
j m a t e r r e s t e c h n o l . 2 0 2 0;9(3):6434–6452

www.jmrt .com.br

Available online at www.sciencedirect.com

Original Article

The  effect  of heat  treatment  on  the  mechanical  and
tribological properties  of  dual  size  SiC  reinforced
A357 matrix  composites

Avinash Lakshmikanthana,b, T. Ram Prabhuc, Udayagiri Sai Babud,
Praveennath G. Koppade, Manoj Guptaf, Munishamaiah Krishnag, Srikanth Bonthaa,∗

a Department of Mechanical Engineering, National Institute of Technology, Surathkal 575025, India
b Department of Mechanical Engineering, Nitte Meenakshi Institute of Technology, Bangalore 560064, India
c CEMILAC, Defence R&D Organization, Bangalore 560093, India
d Department of Materials Engineering, Indian Institute of Science, Bengaluru 560012, India
e Department of Mechanical Engineering, Dayananda Sagar College of Engineering, Bengaluru 560078, India
f Department of Mechanical Engineering, The National University of Singapore, 10 Kent Ridge Crescent, 119260 Singapore, Singapore
g Department of Mechanical Engineering, RV College of Engineering, Bengaluru 560059, India

a  r  t  i  c  l  e  i  n  f  o

Article history:

Received 21 February 2020

Accepted 7 April 2020

Available online 4 May 2020

Keywords:

Dual particle size (DPS) composites

Stir casting

T6 heat treatment

Microstructure

Mechanical properties

Aging

Wear

a  b  s  t  r  a  c  t

In the present work, the effect of aging temperature and particle size ratio of SiC particles on

the  mechanical and tribological properties of A357 composites reinforced with dual particle

size  SiC were investigated. The composites were prepared by melt-stirring assisted perma-

nent mold casting technique with different weight fractions (3% coarse +3% fine, 4% coarse

+2% fine, and 2% coarse +4% fine) of large and small size SiC particles. These three prepared

composites are referred as DPS1, DPS2 and DPS3 composites. The solutionizing tempera-

ture was maintained constant at 540 ◦C for 9 h while the aging was done at 160 ◦C, 180 ◦C

and  200 ◦C (T6 treatment) for 6 h. Optical and scanning electron microscopy studies showed

fairly  uniform dispersion of dual size SiC particles in A357 matrix with good interfacial

bonding. High-resolution transmission electron microscopy images showed formation of

uniformly dispersed needle-like �′′ phase and spherical shaped �-Mg2Si precipitates under

peak  aging conditions. Compared to T6 treated A357 alloy, the T6 treated DPS A357 com-

posites showed improved yield strength, tensile strength, hardness and wear resistance.

Among the three composites, hardness and wear resistance of T6 treated DPS2 composite

was found to be significantly higher when compared to the other two composites (DPS1 and

DPS3). Ratio of large particles to small particles also seems to effect the mechanical and

tribological properties. Presence of more small particles was found to be good for strength

and ductility whereas more large particles were found to be good for hardness and wear
resistance.
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.  Introduction

wing to their low density, high specific strength, and high
ear resistance, aluminum-based metal matrix composites
re the most promising materials for various automotive and
erospace applications [1–4]. In particular, Al-Si-Mg alloys
uch as A356 and A357 are used in many  critical applica-
ions like pistons, engine blocks, brake calipers, impellers,
ump, and valve components. The primary reasons for using
hese alloys for above applications are their high specific
trength, excellent weldability, castability, and good corro-
ion resistance. However, the mechanical properties are highly
nfluenced by microstructure, chemical composition, solidi-
cation conditions, and heat treatment. The presence of Si
nd Mg  along with appropriate heat treatment results in the
ormation of Mg2Si precipitates, which improve the strength
ignificantly. The general precipitation sequence can be given
s, GP-I Zones → GP-II zones/�′′ (Mg5Si6, FCC structure) → �′

ntermediate precipitate → � (Mg2Si, hexagonal structure) pre-
ipitates. The age hardening response of A357 alloy largely
epends on factors like chemical composition, solutionizing,
nd aging temperatures, which in turn determine the mechan-
cal properties [5–9].

Al-Si alloy-based metal matrix composites are fabricated
sing both liquid and powder metallurgy routes. The selec-
ion of appropriate processing technique is based on the type
nd weight fraction of reinforcement, its morphology and the
nd application of the processed composite [10–15]. Canakci
t al. [10,11] used powder processing technique for fabrication
f Al based MMC’s.  Here they used methanol as a process con-
rol agent. They evaluated the microstructure and mechanical
roperties of the developed Al-MMC’s. Canakci et al. used a
ovel method for the fabrication of AA7075 powders from
ecycled chips using mechanical milling [12]. Canakci et al.
lso used stir casting technique to fabricate AA2024 composite
einforced with B4C particles and studied the effect of parti-
le size, volume fraction, and wear behavior of the developed
MC’s.  Further artificial neural network (ANN) technique was
sed to predict the mechanical behavior of developed MMC’s

13–15].
Zulfia et al. [16] in their work used a combination of stir

asting and hot isostatic pressing techniques for fabrication
f A357/SiC composites. The composites with 15% SiC were

nitially fabricated using stir casting followed by hot isostatic
ressing at 550 ◦C. Badizi et al. [17] used stir casting tech-
ique to fabricate A357 composite with 1.5% SiC. They used

 resistance furnace equipped with an electromagnetic stir-
er to process the composite. In another work, Datta et al.
18] studied the corrosion behavior of powder metallurgy pro-
essed Al-Si-Mg/SiC composite. Elemental powders of Al, Si
nd Mg  along with 2% SiC were mechanically alloyed, cold
ressed and then sintered to obtain composite. Overall, stir
asting technique is used to produce Al-Si composites owing
o it flexibility and low cost of processing.

Taking a cue from its good manufacturing and mechani-

al characteristics, several efforts have been made to reinforce
l-Si-Mg alloy with ceramic particulates. The most commonly
sed ceramic particles include, SiC, TiC, TiB2, and Al2O3, out
f which SiC is an outstanding choice due to its low density,
 0;9(3):6434–6452 6435

high hardness, high elastic modulus and excellent chemical
inertness. Yu et al. [19] studied the reinforcing mechanism of
TiB2 in as-cast A357/TiB2 in situ composites. It was observed
that mechanical properties increased due to an increase in
dislocation density near the boundary of �-Al and TiB2 par-
ticles. Kandemir et al. [20] studied the microstructure, and
mechanical properties of SiC reinforced A357 composites pro-
cessed by ultrasonic cavitation method. The hardness and
tensile strength of the composite increased from 60 HV and
138 MPa to 73 HV and 198 MPa respectively when A357 alloy
was reinforced with SiC particles. The strengthening in the
composite was attributed to grain size reduction and Orowan
mechanism. However, the effect of load-bearing mechanism
was found to be minimal. Leonard et al. [21] compared the slid-
ing wear behavior of A357 alloys and 30 vol% SiC reinforced
A357 composites at different loads ranging from 6–74 N. They
observed that at a lower load of 6 N, the average wear coef-
ficient of the composite was found to be significantly lower
than that of the alloy. At a higher load of 74 N, the average
wear coefficient and depth of deformation of the composite
was twice that of the alloy.

On the other hand, several works reported the effect of
heat treatment on mechanical properties of A357 and its
composites. Bloyce and Summers [22] studied the effect of
heat treatment on mechanical properties of A357/SiC com-
posites. Out of the two heat treatment procedures opted, the
one with 540 ◦C solutionizing and 160 ◦C aging temperature
showed better mechanical properties for both A357 alloy and
composites. Taghiabadi et al. [23] reported the effect of heat
treatment on as cast Al-Si-Mg composites reinforced with TiB2

particles. Tensile strength of the heat-treated composites was
found to be higher due to the strengthening effect provided by
Mg2Si precipitates. Strengthening in age hardened A356/TiB2

composites was attributed to the formation of �′, � (Mg2Si) pre-
cipitates. Dislocation pining, and their pileups in the vicinity
of TiB2particles were also reported [24]. It is well known that
the mechanical properties like strength and wear resistance
of composites largely depend on the size, amount, morphol-
ogy and dispersion of reinforcement in the metal matrix. In
particular, the effect of size of particles plays a vital role in
deciding the strength and ductility of the resulting compos-
ites. Micron-sized particles improve strength at the cost of
significant loss in ductility while sub-micron or nano-sized
particles improve not only the strength but also the ductility.
This has led to several studies on the development of bimodal
or trimodal particle reinforced composites [24–27]. Bindumad-
havan et al. [25] studied the effect of dual size SiC (47 and
120 �m)  on impact energy and wear rate of Al-Si-Mg compos-
ites. The impact energy of dual size SiC composite (12.2 J) was
much higher than that of single particle size composite (6.7 J).
Further, the weight loss during wear test was less in case of
dual size SiC composite (30 mg)  while higher in case of sin-
gle particle size composite (47 mg). Sharma et al. [28] studied
the effect of bimodal sillimanite (1–20 �m and 75–106 �m)  on
dry sliding wear behavior of Al-Si composites fabricated by
stir casting technique. Al-Si composite having a higher weight

fraction of small-sized particles and lower weight fraction of
large particles (3:1) showed the highest nano-hardness and
lowest wear rate when compared to other combinations. Over-
all bimodal sized reinforcement-based composites are quite
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attractive over conventional composites with single size rein-
forcement. So far, limited work has been reported on the effect
of heat treatment on mechanical and tribological properties
of A357 composite reinforced with bimodal SiC particles. The
other aspect which is not yet studied systematically is the
effect of ratio of large to small particles on the mechanical and
tribological properties. Finding the optimum ratio of large to
small particle size and variation of properties with this ratio is
expected to provide more  insights into the role of bimodal par-
ticle reinforcements in improving properties of composites.

In the present work, an attempt is made to understand the
effect of heat treatment on the mechanical and tribological
properties of A357 composites reinforced with dual size SiC
particles. The effect of solutionizing and various aging tem-
peratures along with different weight fractions of dual size
SiC particles on microstructure, strength, and wear resistance
is studied. The study will further the understanding of effect
of aging temperature and ratio of large to small particle size
on properties of A357 composites reinforced with dual size SiC
particles.

2.  Experimental  procedures

2.1.  Materials  and  DPS-SiC  composite  fabrication
method
Al-7.4Si-0.54 Mg  (A357 alloy) with a theoretical density of
2.7 g/cc was selected as a matrix material, and SiC of two dif-
ferent particle sizes (140 ± 10 �m (Large) and 30 ± 5 �m (Small))
having a density 3.21 g/cc [29] were used as reinforcements.

(

(

Fig. 1 – Morphology of SiC particles, (a) SiC powder sample (fine 

analysis (c) SiC powder sample (coarse size) and (d) Morphology 
2 0 2 0;9(3):6434–6452

The SiC powder samples (two different mesh sizes) and their
morphology with EDS analysis are shown in Fig. 1(a)–(d). The
fabrication of A357 dual particle size composites has been
described in detail in our previous work [30,31]. Images of cast
sample are shown in Fig. 2. The process flowchart for fabrica-
tion of A357 composite reinforced with dual size SiC particles
is presented in Fig. 3.

As-cast A357 alloy and its DPS composites were sub-
jected to T6 heat treatment or precipitation treatment using
a muffle furnace equipped with a temperature controller.
The T6-heat treatment process consists of solutionizing,
quenching, and aging. The as-cast A357 alloy and its DPS
composites were T6 heat treated using temperature-time
cycles as shown in Fig. 4 and the description is provided
below.

Step 1: Solutionizing at a temperature of 540 ◦C ± 2 ◦C for 9 h
which is widely used for production of A357 alloys and its
composites [32–34].
Step 2: Quenching in water to room temperature with a
quench delay time restricted to 5–6 s.
Step 3: Aging in a temperature range of 160 ◦C to 200 ◦C in
steps of 20 ◦C for 6 h.

The precipitation heat-treatment (T6) cycles shown in Fig. 4
for different cases are designated as follows:

◦
a) 540 C (Solution Treatment) for 9 h – quenching in water
−160 ◦C (aging) for 6 h is denoted by 540-9H-160-6H.

b) 540 ◦C (Solution Treatment) for 9 h – quenching in water
−180 ◦C (aging) for 6 h is denoted by 540-9H-180-6H.

size) (b) Morphology of fine size SiC particles with EDS
of coarse size SiC particles with EDS analysis.
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Fig. 2 – Images of cast samples.

Fig. 3 – Process flowchart for fabrication of A357 composite reinforced with dual size SiC particles.

Fig. 4 – Precipitation heat treatment (T6) cycles.
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Table 1 – The alloy/composite, heat treatment, weight fraction of SiC particles and their designation. Herein, L:S
corresponds to ratio of wt.  % of coarse (140 ± 10 �m-L) and fine (30 ± 5 �m-S) particles of Dual Particle Size SiC.

Alloy/Composite Heat Treatment L:S (wt. %) Designation
(T6- treated)

As-Cast A357 alloy 540-9H-160-6H

Nil

A357-160 ◦C – 6H
As-Cast A357 alloy 540-9H-180-6H A357-180 ◦C – 6H
As-Cast A357 alloy 540-9H-200-6H A357-200 ◦C – 6H

DPS 1 Composite 540-9H-160-6H
3:3

DPS1-160 ◦C – 6H
DPS 1 Composite 540-9H-180-6H DPS1-180 ◦C – 6H
DPS 1 Composite 540-9H-200-6H DPS1-200 ◦C – 6H

DPS 2 Composite 540-9H-160-6H
4:2

DPS2-160 ◦C – 6H
DPS 2 Composite 540-9H-180-6H DPS2-180 ◦C – 6H
DPS 2 Composite 540-9H-200-6H DPS2-200 ◦C – 6H

DPS 3 Composite 540-9H-160-6H DPS3-160 ◦C – 6H

DPS 3 Composite 540-9H-180-6H 

DPS 3 Composite 540-9H-200-6H 

(c) 540 ◦C (Solution Treatment) for 9 h – quenching in water
−200 ◦C (aging) for 6 h is denoted by 540-9H-200-6H.

The alloy/composite, heat treatment, weight fraction of SiC
particles and their designation is presented in Table 1.

2.2.  Phase  analysis  and  Microstructural
characterization

The heat-treated samples (A357 alloy and its DPS composites)
were further characterized as per suitable ASTM standards.
The characterization and testing carried out on these samples
is summarized in Fig. 5.

XRD analysis of samples was conducted using X’Pert3

Powder diffractometer (PANalytical, Malvern, UK) with CuK�

radiation. The study was performed for the scan angle range
of 20◦ to 80◦ at a scan speed of 2◦/min. Before XRD studies,

the samples were cleaned with acetone and were also dried in
air. Using standard metallurgical procedures as per ASTM E3-
17 standards the composites were polished and etched with
Keller’s reagent. Optical (Model: Nikon LV150) and scanning

Fig. 5 – Flowchart of characterization and testing c
2:4 DPS3-180 ◦C – 6H
DPS3-200 ◦C – 6H

electron microscopy (Model: TESCAN Vega 3 LMU) studies were
carried out to check the dispersion and bonding of SiC particles
with A357 matrix. In order to study the precipitates and dis-
locations, transmission electron microscopy examination was
conducted using JEOL JEM 2100 High Resolution Transmission
Electron Microscope (HRTEM). For this, samples of 3 mm diam-
eter and 10 �m thick were prepared using ion beam milling
(Model 691, Gatan).

2.3.  Density  measurements

The experimental density (�exp) of the A357 alloy and its DPS
composites was measured using the Archimedes principle
(ASTM D792-66 standard) and, the theoretical density (�th) was
calculated using the rule of mixtures [13,14,35,36].

2.4.  Mechanical  and  wear  testing
The hardness test was carried out using a Micro Cum Macro-
Vickers hardness testing machine (Model: VH1150) as per
ASTM E384 standard. Tensile test was conducted as per

arried out on DPS-SiC reinforced A357 MMCs.



j m a t e r r e s t e c h n o l . 2 0 2 0;9(3):6434–6452 6439

Table 2 – Theoretical density (�th) and experimental density (�exp) of A357 alloy and its DPS composites (T6-heat treated).

S/No Alloy/Composite Designation Theoretical density (gm/cc) Experimental density (gm/cc)

1 As-Cast A357 alloy A357-160◦C – 6H 2.700 2.685
2 DPS 1 Composite DPS1-160◦C – 6H 2.730 2.713
3 DPS 2 Composite DPS2-160◦C – 6H 2.730 2.715
4 DPS 3 Composite DPS3-160 ◦C – 6H 2.730 2.713
5 As-Cast A357 alloy A357-180 ◦C – 6H 2.700 2.691
6 DPS 1 Composite DPS1-180 ◦C – 6H 2.730 2.720
7 DPS 2 Composite DPS2-180 ◦C – 6H 2.730 2.721
8 DPS 3 Composite DPS3-180 ◦C – 6H 2.730 2.720
9 As-Cast A357 alloy A357-200 ◦C – 6H 2.700 2.688
10 DPS 1 Composite DPS1-200 ◦C – 6H 2.730 2.717
11 DPS 2 Composite DPS2-200 ◦C – 6H 2.730 2.718

2.730 2.716
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Fig. 6 – (a) XRD patterns of A357 alloy at different aging
temperatures (a) XRD pattern of A357 alloy at
540 ◦C-9H-160 ◦C-6H (b) XRD pattern of A357 alloy at
540 ◦C-9H-180 ◦C-6H (c) XRD pattern of A357 alloy at

◦ ◦
12 DPS 3 Composite DPS3-200 ◦C – 6H 

STM E8M-15a standard to evaluate the yield strength, tensile
trength and ductility of the heat-treated composites. Tribo-
ogical properties i.e. wear rate was obtained by conducting
ry sliding wear test using pin-on-disc machine (Model TR-
0LE, Ducom, India) as per ASTM-G99 standard. For wear tests,
pplied load was varied from 10 N to 30 N in steps of 5 N at

 fixed sliding velocity of 2.5 m/sec and sliding distance of
500 m.  Fracture surfaces after tensile test, worn surface and
ear debris after wear test were studied using scanning elec-

ron microscope.

.  Results  and  discussion

.1.  Density  measurement  results  of  A357  alloy  and
ts DPS  composite  at  T6-heat  treated  condition

able 2 shows the density measurements (theoretical and
xperimental) of A357 alloy and its DPS composites at varying
ging temperatures (160 ◦C, 180 ◦C, and 200 ◦C). The density
alues of the DPS composites are slightly higher compared to
he A357 alloy. This is due to the presence of a high-density
eramic material (SiCp) [13,37]. Variations in the density
mong the composites heat treated to different conditions are
egligible. From Table 2, we can observe that the difference

n the theoretical and experimental densities is insignificant.
hus, it can be concluded that the dispersion of SiC particles
as found to be good with almost no observable porosity or

ny casting defects [38,39].

.2.  Phase  analysis  of  A357  alloy  at  T6-heat  treated
ondition

ig. 6 shows the XRD patterns of A357 alloy at different aging
emperatures (160 ◦C, 180 ◦C, and 200 ◦C). The XRD analysis of
357 alloy reveals the presence of Al and Si as major peaks.

n addition, small peaks of Mg  and Mg2Si intermetallic phases
ere detected which shows that Mg  and Si form the Mg2Si
ntermetallic precipitates as shown by EDS analysis. From
he figure, it can be observed that as the aging temperature
ncreases, the intensity of the peaks also increases. Similar
rends have been reported in literature [40].
540 C-9H-200 C-6H.

3.3.  Microstructural  analysis  of  A357  alloy  at  different
conditions  (un-treated  and  T6-heat  treated)

Fig. 7(a) shows the optical micrograph of as-cast A357 alloy
(untreated condition). The micrograph consists of two phases
namely �-Al phase and Al-Si eutectic phase. The microstruc-
ture is largely dominated by coarse size �-Al grains which
are surrounded by eutectic Si regions repeated in periodic cell
patterns that are fibrous in shape.

Fig. 7(b) and (c) show the optical micrographs of A357
alloy solution treated at 540 ◦C and aged at 180 ◦C and 200 ◦C
respectively. In Fig. 7(b) fine globular morphology of eutec-
tic silicon particles due to heat treatment can be observed.
Similar results were reported by researchers [41,42]. Heat treat-
ment results in the transformation of fibrous shape eutectic Si
into fine spheroidized Si particles uniformly distributed in the
A357 matrix. Heat treatment also dissolves Mg2Si particles,
results in structural homogenization, and alters the shape

of eutectic Si particles. Upon heat treatment necking can be
seen in Si particles. With further increase in temperature
from 160–180 ◦C, particle fragmentation and spherodization
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Fig. 7 – (a) Optical micrograph of as-cast A357 alloy (untreated condition) (b) Optical micrograph of as-cast 357 alloy at
540 ◦C-9H-180 ◦C-6H (c) Optical micrograph of as-cast 357 alloy at 540 ◦C-9H-200 ◦C-6H (d) SEM micrograph with EDS

◦ ◦
spectrum at 540 C-9H-180 C-6H.

takes place (Fig. 7(b)) [32,33]. Further, from Fig. 7(b) it can be
observed that the Si particles are smaller and more  uniformly
distributed. The fragmentation of Si particles reduces the par-
ticle size and increases particle number, which in turn leads
to the strengthening of the alloy. As the aging temperature is
increased from 180 ◦C to 200 ◦C, coarsening of Si particles can
be observed (Fig. 7(c)).

Fig. 7(d) shows the SEM micrograph with EDS spectrum of
A357 alloy solution treated at 540 ◦C and aged at 180 ◦C. From
the EDS spectrum, traces of Mg  located at the Al-Si interfaces
can be found. Typically, Mg  is added to the Al–Si alloy for age
hardening through the precipitation of Mg2Si precipitates. In
Fig. 7(d), magnesium peak from the EDS analysis confirms that
Mg2Si precipitates form as a result of heat treatment.

3.4.  Microstructural  analysis  of  DPS  composite  at
T6-heat  treated  condition

Fig. 8(a)–(c) shows the optical micrographs of heat-treated
composites (solution treated at 540 ◦C and aged at 180 ◦C)

DPS1, DPS2 and DPS3 respectively. It can be observed from all
the micrographs that both dual sizes SiC particles were found
to be fairly uniformly distributed in the A357 matrix. Fig. 8(a)
shows micrograph of DPS1 composite where the dispersion of
SiC particles was found to be very good with almost no observ-
able porosity or any casting defects. However, a small extent of
clustering of small size SiC particles was observed in the case
of DPS2 composite as shown in Fig. 8(b). Most of the SiC parti-
cles seen in microstructure are of large size, which is due to the
high content of large size particles when compared to small
size particles. On the other hand, the dispersion of particles in
DPS3 composite was reasonably uniform, as shown in Fig. 8(c).
Small-scale cluster formation of small size SiC particles were
seen at few spots closer to large SiC particles in DPS3 com-
posite. High shear rate generated during melt-stirring process
pushes small size particles at a faster rate when compared
to large particles. However, the movement  of small particles
is restricted by large particles due to which they get settled
near them, and same is seen in Fig. 8(b). Overall dispersion of
dual size SiC particles was found to be reasonably uniform in
all the composite systems, and hardly any casting defect like
porosity was seen on the surface. The addition of SiC as rein-
forcement enhances aging kinetics, phase formation reaction
and it also acts as seeding for precipitation during the heat

treatment process, which further leads to alloy strengthening
[43–45]. These dual sizes SiC particles influence the strength-
ening of matrix material in a significant way during the heat
treatment process [45–48].
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Fig. 8 – Micrographs of DPS composites aged at 540 ◦C-6H-180 ◦C conditions. (a) Optical micrograph of DPS1 composite at
180 ◦C (b) Optical micrograph of DPS2 composite at 180 ◦C (c) Optical micrograph of DPS3 composite at 180 ◦C. In (a)–(c), 1
represents fine SiCp,2 represents coarse SiCp, 3 shows clustering of fine SiCp (d) EDS spectrum taken on DPS2 composite
particle and (e) EDS spectrum at Al/SiC interface.
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Fig. 8(d) shows the EDS analysis of composite particle in
PS2 composite. From the figure, Si and C peaks can be
bserved from the elemental diffraction scanning analysis.
i, C peaks confirm the presence of SiC particles in the A357

atrix. Fig. 8(e) shows EDS analysis at the Al/SiC interface.

he interface shows the presence of Mg  peak along with Al, Si
nd C peaks. The presence of four elements Al, Mg,  Si, and C
onfirms the presence of Mg2Si at the Al-SiC interface.
3.5.  TEM  analysis  of  A357  alloy  and  its  DPS  composite
at T6-heat  treated  condition

Precipitation is a very important aspect of age hardening

which directly influences the mechanical properties of a mate-
rial. Fig. 9 shows the bright-field TEM images of both A357 alloy
and its composites with dual size SiC particles that were aged
at 180 ◦C for about 6 h. TEM image  of A357 alloy as depicted
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Fig. 9 – Bright-field TEM images of both A357 alloy and its DPS composites aged at 540 ◦C-6H-180 ◦C. (a) A357 alloy (b) DPS1
composite (c) DPS2 composite (d) DPS3 composite (e) modified Si particles with twins in DPS2 composite. From the Marking
1 represent needle shaped �′′ phase.
in Fig. 9(a) shows the presence of very fine sized precipitates
consisting of Mg  and Si atoms. These fine shaped precipi-

tates which were spherical in shape correspond to �–Mg2Si
with diameter in the range of 20–40 nm.  Apart from these pre-
cipitates, few needles corresponding to �′′ phase were also
observed in the A357 alloy. In case of DPS1 and DPS2, along
with the �–Mg2Si precipitates, needles of �′′ phase was also
observed as shown in Fig. 9(b) and (c). Compared to A357 alloy,

′′
needle shaped � phase was comparatively high in case of
these composites. Most of these fine needles had length in the
range of 30–100 nm and diameter of about ∼5 nm in the peak-
aged heat-treated conditions. Due to high silicon content in
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he matrix, quenching gives rise to higher content of supersat-
rated Si which favors the formation of �′′ phase [49]. Further

 high magnification TEM micrograph as shown in Fig. 9(d) of
PS3 composite showed uniform dispersion of �–Mg2Si pre-
ipitates in the entire �-Al matrix. Further, presence of high
ilicon content in A357 matrix required above the stoichio-
etric formation of �–Mg2Si will not only favor the nucleation

f these precipitates but also strength of both A357 alloy and
PS composites. However, it is interesting to note that in both
357 alloy and composites, no �′ phase was observed which
therwise is considered to be nucleation site for �′′ phase

50,51]. Fig. 9(e) shows a small crystal of silicon particle whose
dges are more  rounded indicating spheroidization. Dark con-
rast structures resembling twin boundaries and dislocation
etworks are also seen inside the silicon particle. The mor-
hological changes from irregular to nearly round shape and
ecrease in size from coarse to small are mainly due to solu-

ion treatment. In addition to this, formation of �′ precipitates
enerate stresses in the matrix which is compensated by the
odification in silicon particle [52].

ig. 10 – Tensile test results of A357 alloy and its DPS composite
f increasing strength and numbers on lines indicate ratio of larg
 0;9(3):6434–6452 6443

3.6.  Influence  of  aging  temperature  on  tensile
properties  of  A357  alloy  and  its  DPS  composites

Fig. 10(a) and (b) show the variation of tensile strength (ulti-
mate & yield) of A357 alloy and its DPS composites at varying
aging temperatures (160 ◦C, 180 ◦C, and 200 ◦C). From Fig. 10(a)
and (b) it can be observed that the addition of particulate rein-
forcement enhances the tensile strength of the composites
[53,54]. Although all composites subjected to heat treatment
give nearly same tensile strength (ultimate & yield) values,
the DPS3 composite exhibited slightly better strength proper-
ties in all three aging conditions followed by DPS1 and DPS2.
Strengthening effect in composites can be attributed to num-
ber of particles present in a composite. Even though, the
weight fraction of SiC is same for all composites, number of
particles is highest in DPS3 because of large fraction of small
particles. After DPS3, DPS1 and DPS2 have more  number of

smaller particles in that order. SiC particles act as dislocation
pinning sites and hence can improve strength. Possible grain
refinement due to SiC particles and effective load transfer

s at varying aging temperatures. Arrows indicate direction
e to small particles.
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Fig. 11 – Ductility results of A357 alloy and its DPS composites at varying aging temperatures. Arrow indicates direction of
rge 
increasing ductility and numbers on lines indicate ratio of la

from matrix to composite particles are also expected to play a
role in increase in the strength values of composites. So, the
strengthening of composites is a result of synergistic effect
of grain refinement, precipitation hardening, Orowan looping
and efficient load transfer [55–60].

Further, from Fig. 10(a) and (b), it can be observed that the
strength values increase with increase in aging temperature
from 160 ◦C to 180 ◦C but tend to drop as the temperature is
increased to 200 ◦C. It should be noted that highest strength
values are observed at 180 ◦C aging temperature. Upon aging,
increase in strength properties are due to precipitation of
coherent �–Mg2Si particles. Upon over aging, loss in coherence
leads to loss in strength.

Fig. 11 shows the variation of percentage elongation of A357
alloy and its DPS composites at varying aging temperatures.
From Fig. 11, it can be seen that the composites exhibit lower
ductility (measured as % elongation) when compared to the
alloy at all aging temperatures. Presence of SiC particles could
lead to reduction in ductility because they can act as nucle-
ation sites for cracks and thus hasten failure. The mechanism
of fracture appears to be changing from alloy to composites.
Also, from Fig. 11, it can be observed that as the aging tem-
perature increases ductility increases substantially for A357
alloy whereas it increases marginally for composites. Increase
in ductility in A357 alloy with aging temperature could be
due to change in fracture mechanism from interdendritic to
intra dendritic upon over aging (Fig. 12(a) and (b)). Whereas for
composites, aging temperature has little effect because frac-
ture mechanism remains to be particle pull out irrespective of
aging temperature (Fig. 12(c)–(h)). Analogous trends have been
reported in literature [52].

3.7.  Fractographs  of  A357  alloy  and  its  DPS

composites  at  varying  aging  temperatures

Tensile fracture surfaces of A357 alloy and its DPS compos-
ites were analyzed using SEM and are shown in Fig. 12(a)–(h).
to small particles.

For the cases of 180 ◦C and 200 ◦C, large numbers of den-
drite fractured regions were observed in the fractograph
(Fig. 12(a) and (b)). This confirms inter-dendritic cracking as the
main fracture mechanism as these dendrite globules promote
micro-crack propagation during the loading [61]. On the other
hand, all DPS composites (DPS1, DPS2 and DPS3) at both aging
temperatures i.e. 180 ◦C for 6 h. and 200 ◦C for 6 h, showed
nearly identical fracture surfaces. The fracture surfaces con-
sisted of a large number of dimples indicating ductile failure by
void nucleation and coalescence mechanisms. The void nucle-
ation takes place at Al matrix/SiC interface. When stress is
applied, the plastic deformation starts by dislocation move-
ment. These dislocations are blocked by the Al matrix/SiC
interfaces resulting in dislocation accumulation. This builds
up the stress around the interfaces resulting in much higher
stress than the applied stress. When the stress is sufficient to
crack the interface, the micro void preferably nucleates at the
interface due to strong stress gradient. Due to the creation of
micro-voids, the crack initiates at the micro void and prop-
agates around the SiC particles. Eventually, the particles are
pulled out of the A357 matrix leaving behind nearly circular
shaped voids. These voids connect with each other through
crack propagation and finally lead to fracture forming a dim-
pled fractured surface as seen in Fig. 12(c)–(h).

3.8.  Influence  of  aging  temperature  on  hardness  of
A357 alloy  and  its  DPS  composites

Fig. 13 shows the variation of hardness of A357 alloy and
its DPS composites at varying aging temperatures (160 ◦C,
180 ◦C, and 200 ◦C). The DPS composites showed an increase
in hardness when compared to A357 alloy at varying aging
temperatures. Higher hardness values of composites can be

attributed to the presence of hard SiC particles. Among the
composites, DPS2 composite shows highest hardness and
DPS3 shows the lowest hardness at all three aging temper-
atures. This trend in hardness among composites can be
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Fig. 12 – Fractographs of A357 alloy and its DPS Composites at varying aging temperatures. Where (a) & (b) A357 alloy at
aging temperature of 180 ◦C and 200 ◦C, (c) & (d) DPS1 composite at aging temperature of 180 ◦C and 200 ◦C, (e) & (f) DPS2
c ) DP

r
S
c
n
d
p
c
l

i
a
h
p

omposite at aging temperature of 180 ◦C and 200 ◦C, (g) & (h

ationalized based on weight fraction of large SiC particles.
mall size particles offer less resistance to deformation when
ompared to coarse size particles and hence leads to low hard-
ess values [30,31]. Highest hardness of DPS2 composite is
ue to the presence of highest weight fraction of large sized
articles. Similarly, lowest hardness values exhibited by DPS3
omposite is due to the presence of lowest weight fraction of
arge sized particles.

From Fig. 13 it can be observed that the hardness values
◦
ncrease with aging temperature till 180 C where it peaks

nd reduces beyond 180 ◦C. The increase in hardness after
eat treatment can be attributed to formation of hard Mg2Si
hase due precipitation hardening [62]. According to the peak
S3 composite at aging temperature of 180 ◦C and 200 ◦C.

hardness variation with different aging temperatures, it was
found that the composite is under aged at 160 ◦C and over-
aged at 200 ◦C. Analogous trends were reported in literature
[44,45,63].

3.9.  Specific  wear  rate  of  A357  alloy  and  its  DPS
composites  at  varying  aging  temperatures

Fig. 14 shows the plot of specific wear rate (at 30 N) v/s aging

temperature of A357 alloy and its DPS composites. From Fig. 14
it can be observed that as-cast alloy (A357) displayed the
highest wear rate. The reason for highest wear rate in A357
alloy can be due to reasons such as extensive sub surface
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Fig. 13 – Hardness test results of A357 alloy and its DPS composites at varying aging temperatures. Arrow indicates
direction of increasing hardness and numbers on lines indicate ratio of large to small particles.
deformation, high adhesive metal-metal contact assisted sur-
face shear strain, the increased contact area of matrix to
counter surface, and the absence of load bearing particles
[30,31,64]. From Fig. 14, it can also be observed that DPS com-
posites show less wear rate when compared to A357 alloy. This
can be attributed to the presence of hard SiC particles in DPS
composites. SiC particles are hard and hence they can resist
abrasion. Moreover, they also reduce contact between counter
surface and soft matrix and share some load. Reduced contact
between counter surface and matrix and load sharing leads to
reduced wear rate [65,66]. Among the composites, the DPS2
composite displayed least wear rate when compared to DPS1
and DPS3 composites at all aging temperatures. Good wear
resistance (least wear rate) of DPS2 is mainly due to presence
of high weight percent of large sized SiC particles which bear
most of the applied pressure than that of small sized SiC par-

ticles and A357 matrix. Further, large sized SiC particle protect
the small sized SiC particles from gouging out of the matrix
thereby allowing them to provide protection against weight
loss for a longer time [25,31,67–69]. It is interesting to note

Fig. 14 – Effect of aging temperatures on wear rate of A357 alloy 

lower specific wear rate and numbers on lines indicate ratio of la
the relation between aging temperatures and wear resistance.
From Fig. 14, it can be observed that both A357 alloy and its DPS
composites show decrease in wear rate with aging tempera-
ture till 180 ◦C but beyond this temperature wear rate appears
to be increasing. The specimens aged at 180 ◦C showed bet-
ter wear resistance compared to the specimens aged at 160 ◦C
and 200 ◦C and it may be due to the presence �′′ and �-Mg2Si
precipitates [70,71]. Thus, the specimens aged at 180 ◦C can be
considered as peak aged and the specimens which are aged at
160 ◦C are considered as under aged and the specimens which
are aged at 200 ◦C are considered as over aged. Similar results
were reported by several researchers [63,72].

3.10.  Worn  surface  analysis  of  A357  alloy  and  its  DPS
composites  at  varying  aging  temperature
Worn surfaces of both A357 alloy and its DPS composites aged
at different temperatures of 180 ◦C and 200 ◦C taken at 30 N
load are shown in Fig. 15(a)–(h).

and its DPS composites. Arrow indicates the direction of
rge to small particles.
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Fig. 15 – Wear tracks of A357 alloy and its DPS Composites at a load of 30 N, sliding velocity of 2.5 m/s  and sliding distance
of 1500 m subjected to varying Aging temperatures. Where (a) & (b) A357 alloy at aging temperatures of 180 ◦C and 200 ◦C, (c)
& (d) DPS1 Composite at aging temperatures of 180 ◦C and 200 ◦C, (e) & (f) DPS2 composite at aging temperatures of 180 ◦C
and 200 ◦C, (g) & (h) DPS3 Composite at aging temperatures of 180 ◦C and 200 ◦C. Markings 1–6 represent delaminated
wear-out area, abrasion, thin ploughed trenches, deep ploughed trenches, craters, and sliding direction respectively.
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Worn surface of A357 alloy at different aging tempera-
ures (180 ◦C and 200 ◦C) is shown in Fig. 15(a) and (b). It is
bserved that wear mechanism changes with temperature.
t peak aging temperature, 180 ◦C, wear is predominantly
aused by the surface delamination. When temperature is
ncreased to 200 ◦C, instead of surface delamination, deep
rooves are observed which is an indication of plastic defor-
ation. So, at high temperatures, wear mechanism changes

rom surface delamination to intense plastic deformation and
aterial removal. Both the worn surfaces show wide and par-
llel grooves running in sliding direction with large cavities in
etween them. The formation of cavities can be attributed to
elamination of surface material of the alloy. At a high load
of 30 N, the softening of surface takes place due to frictional
resistance as a result of surface material of the alloy getting
welded to the counterface surface. Due to increase in adhesive
nature of pin and alloy, delamination occurs easily. It appears
that the extent of delamination is higher in case of 200 ◦C aged
alloy which may be due to its low hardness when compared
to that of 180 ◦C aging condition.

The extent of delamination appears to be less in DPS1 com-
posite compared to that of the alloy as seen in Fig. 15(c) and
(d). Hard SiC particles in DPS1 composite protrude out of com-

posite surface during wear testing process and avoid direct
contact between composite surface and counterface surface.
Due to this, the extent of delamination is decreased.
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The worn surface of DPS2 composite is nearly smooth for
both aging temperatures as shown in Fig. 15(e) and (f). This is
mainly due to presence of higher weight fraction of large size
SiC particles which tend to take most of the applied load and
protect small sized SiC particles as well as the matrix [73,74].
These large particles avoid direct contact between the counter-
face surface and composite surface which is why the groove
width is smaller when compared to that of A357 alloy and
other two composites.

On the other hand, the worn surface of DPS3 composite was
almost similar to that of DPS1 composite. Deformation grooves
and delamination were the primary reasons of weight loss in
this composite. The worn surface of DPS3 composite at two

◦ ◦
aging temperatures of 180 C and 200 C as shown in Fig. 15(g)
and (h) show changes in the deformation mechanism from
delamination at 180 ◦C aging temperature to deformation at
200 ◦C aging temperature.

Fig. 16 – Three-dimensional surface topographies of the worn su
sliding velocity of 2.5 m/s  and sliding distance of 1500 m subjecte
at aging temperatures of 180 ◦C and 200 ◦C, (c) & (d) DPS1 compos
composite at aging temperatures of 180 ◦C and 200 ◦C, (g) & (h) DP
2 0 2 0;9(3):6434–6452

3.11.  Three-dimensional  surface  topographies  of  worn
surface A357  alloy  and  its  DPS  composites  at  varying
aging temperatures

Three-dimensional surface topographies of the worn surface
of A357 alloy and its DPS composites taken at a load of 30 N,
sliding velocity of 2.5 m/s  and sliding distance of 1500 m are
shown in Fig. 16(a)–(h). In case of A357 alloy, it can be seen
from Fig. 16(a) and (b) that the surface showed features of sur-
face delamination and formation of deep grooves supporting
the evidence obtained using SEM (as shown in Fig. 15(a) and
(b)). Further compared to a Ra value of 8.00 �m at 180 ◦C aging
temperature the alloy aged at 200 ◦C showed higher Ra value of

8.44 �m.  Lowest Ra values of 2.60 and 2.71 �m were obtained
at aging temperature of 180 and 200 ◦C for DPS2 composite.
These observations are well in line with the low specific wear
rate obtained for this composite. Further, compared to A357

rface of A357 alloy and its DPS composites at a load of 30 N,
d to varying aging temperatures. Where (a) & (b) A357 alloy
ite at aging temperatures of 180 ◦C and 200 ◦C, (e) & (f) DPS2
S3 composite at aging temperatures of 180 ◦C and 200 ◦C.
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Fig. 17 – Wear debris of A357 alloy and its DPS Composites at a load of 30 N, sliding velocity of 2.5 m/s  and sliding distance
of 1500 m subjected to varying aging temperatures. Where (a) & (b) A357 alloy at aging temperatures of 180 ◦C and 200 ◦C, (c)
& (d) DPS1 composite at aging temperatures of 180 ◦C and 200 ◦C, (e) & (f) DPS2 composite at aging temperatures of 180 ◦C
and 200 ◦C, (g) & (h) DPS3 composite at aging temperatures of 180 ◦C and 200 ◦C. Markings 1–5 represent fleck-like debris,
fi  debr

a
s
c
v
S
v
d
f
t
a
d
f
m

ber-like debris, ruptured debris, ribbed debris and coil like

lloy and other composites the undulations observed on worn
urface of DPS 2 is significantly less (see Fig. 15(e) and (f)). Also,
ompared to A357 alloy, the DPS composites showed lesser Ra
alues which is attributed to resistance offered by dual size
iC particles. The asperities of counterface surface are pre-
ented from penetrating inside the matrix by the SiC particles
ue to which the surface roughness values are quite lesser
or DPS composites. Unlike in several works [75,76] where
he composites showed greater undulations as compared to

lloy, here in this work no such observations were made. The
epth of valleys and width of grooves were found to be higher
or A357 alloy compared to that of DPS composites. This is

ainly because of higher hardness values for DPS composites
is respectively.

as compared to A357 alloy. Overall these results are well in line
with preceding sub-sections (3.9 and 3.10). Further, compared
to DPS composites A357 alloy exhibited higher Ra values due
to higher wear rate. Along with this the surface topographies
of DPS composites showed no abnormal depth in the worn
surface indicating absence of pull-out of SiC particles.

3.12.  Wear  debris  analysis  of  A357  alloy  and  its  DPS
composites  at  varying  aging  temperature
Wear debris was collected from both A357 alloy and its DPS
composites after 180 ◦C and 200 ◦C aging temperatures for
a fixed load of 30 N, sliding velocity of 2.5 m/s  and sliding
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distance of 1500 m.  In the case of A357 alloy the size of wear
debris collected for 180 ◦C was much smaller (∼300 �m)  than
that collected for 200 ◦C (∼600 �m)  which is shown in Fig. 17(a)
and (b). In the case of DPS1 composite the size of wear debris
showed similar trend as that of A357 alloy. Wear debris size of
∼100 �m and ∼180 �m was obtained for the composite aged
at 180 ◦C and 200 ◦C respectively as shown in Fig. 17(c) and (d).
On the other hand, DPS2 composite wear debris as shown in
Fig. 17(e) and (f) have sizes approximately ∼50 �m and 100 �m
for the composites aged at 180 ◦C and 200 ◦C respectively. The
wear debris size of DPS2 composite is very small when com-
pared to that of A357 alloy and other two composites. Most
of the debris had irregular flake like morphology with sharp
edges indicating delamination as primary wear mechanism.
The small size of wear debris can be attributed to highest
hardness of DPS2 composite for all cases of aging temper-
ature. Similarly, for DPS3 composite, wear debris has a size
of 150 �m and 200 �m approximately for the samples aged
at 180 ◦C and 200 ◦C respectively as shown in Fig. 17(g) and
(h). The wear debris size and morphology of DPS3 composites
is almost same for both the aging temperatures as shown in
Fig. 17(g) and (h). Overall it can be observed that at peak aging
temperature of 180 ◦C, both A357 alloy and DPS composites
showed smaller wear debris size which is attributed to the
presence of uniformly dispersed hardening phases such as �′′

and �-Mg2Si precipitates compared to the over aged condition.

3.13.  Effect  of  ratio  of  DPS  particles  on  mechanical  and
wear properties  of  DPS  composites

It is well known that DPS composites show better mechani-
cal and wear properties compared to single particle reinforced
composites. DPS composites have both small size and large
size particles in varying proportion. However, it is not clear
what should be a good proportion of large and small sized
particles that would give optimum mechanical and wear prop-
erties. This question has not been studied in earlier works.
From this work, it was found that small sized particles are good
for strength properties while large sized particles are good for
hardness and wear properties.

From Fig. 10(a) and (b) we see that high YS and UTS are
realized when small sized particle proportion is higher (at
L:S = 0.5). Ductility also shows similar trend as that of strength
(refer Fig. 11) and it is better when the composite has higher
proportion of small particles (at L:S = 0.5). However, good hard-
ness and wear properties are obtained when the proportion of
large particles is higher (L:S = 2) as shown in Figs. 13 and 14. As
explained in pervious sections, good hardness and wear prop-
erties are mainly due to large sized particles taking the load
and hence composites with higher ratio of L:S are good for
wear properties. Whereas, strength and ductility are mainly
the result of dislocation pinning and bowing which are good
when particle size is smaller. Hence smaller particles are good
for strength properties.
4.  Conclusions

The following conclusions were drawn from the present work:
2 0 2 0;9(3):6434–6452

1. Mechanical and wear properties of A357 composite rein-
forced with dual size SiC particles were studied after
aging at varying temperatures ((540 ◦C-6H-160 ◦C, 540 ◦C-
6H-180 ◦C and 540 ◦C-6H-200 ◦C)).

2. Microscopy analysis showed fairly uniform dispersion of
dual size SiC particles in A357 matrix.

3. From the density measurements of A357 alloy and its DPS
composites at varying temperatures it can be concluded
that the dispersion of SiC particles was found to be good
with almost no observable porosity or any casting defects.

4. TEM analysis showed the formation of �”-semi-coherent
phase and Mg2Si precipitate (�-phase) along with SiC parti-
cles. These phases lead to the improvement in mechanical
& wear properties in both A357 alloy and its DPS compos-
ites.

5. All the composites (DPS1, DPS2 and DPS3) showed improve-
ment in mechanical and wear properties when compared
to A357 alloy.

6. Overall, it can be concluded that for the same total weight
percentage of SiC reinforcement, ratio of large to small par-
ticles influences mechanical and wear properties. Higher
proportion of smaller particles improve strength and duc-
tility whereas, higher proportion of larger particles improve
hardness and wear properties.
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