of chill cast Al–9.72Si–0.45Sc alloy with
cooling rate as low as 102 °C/s shows about 1.1% of silicon and 0.1%
Fig. 11. Compressive stress–strain diagrams of th
scandium to have retained in the solution (α-aluminum) [22]. The
heat treatment of sintered compact specimens at 375 °C showed
no appreciable change in the hardness indicating that the retained
silicon and scandium in supersaturated state in the Al–Si powder
particles should have precipitated during the sintering process
itself. Matsuura et al. [17,23] reported that silicon grew from 300
to 600 nm very quickly in less than 5 min at the very beginning of
the sintering (conventional) at around 673–773 °C and remained
stable without further coarsening. The aforementioned facts sug-
gest that the trapped solute atoms of silicon and scandium in the
e sintered (a) Al–Si and (b) Al–Si–Sc alloys.



Table 4
Compressive strength (at 10% strain) of the binary (Al–Si) and ternary (Al–Si–Sc)
alloys.

Silicon
(wt%)

Binary alloys (Al–Si) Ternary alloys (Al–Si–Sc)

Compressive
strength at 10%
strain (MPa)

Standard de-
viation
(MPa)

Compressive
strength at 10%
strain (MPa)

Standard de-
viation
(MPa)

13Si 187 8 200 9
16Si 198 9 215 8
19Si 204 12 224 10
22Si 214 11 238 10

Table 5
EDS data from the wear track surface of a representative spray formed alloy (Al–
22Si–0.8Sc).

Element wt% at%

OK 19.20 30.27
AlK 51.98 48.60
SiK 17.85 16.03
ScK 00.81 00.45
CrK 01.46 00.71
MnK 00.37 00.17
FeK 08.33 03.76

N. Raghukiran, R. Kumar / Materials Science & Engineering A 657 (2016) 123–135132
powder particles precipitated during the SPS process at 450 °C.
Even with the silicon percentage as high as 22 wt%, the results

from the compression tests did not exhibit brittle failure. This can
be attributed to the ultra-fine size distribution of silicon phase in
the matrix allowing for as high as 85% strain without failure. In the
Al–Si alloy system, the microstructural stress distribution is highly
sensitive to the size of the silicon particles [12,19]. Due to the ul-
tra-fine silicon size, increase in silicon content in the alloy only
resulted in improved compressive strength without affecting the
ductile behavior of the alloys. This suggests that Al–Si alloys pro-
duced by rapid solidification and consolidation technique such as
SPS with remarkably finer silicon of sizeo5 mm and weight frac-
tion as high as 22% can be safely used for structural and other
engineering applications where compressive loading conditions
are involved. Furthermore, the presence of stable nano-scale in-
termetallic compound AlSi2Sc2 (V-phase) in Al–Si–Sc alloys further
improved the compressive strength of these alloys without af-
fecting the ductile behavior of the alloys. However, the apparent
improvement in the compressive strength of the alloys with nano-
scale V-phase is only marginal (up to 10%) which is due to the
presence of very large volume fraction of silicon in both binary and
ternary alloys which is a hard phase in itself.

4.5. Wear performance

In both binary (Al–Si) and ternary (Al–Si–Sc) alloys, the wear
resistance increased with increase in silicon content in the alloys.
The improvement in the wear resistance in high silicon content
alloys is more evident at relatively higher loads. The aforemen-
tioned effect of silicon content on the wear performance of these
alloys is similar to the earlier reported wear performance of the
Fig. 12. Representative wear track micrographs of the Al–22Si alloy: (a) wear track and
surface.
similar alloys but processed through spray forming technique [10].
During the dry sliding wear in open atmosphere, temperature
builds up at the pin-disc interface due to the friction promoting
the formation of oxide layer on the specimen surface (Figs. 12 and
13). At lower loads, the dynamically formed oxide layer governs
the wear loss from the specimen surface. At higher loads, the
brittle oxide layer becomes relatively unstable resulting in more
frequent exposure of the specimen to the counterface and con-
sequentially the wear performance of the alloys is governed by the
amount of hard phase present in the alloy. Hence, at higher loads
at which the direct contact of the specimen surface with the
counter-face occurs, alloys with higher silicon content tend to
exhibit better wear resistance.

Notably, most of the scandium added Al–Si alloys, particularly
alloys with relatively high silicon content, did not exhibit appre-
ciable improvement in the wear resistance compared to their
binary alloy counterparts. This can be attributed to the fact that
the high volume percentage of uniformly distributed ultra-fine
silicon particles appears to govern the wear resistance while the
presence of V-phase did not show appreciable effect on the wear
performance of the alloys. However, Al–Si–Sc alloys with low si-
licon content (e.g. Al–13Si–0.8Sc) exhibited appreciable improve-
ment in wear resistance compared to their binary counterparts.
This suggests that the role of scandium rich nano-scale V-phase on
the wear performance of the Al–Si alloys becomes significant with
decrease in the silicon content to the order of eutectic
composition.

The wear performance of the sintered Al–Si alloys in the pre-
sent study is compared with the wear performance of the similar
alloys but produced through other processing routes as shown in
Fig. 17. For clarity, only the wear performance of the binary alloys
from the present work was considered for the comparison. At
(b) the magnified image of the wear track depicting the cracks developed on the



Fig. 13. EDS X-ray mapping of the representative wear track (Al–22Si–0.8Sc). Data of the Al and Si elements omitted due to space constraints.

Fig. 14. Wear performance of (a) the Al–Si and (b) Al–Si–Sc alloys during pin-on-disc dry sliding wear tests at various normal loads.

Fig. 15. Fine scale silicon particles in the sintered compacts with partly (a) acicular morphology and (b) partly equiaxed morphology.
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Fig. 16. Representative micrographs of the sintered compacts depicting (a) the coarsened silicon particles observed at the inter-particle boundaries and (b) the similar
phenomenon seen at higher magnification along the boundary of a single particle.

Fig. 17. Comparison of the wear performance of the sintered Al–Si binary alloys (to
avoid clumsiness, wear performance of the Al–Si–Sc alloys was not plotted here)
with the similar alloys produced by other processing routes reported in the lit-
erature [10,24].
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relatively lower loads, all the alloys exhibit similar wear resistance
irrespective of the processing route. The aforementioned ob-
servations substantiate the postulation that, at lower loads, wear
rate is predominately governed by the stability of the oxide layer
developed at the interface of the pin and disc with the amount of
silicon content in the alloy having little significance on the wear
rate. However, with increase in load, alloys produced by SPS ex-
hibiting better wear performance in contrast to the alloys pro-
duced by chill cast and spray forming. This can be attributed to the
presence of remarkably refined silicon phase in the case of sin-
tered Al–Si alloys that helps the uniform and relatively low mi-
crostructural stresses developed within the alloy under load
[12,19].
5. Conclusions
1. The microstructure of the sintered Al–Si and Al–Si–Sc alloys
exhibited extraordinarily fine silicon phase (� 0.3–3.5 mm) that
is several orders smaller than silicon usually observed in the
conventionally cast alloys (� 100 mm) successfully retaining the
refined microstructure of the Al–Si alloy powder even after the
sintering without any significant growth of the silicon phase.

2. Further, the acicular morphology of silicon usually found in Al–
Si alloys is essentially absent in the microstructure of the alloys
in the present study, whilst silicon phase invariably possessed
particulate or equiaxed morphology.

3. The addition of scandium to the Al–Si alloys retorted the in-
crease in the average silicon particle size with the increase in
silicon content (from 13 wt% to 22 wt%) of the alloys. The
scandium addition also resulted in the formation of nano-scale
intermetallic AlSi2Sc2 (V-phase) uniformly distributed in the
alloy matrix.

4. The silicon phase of the spark plasma sintered alloys remained
stable without significant growth even after subjecting to iso-
thermal heat treatment at 375 °C. The sintered alloys exhibited
remarkable ductility despite of as high as 22% weight fraction of
the silicon. Further, the addition of scandium marginally im-
proved the compressive strength of the alloys that was attrib-
uted to the presence of intermetallic (V-phase) in the Al–Si–Sc
alloys.

5. At relatively higher loads, alloys with higher silicon content
exhibited better wear performance. The Al–Si–Sc ternary alloys
with lower silicon content (e.g. 13% Si) exhibited relatively
better wear performance over their binary counterpart which
was attributed to the presence of the AlSi2Sc2 intermetallic in
the ternary alloys. However, there was no appreciable im-
provement in the wear performance of the Al–Si–Sc alloys with
higher silicon content over their binary counter parts suggesting
that the high volume fraction of the hard silicon phase alone
governs the wear rate in these alloys.
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