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a  b  s  t  r  a  c  t

The  influence  of  spray  deposition  process  on  the  refinement  of  silicon  phase  and  the  tribological  perfor-
mance  of hyper-eutectic  Al–Si  alloys  is  reported  in  this  work.  Due  to  the  rapid  solidification  conditions
that  prevail  during  the  spray  deposition  process,  both  primary  and  eutectic  silicon  were  found  to be
refined  resulting  in  equi-axed  morphology  of  the  silicon  phase  across  the matrix.  The  average  silicon  par-
ticle  size  increased  from  7  �m  to 17 �m with  increase  in the  silicon  content  of  the  spray  deposited  alloys
used  for  the  present  study.  Transmission  electron  microscopy  of  the  spray  deposited  samples  exhibited
sub-micron  sized  silicon  particles  of  both  equi-axed  and  acicular  morphology  in  the  aluminum  matrix.
Pin-on-disc  wear  tests  were  performed  on the  spray  deposited  samples,  by  sliding  samples  against  hard-
ened steel  counterface  for about  1000  m  at a speed  of 0.3  m/s  under  varied  loading  conditions  ranging

from  0.17  MPa  to 1 MPa.  Scanning  electron  microscopy  of  the  wear  tracks  and  wear  debris  was  carried
out  to  understand  the  wear  mechanism.  The  wear  performance  was  improved  with  increase  in the sili-
con  content  of  the  alloy.  The  wear  performance  of  the alloys  was compared  with  similar  alloys  produced
through  various  processing  routes  reported  in  the  literature.  The  spray  deposited  alloys  were  observed  to
exhibit  relatively  better  wear  performance  for the  range  of  composition  and  loading  conditions  employed.
. Introduction

Aluminum–silicon (Al–Si) alloys are widely used in automotive
nd aerospace industries due to their unique combination of
igh specific strength coupled with good wear performance. The
emarkably low thermal coefficient of expansion of this alloy makes
t the most favored piston alloy allowing for tighter tolerances in
he design of the engine components. Sabatino and Arnberg (2009)
bserved that the presence of silicon greatly improves the fluidity
f the Al–Si melt resulting in good castability of the alloy. The hard
ilicon phase dispersed either in the form of eutectic or primary
ilicon in the soft �-aluminum matrix, improves the mechanical
Zeren, 2005) and tribological (Torabian et al., 1994) performance
f the alloy. Hence, Al–Si alloys with increased silicon content
beyond its eutectic composition), the hyper-eutectic alloys could
e of technological interest. However, hyper-eutectic Al–Si alloys
ith higher silicon content provides microstructure with needle-

ike eutectic silicon phase along with primary silicon in the form of

arge cuboids posing problems for its castability and machinability
esides adversely affecting its mechanical properties (Roy et al.,
009). The problem of refining the undesirable morphology of
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silicon has been the subject of research interest over the years. The
popularly used method to modify the eutectic silicon is by using
one of the modifiers such as sodium (Qiyang et al., 1991), strontium
(Dahle et al., 2001) and phosphorus (Song et al., 2009). On the other
hand, silicon phase has also been successfully refined through
unconventional processing routes such as powder metallurgy
(Shen et al., 2001) and spray forming (Ojha et al., 1991).

Spray forming process involves relatively high cooling rates
combined with the ability to produce bulk materials of refined
microstructures in a single processing step. The effect of spray
forming process on the silicon phase refinement of the hyper-
eutectic Al–Si alloys has been reported by several authors. Gupta
and Lavernia (1995) reported significant refinement of silicon
phase of a hyper-eutectic Al–Si alloy compared to its as-cast coun-
terpart. Grant (1995) observed that the microstructural refinement
along with other advantages such as increased solid solubility could
improve the mechanical properties of the spray deposited hyper-
eutectic Al–Si alloys. However, the properties of the materials
processed through spray forming primarily depend on a num-
ber of process para. Control of these process parameters of spray
forming is vital in achieving deposits of good metallurgical qual-

ity with refined microstructures and minimum porosity. Baiqing
et al. (2003) investigated the effect of deposition distance and gas
to melt ratio (G/M ratio) on the primary silicon phase of the spray
deposited hyper-eutectic Al–Si alloy. The primary silicon particle

dx.doi.org/10.1016/j.jmatprotec.2012.10.007
http://www.sciencedirect.com/science/journal/09240136
http://www.elsevier.com/locate/jmatprotec
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Table 1
Process parameters used during the spray forming experiments of hyper-eutectic
Al–Si alloys.

Process parameter Value

Atomization gas N2

Stand-off distance 400 mm
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Super heat (◦C) 300
Gas/metal (G/M) mass flow ratio 1.79

ize is found to decrease with increase in G/M ratio. From the cal-
ulation of the thermochemical data such as liquid fractions and
nthalpies for the hyper-eutectic Al–Si alloys of various composi-
ions, Cui et al. (2009) demonstrated that the higher G/M ratios are
equired with increase in silicon content of the alloy to get refined
icrostructures.
The tribological performance of the hyper-eutectic Al–Si alloys

s of research interest due to their wide usage in the automobile
ngine parts such as piston that are constantly exposed to sliding
ear. Elmadagli et al. (2007) performed a parametric study of the

elationship between the silicon morphology and the wear perfor-
ance of Al–Si alloys which reveals that the silicon morphology

nfluences both the wear rate as well as the transition load. For
he binary unmodified Al–Si alloys, Bai and Biswas (1987) found no
ystematic trend in the wear rate as a function of silicon. However,
rivastava and Ojha (2004) demonstrated the wear performance of
pray formed Al–Si alloys to increase with the increase in silicon
ontent. However, a comprehensive study on the tribological per-
ormance of the spray deposited binary hyper-eutectic Al–Si alloys
s still lacking. In the present study, the microstructural refinement
nd the wear performance of the spray deposited hyper-eutectic
l–Si alloys of various compositions were studied.

. Experimental details

.1. Spray forming

Hyper-eutectic Al–Si alloys with 13, 16, 19 and 22 weight per-
entages of silicon (namely Al–13Si, Al–16Si, Al–19Si, and Al–22Si)
ere prepared using pure aluminum and the Al–47%Si master alloy

n appropriate proportions. A quantity of 3 kg each of this alloy
as melted using resistance furnace until the temperature reaches

o about 300 ◦C above its melting temperature to give it sufficient
uperheat required for conducting spray forming experiment. Melt
egassing was performed by using hexachloroethane in order to
emove the entrapped hydrogen. The spray forming experiments
ere carried out with the processing parameters given in Table 1.

he detailed information about the spray forming procedure can
e found elsewhere (Grant, 1995). After attaining the required
uperheat, the molten metal was poured into the tundish (Fig. 1)
aving opening at the bottom from which it enters the atomizer.

n the atomizer, nitrogen gas at high pressure impinges the molten
etal stream resulting in atomization of the melt into micron-sized

roplets. Nitrogen gas coming out of the atomizer also serves to
rotect the atomized droplets from an oxidizing atmosphere. The
pray eventually hits the copper substrate forming a three dimen-
ional coherent deposit. Copper was used as a substrate because
f its high thermal conductivity that ensures faster heat extraction
rom the spray deposit. The distance between the atomizer and
he substrate, commonly referred to as the standoff distance, was

aintained at 400 mm for all the experiments.
The density of the samples taken from each of the deposits
as measured using liquid displacement method. The porosity
f the samples was estimated by measuring the areal fraction of
he pores in the optical micrographs. The hardness of the material
as measured using Wolpert Wilson Instruments, 402MVD Vickers
Fig. 1. Schematic diagram of spray forming setup used for the present study.

hardness tester (USA) at a load of 3 kg for a dwell period of 10 s. The
Vickers hardness numbers (VHN) which logically hold the units of
kg f/mm2 were converted to SI units (MPa) using the multiplication
factor 9.8.

Representative samples from each of the deposits were pre-
pared for the microstructural characterization using standard
metallographic techniques. Samples were etched using Keller’s
reagent (2.5% HNO3, 1.5% HCl, 1% HF and balance is distilled water)
for 8 s. X-ray diffractograms were taken using D8 Discover, Bruker
AXS (Madison, USA) to know the composition of the samples. Opti-
cal micrographs of the samples were captured using Leitz Laborlux
12 ME  (Germany) optical microscope. The size distribution of the
primary silicon particles was measured by image analysis of the
optical micrographs. The microstructure of the samples were also
imaged using transmission electron microscope (Philips CM12, The
Netherlands) operating at 120 kV. The samples for transmission
electron microscopy were prepared by cutting a slice of 500 �m
thickness (using diamond wafer blade) from the center portion (in
thickness direction) of the spray deposit and then further thinned
down to about 100 �m using emery sheets (of finer grid number
incrementally). The samples are then electro-polished with 10%
percloric acid, 90% methanol as electrolyte using Struers (Denmark)
Tenupol 5 electropolisher to get the electron-transparent region.
The wear tracks and debris were imaged using FEI Quanta 200 (USA)
scanning electron microscope (SEM) fitted with lithium-doped sil-
icon energy dispersive X-ray spectrometer (EDS) of AMETEK of
Process and Analytical instruments. Both secondary electron (SE)
mode and back scattered electron (BSE) modes were employed to
study the wear tracks using SEM.

2.2. Wear tests

Pin-on-disc wear tests were conducted using hardened steel
discs with a hardness of 60 HRC (2.2 GPa) as counter surface. For
each of the tests, a fresh pin and counterface ground to a constant
surface finish were used ensuring the same initial conditions for all
the tests conducted. Wear samples of 6 mm diameter and 30 mm

length were prepared. Representative samples were taken from
each of the spray deposits and were turned to the required size.
Tests were conducted in atmospheric ambiance at 300 K. The sam-
ples were slid for about 1000 m at a speed of 0.3 m/s. Wear tests
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Fig. 2. Spray formed deposits of the hyper-eutectic Al–Si alloys under study.

ere conducted at different load conditions ranging from 0.5 kg to
 kg. Samples were thoroughly cleaned using ultrasonic cleaner and
ried before and after each of the test followed by measuring the
eight of the sample. An electronic weighing machine with 0.1 mg
recision was  used to measure the weight of the samples. Subse-
uent to the wear tests, wear samples were cut to suitable length for
he wear track examination under SEM. Wear debris was  collected
fter each test for examination under SEM.

. Results

.1. Spray deposits

Spray deposits of 30 cm diameter and about 2 cm thick were
roduced (Fig. 2a and b). The outer regions (beyond 10 cm radius
rom the axis of the deposit) with relatively high porosity were
ut and separated from the deposits and not considered for the
resent study. Fig. 3 shows the X-ray diffractograms of the spray
eposits. The relative intensity of the silicon peaks with respect
o the �-aluminum peaks increased with the silicon content of the

lloy. The values of the density measured for all the deposits by
iquid displacement method were given in Table 2. The density of
he deposits varied from 93.5% to 96.5%. Fig. 4a is a representative
mage of the circular gas pores randomly prevailed in the spray

able 2
ensity, porosity and apparent hardness values of the spray deposited alloys.

Alloy Theoretical density (g/cc) Measured density (g/cc) 

Al–13Si 2.64 2.47 (93.5%) 

Al–16Si  2.63 2.49 (94.6%) 

Al–19Si  2.62 2.46 (93.89%) 

Al–22Si  2.60 2.51 (96.5%) 
Fig. 3. X-ray diffractograms of the spray deposited hypereutectic Al–Si alloys.

deposits. The average porosity of the spray deposits decreased
from 3.54% in case of Al–13Si alloy to 1.56% in case of Al–22Si alloy
(Table 2). The variation in porosity within a given deposit from the
center toward radially outward direction is illustrated in Fig. 4b.
The porosity is observed to be minimum at the central axis of the
deposit while maximum porosity is observed in the samples at
regions away from the center. The apparent hardness values of
the spray deposits as measured using Vickers indentation method
varied from 572.72 MPa  in the case of Al–13Si alloy to 687.45 MPa
in the case of Al–22Si alloy (Table 2).

3.2. Silicon phase: morphology and size distribution

The optical micrographs of the representative microstructures
of the spray deposits are shown in Fig. 5a–d. In general, the sili-
con phase appeared to be uniformly distributed in the aluminum
matrix of the spray deposits for all the four compositions. In the
case of Al–13Si alloy, particulate morphology of eutectic silicon
phase across the aluminum matrix was  observed (Fig. 5a). In case of
Al–16Si alloy, co-existence of very fine eutectic silicon phase with
relatively larger primary silicon particles was observed (Fig. 5b).
However, for Al–19Si and Al–22Si alloys, the size of the primary sili-
con particles increased further while the relative fraction of the fine
eutectic silicon phase was seen to gradually decrease with increase

in silicon content of the alloy (Fig. 5c and d). The size distribution of
the silicon particles in each of the spray deposited alloys are shown
in Fig. 6a and d. The mean size of the silicon particles increased
from 7.68 �m in case of Al–13Si to 17.54 �m in case of Al–22Si

Average apparent porosity (%) Apparent hardness (MPa)

3.54 ± 1.50 572.72 ± 11.23
3.75 ± 2.25 619.57 ± 12.33
3.31 ± 1.12 649.49 ± 25.87
1.56 ± 1.25 687.45 ± 33.04
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Fig. 4. (a) Representative optical micrograph of the porosity present in the spray deposits: arrow points to one of the pores in Al–13Si alloy. (b) Porosity as a function of
d
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istance radial outwards from the center of the deposit.

lloy. However, the standard deviation of the silicon particle size
ncreased from 4.79 �m in case of Al–13Si alloy to 10.13 �m in case
f Al–22Si alloy. With increase in silicon content of the alloy, the
ange of silicon particle size distribution also increased from 25 �m
n case of Al–13Si alloy to about 50 �m in case of Al–22Si alloy.

ery fine sub-micron sized silicon particles with equi-axed and
cicular morphology were observed in the transmission electron
icroscopy (TEM) image (Fig. 7) of the spray formed Al–16Si alloy.

Fig. 5. Optical micrographs of the spray deposited hypereutectic aluminum
3.3. Wear performance

The representative wear specimen along with the counter-
face used for the pin-on-disc wear tests showing wear tracks
is exemplified in Fig. 8. The wear rate as a function of silicon

content at various loads is illustrated in Fig. 9. At lower normal
pressure of 0.176 MPa, wear rate varied from 1.12 × 10−12 m3/m
in the case of Al–13Si alloy to 1.02 × 10−12 m3/m in the case of

–silicon alloys: (a) Al–13Si, (b) Al–16Si, (c) Al–19Si, and (d) Al–22Si.
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Fig. 6. Size distribution of primary silicon phase in the spray formed

Fig. 7. TEM micrographs of the spray deposited Al–16Si alloy: very fine equi-axed
and acicular shaped silicon particulates distributed in �-aluminum matrix.

Fig. 8. Wear test: test sample (pin) and the counter face (disc).
 deposits: (a) Al–13Si, (b) Al–16Si, (c) Al–19Si, and (d) Al–22Si.

Al–22Si alloy exhibiting no significant difference in the wear
rate. However, at a normal pressure of 1.061 MPa, wear rate
decreased from 2.56 × 10−12 m3/m in the case of Al–13Si alloy to
2.00 × 10−12 m3/m in the case of Al–22Si alloy. The representative
SEM images of the wear tracks are shown in Fig. 10a–d. The forma-
tion of oxide layer on the wear surface is illustrated in Fig. 10b. The
secondary electron and back-scattered electron mode SEM images
of the wear track with finely dispersed oxide particles present on
the wear track are exemplified in Fig. 10c  and d. The elemental data
obtained by EDS analysis of the regions A and B shown in Fig. 10d

is given in Table 3. The EDS data suggests the presence of oxygen,
iron, and chromium besides aluminum and silicon on the worn
surface.

Fig. 9. Wear rate of the spray deposited alloys as a function of silicon percentage at
different loads.
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Fig. 10. Representative SEM micrographs of the wear tracks: (a) worn surface of the wear specimen, (b) the oxide layer coming off the surface after developing a critical
amount of thickness, (c) secondary electron and (d) back-scattered electron mode images showing the fine oxide particles present on the wear track.
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. Discussion

.1. Metallurgical quality of deposits

The variation in the porosity (Fig. 4b) within the spray formed
eposit can be attributed to the variation in the thermal histories
f the spray droplets and the mass flux from the center to the outer
egions of the spray cone (Grant et al., 1993). Near to the spray-axis,
resence of relatively high liquid fractions of the atomized droplets
ogether with high mass flux of droplets helps in having a continu-
us deposit with no interstitial porosity. However, entrapped and
issolved gases can still cause the material to have pores, which are

ssentially spherical in shape. Away from the spray-axis, the rela-
ively less liquid fraction in the spray together with less mass flux of
he spray droplets cause the spray deposit to have splat boundaries
esulting in interstitial porosity. The occurrence of porosity in the

able 3
DS elemental analysis data of regions A and B shown in Fig. 10d.

Element Spot A (wt%) Spot B (wt%)

OK 37.84 23.25
AlK  39.80 52.52
SiK 06.66 08.50
CrK 01.93 02.10
FeK 13.77 13.63
spray formed deposits is inevitable (Grant, 1995). However, it can
be restricted to minimum possible levels by suitably optimizing the
process parameters during the spray deposition process. The gas to
melt ratio (G/M ratio) is considered as one of the most influencing
parameters to control the porosity during spray deposition process.
For the relatively smaller G/M ratios, referred to as the hot spraying
conditions, circular gas pores similar to the ones shown in Fig. 4a are
prevalent in the spray deposits. Similarly, for the higher G/M  ratios,
referred to as the cold spray conditions, spray deposits exhibit
pores of highly irregular shape that are essentially the unfilled
gaps among the pre-solidified droplets or splat boundaries during
the spray deposition process. In all the spray deposits produced in
the present work, circular gas pores are observed throughout the
deposits except for the smaller annular regions that are away from
the spray axis. This indicates that the process parameters such as
G/M ratio and stand-off distance (Table 1) employed for the present
study were giving rise to a thermal condition of atomization that
fall under the category of hot spraying conditions. Since the spray
deposits exhibit porosity, the hardness values measured indicate
the apparent hardness of the material (Table 2). For instance, Islam
and Farhat (2011) observed that the hardness of the Al–Si alloy

doubles when the surface porosity of the alloy drops from 6.7%
to 1%. Hence, it is possible that the hardness values of the spray
deposits reported in the present work (Table 2) may  be affected by
the presence of the porosity in those materials.
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Fig. 12. The average silicon particle size and the enthalpy change of the Al–Si alloy

ig. 11. TEM micrographs of the spray deposited Al–16Si alloy: densely spaced co-
xial twins observed in a silicon particle.

.2. Refinement of silicon phase

The modification and refinement of the silicon phase in case of
he spray deposited Al–Si alloys is possible due to the relatively high
ooling rates experienced by the droplets during the flight together
ith deformation and fragmentation of the un-solidified or par-

ially solidified droplets upon impinging the top layer of the deposit
Grant et al., 1993). In the case of hyper-eutectic Al–Si alloys pro-
uced through conventional casting-route, eutectic silicon exhibits
cicular morphology while primary silicon can be seen in the form
f large cuboids of size exceeding 100 �m.  However spray form-
ng refines the silicon phase to an average size of less than 20 �m
Fig. 5) giving rise to uniformly distributed equi-axed morphology
f silicon in the matrix of aluminum. This refinement of silicon
hase in the hyper-eutectic Al–Si alloys is believed to help in the
niform distribution of the stress fields across the matrix thereby

mproving its mechanical properties of the alloy (Saigal and Fuller,
001).

The high cooling rates involved in spray forming process can
esult in very fine silicon particles (Fig. 7). Interestingly, silicon par-
icles exhibit both acicular and equi-axed morphology even at this
ength scale. Moreover, a number of densely spaced twins present
n the silicon needle, which are parallel to the length direction of
he needle referred to as co-zonal twins are observed, for instance,
n Al–16Si alloy as shown in Fig. 11.  It was believed that these twins
re responsible for the faceted growth of the silicon crystals in the
l–Si alloys. However, the high density of the twins shown in Fig. 11

s in contrast to the previous reports (Khan and Elliott, 1996) that
xpect the number of twins to diminish with increased cooling rates
esulting in twin-free silicon crystals. The exact reason for this kind
f behavior of silicon remains unclear.

The increase in silicon particle size with increase in silicon con-
ent of the alloy (Fig. 6) can be explained from the enthalpy change
f the alloy during solidification. For a given set of process parame-
ers, the degree of refinement of silicon phase varies with the silicon
ontent of the hyper-eutectic Al–Si alloy. This is due to the different
nthalpy changes that the alloy undergoes during the solidification
ertaining to the different silicon contents of the alloy. Higher sili-
on content results in higher enthalpy changes during solidification
equiring more amount of heat to be extracted during the process.
ui et al. (2009) calculated the enthalpy change during solidifica-
ion of the Al–Si alloy as a function of silicon content and found
hem to have a linear relationship. The data of enthalpy changes
eported by Cui et al. (2009) along with the silicon size distribution

ound in the present work are plotted in Fig. 12.  Interestingly, the
ilicon size also increases with a very similar trend with that of the
nthalpy as a function of silicon content.
as  a function of silicon. The linear fit enthalpy data is taken from the earlier work
reported by Cui et al. (2009).

4.3. Wear performance

The wear performance of the spray deposited Al–Si alloys is
improved with increase in silicon content (Fig. 9) within the com-
positional range considered for the present study. This results are in
agreement with the earlier results obtained for the hyper-eutectic
Al–Si alloys reported by Srivastava et al. (2009) and Torabian et al.
(1994). This can be attributed to the increase in hardness of the
material (Table 2) due to the increase in the content of hard phase
in the form of fine and uniformly distributed silicon across the
soft aluminum matrix. The wear rate of the alloys with relatively
lower Si content seems to be more sensitive to the increase in load
(Fig. 9). For instance, there is no significant difference in the wear
rate between Al–13Si and Al–22Si at a normal pressure of 0.35 MPa.
However, with increase in the normal pressure, the alloys with rel-
atively less silicon content tend to wear more when compared with
the alloys with high silicon content. During the dry sliding motion,
the temperature at the interface increases with increase in the pres-
sure. This rise in temperature softens the relatively soft aluminum
matrix of the Al–Si alloys effectively reducing the yield stress of
the material thereby increasing the wear rate. Hence, Al–Si alloys
with high silicon content exhibit better wear resistance at elevated
pressures.

The wear performance of the alloys under study is compared
(Fig. 13a–c) with the earlier reported data on similar alloys through
various processing routes. The key process parameters employed in
each of these studies are given in Table 4. The wear test conditions
used in these studies are similar to the conditions employed in the
present study except for the sliding speed. The wear performance
of the alloys under study is directly compared (Fig. 13a) with
the hyper-eutectic Al–Si alloys processed through spray forming
reported by Wang et al. (2004) and Srivastava et al. (2009).  Appar-
ently, both the alloys fall in the same regime of the wear rate as
of the alloys under present study. This can be attributed to the
very similar processing parameters used during the spray forming
process and the wear test conditions (Table 4). However, the alloy
with 18%Si reported by Srivastava et al. (2009) appears to have
higher wear rate at pressures above 0.8 MPa. This may  be due to the
relatively higher sliding speed of 1.44 m/s  (Table 4) employed in
their wear study. The comparison of the wear performance of the
chill cast (impeller mixed) hyper-eutectic Al–Si alloys reported by
Torabian et al. (1994) with alloys under present study is illustrated
in Fig. 13b. At low pressures, the wear rate of chill cast alloys is

similar to the alloys under present study. However, the wear rate of
the chill cast alloys are seen to be significantly higher with increase
in load compared with the wear rate of alloys under present study.
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ig. 13. Comparison of the wear performance of the alloys under study with the ea
lloys,  (b) comparison with chill cast alloys, and (c) comparison with gravity and pr

ince all other wear test conditions are similar; the relatively less
ear rate with load of the spray formed alloys can be attributed to

heir respective processing routes. Torabian et al. (1994) observed
hat the degree of refinement of the chill cast alloys decreased with
ncrease in silicon content beyond eutectic composition. This leads
o the conclusion that the effective refinement of silicon phase
ven in the hypereutectic regime of the Al–Si alloys through spray
orming process resulted in better wear performance of these
lloys compared to the chill cast alloys. The comparison of the
ear performance of the commercial Al–Si alloys (namely LM13

nd LM29) processed through gravity casting and pressure casting

echniques reported by Prasad et al. (1998) with the alloys under
resent study is shown in Fig. 13c. It can be observed that the wear
ate of the gravity cast alloys is significantly higher compared to
he alloys under present study. However, the pressure cast alloys

able 4
xperimental parameters and wear test conditions used in various studies presented in F

Material Processing route Hardness (MPa) G/M ratio Stand-of
distance

Al–13Si

Spray forming

572.72a

1.77 400
Al–16Si  619.57a

Al–19Si 649.49a

Al–22Si 687.45a

Al–20Si Spray forming – 1.29 400 

Al–18Si  Spray forming – 1.24 300 

Al–12.5Si
Chill  cast

686
– –Al–15Si  750.68

Al–20Si 793.8
LM13 (11.7Si) Gravity cast 1029

– –LM29  (23.35Si) Gravity cast 1215
LM29 (23.35Si) Pressure cast 1528

a Apparent hardness.
ork reported in the literature (also see Table 4): (a) comparison with spray formed
e cast alloys.

exhibit better resistance to wear compared with the spray formed
alloys under present study. Prasad et al. (1998) attributed the better
wear performance of the pressure cast alloys over the gravity cast
alloys to the microstructural refinement of the alloy arising due
to its processing route. Albeit low hardness exhibited by the spray
deposited alloys because of the presence of porosity (Table 4), they
do exemplify superior wear resistance. Chen et al. (2009) observed
that with increase in porosity the wear resistance increases up to
a point and then decreases. This was  attributed to the fact that
the porosity may  help the discretely distributed second phase
particles (silicon in this case) in the matrix absorb impact energy

during the erosion process. Gui et al. (2000) have conducted dry
wear performance tests on the Al–Cu spray deposited composites
having about 4.8% porosity at various loads. It was  observed that
under mild loading conditions of up to 2 MPa, there is no influence

ig. 13.

f
 (mm)

Counter face Sliding
speed (m/s)

Work

Hardened steel (60
HRC) 0.3 Present work

T8 tool steel (64 HRC) 0.48 Wang et al. (2004)
Hardened steel (52 HRC) 1.44 Srivastava et al. (2009)

Hardened steel
(61–64 HRC) 1

Torabian
et al.
(1994)

Hardened steel (65
HRC) 1

Prasad
et al.
(1998)
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Fig. 14. Representative wear track of the wear test s

f the porosity on the wear performance of these composites.
owever, at higher loads, the porosity is observed to influence

he wear mechanism and the wear rate. Agreeing with this obser-
ation, in the present work, the wear performance of the spray
eposits tested under mild loading conditions (0.17–1 MPa) are
eemingly not significantly influenced by the porosity. In general,
he improved wear performance due to the refined microstruc-
ures of Al–Si alloys can be explained by considering the specific
urface area of silicon particles of these alloys (Srivastava and Ojha,

004). Smaller silicon particles possess higher specific surface area
ompared with the coarser silicon particles. Hence, the interface
onding of the smaller Si particles that possess high specific surface
rea is relatively strong resulting in better wear performance.

Fig. 15. Representative wear debris generated during wear 
en and the corresponding EDS elemental mapping.

4.4. Wear mechanism

The EDS analysis of the wear tracks (Fig. 14)  suggests the for-
mation of oxides over the sliding surface of the sample. The EDS
elemental mapping of wear tracks also show, apart from O, Al and
Si, uniform distribution of Fe and Cr across the wear track. The
SEM images of the wear debris are shown in Fig. 15.  It can be seen
that the morphology of the wear debris is mostly equi-axed with
a minor portion of plate-like particles. The EDS of the wear debris

indicates the presence of oxide wear particles. The EDS elemen-
tal mapping (Fig. 15)  of the wear debris also indicate the presence
of Fe and Cr in the debris. The evidence of presence of Fe and Cr
along with the Al, Si and O in the EDS elemental mapping of wear

tests and the corresponding EDS elemental mapping.
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racks and debris (Figs. 14 and 15)  indicate that the mass is trans-
erred between counter face and the pin. The presence of oxygen
hroughout the wear track and debris conforms that the oxidative
ear mechanism is prevailing during the wear. As the sliding take
lace, the increase in the temperature at the interface between pin
nd disc promotes the formation of oxides. This hard oxide layer
ver relatively softer base metal (pin) is believed to enhance the
ear performance of the Al alloys during the mild loading con-
itions (Dwivedi, 2010). However, as the oxide layer develops to

 critical thickness, it fractures and comes off from the surface as
mall fragments (Fig. 10b). Interestingly, one can see that at rel-
tively lower loads, there is no much difference in the wear rate
s a function of silicon; but with increase in load, alloys with high
ilicon percentage are showing more resistance to the wear. This
ay  be due to the influence of oxide layer, more than the content

f the silicon, on the wear rate. However, with increase in load,
he effect of oxide layers may  become less dominant as the oxides
ormed gets peeled off easily and the oxide free surface of the pin
ets exposed to the wear more frequently. In the later case, the
ardness of the pin material, or indirectly, the silicon content of
he alloy starts influencing the wear rate.

. Conclusions

Hyper-eutectic Al–Si alloys in the range of 13–22% silicon were
pray deposited. The spray deposits exhibited gas porosity that
ould be attributed to the hot spraying conditions arising due to
he relatively low G/M ratios employed during spray forming. The

icrostructures of the spray deposits indicated refined and uni-
ormly distributed Si phase throughout the matrix. The degree of
efinement of silicon was decreased with increase in silicon content
f the alloys. This can be attributed to the increase in the enthalpy
hanges due to the increase in silicon content of the alloys.

The wear track and debris analysis indicated that oxidative wear
echanism is operative for all the alloys under study under all

he loads. The wear performance of the hyper-eutectic Al–Si alloys
ncreased with the silicon content in the compositional range under
tudy. The improvement in the wear performance became more
ronounced as we increase the load. Comparisons are made with
he earlier work done on the wear performance of the hyper-
utectic Al–Si alloys produced through various processing routes.
n general, the spray deposited hyper-eutectic Al–Si alloys have
hown superior wear performance in contrast to similar alloys pro-
uced through other processing routes.
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