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INTRODUCTION

n advanced material entitled MMCs (Metal Matrix Composites) substitute the traditional materials due to their

higher wear resistance, better strength in several engineering applications such as cylinder liners, pistons, and

other engineering materials. Composites have been the subjects of a competitive and stimulating field for research
from past 2-3 decades [1, 2]. Nowadays, instead of other engineering materials, Al is extensively used in various industries
like acrospace, automobile and defence, due to its lower density, better resistance to wear and corrosion, high strength
with better thermal conductivity and better machinability. As technology progresses, requirement for a stronger, harder,
inexpensive and lightweight materials in the industries [3]. Presently, less weight materials such as Al alloys are chosen as
better material for marine industries and as well as aerospace due to better thermal and physical characteristics. Among
the different types of Al alloys, Al6061 alloy possesses better corrosion resistance and exhibits the excellent strength and
also finds a lot of material applications in the areas such as commercial, automotive, and structural applications. MMCs
from Al alloys have attracted lot of attention due to higher strength and high wear resistance. Particulates reinforced
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MMC:s consist of uniform dispersal of strengthening hard ceramic particles embedded within a base matrix [4]. In general,
these materials show better strength and good stiffness and low density, when it is compared to the matrix. The addition
of hard particulates in Al MMCs can enhance the tensile strength and resistance to wear in soft Al matrix. The
enhancement in mechanical characteristics is generally influenced by uniform dispersal of treinforcements and the
interfacial bonding between the reinforced particulates and matrix. Generally, hard ceramic particulates such as AlOs,
SiC, B4C, TiC and marble dust are used as reinforcement for several engineering applications. It is found that most of the
researcher/s has studied the wear characteristics of hard ceramic reinforced Al composites. But yet the mechanical and
wear behavior of Al is not adequate for the practical applications [5-8]. Further, this type of Al composites exhibits
enhanced mechanical properties with low-coefficient of thermal expansions. The soft particulates (MoSz) impart better
machinability to the base material. This provides for a wide usage of composites in automotive, acronautical and also in
thermal management applications [9-11]. The manufacture of Al matrix composites is undertaken through squeeze
casting, stircasting and powder metallurgy methods. The most often used production method is the stircasting route.
When considering the stircasting method, the parameters like speed of the stirrer, geometry of stirrer and stirring time are
considered. The stirring must be accurate vigorous so as to ensure a uniform mixing of the reinforcements with in the
matrix which in turn to increases their material properties. Suitable selection of parameters is essential to attain the end
properties failing which will be resulting in reduction of material properties. From literature survey it was observed that
when improper parameters were chosen and there was a decreased in the resulting materials properties [12]. The
stircasting method is cost effective and least expensive. In this method, the hard particles are added at the melting point of
the matrix. The development of MMCs is very less expensive with particulates reinforcement in compatison with fiber
teinforcement [13, 14]. Suresh et al [15] evaluated the mechanical strength of Al 7075/ALO3/Mg hybtrid MMC’s produced
by stircasting technique. From the outcomes it was observed that the mechanical properties of hybrid composites were
enhanced when compared with the base alloy. Sharanabasappa [16] conducted the experiments trials on mechanical
characteristics of fly-ash and ALO; reinforced MMCs. It was observed that the mechanical strength of the composites
increased with the increase in Al Os content. Chennakesava Reddy [17] studied the tensile and fracture behavior of Al-
6061/ AlL,03 MMCs. It was found that the strength of material showed an increase with increasing wt. % of ALO; content,
whereas ductility of composites decreased. Alaneme [18] investigated the mechanical characteristics of Al-Al,O3 MMCs.
The outcomes shown that the material properties improved by incorporation of hard particles. It was also found that the
rate of fracture was reduced by increase of wt. % of AlbOs content. V. Bharath et al. [19] in their study, made efforts to
develop an Al composite reinforced with ALO3; by using liquid stircasting method. It was observed that, composites
mechanical behavior improved by the adding of ALOj3 content up to 15%. By adding of Al>Oj particles in the base matrix,
it was found that, the ductility of MMCs decreased. Bhargavi Rebba [20] evaluated the mechanical characteristics of
MMCs reinforced with MoS,-B4C. The tensile and yield strength improved by increase in B4C - MoS; particulates. The
increase in the strength of hybrid MMCs may be due to the existence of hard ceramic particulates. Mitesh and Ashok [21]
evaluated mechanical strength of MMCs reinforced with MoS;/AlOs. From the outcomes it was observed that the
ultimate tensile strength decreased significantly due to the addition of MoS, content from 3% - 9% by weight. The
reduction of tensile strength may be caused by various mechanisms like the crack propagation and particle pull-out, which
are instigated by the existence of MoS, content. However, many researcher/s have catried out material characteristics such
as mechanical, wear behavior and machinability of Al metal matrix composites with AlO3 or MoS; content as reinforcing
materials. Whereas, in the case of Al6061 ALOs-MoS; hybrid composites, inadequate literature survey is available. So
effort was made to examine the microstructure and mechanical characteristics of Al 6061 Al,O3-MoS; hybrid composites.

MATERIAL AND FABRICATION OF THE COMPOSITES

Reinforcements and instruments

n the present research work, Al6061 was used as matrix material and two different reinforcements such as ALOs and

MoS; of wt. % of 3, 6 and 9 with particulates size of 100 mesh were used for the development of hybrid metal matrix

composites. Stircasting method is presently the simple and effective technique available for the fabrication of hybrid
MMCs [22-24]. So, stircasting method has been successfully used for the production of hybrid composites. Electric
furnace was used to melt the matrix material at 700°C. When the molten melt was ready, preheated reinforcements were
added in to the melt on the required content. The stirring process with ceramic coated SS steal blades stirrer with speed of
250 rpm for the duration of 5 min were used during the development of MMCs. Continuous stirring process was
maintained to achieve uniform mixture of matrix and reinforcements. Latter the ready molten metal was poured in to pre-
heated metallic die. After solidification, castings were removed from the die.
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The tensile and compression test samples were pre-machined by using CNC machining. Tensile test samples were
prepared as per the ASTM ES8 standards. Compression test sample were prepared as per the E9 standards [4, 6 & 11].
These test samples were subjected to study the micro-structure and mechanical strength. The test samples of hybrid
composites are shown in the Fig. 1.

Figure 1: (a) Tensile test specimen (b) Compression test specimen

RESULTS AND DISCUSSION

Microstructure analysis
l ] niform dispersal of reinforcing particles show better influence on the mechanical behavior of MMCs [25]. The
microstructure depicted in Fig. 2(a) shows pure base alloy that shows the cast part without any reinforcements.
The Fig. 2(b) shows the optical micrograph of Al 6061 reinforced with 9% AbLOj; - 3% MoS; with uniform
dispersal. The reinforced particles in the MMCs are evidently resolute neat the grain boundaries. It is found that, the
particles are free from clustering and agglomeration due to the stircasting method adopted to fabricate the hybrid
composites. The dispersal of hard particles in Al matrix is a vital requirement for enhancement of the mechanical strength
of the hybrid composites [26, 27]. Reinforcing of hard particles in the Al matrix increase the grain refinement. The
microscopic study shows that the grain around hard reinforcements is much finer when compared to the grains around
reinforcements free matrix alloy. So, hard particulates can induce the recrystallization of the Al alloy by accelerating
particles nucleation among the matrix and reinforcement phase. Similar outcomes have been found by other researchers
[28, 29] and they concluded that, aluminium grain solidifies near by the reinforced particulates which are execution the
nucleation center generally which compromises the resistance to the grain growth.

Figure 2: Optical Micrograph of (a) Pure Al alloy in as-cast condition (b) Al 6061 reinforced with 9% Al,O3 — 3% MoS, with uniform
dispersal.
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Density and porosity

Density of the samples was measured to know the level of porosity, which affect the reliability of the casting technique.
The influence of MoS; on the density of developed composite measured by Eqn. (1). Porosity can be calculated by
differentiating the density values of theoretical (pw) and experimental (pe€m) by Eqn. (2). The density of composite
samples calculated with Archimedes’ principle (water displacement method) as given in Eqn. (1):

m
Qew = M

here, m = mass and V = volume of the test samples.

Porosity level in the developed composites normally appears, due to the entrapment of air while casting. Porosity can
effect the mechanical and other properties of the composite material, which cannot be removed entirely, but can be
reduced by controlling the casting process.

h chp

Porosity (%) = ( ¢ ) * 100 )

o'

The theoretical density for composites can be calculated by using Eqn. (3), which is known as a rule of mixtures,
03~ @y Vm T @, Vi 3)

where o, denotes the density of matrix, Vi denotes the volume fraction of the matrix, o, denotes the density of

reinforcement and V; denotes the volume fraction of the reinforcement.

2.92
2.6
2.88 —#l— Experimrntal Density (g/cm3)
DO —0O=— % of Porosit
i - - 2.4
£ A
) -,
89 2.84 4 P s 2.2
s >
7] L] s
S 2.80- . F2.0 £
= 7’ =]
=) L a
= i
8 / > - 1.8 ©
£ 276 - - A : Base Alloy <
E . / o B :3% ALO, + 3% Mo, s
o ] | C: 6% AlLO, +3% MoS, - 1.6
2, _-" D : 9% ALO, + 3% Mo,
;j : _ - E : 3% ALO, + 6% MoS, | 14
AT F : 3% ALO, + 9% MoS, ’
o
2.68
T T T T T T 1.2
A B C D E F
Composition

Figure 3: Effect on Density and porosity

Density and porosity of AlO3 and MoS; reinforced hybrid Al composites are depicted in Fig. 3. From the results it is seen
that the high relative densities are attained for all the developed composites. The outcome indicates good interface
between the matrix and the reinforcements. Density of ALO3 is 3.98 g/cm?, whereas the density of Al is 2.7 g/cm?. So,
the density of AlOs is high compared to Al matrix. As Al2O3; was added to the Al mixture, it increased the sintered
density. Though, density is not proportional to quantity of Al,Os since addition of Al,O3 caused development of pores.
Density is a measure of assessing a composites compactness and porosity [30]. Further, density of the developed MMCs
was enhanced due to the existence of MoS; particulates. In developed composites, further due to adding of MoS; content,
it was observed that there was an increase in density when compared to matrix alloy. The enhancement of density is
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generally due to the existence of the denser particulates in the composites. The porosity of the developed composites was
studied. The presence of porosity in the developed hybrid MMCs was because of formation of gasses with in the molten
melt. It was observed that, there was absorbing of air bubbles in the molten melt and also some amount of bubbles due to
the diffusion of the gas at the time of the stirring. High porosity was found at higher wt. % of reinforcement composites.
Generally, the porosity has a major influence on reducing the mechanical strength of the developed composites [3]. This
investigation results are in line with Daniel [31] who developed Al MMCs reinforced with hard ceramic particles and MoS»
content by a stircasting method and it was observed that the porosity and density increased by increasing wt. % of MoS;
particulates.

Tensile strength

The test specimens were prepared as per ASTM standards and tests were conducted on UTM whose maximum load is
400 KN. Fig. 4 depicts that the tensile strength of the hybrid composites enhanced with increasing in the wt. % of
alumina content. The observed results are in conformity with observations in most hard ceramic particulate reinforced
MMC:s [18, 32]. The strengthening mechanisms were reported by Chawla and Shen [33] who attributed it to increased load
sustaining capacity of the developed composite by increasing the wt. % of the ceramic particulates and the enhanced
resistance to dislocation of movement by the particles. The strength of the developed MMCs increased because of the
resistance of the dislocations and hence the MMCs strength was enhanced by increasing the content of ceramic particles.
The nature of hard particulates caused an improvement in material strength. Ceramic particulates compare with the
dislocations which led to enhancement in the ultimate tensile strength. Similar results were witnessed by various other
investigators [34, 35]. The ultimate tensile strength improved with an increase in the alumina content which is generally
ascribed to less degree of porosity and also uniform distribution of reinforced hard ceramic particles. This observation is
the witnessed in the results of most ceramic particles reinforced hybrid composites. Abhishek et al. [36] studied the
mechanical properties of MMCs reinforced with hard particles. The results have shown that, the solidification of the
MMCs was higher due to the amount of reinforcement’s present in matrix. Usually, this is due to the complexity involved
because of addition hard particles which hinders the dislocation movements over the base matrix. Further, it is seen that
the decrease in tensile strength may be caused due to several mechanisms like crack propagation and the particle pull-out
which are instigated by the existence of MoS; particulates [21]. Because of MoS; particles, high porosity & interfacial de-
bonding of hybrid composites may result in the reduction of ultimate tensile strength [37]. Similar results were observed
by other researcher/s [38] who stated that, decrease in the strength of developed MMCs may be because of porosity and
presence of higher wt. % of MoS; in the developed composite samples.
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Figure 4: Tensile strength test results of base alloy and hybrid MMCs with different reinforcements

Generally, materials used for engineering applications are selected on the basis of their properties, like hardness, tensile
strength and maximum flexural stress. Tensile test is the common test applied for evaluating the mechanical properties.
Stress-strain cutrve for the developed composites were plotted as depicted in the Fig. 5.

248



9% K. R. Suchendra et alii, Frattura ed Integrita Strutturale, 61 (2022) 244-253; DOI: 10.3221/IGF-ESIS.61.16

—+—Base Alloy ——395A1203 + 3% MoS2 " 6%A1203 + 3% MoS2

——  905AI203 + 3% MoS2 ——39A1203 + 6% MoS2 ——3%AI1203 + 9% MoS2
160

150

140 \
130

120 e —

110 \\

100 \

90
80
70

STRESS (MPa)

60
50
40
30
20
10

0
0% 2% 4% 6% 8% 10% 12% 14% 16% 18%

STRAIN
Figure 5: Stress-strain curve.

P

Al Dinples 7 -O
o & \* 7
. =2\ Particle 2

= o)
R o

- oy
R O

~. Cracks

N

Figure 6: SEM images of fractured surface of tensile test samples (a) as-cast condition (b) Al 6061 with 9% ALOj3 - 3% MoSs.

It indicates that the strength of the hybrid composite reinforced with of Al,Os; with MoS; content is enhanced as
compared to Al alloy. Hard particles which exhibit better bonding with matrix alloy which enables to endure higher load
when compared to matrix alloy. The tensile test of MMCs sample results indicated the deformations with different wt. %
of ceramic reinforcement’s shows the different behavior of failures. The MMCs with 9 % of ALOs and 3 % of MoS;
shows the highest % of elongation and tensile strength when compared to the base alloy and all also other developed
MMCs. The analysis results reveals that, 9% of AlOs; and 3 % of MoS; shows the better results due to increasing in the
wt. % of reinforcements content gives better strength and good machinability characteristics. After tensile tests, surface
fracture tests were performed to characterize the fracture behavior as well as the relationship of the interface among the
reinforcement and the matrix. SEM images of fractured surface were captured at uniform magnifications for both non-
reinforced matrix and hybrid MMCs. This study enables analysis of the microstructural effects on tensile properties of
developed hybrid composites. In case of hybrid MMC, it is always a brittle when compared to the base alloys. Subsequent
growth of voids causes dimple rupture is related with in the fracture progression. Since ceramic particles are introduced as
a reinforcing material the fracture process changes markedly. This micro-mechanism is because of change in particulates
fracture and cracking along with the interface from the formation of shear crash and voids in base matrix [39]. Fig. 6
depicts the SEM analysis of fractured samples of matrix and hybrid MMCs. Extreme ductility is desired in the fabrication
of MMCs caused by micro pores on the surfaces of fractured materials. More number of dimples formations was seen on
the fractured surface non-reinforced base material, which results in higher ductile strength when compared to hybrid
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composites. The fractographic study shows that increase in the wt. % of the Al O3 & MoS; content changed the kind of
failure from ductile to brittle. Generally, this could be cleatly observed from the deformed region and dimples present
within the fractured area. Due to increased hard reinforcement content, it is found that more number of micro
cracks have occurred signifying decreased ductility. Generally, the topology of the fractured surfaces appears with
more number of cracks and voids. The formation of voids is caused by the presence of hard particulates with soft matrix
initiating the triaxial state of stress in the vicinity of a particulates. It specifies good bonding the reinforcements and
matrix. Usually, the grain size and shape of reinforcements determine the bonding ability. Generally, dimple size
indicates the directly proportional relationship with the composite strength. The fractured surface of tensile specimens
indicates the combination of hard particulates at the interface. The combination of hard particles fracture and pullout
was stated to be a fracture mechanism. The voids at the interfaces between the particulates and matrix increased the crack
propagations from their center. The existence of hard ceramic partticles on the fracture surface and as well as in micro
voids also enhance the mechanical properties by improving the bonding of the matrix and decreased in the ductility [40,
41].

Compressive strength

Compression tests of the developed hybrid composites were done as per ASTM-ES8 standards. It was found that, the
compressive strength enhanced by increasing the wt. % of reinforcement. However, the presence of alumina content
contributes to improved compressive strength as compared to base alloy (Fig. 7). It is concluded that the strength
improved owing to the interface among the matrix and the reinforcement [7]. The presence of stiffer reinforcement
particulates in the base matrix acts like an obstacle which resists the plastic flow and motion-of-dislocations with in the
base alloy. Compressive strength of developed hybrid MMCs is higher compared to monolithic owing to the homogenous
distribution of reinforcing particles in Al alloy. As depicted in Fig. 7, the compressive strength of developed hybrid MMCs
reduced when MoS; content was increased. Similar outcomes were observed by other researcher/s [21]. Researcher [6] has
confirmed that the solid lubricant (MoS») effectively affects compression stability, though the negative results impact the
robustness. The observed reduction in compressive strength may be due to the vatious mechanisms such as particulates
pull-out and crack propagations, which are initiated by the existence of MoS; content [21].
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Figure 7: Compressive strength test results of base alloy and hybrid MMCs with different reinforcements

CONCLUSIONS

he micro-structure and mechanical behavior of Al6061 by adding of Al,O3-MoS; particles as reinforcements were

studied. The main outcomes are shown below:

. The particulates dispersal was consistently perceived from micro-structure and clear interface among
particulates and base matrix was observed.
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e Density and porosity of hybrid MMCs increased by increasing in AlO3; and MoS: content due to high density of
MoS; particulates when compared to base matrix.

e  Tensile and compressive strength of hybrid MMCs increased with addition of Al,O3 content. But on further increase
in wt. % of MoS;, particulates decrease in mechanical strength was observed. The strength of hybrid composite
enhanced because of change in CTE of reinforcement and matrix, which led to an increase in the dislocation of
density. Generally, it is confirmed that by increase in the dislocation of density, the strength of the composites can be
improved.

e  Fracture mechanism shown in SEM pictures indicates higher size and uniform size of dimples in base alloy. Dimples
size decreased by adding of reinforcements. Reduced dimple size is because of grain refinement ensued by the
addition of reinforcements.

REFERENCES

[1] Vaidehi, C. and Dhatreyi Boyina. (2020). Dry sliding weat behaviout of aluminium 7075/SiC/MoS; composites at
room temperature. Journal of Engineering, Computing and Architecture, 10(1), pp. 108-120.

[2] Narayan Nayak., Reddappa, H. N., Vijendra Bhat., and Ravikumar, M. (2020). Comparative study of effect of sisal
fibres in powder and short form on the mechanical properties of polypropylene. AIP Conference Proceedings 2274,
030014; DOI: 10.1063/5.0022594.

[3] Gadudasu Babu Rao., Praveen Kumar Bannaravuri., Raja., Apparao., Srinivas Rao., Srinivasa Rao., Anil Kumar Birru.,
Malkiya Rasalin Prince. (2021). Impact on the microstructure and mechanical properties of Al-4.5Cu alloy by the
addition of MoS,. International Journal of Lightweight Materials and Manufacture, 4, pp. 281-289.

[4] Ravi kumar, M., Reddappa, H.N., Suresh, R. and Sreenivasa reddy, M. (2021). Experimental studies of different
quenching media on mechanical and wear behavior of Al7075/SiC/Al,O3 hybtid composites. Frattura ed Integrita
Strutturale, 55, pp. 20-31.

[5] Daghfas, O., Znaidi, A., Ben Mohamed, A., and Nasti, R., (2017). Experimental and numerical study on mechanical
properties of aluminum alloy under uniaxial tensile test, Frattura ed Integrita Strutturale, 39, pp. 263-273.

[6] Kumaraswamy, J., Vijaya Kumar., and Purushotham, G. (2021). A review on mechanical and wear properties of
ASTM A 494 M grade nickel-based alloy metal matrix composites. Materials Today: Proceedings, 37, pp. 2027-2032.

[7] Ravikumar, M., Reddappa, H.N., Suresh, R., Ram Mohan, Y.S., Babu, E.R., and Nagaraja, C.R. (2022). Machinability
study on Al7075/Al,03-SiC hybtid composites. Metallutgical and Matetials Engineering, 28(1), pp. 61-77.

[8] Eremin, M., Kulkov, A., Smolin, I., and Mikushina, V. (2019). Investigation of failure mechanism of Al>Os specimens
subjected to three-point bending test, Frattura ed Integrita Strutturale, 50, pp. 38-45.

[9] Ravikumar, M., Reddappa, H.N., Suresh, R., Babu, E.R., and Nagaraja, C.R. (2022). Optimization of wear behaviour
of Al7075/SiC/ALO3s MMCs using statistical method. Advances in Materials and Processing Technologies, pp. 1-19,
DOI: 10.1080/2374068X.2022.2036583

[10] Steenivasa Reddy, M., Soma, V. C., Sudheer, P., and Reddappa, H. N. (2014). Validation of hardness and tensile
strength of Al 7075 based hybrid composites using artificial neural networks. IJMET, 5(9), pp. 280-285.

[11] Ravi Kumar, M., Reddappa, H. N., and Suresh, R. (2018). Mechanical and wear behavior of Al7075/Al,03/SiC hybrid
composite. Materials Today: Proceedings, 5, pp. 5573-5579.

[12] Karthik, P. G., and Prabaharan, T. (2020). Mechanical and tribological characterization of stir cast AA6061 T6 - SiC
composite. Silicon, DOI: 10.1007/512633-020-00781-y.

[13] Ravikumar, M., Reddappa, H.N., Suresh, R., Ram Mohan, Y.S., Nagaraja, C.R., and Babu, E.R. (2021). Investigations
on tensile fractography and wear characteristics of Al7075-Al,O3-SiC Hybrid metal matrix composites routed through
liquid metallurgical techniques. Frattura ed Integrita Strutturale, 56, pp. 160-170.

[14] Kumaraswamy, J., Vijaykumar., and Purushotham. (2021). Effect of reinforcements on mechanical properties of
nickel alloy hybrid metal matrix composites processed by sand mold technique. Applied Science and Engineering
Progtess, 14(1), DOI: 10.14416/j.asep.2020.11.001.

[15] Suresh., Harinath.,, and Deva Kumar. (2019). Experimental investigation on mechanical properties of
Al7075/A1,03/Mg NMMC’s by stir casting method. Silicon, 44, pp. 1-10.

[16] Sharanabasappa, R. P., and Motgi. (2013). A study on mechanical properties of fly ash and alumina reinforced
aluminium alloy (LM25) composites. Journal of Mechanical and Civil Engineering 1OSR-JMCE), 7(6), pp. 41-46.

[17] Chennakesava Reddy., and Essa Ztoun. (2011). Tensile propetties and fracture behavior of 6061/ALO; metal matrix
composites fabricated by low pressure die casting process. International Journal of Materials Science, 6(2), pp. 147-
157.

251



¢
fFJ
K. R. Suchendra et alii, Frattura ed Integrita Strutturale, 61 (2022) 244-253; DOI: 10.3221/IGF-ESIS.61.16 (l

[18] Alaneme., and Bodunrin. (2013). Mechanical behaviour of alumina reinforced AA 6063 metal matrix composites
developed by two step-stir casting process. Bulletin of Engineering, 6(3), pp. 105-110.

[19] Bharath, V., Auradi, V., and Nagaral, M. (2021). Characterization and tensile fractography of 88 micron sized AlLOsp
particulates reinforced Al2014 alloy composites. Frattura ed Integrita Strutturale, 57, pp. 14-23.

[20] Bhargavi, R., and Ramanaiah. (2015). Investigations on mechanical behaviour of B4C and MoS; reinforced AA2024
hybrid composites. J. Manuf. Sci. Prod., 15(4), pp. 339-343.

[21] Mitesh, K., and Ashok, K. M. (2014). Mechanical behavior of Al 6063/MoS,/Al,O3 hybrid metal matrix composites.
International Journal of Scientific and Research Publications, 4(12), pp. 1-4.

[22] Kumaraswamy, J., Vijaya Kumar, and Purushotham. (2021). Evaluation of the microstructure and thermal properties
of (ASTM A 494 M grade) nickel alloy hybrid metal matrix composites processed by sand mold casting. International
Journal of Ambient Energy, DOI: 10.1080/01430750.2021.1927836.

[23] Steenivasa Reddy, M., Soma, V. C., Sudheer, P., and Reddappa, H. N. (2014). Influence of reinforcements on
mechanical and wear properties of Al 7075 based hybrid composites. Procedia Materials Science, 5, pp. 508-516.

[24] Ravikumar, M., Reddappa, H.N., and Suresh, R. (2018). Electrochemical studies of aluminium 7075 reinforced with
ALO3/SiCp hybtid composites in acid chlotide medium. AIP Conference Proceedings 1943, 020096,

DOI: 10.1063/1.5029672.

[25] Ravikumar, M., Reddappa, H.N., Suresh, R., Gangadharappa, M. (2018). Investigation on hardness of Al
7075/ Al,03/SiCp hybrid composite using taguchi technique. Matetials Today: Proceedings, 5, pp. 22447-22453.

[26] Kumaraswamy, J., Vijaya Kumar, Purushotham., and Sutesh, R. (2021). Thermal analysis of nickel alloy/Al,O3/TiO>
hybrid metal matrix composite in automotive engine exhaust valve using FEA method. Journal of Thermal
Engineering, 7(3), pp. 415-428.

[27] Ravikumar, M., Reddappa, H.N., and Suresh, R. (2018). Study on mechanical and tribological characterization of
AlLO3/SiCp reinforced aluminum metal matrix composite. Silicon, 10, pp. 2535-2545.

[28] Ravikumar, M., Reddappa, H.N., Suresh, R., Babu, E.R., and Nagaraja, CR. (2021). Study on Micro - nano sized
AlO; partticles on mechanical, wear and fracture behavior of Al7075 metal matrix composites, Frattura ed Integrita
Strutturale, 58, pp. 166-178.

[29] Ravikumar, M., Reddappa, H. N, Suresh, R., Sreenivasa Reddy, M., Babu., Nagaraja., Ravikumar, C. R., and Ananda
Murthy, H. C. (2021). Evaluation of Corrosion properties of Al,O3; and SiC reinforced aluminium metal matrix
composites using taguchi’s techniques. Journal of Scientific Research, 65(1), pp. 253-259.

[30] Lina., Xuetao, Y., Fengqing, Z., and Qingbo, T. (2016). Advance on Al,Oj; particulates reinforced aluminum metal
matrix composites (AI-MMCs) manufactured by the power metallurgy techniques- microstructure and properties,
Advances in Engineering Research, 93, pp. 99-105.

[31] Ajith Arul Daniel., Sakthivel Murugesan., Manojkumar., and Sudhagar Sukkasamy. (2017). Dry sliding wear behaviour
of aluminium 5059/SiC/MoS; hybrid metal matrix composites. Matetials Research, pp. 1-10,

DOI: 10.1590/1980-5373-MR-2017-0009.

[32] Ravikumar, M., Reddappa, H.N., Suresh, R., Gangadharappa, M. (2018). Effect of heat treatment on tensile strength
of Al7075/Al,03/SiCp hybrid composite by stir casting technique. Matetials Today: Proceedings, 5, pp. 22460-22465.

[33] Chawla, N., and Shen, Y. (2001). Mechanical behavior of particle reinforced metal matrix composites. Advanced
Engineering Materials, 3(6), pp. 357-370.

[34] Ravikumar, M., Reddappa, H.N., and Suresh, R. (2018). Aluminium composites fabrication technique and effect of
improvement in their mechanical properties - a review, Materials Today: Proceedings, 5, pp. 23796-23805.

[35] Gangadharappa, M., Reddappa, H. N., Ravi Kumar, M., and Suresh, R. (2018). Mechanical and wear characterization
of Al6061 red mud composites. Materials Today: Proceedings, 5, pp. 22384-22389.

[36] Abhishek Kumar., Shyam Lal.,, and Sudhir Kumar. (2013). Fabrication and characterization of A359/ALO3 metal
matrix composite using electromagnetic stir casting method. ] Mater Res Technol., 2(3), pp. 250-254.

[37] Sachin, K. M., and Shanmugasundaram. (2019). Influence of Gr, MoS; and BN on the hardness and weat resistance
of AA2014 hybrid composite after artificial aging. IJITEE, 8(10), pp. 3608-3613.

[38] Saritha., Saikumar., Venkatreddy., and Ravikanth Raju. (2018). Mechanical characterization and wear behaviour of
Al7075 alloy reinforced with alumina and molybdenum disulphide. International Journal of Mechanical and
Production Engineering Research and Development, 8(6), pp. 395-404.

[39] Sathyashankara, S., Gowrishankar, M.C., Pavan, H., Manjunath, S., and Gurumurthy, B.M. (2020). Tensile
fractography of artificially aged Al6061-SiC+B4C hybrid composites. Materials Science Forum, 995, pp. 3-8.

252



¢
f'rof
s K. R. Suchendra et alit, Frattura ed Integrita Strutturale, 61 (2022) 244-253; DOI: 10.3221/IGF-ESIS.61.16

[40] Iyengar., Sethuram., Shobha., and Koppad. (2021). Microstructure, microhardness, and tensile properties of hot-
rolled Al6061/TiB2/CeO: hybrid composites. The Journal of the Southern African Institute of Mining and
Metallurgy, 121(10), pp. 543-548, DOI: 10.17159/2411- 9717/1560/2021.

[41] Halil, Karakoc., Ismail., Sibel.,, and Ramazan. (2019). Wear and mechanical properties of Al6061/SiC/B4C hybrid
composites produced with powder metallurgy. JMR&T, 8(6), pp. 5348-53061.

253




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


