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Abstract: To improve the wear resistance of cast AlI-17Si—5Cu alloy (AR alloy), isothermal heat treatment is employed to modify
the morphology of Si particles (particularly eutectic Si particles). Furthermore, wear behaviour of heat-treated alloy (HT alloy) along
with AR alloy is studied using a pin-on-disc tribometer. Worn surfaces are then characterised using scanning electron microscope.
The result reveals considerable microstructural modifications after the heat treatment. Accordingly, higher hardness value in HT alloy
is obtained compared with AR alloy. The overall wear rate for HT alloy is found to be significantly lower compared with AR alloy at
all the applied loads, indicating remarkable improvement in wear resistance. Eutectic Si particles become from acicular/rod-like to
spherical/equiaxed morphology (aspect ratio close to 1) on heat treatment, resulting in good bonding with the matrix. Thus, they
remain intact during wear and being harder, providing resistance to wear. Moreover, the increased hardness on heat treatment causes
further resistance to wear. Therefore, the combined effect of intact harder Si particles on the wearing surface and higher hardness

results in superior wear behavior in HT alloy at all loads compared with AR alloy.
Key words: heat treatment; abrasive wear; hypereutectic Al—Si alloys

1 Introduction

Cast Al-Si alloys have widespread applications in
various important components for automobile sector due
to their excellent combination of properties [1]. Among
various Al casting alloys, Al-Si alloys are being used

extensively, particularly in the transportation industry [2].

However, in recent years, hypereutectic Al-Si alloy has
become an attractive area of research due to its potential
to replace cast iron parts in automobile applications [1].
The morphology, size and distribution of primary as well
as eutectic silicon crystals in these alloys greatly affect
their properties. Both refinement and modification of
primary and eutectic silicon and controlling the
solidification parameters are reported to enhance the
mechanical properties of hypereutectic Al-Si alloy [1].
On the other hand, tribological properties of cast
hypereutectic Al-Si alloys need to be investigated for
successful application of these alloys as engine block
materials. Like mechanical properties, wear behavior is
also greatly dependent on size, shape and amount of
different microstructural constituents. HU et al [3]

reported improved wear resistance in Al-16Si—
4Cu—-0.5Mg alloy after microstructural modifications.
Wear studies on Al-Si alloys with varying Si content and
other alloying elements under dry sliding conditions have
been studied for many years [4,5]. These studies used
various test configurations under various loads and
sliding speeds. However, detailed evaluation of wear
behavior and the mechanisms of wear are limited.
Among different Al-Si alloys, hypereutectic Al—Si
alloys are found to have applications in engine
components owing to their good resistance to wear.
Al-Si alloys, used as an engine block material in the
linerless Chevrolet Vega 2300 engine, was a
hypereutectic A390 alloy which was first introduced at
the AFS Casting Congress [6]. After successful use in the
Vega, A390 alloy was later used in Chevrolet Corvette
ZL1, Porsche 928, Mercedes 3.8L V8, and other
engines [7]. However, their application has been
restricted to luxurious vehicles only due to higher
production cost. Improved wear properties in these Al—Si
alloys are achieved primarily because of the presence of
harder silicon particles in the aluminum matrix. It has
been reported [8] that, not only strength but also wear
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resistance increases with increase in amount of Si
content. However, a refined and uniform microstructure
is difficult to obtain using a conversional ingot
metallurgical process [9]. Furthermore, increased Si
results in poor machinability and castability. Si particles,
particularly eutectic Si particles, are present irregularly
as long rods with high aspect ratio. Thus, hypereutectic
Al-Si alloys are generally treated with various modifiers
and grain refiners (like phosphorus) to get refinement/
modification of both primary and eutectic silicon.
However, their effect and mechanism of working are still
at the initial stages of research. Moreover, application of
semi-solid heat treatment to modify Si particles has less
been reported. FATHY [10] reported the effect of
semi-solid heat treatment on the microstructural
evaluation of Al-Si alloys containing 18% Si. In this
investigation, effect of semi-solid isothermal heat
treatment on the size and shape of primary Si and a(Al)
grain has been studied. However, detailed study was not
taken up.

Therefore, the goal of the current research is to
study tribological behaviour of a Al-17Si—5Cu alloy
after microstructural modification using semi-solid heat
treatment. Accordingly, semi-solid heat treatment is
employed in an as-cast Al-17Si—5Cu alloy (AR alloy) to
modify the morphology of Si particles. Detailed
tribological study was taken up under dry sliding
condition.

2 Experimental

2.1 Material and heat treatment

As-received cast hypereutectic Al-17Si—5Cu alloy
(AR alloy) was used for the present work. Standard
samples for further characterization were machined from
a block of approximately 25 mm in diameter. Samples of
15 mm x 15 mm were prepared for optical metallography
and hardness measurement. Cylindrical wear pins
(=6 mm, L=30 mm) were also prepared. One set of
samples were subjected to isothermal heat treatment
process to modify the as-cast microstructure. Heat
treatment (in the semi-solid region) parameters were
optimized by varying temperature, soaking time and
cooling rate. Thus, the present heat treatment was carried
out at temperature of 590 °C (as liquidus and solidus
temperatures are 648 and 577 °C, respectively, as per
phase diagram of Al-Si alloy). The specimens were
heated at 590 °C for 15 min in a muffle furnace followed
by warm water (60 °C) quenching. Accordingly, the
heat-treated sample was designated as HT alloy.

2.2 Optical and scanning electron microscopy
Specimens for microstructural characterisation were
polished initially in various abrasive papers after

spreading kerosene and paraffin mixture (mass ratio of
1:1) on these papers. Thereafter, they were polished in
cloth with alumina abrasive. To reveal the grains and
other features, the polished specimens were etched with
Keller’s reagent. Detailed microstructural investigations
were then carried out in optical microscope (Leica DM
2500 M) equipped with image analysis facility as well as
in field emission scanning electron microscope (JEOL,
JSM—5800, Japan). a(Al) grain size was calculated by
standard linear intercept method [11]. Besides, the
average size and aspect ratio of primary as well as
eutectic Si particles were measured as per the method
described in a published article by the corresponding
author of the present study [12] from both optical and
scanning electron microscope (SEM) images. Moreover,
worn surfaces after dry sliding wear test (to be discussed
in section 2.4) were characterized in SEM to ascertain
wear mechanisms.

2.3 Hardness test

Hardness values of AR and the HT specimens were
obtained in a Vicker’s hardness tester (BV 250 (S), BIE,
Miraj, India) with 196 N load. Furthermore, micro-
hardness tests were conducted on various worn surfaces
as well as on virgin surfaces to find the strain hardening
effects after wear test using a microhardness tester
(MMT-X7B, Hibiki Co., Japan) with 0.49 N load.

2.4 Dry sliding wear test

Wear test under dry sliding condition for various
specimens was conducted in a pin-on-disk tribometer
(Wear and  friction  monitor, TR-20LE-PHM
400-CHM-400, DUCOM, India) following standard
guidelines [13]. The experimental set-up along with the
pin-disk contact (schematic) is presented in Fig. 1. EN 31
steel was used as the counter disk material having
hardness of HRC 60 which rotated at a speed of
200 r/min. Three loads of 20, 40 and 60 N, respectively,
were used in the present work. Sliding speed of 1.0 m/s
was maintained for all the tests and the tests were
conducted for 32 min. Both the pin surface and the disk

- | _Chamber for
pin and disk

(b) Test pin
I EN 31 disk

L% o
—

Fig. 1 Wear testing apparatus: (a) Set-up; (b) Schematic of
pin-on-disk
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were polished in 800 grade abrasive paper prior to each
test. Mass loss of the pin was calculated by weighing the
pin in a microbalance (CPA225D, Sartorius, Germany)
(accuracy of 0.01 mg) before and after the test.
Thereafter, wear rate was calculated from the mass loss
data. Moreover, cumulative wear data with time were
recorded in a computer attached with the instrument. For
each condition, two numbers of tests were carried out in
order to check the repeatability of test data. The results
indicate excellent reproducibility with a standard
deviation of less than 5%.

3 Result and discussion

3.1 Microstructure and property characterization

Optical and SEM microstructures of AR alloy
(Fig. 2) exhibit the presence of primary Si particles along
with a(Al) grains and eutectic phase. The size of the
primary Si particles is (17+1.7) um with an aspect ratio
of 1.5+£0.26 (Table 1). However, Si particles (with size of
(8+1.2) pm) of eutectic phase have long rod/acicular
morphology with an aspect ratio of 7+1.3 (Table 1), as
opposed to the primary Si particles which are nearly
equiaxed/spherical (Fig. 2(b)) in morphology. Eutectic Si
particles are found to possess a variety of morphologies
and are randomly distributed. The a(Al) grains in as-cast
alloy possess variation in size with an average grain size
of (26+6) pm.

In HT alloy, semi-solid heat treatment results in
considerable improvement in the size as well as aspect

Fig. 2 Microstructural characterization of AR alloy: (a) Overall
image; (b) SEM micrograph

ratio for both primary and eutectic Si particles. Figures
3(a) and (b) depict the optical and SEM microstructures
of HT alloy, respectively. Optical microstructure of HT
alloy (Fig. 3(a)) clearly shows the uniform distribution of
particles (both primary and eutectic Si) throughout the
microstructure. The eutectic Si particles are found to
possess nearly equiaxed/globular morphology with an
aspect ratio of 1.34£0.02. The reduction in aspect ratio is
due to the minimization in surface energy of liquid phase
when the sample is heated in the semi-solid region. This
minimization of surface energy leads to the formation of
spherical/equiaxed morphology of Si particles. In
addition, there is a reduction in eutectic Si particle size in
HT alloy as given in Table 1.

Table 1 Mean particle size and aspect ratio of primary and
eutectic Si particles in AR and HT alloy

Sample Siparticle ~ Aspectratio  Particle size/pm
Primary 1.5+0.26 17£1.7
AR
Eutectic 7+1.3 8+1.2
Primary 1.4+0.2 15+1.5
HT
Eutectic 1.3+£0.02 7+1.0

Fig. 3 Microstructural characterization of HT alloy: (a) Overall
image; (b) SEM micrograph

Accordingly, improved hardness value (Table 2) is
obtained in HT alloy. The increase in hardness is
attributed to faster cooling in water after isothermal
holding at 590 °C. Thus, matrix retains more solute on
faster cooling, resulting in solid solution strengthening in
HT alloy. Furthermore, refinement and uniform
distribution of eutectic Si particles in HT alloy contribute
to higher hardness. Table 1 represents the shape (in terms
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of aspect ratio) and size (in terms of average particle
diameter) of primary as well as eutectic Si particles for
AR and HT alloy. There is a marginal improvement in
size and shape of primary Si particles. On the other hand,
on heat treatment, there is a considerable improvement in
aspect ratio from a value of 7£1.3 in AR alloy to a value
of 1.34£0.02 in HT alloy. In addition, there is a reduction
in eutectic Si particle size in HT alloy.

Table 2 Bulk hardness values for AR and HT alloy

Sample Hardness (HVN)
AR 111+4.5
HT 13549.8

3.2 Wear behaviour
3.2.1 Wear mechanism
3.2.1.1 Wear behaviour of as-received (AR) alloy

The changes in wear loss and coefficient of friction
with varying sliding distance at various applied loads for
AR alloy are represented in Fig. 4. At 20 N load, wear
loss increases linearly with sliding distance (Fig. 4(a))
after a short period of very high loss in wear. This initial
high wear loss is mainly due to insufficient strain
hardening owing to lower load and less elapsed time.
Accordingly, friction coefficient does not vary much
with time/sliding distance, as shown in Fig. 4(b). Worn
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Fig. 4 Changes in wear loss (a) and coefficient of friction (b) as
function of sliding distance for AR alloy

surface images at 20 N load are shown in Fig. 5.
Abrasion/scoring marks are clearly visible along with
zones of adhesion in low magnification image in
Fig. 5(a). Adhesion region containing cracks and
delaminated areas are depicted at higher magnification in
Fig. 5(b). Continued wear results in strain hardening in
the surface and subsurface region. Cracks eventually
develop in those regions with progress of wear, which
grow and get interconnected, and finally a layer of
material is removed in the form of sheet. This is called
delamination wear. In addition, materials are also
removed from pin by abrasive interaction of the pin with
the harder counter disk. This results in abrasion/scoring
marks on the worn surface, as shown in Fig. 5(c). The
process by which this type of wear occurs is known as
microcutting process. Apart from abrasion marks, mild
oxidation is also evident from Fig. 5(c) as a few oxide
particles are seen on the worn surface. Thus, wear at
20N load occurs through microcutting abrasion,
delamination and mild oxidation. Furthermore, the
impressions of removed particle are also clearly seen in
Fig. 5(b), indicating poor bonding of particle with the
matrix.

Fig. 5 Worn surface morphologies of AR alloy at 20 N:

(a) Overall image; (b) Adhesion region; (c) Abrasion marks and
oxides
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At 40 N load, wear (cumulative) loss consistently
time/sliding distance till point a
(corresponding to a sliding distance of 1500 m
approximately) in Fig. 4(a). Cumulative wear then
increases with a decreasing rate with sliding distance
beyond point a (Fig. 4(a)). The worn surface morphology
at 40 N load is shown in Fig. 6. Abrasion marks along
with dense adherent layers of oxide are seen in Fig. 6(a).
However, abrasion marks are wider (Fig. 6(c)) here,
compared to 20 N load (Fig. 5(c)), resulting in larger
slope in the linear portion at 40 N load as opposed to
20 N load. Furthermore, prominent adhesive wear zones
(Fig. 6(b)) also account for higher total cumulative wear
under this load. Like in 20 N load, the impressions of
removed particle are also clearly seen in Fig. 6(b), due to
poor bonding of particle with the matrix. The formation
of adherent oxide layer as shown in Fig. 6(a) is
responsible for decrease in rate of cumulative wear ahead
of point a (Fig. 4(a)). Accordingly, the friction coefficient
(Fig. 4(b)) shows less variations with time/sliding
distance till point a in Fig. 4(b) and then decreases with
deceleration of wear loss (between sliding distance of
1500—2000 m), mainly due to formation of oxides.

varies with

Fig. 6 Worn surface morphologies of AR alloy at 40 N:
(a) Overall image; (b) Adhesion region; (c) Abrasion marks and
oxides

Wear test results at 60 N load exhibits decreased
rate of wear (till point b in Fig. 4(a)) initially followed by
a linear increment of wear with time/sliding distance.
Accordingly, coefficient of friction is found to be less
during the initial period followed by steady variation
with minor fluctuations (Fig. 4(b)). The worn surface
images are presented in Fig. 7. Marks of abrasion/scoring
along with traces of thick adherent nodular oxide can be
seen from worn surface image shown in Fig. 7(a)). The
abrasion marks are deeper (Fig. 7(c)) compared to lower
loads, which is attributed to higher initial wear. However,
the increase in rate of wear loss is slowed down due to
the formation of oxide layers. At higher load (60 N),
oxidation occurs and this results in the formation of
adherent oxides at the specimen/pin surface due to the
increase in pin temperature as a result of frictional
heating. Temperature rise at pin surface due to frictional
force has also been reported in literatures [14,15]. Oxide
layer being adherent, hinders the direct pin to disk
contact and thus acts as solid lubricant [16], which
results in less wear. It has been reported that the effect
of tribo layer (i.e., adherent oxide layer) depends on
the strength of the matrix [17]. Tribo layers are
more effective in reducing wear rate at room temperature

~

Fig. 7 Worn surface morphologies of AR alloy at 60 N:

(a) Overall image; (b) Adhesion region; (c) Abrasion marks
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compared to higher temperature where matrix strength is
reduced. As the present investigation also deals with
room temperature wear, adherent oxide layers are
expected to act as solid lubricant and provide resistance
to wear loss. Moreover, it is also reported that wear loss
in oxidative wear region is less at low sliding speed
(<1 m/s) [18] which is also applicable in the present
work. Thus, being adherent, oxides could not be removed
easily and their presence can be seen on the worn surface
in Fig. 7(a).
3.2.1.2 Wear behaviour of HT alloy

At 20 N load, worn surface image of HT alloy
shows mainly abrasion marks (Fig. 8(a)). On the other
hand, adhesion region along with the presence of crack is
observed in Fig. 8(b). In addition, mild oxidation on the
worn surface (Fig. 8(a)) is also evident. Thus,
simultaneous abrasive and adhesive wear results in linear
variation (after point ¢ in Fig. 9(a)) in cumulative wear
loss with time/sliding distance. In concurrence, the
coefficient of friction also remains steady without much
fluctuation with sliding distance (after point @ in
Fig. 9(b)). Though during initial period (up to point a in
Fig. 9(a)), wear loss is more, the rate of wear loss
decreases with time/sliding distance (probably due to

Fig. 8 Worn surface morphologies of HT alloy at 20 N load:
(a) Overall image; (b) Adhesion region; (c) Abrasion marks
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Fig. 9 Changes of wear loss (a) and coefficient of friction (b) as
function of sliding distance for HT alloy

strain hardening). Accordingly, coefficient of friction has
slightly lower but steady value up to point a in Fig. 9(b).
It is to be noted that, unlike AR alloy at 20 N load, here
Si particles are found to remain intact on the worn
surface (Fig. 8(c)), which results in more wear resistance
as these harder Si particles provide resistance to abrasive
wear. Equiaxed/spherical Si particle morphology
provides good bonding with the matrix due to lowering
of surface area and thus remains contact during wear.

At 40 N applied load, the wear behaviour of HT
alloy exhibits continuous wear loss with sliding distance
(Fig. 9(a)) and coefficient of friction maintains somewhat
constant value except some fluctuations (Fig. 9(b)).
However, the rate at which wear loss occurs is higher
compared with 20 N load. Figure 10 represents worn
surface morphology at 40 N load. The abrasion marks are
wider and deeper compared with 20 N load, as shown in
Fig. 10(c). This accounts for larger slope of the plot in
Fig. 9(a) for 40 N load as opposed to 20 N load. Overall
worn surface (Fig. 10(a)) exhibits the presence of
abrasion marks along with some oxidation. Presence of
Si particles along with adhesion and abrasion marks is
also prominent on the worn surface (Fig. 10(b)). These Si
particles provide resistance to abrasive wear, resulting in
better wear resistance compared with AR alloy.
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Fig. 10 Worn surface morphologies of HT alloy at 40 N load:
(a) Overall image; (b) Adhesion region and presence of intact
Si particle; (c) Abrasion marks

At 60 N load, the cumulative wear behavior of HT
alloy exhibits similar trend (Fig. 9(a)) as is observed in
AR alloy (Fig. 4(a)). After initial rapid wear, continuous
resistance to further wear is seen from Fig. 9(a) at 60 N
load (slope decreases at points b and ¢ as shown in
Fig. 9(a)). Accordingly, coefficient of friction plot in
Fig. 9(b) exhibits decreasing trend with sliding distance
and coefficient of friction remains almost steady between
points b and c. The initial wear is attributed to abrasive
(Fig. 11(a)) and adhesive wear (Fig. 11(b)). However, Si
particles on the worn surface (Fig. 11(b)) provide
resistance to abrasive wear, resulting in less total
cumulative wear compared with AR alloy at 60 N load.
Presence of adherent oxide and strain hardening effect
under higher load is responsible for resistance to further
wear.

3.2.2 Surface strain hardening

Microhardness values for a(Al) in AR and HT alloy

are shown in Fig. 12. Microhardness values in all the

Fig. 11 Worn surface morphologies of HT alloy at 60 N load:
(a) Overall image; (b) Adhesion region and presence of intact
Si particle; (c) Presence of oxides
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Fig. 12 Microhardness values of a(Al) for AR and HT alloys at
different loads
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specimens at all loads are found to be higher compared
with the virgin specimens (without wear). However,
there is a no particular trend with which microhardness
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values can be correlated to the applied loads for both AR
and HT alloy. It is reported in the literature [19] that
thermal softening also occurs during wear due to
frictional heat generation apart from strain hardening.
Moreover, delamination wear causes fresh surface to
appear on the worn surface during wear process. This
newly appeared surface will again experience strain
hardening and thermal softening. Thus, microhardness
values are dependent on the final state of the pin surface
(i.e., after wear test). Therefore, it is not feasible to relate
microhardness values of worn surface with loads.
However, strain hardening of the worn surface is
unambiguously established.
3.2.3 Overall wear rate

Wear rate plots for AR and HT alloy are shown in
Fig. 13. It can be seen that wear rate increases with
applied load for all specimens. This is in agreement with
available literature. LIN et al [20] reported similar
variation in wear rate with applied load for rheocast
Al-17Si—2Cu—INi alloy. At any normal load, HT alloy
exhibits lower wear rate as compared to AR alloy,
indicating superior wear resistance property. This is due
to the wear resistance offered by the nearly
equiaxed/globular Si particles in HT alloy. The presence
of such particles on the wear surface can be readily seen
in Figs. 8(c), 10(b) and 11(b). Since the bonding between
equiaxed/spherical particle and matrix is good due to
minimization of surface area per unit volume in case of
HT alloy, they are not removed easily during wear. On
the other hand, due to high aspect ratio of Si particles
(particularly eutectic Si particles having aspect ratio of
741.3), they maintain large contact area per unit volume
and thus are easily removed during wear and evidences
of such impression of particle removal are seen in
Figs. 5(b), 6(b) and 7(b). In addition, the hardness of HT
alloy is higher (Table 2) compared with AR alloy, which
would result in less overall wear rate in HT alloy. From
Fig. 13, it is also seen that the overall wear rate increases

0.56 | m AR
OHT

0.52}
048}
044}

0.40 -

Wear rate/(g-m2-m™")

0361

20 40 60
Load/N

Fig. 13 Wear rates for AR and HT alloy at varying applied
loads

with a decreasing rate beyond 40 N load in both the
alloys. This is attributed to the formation of adherent
oxides due to frictional heat generation at higher load of
60 N. These oxides act as lubricant and thus lower the
overall wear rate.

4 Conclusions

1) AR alloy possesses microstructure consisting of
primary Si particles and acicular/rod-like eutectic Si
particles in a matrix of a(Al) grains. On isothermal heat
treatment of this alloy, considerable microstructural
modifications are observed. Accordingly, hardness value
of HT alloy is found to be higher than that of AR alloy.

2) In general, the micro mechanism of wear during
dry sliding wear test involves abrasion, adhesion
(coupled with subsurface cracking) along with mild
oxidation at 20 and 40 N loads. Whilst at higher load
(60 N), adherent oxide formation is observed along with
abrasive and adhesive wear. Thus, at higher load, the
abrasive wear mechanism results in rapid wear loss at the
beginning of the test. However, adherent oxides form on
the worn surface due to frictional heating which provides
continuous resistance to further wear. Moreover,
significant strain hardening occurs on the worn surface at
all loads.

3) The overall wear rate increases with load in all
the specimens. However, the rate of increase decreases
beyond 40 N load for both the alloys. This is attributed to
the formation of adherent oxide layer and greater strain
hardening effect at higher (60 N) load.

4) The overall wear rate for HT alloy is found to be
significantly lower compared with as-cast (AR) alloy at
all the applied loads, indicating remarkable improvement
in wear resistance on isothermal heat treatment of AR
alloy. Si particles (particularly eutectic), being acicular/
rod-like in AR alloy, are removed easily during wear, the
impressions of which are seen on worn surface. On the
other hand, Si particles become spherical/equiaxed on
isothermal heat treatment, which bonds strongly with the
matrix. Thus, they remain intact during wear and provide
resistance to abrasive wear. Moreover, the hardness
increases on semisolid heat treatment, which further
causes resistance to abrasive wear. Therefore, the
combined effect of intact Si particles on the worn surface
and higher hardness in isothermal heat-treated alloy
result into superior wear resistance at all loads compared
with as-cast alloy.
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