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Abstract In the present investigation, different Al based
alloys such as AI-Si-Pb, Al-Si, Al-Si-Fe and 2014Al +
SiC composites have been produced by spray forming
process. The microstructural features of monolithic alloys
and composite materials have been examined and their
wear characteristics have been evaluated at different loads
and sliding velocities. The microstructural features invari-
ably showed a significant refinement of the primary phases
and also modification of secondary phases in Al-alloys.
The Pb particles in Al-Si—-Pb alloy were observed to be
uniformly distributed in the matrix phase besides decorat-
ing the grain boundaries. The spray formed composites
showed uniform distribution of SiC particles in the matrix.
It was observed that wear resistance of Al-Si alloy
increases with increase in Pb content; however, there is not
much improvement after addition of Pb more than 20%.
The coefficient of friction reduced to 0.2 for the alloy
containing 20%Pb. A sliding velocity of 1 ms™' was
observed to be optimum for high wear resistance of these
materials. Alloying elements such as Fe and Cu in Al-Si
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alloy lead to improved wear resistance compared to that of
the base alloy. The addition of SiC in 2014Al alloy gave
rise to considerable improvement in wear resistance but
primarily in the low pressure regime. The wear rate seemed
to decrease with increase in sliding velocity. The wear
response of the materials has been discussed in light of
their microstructural features and topographical observa-
tion of worn surfaces.

Introduction

In the past few years, the material specifications for
applications requiring high wear resistance have become
more stringent due to increased recurring costs and the
requirement of unprecedented performance. Although there
have been a number of investigations focused on the
development of such materials, the major emphasis has
been given to composite materials in the last few years. In
one of the approaches, relatively hard matrix is embedded
with fine distribution of a soft phase, and in the other, hard
second phase particles are introduced in a soft matrix
[1-3]. And also, recently, the demand for light weight wear
resistant materials for automotive and aerospace applica-
tion has seen a paradigm shift. To cater to such necessity,
Al alloys based composites with either soft or hard rein-
forcing particles have been envisaged as the potential
candidate materials [4-9]. The potential material systems
to satisfy above criteria are liquid immiscible Al-Pb sys-
tem (Pb as a soft phase), hypereutectic Al-Si alloys and
Al-SiC metal matrix composites.

However, liquid immiscible alloys having component
phases with large density difference are difficult to produce
by conventional processes [6]. This is due to the fact that
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slow cooling rate during conventional casting processes
leads to phase separation in liquid state and segregation of
minor phase due to high density. The slow cooling rate also
gives considerable time for coalescence of precipitating
liquid phase. Therefore, efficient processing of such
materials by conventional route is truly difficult. Similarly,
conventional casting processes for achieving refined size
and uniform distribution of primary Si phase and modified
eutectic Si in hypereutectic Al-Si alloys has been proved to
be non-sufficient, particularly for alloys with higher Si
content [10, 11]. On the other hand, incorporation of fine
second phase ceramic particles in liquid poses limitations
due to poor wetting ability of most ceramics with liquid
metal. Poor wettability of ceramic particles leads to clus-
tering of small size particles in the melt. In addition, the
high temperature involved in conventional casting
processes leads to deleterious reaction products at the
reinforcement/matrix interfaces that deteriorate the prop-
erties [5, 12].

The spray forming process has been observed to
obviate most of the above limitations associated with
processing of liquid immiscible alloys [4], non-conven-
tional Al-Si alloys [13—-16] and metal matrix composites
[17-19] by conventional routes. This process employs
disintegration of liquid metal into a spray of micron size
droplets using high velocity inert gas jet. The spray is then
collected over a substrate to give rise to a dense perform
[20, 21]. The small size droplets in the spray experience a
high cooling rate due to increased surface to volume ratio
and the forced convection in the high velocity gas jet. The
incoming spray on a growing preform gives rise to a semi-
solid/liquid pool on the top surface restricting the scale of
segregation of precipitating phases. The combination of
high cooling rate and unique microstructural evolution
process makes the spray forming process suitable for
designing new materials.

The new schemes, given by the authors, of incorporation
of Pb in liquid melt to avoid high temperature of single
phase liquid region [4] and of ceramic particles in the spray
cone [22] during spray forming have given rise to com-
paratively better microstructural features, which are
expected to give better wear characteristics compared to

conventionally processed alloys. Although, a number of
studies have been carried out on the wear behaviour of Al
alloys and their composites, these are mostly on the con-
ventionally processed materials. Only a few studies are
available that report wear behaviour of spray formed alloy
and composites such as Al-Si alloy [23-26], Al based
liquid immiscible alloys [4, 27] and Al matrix composites
[28, 29]. In addition, the variation in processing and test
condition makes it difficult to compare their wear resis-
tance. Therefore, in view of this, attempt has been made to
produce Al-Si, Al-Si—Pb and 2014-Al + SiC composites
materials using spray forming process, with a view to have
a comparative study of wear behaviour of these materials.
The alloy systems and composites have been chosen for
this study due to their highly relevant wear properties for
automotive applications. A comparison of their wear
behaviour will add to the understanding of the effect of
their microstructural features on wear characteristics.

Experimental details
Spray forming

The spray forming of Al-6.5Si, Al-18Si, Al-18Si—5Fe—
1.5Cu and Al-Cu-Si-Pb alloys was carried out using a
convergent—divergent close-coupled nozzle assembly. The
schematic representation of the spray forming setup used is
shown in the Ref. [4]. In brief, the alloy was melted in a
graphite crucible using a resistance heating furnace. The
spray was deposited over a copper substrate, centered along
the spray axis, to achieve disc shape perform of 170 mm
diameter with a height of 70 mm. The process parameters
used in the synthesis of the materials are given in Table 1.

The spray forming setup used for the metal matrix
composites is shown and discussed elsewhere [22]. The
spray forming of composites was carried out at the Uni-
versity of Bremen (Germany) in the spray forming plant
SK-2. The setup consisted of a tundish, a freefall scanning
nozzle assembly, a particle dispenser, a substrate and an
atomization chamber. The SiC particulate reinforcement
was incorporated in the atomization zone by a powder

Table 1 Process parameters

used for spray forming of Alloy composition Gas pressure, Gas/melf Melt . Deposition

various alloys MPa flow ratio temperature, °C distance, m
Al-3.5Cu-10Si 1.0 0.89 750 0.45
Al-3.5Cu-10Si-20Pb 1.0 0.85 750 0.45
Al-3.5Cu-10Si-10Pb 1.0 0.85 750 0.45
Al-3.5Cu-10Si-30Pb 1.0 0.83 750 0.45
Al-6.5Si 1.2 1.24 800 0.30
Al-18Si 1.2 1.24 950 0.30
Al-18Si-5Fe-1.5Cu 1.2 1.16 975 0.30
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feeding system through a particle dispenser. The powder
feeding system consisted of a hopper and a screw conveyor
enclosed in a pressurized chamber. The powder was con-
veyed to the particle dispenser with high velocity nitrogen
gas and fed into the atomization zone using a concentric
annular channel in the atomization nozzle. The nominal
composition of the alloy used as matrix was Al-4.5Cu—
1.0Si-0.5 Mg (wt.%). The required amount of each element
(total 45 kg) was melted together in a crucible in an
induction furnace under a nitrogen cover and poured into
the tundish. The melting temperature was 735 °C. A gas to
melt flow rate ratio of 2.47 (melt flow rate: 330 kg/h) was
used in all the experiments. The liquid melt is atomized by
nitrogen gas and simultaneously reinforcement powder
particles are fed into the atomization zone. Composites
were produced using different particle sizes (658 pum) and
volume fraction (5-12%). The detailed characteristics of the
billet material can be seen in our other publications [30].

Wear testing

The wear testing of spray formed alloys and composite was
carried out on a DUCOM (Bangalore, India) make pin-on-
disc type wear testing machine. The setup employed a
hardened steel disk with hardness value of 52Rc and a
specimen holder. Wear testing was done on cylindrical
specimen pin with 8 mm diameter and 30 mm length. The
details of the wear test setup are given elsewhere [4]. The
wear length of the sample was measured through a linear
variable differential transducer (LVDT). The wear volume

Fig. 1 Micrographs of spray
formed Al-3.5Cu-10Si alloy
produced at a deposition
distance of 0.45 m (a) without
Pb, (b) 10% Pb, (¢) 20%Pb and
(d) 30%Pb
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was calculated considering the diameter of the specimen
and wear length. The frictional force on the specimen was
measured using a load cell attached to the setup. This
measures the force component of the moment acting on the
specimen. The standard wear test procedure was followed
for evaluating the wear rate at different loads and sliding
speeds. The disc surface was cleaned with acetone before
each experimental run. All tests were carried out in dry
sliding conditions and at room temperature. The worn out
surfaces were kept for further examination. The tempera-
ture of the wear surface of the specimen was measured
2 mm above the surface using a thermocouple.

Results
Microstructure
Al-10S8i-3.5Cu alloy with Pb

The microstructure of Al-3.5Cu-10Si alloy invariably
exhibited equiaxed grain morphology of the primary o-phase
with particulate morphology of Si particles located at the
grain boundaries and finer Si particles in the grain interior
(Fig. 1a). A variation in grain size of primary o-phase and Si
particles on the grain boundaries in different sections of the
deposit was observed, particularly in the bottom of the deposit
and peripheral regions. However, as the steady state deposi-
tion condition is achieved, the grain size of z-Al varies in the
range of 12-18 pm with a variation in size of Si particles from
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1to7 pm. Figure 1b shows the microstructural features of the
spray deposited Al-3.5Cu—10Si—10Pb alloy that depicts
typical equiaxed grain morphology of the primary «-Al
phase. The average grain size is around 20 pm. The grain
boundaries are decorated with round Pb particles along with
eutectic Si. Figure 1c shows the morphology and distribution
of lead particles of Al-3.5Cu-10Si-20Pb alloy in the spray-
deposit. There is a large variation in size of the lead particles
from 0.5 to 10 pm. The micrograph clearly depicts that some
of small lead particles are present within the Al grains. The
coalescence of smaller Pb particles may take place during
solidification as a consequence of long freezing time and
larger volume fraction of Pb. On the other hand, spheroidi-
zation of lead particle is hindered due to the fact that the Pb
solidifies quite later because of its low freezing temperature.
Figure 1d shows the morphology of lead phase in the spray
deposited Al-3.5Cu-10Si-30Pb alloy. The large size lead
particles are situated at the grain junctions with their tails
along the grain boundary. Some of the lead particles are
interconnected around Al grains. This region of the spray-
deposit showed fine globular eutectic Si particles varying
from 1 to3 pm. The distribution of these Si particles is mostly
confined to grain boundaries. However, the triple points are
occupied by the lead phase. This feature is in contrast to that
observed in the spray deposits of alloy containing 10% Pb.

Al-Si alloys

Figure 2 shows the microstructures of as-spray formed
Al-Si alloys. Figure 2a shows fine equiaxed o-Al grains

Fig. 2 Micrographs of as-spray
formed (a) Al-6.5Si, (b) Al-
18Si and (¢) Al-18Si—5Fe—
1.5Cu alloy. Al-Fe-Si
intermetallics are in white
contrast in ¢

with eutectic Si at the grain boundaries, in Al-6.5Si alloy.
The micrograph reveals that eutectic Si possesses a needle-
like morphology at the grain boundaries. The grain size
varies in the range of 20-30 pum. In contrast, the Al-18Si
alloy shows refined primary Si phase in the size range of
5-8 um (Fig. 2b). It is difficult to distinguish between
primary and eutectic Si phases in the spray-deposit of this
alloy. This feature is in contrast to the large size cuboids of
primary Si phase generally observed in conventionally cast
hypereutectic Al-Si alloys [31]. Figure 2c shows the
microstructure of spray formed Al-18Si—5Fe—1.5Cu alloy.
This reveals refined structure and uniform distribution of
primary Si phase and intermetallic compounds such as f-
AlsFeSi and 0-Al,SiFe phases. The detail investigations
led to the conclusion of the presence of intermetallic
compounds in Al-18Si—-5Fe-1.5Cu alloy, is given in Ref.
[32]. The Si phase exhibits gray contrast compared to
bright contrast of intermetallic compounds. A significant
reduction in the intermetallic phases is the major advantage
derived from spray forming of this alloy. In general, these
compounds show long plate-like morphology in conven-
tionally cast alloy.

2014-Al 4 SiC composites

The microstructures of spray formed particulate reinforced
2014-Al 4 SiC composites in un-etched condition are
shown in Fig. 3a—d. The microstructures of composite
consist of both smaller as well as larger second phase
particles uniformly distributed in the matrix. However, in
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Fig. 3 Typical optical
micrographs of 2014-Al + SiC
composites with reinforcement
size of (a) 6 um, (b) 17 pm, (c)
30 pm and (d) 58 pm

the case of small size reinforcements, particles are found to
decorate the grain boundaries and sometimes form small
clusters. Whereas, large size particles do not show the
tendency of segregation at grain boundaries. The grain size
of composites is strongly affected by the size and volume
fraction of particles in the matrix. The grain size decreases
with increase in volume fraction. However, this feature is
often observed to be more sensitive to smaller size range of
reinforcements compared to that of large size particles. An
increase in volume fraction of 30 pum size particles up to
11% is shown to decrease the grain size from 45 pm in
un-reinforced alloy to 30 pum in the composite. Whereas, a
8.4 vol.% of 6 um size particle gives rise to an average
grain size of 17 pm. The porosity level in the composites is
observed to be in the range of 5-6 vol.%. However, after
hot rolling to 50% thickness reduction, the porosity level is
decreased to 1.0-3.0 vol.%. The samples for wear testing
were taken from the hot rolled composite plates after
solution treatment at 502 °C for 1 h and ageing at 170 °C
for 2 h (Fig. 3).

Wear behaviour
Al-10S8i-3.5Cu alloy with Pb

Figure 4a shows the variation in wear rate of the alloys
with applied pressure. It is obvious from the figure that the
wear rate of Al-10Si-3.5Cu alloy increases with increase
in applied pressure. The wear rate varies from 1.25 to
6.42 x 107" m® m™! for a range of applied pressure of
0.2-1.8 MPa. The wear rate typically shows an almost
linear variation with applied pressure. The wear rates of

@ Springer

lead dispersed alloys consistently showed lower wear rate
compared to that of Al-10Si-3.5Cu alloy. Although the
wear rates are comparable in the lower range of applied
pressure, there is a marked improvement in higher pressure
regime, particularly for an increase of Pb content from 10
to 20%.

Figure 4b shows the variation in coefficient of friction
(i) with applied pressure. The coefficient of friction is
observed to decrease initially in the low pressure regime.
Subsequently, there is a drastic change in the rate of
decrease of coefficient of friction. The value of u for all the
lead compositions finally falls in the range of 0.17-0.40 at
an applied pressure of 1.8 MPa, which varied between 0.55
and 0.75 at low pressure of 0.2 MPa. This higher coeffi-
cient of friction for lower applied pressure of 0.2 MPa may
be due to asperity locking where true contact of the full
surface is not established. It is obvious from this figure that
the average coefficient of friction is highest for Al-10Si—
3.5Cu base alloy with no lead dispersion. The Al-10Si—
3.5Cu-10Pb alloy shows small decrease in coefficient of
friction whereas the alloy with 20% Pb dispersion shows
large decrease in coefficient of friction. However, the
decrease in u for 30% Pb alloy again reduced. Hence, it can
be concluded that an optimum composition of lead gives
maximum reduction in coefficient of friction which in turn
leads to minimum wear.

Figure 5a shows the variation of wear rate with sliding
speed for Al-10Si—3.5Cu spray deposited alloys with and
without lead dispersion at a constant pressure of 1.0 MPa.
The wear rate decreases with increasing sliding velocity,
reaches a minimum value at a critical sliding velocity and
then increases with further increase in the sliding speed. It
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Fig. 4 Variation of (a) wear rate and (b) coefficient of friction with
applied load for spray formed alloys containing varying amount of Pb
(constant sliding velocity of 1.0 ms™")

is obvious from the above figure that the nature of variation
in wear rate for both the base alloys and the alloys with
lead dispersion is similar, irrespective of their composi-
tions. However, the alloys with lead dispersion exhibited
lower wear rate, which further decreased with increasing
Pb content.

Figure 5b shows the variation in coefficient of friction
with sliding velocity at an applied pressure of 1.0 MPa.
The coefficient of friction (1) appears to be insensitive to
sliding velocity. The values of u for a particular compo-
sition of lead are almost constant or vary in a small range.
The average value of coefficient of friction for the range of
sliding velocity investigated for the Al-10Si-3.5Cu alloy is
0.376, whereas, the coefficient of friction has reduced to a
minimum of 0.199 for the alloy with 30% Pb dispersion.
The trend of reduction in u with lead content for sliding
velocity is similar to that observed for applied pressure, i.e.
a large reduction in u is observed for the alloy with 20% Pb
dispersion for both the applied pressure as well as for the
sliding velocity.

The temperature generated at the sliding surface
becomes of paramount interest in understanding the wear

Sliding velocity, ms™

Fig. 5 Variation of (a) wear rate and (b) coefficient of friction with
sliding velocity for spray formed alloys containing varying amount of
Pb (constant applied pressure of 1.0 MPa)

mechanism. We measured the temperature of the samples
during wear and it is shown in Fig. 6. Figure 6a shows the
variation in bulk temperature of the wear test specimen
with applied load. These were evaluated at constant sliding
velocity of 1.0 ms™! for a sliding distance of 1,500 m for
both the alloys with and without lead dispersions. The
above figure depicts that the bulk temperature of the test
pin rises with increase in applied pressure. The rise in
temperature has almost linear relationship for the alloys
with Pb dispersion with increase in pressure. However, a
steep rise is observed for base alloy after an applied pres-
sure of 0.6 MPa. A rise in temperature of 9 °C is recorded
at an applied pressure of 0.2 MPa for the base alloy. On the
other hand, a rise in temperature of 48 °C is recorded at an
applied pressure of 1.8 MPa for this alloy. The lead dis-
persed alloys exhibit lower rise in temperature compared to
the base alloy. The alloy with 30% Pb dispersion shows
minimum rise of temperatures of 3 and 23.7 °C at 0.2 and
1.8 MPa pressures, respectively, in the present investiga-
tion. Figure 6b shows the bulk temperature of the specimen
recorded for the Al-3.5Cu—10Si base alloy as well as for
that of alloy with varying lead dispersions for a sliding
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Fig. 6 Variation of rise in specimen temperature with (a) applied
pressure, constant sliding velocity of 1.0 ms™~" and (b) with sliding
velocity, constant applied pressure of 1.0 MPa

distance of 1,500 m at various sliding velocities. The bulk
temperature increases with increasing sliding speed. It
should be noted that above 1.0 ms™' the temperature rise
with increasing sliding speed is steeper than that below it.
This sliding speed of 1.0 ms~' may be correlated to the
critical speed at which a transition in the wear behaviour is
noted as seen earlier. A rise in bulk temperature of 40 °C is
observed for Al-3.5Cu-10Si base alloy for the range of
sliding velocity between 0.5 and 2.5 ms~'. On the other
hand, there is a rise of 20 °C for the alloy with 30% Pb
dispersion.

Al-Si alloys

The wear rate variation of spray formed Al-Si alloys with
applied pressure is shown in Fig. 7a. It is depicted that the
wear rate of the Al-6.5Si alloy increases almost linearly
with increasing applied pressure. The wear rate varies
between 1.5 and 7.5 x 107> m’ m™" for a range of
applied pressures between 0.4 and 2.0 MPa. The wear rates
of Al-18Si and Al-18Si—5Fe—1.5Cu alloys are consistently
lower than that for the Al-6.5Si alloy. However, the wear
rates of the former two alloys are comparable in the lower
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Fig. 7 Variation of (a) wear rate and (b) coefficient of friction with
applied pressure for spray formed Al-Si alloys (constant sliding
velocity of 1.44 ms™")

pressure range. Although the Al-18Si—5Fe—1.5Cu alloy
shows a slightly higher wear rate at 0.8 and 1.2 MPa
pressures compared with the Al-18Si alloy, the wear rate
suddenly decreases at high pressures.

Figure 7b shows the variation in the coefficient of fric-
tion (u) for alloys with applied pressure at a constant
sliding speed of 1.44 ms™'. This reveals a decreasing trend
in the coefficient of friction with increasing applied pres-
sure, for all alloys. However, the value of p becomes
relatively constant in the high pressure regime. It is evident
from Fig. 7b that the difference in u for all the alloys
becomes smaller as the applied pressure is increased. The
value of u seems to decrease faster for the Al-18Si alloy
compared with the Al-6.5Si and Al-18Si—-5Fe—1.5Cu
alloys. The average coefficient of friction is highest for Al-
18Si alloy and lowest for the Al-18Si—5Fe—1.5Cu alloy.

2014-Al 4 SiC composites

The wear behaviour of spray formed composites is shown
in Fig. 8. Figure 8a shows the wear rate for composites,
having different reinforcement sizes and volume fractions,
with applied pressure. It depicts clearly that the composites
have lower wear rate compared to their un-reinforced base
alloy. The wear rate of composites increases almost



J Mater Sci (2009) 44:2288-2299

~_~
o
~
©

Sliding velocity : 1 ms™

—&— Without reinforcement
—@-6 micron, 7.1%

—&— 6 micron, 8.5%

—0—17 micron, 8.6%

3 —O-30 micron, 10.8%
——58 micron, 11.9%

Wear rate, 102 m®m’™
3}

0,6 0,8 1 1,2 1,4 1,6 1,8
Applied Pressure, MPa

9
(b) —&—Without reinforcement
8 ——6 micron, 7.1%
—&—6 micron, 8.5%
—0—30 micron, 5.2%
—0—30 micron, 10.8%
——58 micron, 11.9%

Wear rate, 1072 m®m’™
(4]

Applied pressure: 0.8 MPa

2 T T T T
0,5 1 1,5 2 2,5 3

Sliding velocity, ms™

Fig. 8 Variation of wear rate of composites with (a) applied pressure
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linearly with the applied pressure. However, there is no any
specific trend observed with variation in reinforcement
particle size and their volume fraction. The difference in
wear rate of different composites, particularly at higher
applied pressure, increased. This indicates a change in the
wear mechanism at high pressure. The overall metal
removal rate (i.e. wear rate) seems to be higher than that
observed for Al-Si alloys and alloys added with Pb.

The effect of change in sliding velocity on the wear rate
of composites is shown in Fig. 8b. It indicates that an
increase in sliding velocity considerably affects the wear
rate. The wear rate decreases sharply with increase in
sliding velocity for composites with relatively higher vol-
ume fraction. However, even with increasing sliding
velocity, the un-reinforced alloy showed higher wear rate
compared to composites. The wear rate of composites
become comparable to the un-reinforced alloys, discussed
in the previous section, particularly at higher sliding
speeds. This gave an indication that composites are not
suitable for low sliding velocities. However, rate of
decrease in wear rate with sliding velocity decreases as the
velocity increased from 2.0 to 2.5 ms™".

Figure 9 shows the variation of sliding surface tempera-
ture for different composites and sliding velocities. It is
observed that the temperature increases rapidly in the initial
stage and then becomes steady approximately 500-600 m
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Fig. 9 The variation of sliding surface temperature with sliding
distance (2 mm away from the sliding surface)

sliding distance. The figure depicts that a temperature of 55
and 80 °C is reached at 1.0 and 2.0 ms™', respectively, for
composite with 8.6% of 17 um size reinforcement. How-
ever, temperature increased further for the composite with
10.8% of 30 um particles. However, these temperatures are
underestimated as the temperature has been measured 2 mm
away from the sliding surface, as mentioned in the “Exper-
imental” section.

Discussion
Spray formed microstructure

The above discussed alloys pose difficulties during pro-
cessing by conventional casting route. The spray forming
route, which utilized the melt atomization to disintegrate the
melt into small droplets with their subsequent deposition on
a substrate, gave rise to refined and modified microstruc-
tural features of the alloys and composites [13, 15, 20, 21].
These microstructural features are generally not achievable
by conventional casting processes. The major advantage has
been derived in obtaining this microstructures is the rapid
solidification effect on droplets and an unique mechanism
of microstructural evolution during and after their deposi-
tion on the substrate [13]. The disintegration of liquid metal
into micron size droplets limits the segregation possibility
of different phases. The deposition of high velocity semi-
solid/liquid droplets on the substrate gives rise to a highly
turbulent liquid pool on the growing surface leading to
fragmentation of dendrites and other solid phases. The
debris created from the dendrite fragmentation leads to a
large number of heterogenous nucleation sites which finally
engender refined microstructure [20]. The relatively high
cooling rate of the deposit does not allow further growth of
second phase. Therefore, a refined and modified structure is
obtained. The problems of segregation after adding Pb and
SiC increases due to large density difference of Pb and
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non-wettability of SiC by aluminium melt. However, this
limitation is obviated in the spray forming process [4, 17].
The major advantage of spray forming is derived in incor-
poration of smaller SiC particles into matrix, which occurs
due to collision of SiC particles with liquid droplets and
their subsequent attachment/penetration in the droplet. This
makes it possible to incorporate smaller particles with larger
droplets on the deposition surface. A detailed analysis of
microstructural evolution mechanism in composites can be
seen in Ref. [17]. The presence of intragranular Pb particles
in the spray formed Al-Si—Cu alloy has been observed and
is attributed to high cooling rate of droplets in the spray. A
high cooling rate leads to a large undercooling of droplets
and therefore, a high solidification front velocity during
solidification of primary Al phase. And also, during cooling
of droplets, Pb droplets are phase separated into fine drop-
lets in the parent liquid. As the solidification front advances
rapidly, small Pb droplets are entrapped in the grains of
primary phase. However, Pb would be in liquid state. If
semi-solid/liquid droplets do not break during deposition,
Pb particles remain in the matrix phase in solid deposit. This
is against the equilibrium cooling condition where Pb
droplets are pushed away from the solidification front and
no intragranular Pb is observed.

Wear characteristics of alloys

The wear of materials between two relatively sliding con-
tact surfaces is the result of the complex interplay between
several mechanisms operating simultaneously. At the
commencement of sliding, the surface of the sample
undergoes severe deformation up to a few microns depth
into the sample. This depth is known as the sub-surface
layer. The phenomena occurring in the sub-surface layer
basically determines the wear behaviour of materials [33,
34]. In general, the wear during dry sliding takes place by
locking and local welding of surface asperities. However,
in some cases, three-body abrasion may lead to ploughing
action of material removal. The addition of Pb in Al-10Si—
3.5Cu alloy with its uniform distribution due to spray
processing improves the wear resistance [27]. The soft Pb
is smeared over the sliding surface and in turn reduces the
contact area between the specimen and the counterface and
leads to easy shearing during sliding between two surfaces.
Although the wear resistance of alloy containing 10%Pb
decreased, it might not have given fully established
smearing at the interface. However, the wear resistance
increases sharply for 20%Pb. But there is not much effect
for 30% Pb content. This may be attributed to the fact that
only a slight layer of the smeared phase is enough to avoid
surface contacts. However, an increase of 10%Pb may only
increase the smeared layer thickness. There is similar the
reason for reduced coefficient of friction (u) of the alloying
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containing 20%Pb. The high value of p at applied pressure
of 0.2 MPa may be attributed to only locking of surface
asperities. An increased pressure leads to deformation,
welding and re-welding of asperities, establishing a planar
contact. A low value of Pb content, asperity/protrusion
locks cannot be avoided. As we can see from Fig. 6, the
temperature rise of the specimen decreases with the
increasing Pb content. This is also an indicative of the less
energy input in the specimen during sliding in terms of
material deformation and breaking of welded asperities.
This is possible only if an easy shear action takes place
between the contacting surfaces. Figure 10 shows the
topography of worn specimen surfaces. At low load of
0.6 MPa, it seems that the Pb particles are fully smeared on
the worn surface along with oxide particles (Fig. 10a).
However, at high load of 1.8 MPa, large grooves are seen
indicating metallic wear (Fig. 10b). At higher load the thin
Pb layer breaks giving rise to full metal-metal contact
between sliding faces. Similarly, at low speed of 0.5 ms™",
worn surfaces were seen to have oxide particles and Pb
smeared over the surface which makes the shearing easier.
Whereas, at higher speed of 2.5 ms~!, the worn surface
showed compacted patches of separated material resulting
from transfer and back transfer of the material (Fig. 10d).

The wear behaviour of Al-Si alloys is basically gov-
erned by the size and content of Si particles. A higher Si
content in Al-18Si alloy leads to a better wear resistance
compared to Al-6.5Si alloy [35]. The extensive refinement
of primary Si phase may also be attributed to this behav-
iour. It has been observed by several investigators that
smaller the size of Si particles better would be the wear
resistance [34, 36]. A large particle size exposes a smaller
surface area, because of the small specific surface area in
contact with the matrix, to the matrix material that renders
a poor overall interface bonding. The interfacial regions
between the Si particles and the matrix, therefore, become
prone to micro-cracking, i.e. the larger the size of Si par-
ticle the larger will be the probability of micro-cracking at
the interface. As a result, large sized Si particles peel out
from the matrix and leave bare matrix in contact with the
counter-surface during the wear process. The spray formed
alloys that have a fine and uniform distribution of primary
Si phase, therefore, invariably show increased wear resis-
tance. It was observed that porosity present in the Al-18Si—
SFe—1.5Cu alloy was higher compared to Al-18Si alloy.
However, the wear rate of the alloys is similar in the low
pressure regime, whereas there is a sudden decrease in the
wear rate of the Al-18Si—5Fe—1.5Cu alloy at the higher
pressure of 1.6 MPa. This difference in wear rate at higher
applied pressure could be attributed to the formation of
some thermally stable intermetallic compounds in the
Al-18Si-5Fe~1.5Cu alloy such as AlsFe, f-AlsSiFe and
0-Al4Si,Fe [32]. At higher pressure, when the temperature
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Fig. 10 Morphology of worn
out surfaces of Al-3.5Cu-10Si—
20Pb spray deposited alloy at a
sliding velocity of 1.0 ms~! for
(a) 0.6 MPa, (b) 1.8 MPa, (c)
0.5 ms™! and (d) 2.5 ms™!

of the contact surface rises, the material softens and the
flow stress of the materials decreases leading to increased
wear rate. The uniform distribution of thermally stable
compounds in the Al-18Si—5Fe—1.5Cu alloy is supposed to
hamper severe plastic flow and maintains the wear resis-
tance of the alloy. It was observed in this study that
coefficient of friction u is sensitive to the applied pressure
and composition of the alloys. At low applied pressures,
the pin and counter surface do not make full metallic
contact and u is, therefore, governed by the combined
effect of oxidation and adhesion of the small protrusions on
the contacting surfaces. With the increase in the applied
pressure, the surface contact area also increases and the
values of yt become closer to each other for different alloys.
A narrow range of variation of p at higher pressures,
therefore, can be attributed to the fact that all the alloys
have aluminium as a major fraction. A high pressure on the
surface makes it possible for the matrix aluminium from
the specimen and counter-surface to be in contact. This,
therefore, determines the effective coefficient of friction.

Wear characteristics of composites

The wear resistance of composites generally depends upon
the size and volume fraction and type of reinforcement
particles. However, due to the poor interface characteristics
of the Al matrix and SiC particles, and inherent porosity in
as-cast and spray formed materials, the fundamental study
of the operating wear mechanism becomes a difficult
proposition. However, some studies have been carried out to
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evaluate the wear response of spray formed composite
materials [28, 37]. It has been observed, in the present study,
that the composites do show improved wear resistance
compared to their un-reinforced counterpart at low applied
pressure. But it was difficult to find the exact parameter
leading to the observed behaviour. In general, at low applied
pressure the reinforcement particles support the load. And,
as the particles are hard, the wear resistance of the com-
posites is superior to their monolithic counterparts [38]. A
similar behaviour was observed in the present study also.
However, as the applied pressure increases, the particles in
the composites sample starts peeling out and act as third
body abrasive. There are possibilities that the particles may
also refine due to high compressive stresses and may get
embedded in the subsurface layer. However, both the phe-
nomena may go together. Therefore, the wear rate of the
composite increases. However, with further increase in the
applied load, the interface temperature increases leading to
softening of the matrix phase. Alpas and Zhang [38] have
demonstrated that a temperature of 127 °C is the critical
temperature for 6061Al for commencement of severe wear
regime. However, in the present study, it was observed that
at 1 ms™' sliding velocity and 1.6 MPa applied pressure, the
temperature reaches to 50-60 °C, which is not as high a
temperature to lead to severe wear. The soft matrix with low
shear resistance and also the peeling out of the particles from
the matrix aids to wear. Whereas, mechanical mixing of
particles in the subsurface layer may resist wear. In addition,
porosity present in the samples acts as crack initiation points
and leads to fracture and delamination [37]. As the porosity
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increases with increasing volume fraction and decreasing
size of reinforcement particles in the spray formed com-
posites, it is expected that composites with large size particle
may give rise to better wear resistance. However, very large
size particle reduces the number of particles for a given
volume fraction and therefore, the load bearing area
becomes smaller, which in turn increases the pressure on
particles. This may lead to poor wear resistance. However, it
may be considered that the there is a threshold porosity level
in composites which is engendered by the process parame-
ters used in spray forming process. The increased sliding
velocity leads to reduction in the wear rate in the low
pressure regime of 0.8 MPa. At higher sliding velocity, the
bulk specimen temperature reaches to 80-90 °C and it is
even higher for large size particles. This indicates that the
matrix becomes softer and embedding of particles in the
matrix becomes easy, which in turn lead to better load
bearing capability. And also, the larger third body abrading

Fig. 11 Topography of worn
surfaces of specimens at

1.6 MPa applied pressure and
1.0 ms™" sliding velocity (a, b)
Base alloy 2014 Al (c, d)
composite; 6 mm; 8.5%; (e, f)
composite; 58 mm; 11.9%

@ Springer

particle may go out of wear track due to higher centrifugal
forces. The softening of the matrix may also help in filling
up the pores and reducing the wear caused due to premature
fracture and delamination. However, still higher velocity of
2.5 ms™!' does not help in increasing the wear resistance
considerably. This may be attributed to further increase in
specimen temperature and matrix softening. The effect of
embedded particles may reduce, when the matrix becomes
softer.

Figure 11 shows the topography of worn surfaces of
different specimens worn at 1.6 MPa pressure and
1.0 ms™' sliding velocity. Figure 11a shows the large

grooves in the base alloy indicating a metallic wear.
Whereas, in some regions delamination could also be seen
(Fig. 11b). In the composite with 6 pum particles, small size
grooves are seen with oxide patches and discontinuous
ridges (Fig. 11c). This indicates typical abrasive wear of
these samples. Evidence of delamination and fracture is
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also observed in these samples (Fig. 11d). However, there
was no trace found for cracking of the matrix. In the
composite with 58 um particles, the width of the grooves
seemed to increase, which is can be the result of large size
particle reinforcement (Fig. 11e). In this composite, the
cracking of layers could be seen. It may be possible that the
third body abrasion with peeled out large size particles
gives rise to severe deformation of the matrix phase and
causes it to crack. This crack formation may eventually
lead to faster material removal.

Conclusions

The following conclusions can be drawn from the work of
the present investigation:

(1) Spray forming process facilitates effective micro-
structural modification during processing of liquid
immiscible Al-Pb based alloys, Al-Si alloys as well
as Al based SiC reinforced metal matrix composites.
This was achieved due to modification in Pb and SiC
incorporation techniques.

(2) The wear resistance of Pb reinforced alloys increases
with increase in the Pb content. However, the addition
of more than 20%Pb does not improve the wear
resistance considerably. The wear rate becomes half
compared to that of the monolithic Al-10Si-3.5Cu
alloy.

(3) The addition of SiC particles as reinforcement phase
improves the wear resistance of 2014Al alloy. How-
ever, the reinforcement does not give rise to any
advantage over monolithic alloy at higher applied
pressure. The wear rate decreases with increase in the
sliding velocity.

(4) The alloying addition of Fe and Cu in Al-18Si alloy
improves the wear resistance at higher applied
pressure due to the presence of thermally stable
intermetallic compounds.
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