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Abstract
Objectives: In recent years, the demand of high performance, light-weight materials is being increased in automotive and 
aircraft industrial applications to achieve fuel economy. Methods: In the present work chill cast aluminum alloy matrix 
hybrid composites having 3 to 12 wt% of garnet in steps of 3 wt% and constant 3 wt% of Carbon, subject to different chilling 
materials have been developed to study the effect of chilling on microstructure, mechanical properties and dry sliding wear 
behavior of the composite samples. Metallic and nonmetallic chills were used to study the mechanical and tribological 
behavior of the samples and compared the same with non-chill cast specimens. The specimens taken from chill end of the 
casting were tested for their, hardness, tensile strength, fracture and wear behavior. Findings: Out of the results, copper 
chill is found to be good in improving mechanical properties because of its high Volumetric Heat Capacity (VHC). SEM was 
used to examine microstructural characterization and worn surfaces of the composite samples. Further, directional cooling 
with copper chill improves the wear resistance and mechanical behavior of the composites. Application/Improvements: 
Copper chill cast aluminum alloy hybrid composite reinforced with 9 wt% garnet and 3 wt% carbon exhibits better 
mechanical and tribological behavior and can be used in manufacturing piston in automobile applications.

1. Introduction
Aluminum matrix hybrid composites with dispersion of 
two or more ceramic reinforcements have been widely 
used in various applications of automotive and aero-
spacesectors1. Owing to its light weight, good corrosion 
resistance and excellent thermal properties these com-
posites are gaining wide popularity as high performance 
material. Aluminum based hybrid composites shows 
improved primary and secondary properties over con-
ventional base alloy2,3. Ceramic materials generally used 
to reinforce Al alloys are SiC, TiC, TiB2, ZrB2, AlN, Si3N4, 
Al2O3 and SiO2. These ceramic materials are with high 
strength and high hardness. However, it displays brittle 
behavior and has low resistance to fracture which can 
be improved by modifying the reinforcement grain size, 
shape and by incorporating additional phases4.

It has been widely reported that Aluminum based 
alloys can be readily developed with two or more rein-
forcement and recently there has been a growing inter-
est in the use of hybrid composites. Particulate reinforced 
hybrid composites exhibit excellent isotropic properties5. 
Stirring action in the casting process will evenly distribute 
garnet particles on the composite matrix. 

Various parameters such as pouring temperature, 
rotation speed which affect fabrication sound casting 
have been investigated extensively to optimize the param-
eters. However further increase in the speed will cause 
gas bubbles in the composite melt to produce porosity. 
In6 studied the parameters which affect the solidification 
of Aluminium alloy. Experiments were carried out on a 
mold having high cooling rates to show range of solidifi-
cation temperatures which are influenced by variation of 
cooling rates.
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Hybrid composites are an alternative approach to tai-
loring the overall behavior of materials by incorporating 
insoluble two or more dispersoids to the base matrix7–9. 
Many researchers have exploited the various types of artifi-
cial reinforcements in aluminum alloy matrices such as SiC, 
SiO2, Al2O3, BN, B4C, WC, TiC, etc to achieve demands of 
various applications10,11. The investigation carried out by12 
begins with fabrication of Al 6063/Al2O3/Gr hybrid com-
posites using liquid metallurgy technique, followed by the 
wear study using conventional tribometer apparatus for 
different parameters like sliding speed, applied loads and a 
discussion of effect of reinforcements. The wear resistance 
is proportional to dispersoid content. At higher loads, the 
wear mechanism changes to delamination.

The carbon being soft, grease and ability to withstand 
very high temperature makes the alloy very high wear 
resistant and self-lubricating material by forming a tribo-
layer between the contact surfaces13. Microstructural stud-
ies have revealed uniform distribution of carbon in the 
matrix with improves wear behavior. But with increasing 
carbon content, leads to weakening of matrix and increases 
wear rate. Hence 3 wt% of carbon is considered as second-
ary reinforcement in the current work14,15. In studied the 
influence of graphite on hardness wear property of Al6061 
hybrid composite with Al2O3 and SiC particulate. It was 
discovered that addition of Graphite particles decreases 
the microhardness but immensely improves wear resis-
tance of the samples16. In recent years many researchers 
have worked on the combination of graphite with SiC and 
Al2O3 and found the similar results. In17 investigated effect 
of chills on wear behavior. In reinforced 1 wt% Gr and 10 
wt% SiC with A356 to investigate the tribological proper-
ties. The MML formed by the graphite reduces the wear 
drastically18. Rapid and directional solidification is one of 
largely accepted method to obtain finer microstructure and 
improved properties which can be achieved by the appli-
cation of chills. Although the sand cast composite results 
in some defects like porosity, the application of chills will 
improve the directional solidification to achieve finer 
microstructure with improved mechanical properties.

2. Experimental Material and 
Method

2.1 Experimental Material
Commercially available and generally known piston alloy 
(LM 13), multicomponent Al-Si-Ni-Cu-Mg alloy with 

lower concentrations of Fe and Mn was used in the pres-
ent investigation. LM 13 Aluminum alloy matrix exhib-
its excellent casting properties with reasonable strength. 
Aluminum has low melting point and high ability to hold 
the reinforcement. It is suitable for automotive applica-
tion with its excellent thermo-physical properties. In 
the present study low cost and naturally available hard 
ceramic garnets are reinforced in the proportion of 3 wt% 
to 12 wt% in steps of 3 wt%. Based on the literature it 
was found that various researchers have concluded 3 wt% 
range of carbon gives the optimum properties. Hence 
in the present study constant 3 wt% carbon is incorpo-
rated while developing the hybrid composites. Metallic 
and non-metallic chills of dimension 25 mm x 35 mm x 
170 mm were used to investigate the effect of directional 
solidification on mechanical properties of the composite. 
The effect is compared with composites developed with-
out using chills. 

2.2 Experimental method
2.2.1 Fabrication of the Composite
Cost reduction is the key factor for wider application of 
HMMCs in modern industry which can be achieved by 
cheaper reinforcements, simpler fabrication methods, 
and higher production volume. One of the low cost fab-
rication process stir casting method is used to develop 
the composites with better bonding of metal matrix with 
reinforcement particles. Stir casting method is well known 
for uniform distribution of the reinforcements because of 
stirring action and flexible for different low melting tem-
perature materials. In the present study Aluminum alloy 
is melted in a resistance furnace at around 750°C. Garnet 
and carbon particulates were preheated to add in the mol-
ten matrix reinforced and poured in the sand mold with 

Figure 1. Sand mold with chill.
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different chills such as copper, steel, iron and silicon car-
bide. One mold without the chill also prepared to com-
pare the results. Figure 1 shows position of the chill in the 
mold. Specimen is prepared from chill end of the com-
posite to investigate distribution of garnet and carbon in 
the samples of the composite using Scanning Electron 
Microscope (SEM).

2.2.2 Mechanical Properties
Hardness tests were performed on the composites using 
Vickers hardness tester with a square-base diamond pyra-
mid as the indenter. This method has received fairly wide 
acceptance for research work because of its accuracy and 
flexibility for various materials ranging from DPH of 5 to 
extremely hard materials with a DPH of 1,500. Ultimate 
tensile strength of the samples was tested using an elec-
tronic tensile testing machine based on ASTM standard. 
For a particular cast Al-HMMC, three specimens were 
tested and the mean value along with along with standard 
deviation of the mechanical properties was reported. The 
fractured surfaces of the tensile tested specimens were 
examined in scanning electron microscope. Chill end 
materials were machined on lathe to get the required 
dimensions. 

2.2.3 Wear Test
Specimens of 8 mm diameter and 30 mm length were 
cut from the chill end of the composite. Dry sliding wear 
behavior of the samples was studied using a pin-on-disc 
wear testing machine (Figure 2) as per ASTM G-99-95. 
All the tests were performed on hybrid composite pins at 

different loads 10 to 50 N in steps of 10 N for a sliding dis-
tance of 1500 m. For each test, the pin was cleaned with 
acetone and weighed accurately using a digital electronic 
balance of accuracy 0.1 mg. Each test was repeated for 3 
times and the average results were taken.

3. Results and Discussion

3.1 Microstructure and Mechanical Behavior
Figure 3 shows the optical micrograph of microstructure 
of the samples. It shows the uniform distribution of the 
reinforcements and good bonding between reinforce-
ment and matrix. Although in situ process is known for 
better bonding between matrix and reinforcements it is 
not developed for mass production. However stir casting 
method is simple and convenient which is used by many 
researchers for successful fabrication of the composite. 
Figure 4 shows the graph of hardness behavior of the chill 
cast composites for various weight percentage of garnet. 
It is observed that hardness of the samples increases as 
the weight percentage of the reinforcement’s increases 
up to 9 wt% garnet. Afterwards it slightly decreases for 
higher wt% of the garnet. The possible reason for higher 
hardness could be the fact that the hard garnet act as 
barriers to the movement of the dislocations within the 
matrix. Various other researchers have also reported that 
the addition of hard ceramic particulates to metal alloys 
could lead to improved strength and hardness. 

Figure 5 shows the graph of ultimate tensile strength of 
the samples with respect to various wt% of the reinforce-
ments for different chill materials. It is noted that ulti-
mate tensile strength of the hybrid composite increases 
with the addition of garnet and reaches maximum for 9 
wt.% garnet with copper chill material composite. It can 
be found that the tensile strength of the hybrid samples is 
higher than the matrix alloy LM 13 and single reinforced 
composite. Addition of graphite has profound effect on 
the improvement in the tensile strength of composite. The 
increase in tensile strength can be attributed by the pres-
ence and relatively good dispersion of reinforcement mix-
ture. Similar results were found by19 Al/Al2O3/Gr hybrid 
composites developed by stir casting process.

3.2 Fracture Surface Analysis
The SEM micrograph of the fractured surface of chill cast 
composite is shown in Figure 6. Figure 6(a) shows the 
fracture of 9 wt% garnet with ductile fracture with large Figure 2. Pin-on-disc test setup.
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Figure 3. Microstructure of chill cast HMMC.
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Figure 4. Hardness vs. dispersoid content of hybrid MMCs.

80
100
120
140
160
180
200
220

3% 6% 9% 12%

U
T

S,
 M

Pa

Garnet dispersoid content, wt%

Copper chill

Steel chill

Iron chill

Silicon
Carbide chill
Without chill

Figure 5. Strength vs. dispersoid content of hybrid MMCs.

cleavage. Figure 6(b) shows the fracture of 12 wt% garnet 
composite with brittle fracture with number of dimples 
on the surface. Ductile fracture of a metal occurs after 
extensive plastic deformation and is characterized by 
slow crack propagation. If an applied stress to the speci-
men exceeds its ultimate tensile strength and is sustained 

long enough, the specimen will fracture. Brittle fracture 
could be due to over loading, improper design, selection 
of materials or improper fabrication. It occurs with very 
little plastic deformation. The fracture toughness of the 
hybrid composites reinforced with garnet and carbon 
increased with increase in garnet contents.
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6.a SEM image of ductile fracture 6.b SEM image of brittle fracture

Figure 6. (a). SEM image of ductile fracture. (b) SEM image of brittle fracture.

Figure 7. (a) Wear rate of copper chilled composite vs. load for different wt% of garnet (b) Wear rate of different chilled 
hybrid MMCs vs. wt% of garnet.
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3.3 Wear Behavior 
The influence of the weight fraction of garnet as well as 
variation of load on the weight loss of hybrid composites 
is shown in Figure 7. Figure 7(a) shows the variation of 
the weight loss for the samples consisting 9 wt% garnet 
with copper chill. It can be seen that, as the load increases 
from 10 N to 50 N weight loss increases for all wt% of 
garnet. However, up to 30 N, weight loss gradient was 
less compared to the higher load of 40 N and 50 N. Is is 
also found that weight loss was decreased with increasing 
weight percentage of the reinforcement’s up to 9 wt% of 
garnet (Figure 7(b)). This is due to the fact that garnet 
particles prevent the movement of dislocation and act as 
the obstacles wear. The garnet particles in the matrix alloy 
strengthen the softer matrix limiting the deformation of 
the sliding surface. This result is a good agreement with 
the result of 20.

Figure 8 (a-d) shows the worn surface of the 9 wt% 
garnet with chill cast at various loads. Figure 8(a) wear 
behavior at low load of 10 N with fine scratches 8(b) shows 
the finer grooves and scratches for 30 N. These grooves 

will be deeper in 8(c) for 40 N and Figure 8(d) shows 
the sharp groove for higher load of 50 N. As the load 
increases the friction between contacting surfaces will be 
higher and hard ceramic particles forms the grooves and 
scratches on the surface. The pulling out of the hard gar-
net particles for higher loads results in delamination wear 
in the composite. Figure 9 shows the EDX image of worn 
surface of aluminum hybrid composite with 9 wt% garnet 
and 3 wt% carbon. It shows the various composition of 
the sample and the presence of O in the image proves the 
formation of tribolayer between the contacting surfaces.

4. Conclusions
ASTM LM 13 Aluminum alloy was successfully synthe-
sized with garnet and carbon using stir casting method. 
Optical micrograph and SEM confirms the uniform dis-
persion of the reinforcements with good bonding with 
the matrix. 

EDX test justify the right proportion of the composi-
tion in the specimens. Samples cast using copper chill block 

 

a b 

c d 

Figure 8. (a) SEM image of Granet-9 wt%/C-3 wt% copper chilled HMMC tested at 10 N, (b) SEM image of Granet-9 
wt%/C-3 wt% copper chilled HMMC tested at 20 N, (c) Granet-9 wt%/C-3 wt% copper chilled HMMC tested at 30 N, (d) 
tested at 50 N.
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shows the significant improvement in mechanical proper-
ties. The test result showed that these MMCs were greatly 
influenced by the Garnet particles addition and chilling 
effect. Fracture behavior changes from ductile to brittle 
as the weight percentage of reinforcement increases in the 
matrix. The composite exhibits superior wear resistance up 
to 9 wt% garnet+3 wt% carbon with copper chilling. At 12 
wt% of garnet it exhibits delamination wear. Presence of a 
uniform graphite layer on top of the worn surface helped 
to decrease the wear loss. Hence the composites could be 
substitute for automobile applications.
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