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ABSTRACT

Graphene-reinforced aluminum metal matrix composites (AMMCs) have greater
focus towards research due to their enhanced properties and extensive uses. This
study presents a comprehensive investigation into the mechanical, hardness,
compression, fatigue, wear, corrosion behavior, and microstructural characteristics
of graphene-reinforced AMMC:s, through an emphasis on the consequences of heat
treatment. The fabrication of composites involved the incorporation of varying
weight percentages of graphene (ranging from 5% to 15%) into an aluminum matrix
using liquid metallurgy techniques. Subsequently, heat treatment or ageing process
is employed to assess the mechanical properties like wear, fatigue corrosion and

also microstructure of the composites.

Mechanical characterization tests, including tensile, hardness, and compression
tests, were performed to evaluate the efficiency of graphite reinforcement on the
mechanical properties of composites. The results indicated a remarkable
enhancement in the properties like tensile property, compression property and
hardness upon adding graphene. The maximum content of 15% graphene
reinforcement exhibited the most pronounced enhancement in these properties.
Fatigue behavior analysis was carried out using cyclic loading tests to assess the
composite’s fatigue resistance. The incorporation of graphene reinforcement
effectively mitigated the propagation of crack and enhanced the fatigue property of
the composites, demonstrating their improved durability and resistance to cyclic
loading. Wear investigations were carried out through sliding wear tests to simulate
real-world operating conditions. The graphene-reinforced AMMCs displayed
enhanced wear resistance, attributed to the improved hardness and reduced friction

coefficient imparted by graphene reinforcement.



Corrosion studies were conducted on the composites under aggressive
environments. The gravimetric method is used for conducting corrosion test. The
results demonstrated improved corrosion resistance in the graphene-reinforced

AMMCs, which resulted in the development of a graphene layer which protects the
surface of composite. Furthermore, microstructural analysis technique such as
Scanning Electron Microscope (SEM) was used to examine the micro structure
properties of the composites. Uniform distribution of graphene within the
aluminums matrix was revealed after microstructural analysis indicating good

bonding sandwiched amongst the matrix metal and reinforcement.

In summary, this study enlightens on complete understanding of the mechanical
properties, hardness, compression, fatigue, wear, corrosion behavior, and
microstructure of graphene-reinforced AMMCs with heat treatment. The results
demonstrate that graphene reinforcement enhances the various properties like wear
resistivity, corrosion resistance and fatigue property of the composites. A uniform
dispersal of graphite reinforces inside the aluminum matrix was revealed after
microstructural analysis indicating good bonding sandwiched amongst the matrix
metal and reinforcement. These findings explored the advancement of graphite-
reinforced AMMC:s and their prospective for various industrial applications where

improved mechanical performance and durability are required.
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CHAPTER 1
INTRODUCTION
1. BACKGROUND STUDIES

Castings of aluminum alloy are preferred for many applications in transportation
sectors outstanding to the ratio of weight to strength coupled with excellent
abrasive resistance and corrosion resistance. It is gaining its interest to consider
that up to 90% of casted aluminum components made with aluminum alloys
which makes them extremely important in aluminum casting industries.
Particularly, automobile structural components like housings, frames, wheels and
brackets which are developed with cast aluminum alloys [1]. In particular, these
alloys now a days replacing the components made up of cast iron like cylinder
liners because of its enhanced physical characteristics with excellent wear
resistance. Al 7007 is a cast alloy having composition like 5.9 - 7.5% zinc, 0.40 -
0.70% magnesium, 0.045 - 0.075% beryllium, 0.14% iron and 0.12% copper [2].
A microstructure study revealed a-Al phase, primary Si and CuAl> or Cu-Al-Si-
Mg phase which are rich in Cu, Fe based brittle crystals and Al-Si eutectic [3].
Here, the incorporation of each element has its own importance indicating
improvement in fluidity due to addition of silicon, Magnesium is added to
enhance its hardiness during precipitation, Nickel is incorporated to improve
tensile strength, copper is added to increase the resistance during peak
temperature and manganese is incorporated to transform Ferric intermetallic.
Beryllium is incorporated to modify the properties and to transform insoluble Al-
Mg-Fe-Si phase to nodular phase & hence to alter the chemistry of insoluble
phase which eliminate magnesium confirming its accessibility for hardness during
precipitation. Meanwhile the alloy is heat treatable and its properties like strength,
corrosion resistance and fatigue have improved substantially after T6 tempered
heat treatment. During this process, molten metal is made to treat with grain
refining alloys like Al-Ti-C, Al-3Ti-B, Al-5Ti-B [4]. Alterations during molten
stage during heat treatment modifies the silicon morphology from its coarse

acicular to fibrous form, because of which, it enriches the properties of

1



Composites. Certain other methods are employed to enrich the wear resistance
and strength of Al 6061 by incorporating hard reinforcements like ceramics.
Further, focus is made to incorporate with other reinforcements like graphite
fibers, TiB2& AlOsto modify elastic modulus, thermal and electrical properties.
Because of its exterior mechanical and tribological properties, Al 6061 is

considered as metal matrix to fabricate composites in this present research work.

Modern industries require advanced materials with unconventional combinations
of materials such as alloys, ceramics and polymers to provide exceptional
properties. Due to their attractive properties, they find many applications in
aerospace, underwater and ground vehicles. Metal matrix composites (MMCs)
got better scope for researchers because of its specific properties. Generally,
MMCs in combination with ductile matrix and brittle reinforcement’s exhibits
excellent properties. Incorporation of reinforcements with aluminum metal matrix

modifies microstructure, mechanical, wear, corrosion and other properties.

1.1 FABRICATION METHODS OF MMCS

The MMCs are fabricated by two techniques such as solid state and liquid state
techniques. In solid state techniques like powder metallurgy, diffusion bonding,
etc. there is very little time available to fabricate composites and it is difficult to
produce complex shapes. But in liquid route technique, since the alloy found to be
liquid state, it can be able to attain any shape owing to its fluidity, which helps in
producing any complex shapes of the components during stir casting, squeeze
casting, etc., methods. In both the methods, the reinforcement should be
chemically treated or coated which helps to improve the wettability of
reinforcement and avoid unnecessary reaction amongst reinforcements and metal

matrix.



1.1.1 SOLID STATE FABRICATION

Diffusion bonding is one of the innovative methods for fabricating MMC
sheets. The reinforcement is spread on metal / alloy sheets in a predetermined
direction in the form of layers. Then uniform pressure is applied on these layers
using hydraulic or mechanical press directly as shown in
Fig.1.1. The specialty of this method is, it can produce functionally graded

materials. Although it produces good quality of casting, but is too expensive [4].

Diffusion Bonding

Pressure

Metal foil
Fibers

www . substech.com

Fig. 1.1 Diffusion Bonding for fabricating MMCs sheet
Materials

Powder-metallurgy is also most popular method to develop particle reinforced
composites. In this process, both metallic and reinforcement particles were mixed
and poured into the die which is of pre-determined shape. The mixture of powder
is compacted using cold pressing by means of hydraulic press. This compact
mixture is now heated up to its recrystallization temperature which is below its
melting point of metal matrix during sintering process as shown in Figure. 1.2.
Powder metallurgy method can produce 80 - 90% of theoretical density. Matrix
metals Such as Al, Ti, Co, etc. are blended with SiC, alumina graphite, etc. being
used as reinforcement using a suitable method for producing small and complex

shape composites [5].
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Fig. 1.2 Diffusion Bonding for fabricating MMCs
sheet materials

1.1.2 LIQUID STATE FABRICATION

Infiltration casting technique produces various composites under vacuum pull
or pressure and push the molten metal into the reinforcement. It enhances the
surface properties and wettability of the reinforcements to develop sound
castings. Alloys such as Al, Mg, and Zn etc. whose melting point is lower can be
fabricated with infiltration casting techniques. The reinforcement generally used
in the form of fibers are most suitable due to capillary action which leads to
improved wettability. The degree of casting depend upon the surface tension of
molten metal & degree of wetting condition of the reinforcement [6]. The popular
method of gas pressure metal infiltration to develop composites is shown in

Fig 1.3.
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Fig. 1.3 Gas pressure metal infiltration method of composite preparation



Squeeze Casting is the popular hybrid technique to produce composite structures.
In this method, both pressure and gravity are used to squeeze the molten metal
into the fiber. The pressure and gravity get drastically reduce the shrinkage & thus
eliminating the casting defects. In this technique, all types of metal and
reinforcements can be used for making sound casting. Any complex shape can be
produced easily and comfortably. Similar to infiltration, it is also used for fiber
reinforced composites, but it can be extended even with particles and whiskers

[7]. The set up used for squeeze casting process is shown in Fig 1.4.

Upper movable
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Lower fixed
mold half

Ejector pin
Metal Matrix Composite

Fig. 1.4 Squeeze casting for composite preparation

Compo casting is considered as cost effective process for casting composite
reinforced with particulates or whisker whose detailed procedure is shown in

Fig.1.5.
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Fig. 1.5 Compo casting method for composite preparation



It leads to fracture of particles during stirring process where in, the high speed
blades fracture the reinforcements during mixing of both matrices and
reinforcement in molten slurry. It is slightly distinct from that of ordinary casting
technique during which, the solidification is followed by re melting. The high %
volume of reinforcement composites can be produced with excellent mechanical

properties [8].

Spray Co-deposition is one of the best method to produce particulate reinforced
composites. The molten liquid metal is sprayed on to surface of the metal matrix
as a first layer followed immediately by spraying the reinforcement on the surface
as shown in Fig. 1.6. This process continues until required thickness is obtained.
The matrix and reinforcement are piled up and the specimens got ready after
cooling and with subsequent stages of operations. The billets, rings and plates can
be casted for the particulate reinforced MMCs with liquid metal and solid
reinforcement. Sprayed preforms have characteristically equiaxed grains of
15-50 um diameter at all preform locations and low- levels of micro-segregation

and macro-segregation [9].
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Fig. 1.6 Compo casting for composite preparation
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1.1.3 INSITU FABRICATION TECHNIQUE

This technique provides unidirectional solidification of matrix alloy, which leads
to a multiphase / heterogeneous / composites microstructure that clearly
distinguishes the distribution in the matrix alloy. The process of insitu fabrication
of MMC:s as shown in Fig. 1.7. The uniqueness of this process is, during particle
distribution and dispersion into the matrix alloy, the precipitation occurs during
solidification. The crucibles filled with ingots moves downwards during the
melting of alloy and the solidification occurs simultaneously. This insitu
fabrication casting technique gives higher strength, low creep and thermal

stability of the composites [10].
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1.2 FORMING PROCESS OF MMCS

The forming process provides pre-defined shape without removal of material
using compression, tension, shear and combined stresses in order to malleably
deform the materials. Few methods of fabrication process of MMCs are given

below.

Forging [12-13] is one of the greatest extensively used technique of forming
processes to develop finished product by means of applied compressive forces
using hand hammers, power hammers, hydraulic systems etc. Higher temperature
forging i.e., hot forging is one of the cost effective fabrication technique for

developing composites as shown in Figure 1.8.
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Fig. 1.8 Forging method for composite preparation [11]

The forging operations are categorized into cold and hot forging for shaping
composites with enhancement in hardness, work hardening, good surface quality

with high accuracy. It also improves the mechanical and fatigue properties.

Rolling [14] process for MMCs is most popular industrial metal forming
processes in which compressive forces are utilized for compacting the specimens,

which leads to reduce the geometry of the materials. In this process, materials get



Squeezed in between too hard and hot rollers as a result, the thickness of the

materials drastically reduces as shown in Fig. 1.9.

Upper roller

Lower roller

Fig. 1.9 Rolling method for composite preparation

Generally, all rolling processes require high temperature, due to which industries
need a very large deformation. Another advantage is higher deformation metal
forming is the products obtained are of generally free from residual stress. The
important features of rolling is that fast forming operation and high output

product and free from any type of damage.

Extrusion process [15-16] involves forcing the MMCs through a small opening
or narrow aperture opening in order to reduce the geometry of samples such as
reducing the diameter and increasing the length of the specimens by means of
with or without temperature as shown in Fig.1.10. Complicated aluminum metal

matrix composite sections are forward extruded for various applications.
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Fig. 1.10 Extrusion process method for composite preparation

1.3 PROPERTIES OF MMC’S

MMCs offer a significant contribution for designing structures with excellent
mechanical and physical properties in comparison with conventional metal alloys.
There is a huge selection of alloys and reinforcement allows to develop the MMCs
with lower density, thermal coefficient of expansion, good mechanical strength.
Addition of strong reinforcement into the alloys exhibited superior mechanical
properties like high specific strength, tensile property, creep and fatigue property,
simultaneously decreased the fracture toughness and ductility property of

composites, which limits its usage in industries [17].

The nature of reinforcement and % volume of reinforcement incorporated have
affected its young’s modulus of the composites developed. For example, elastic
modulus which is reported in literature review, found to be improved with
addition of reinforcement. Even, the heat treatment or ageing also increases the
young's modulus slightly. Many factors like type & size of the reinforcements
added , % volume of reinforcement, secondary operation processes influence both
tensile strength and yield strength of the MMCs and influences its elasticity nature
of the material behavior. The peak aged specimens exhibited higher hardness,

mechanical strength, greater amount of elastic strain, etc. Due to secondary
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Processes, the residual stresses found to be developed in the structure which
results in reduction in ductility. The residual stresses are developed in the
structure because of the variances in coefficient of thermal expansion among the

metal matrix alloy & reinforcement [18].

The study of friction and wear of the surfaces of two components during their
relative motion is popularly known as tribology which is an interdisciplinary area.
Thus when the surface of pure aluminum and its alloys slides or comes in contact
with the hard surface like steel or iron, then, there is a progressive loss of material
is found in aluminum. The process of adherence of material in the form of layer
by layer which is removed from the surface of aluminum onto the surface of
iron/steel followed by the formation of an interface with shear strength. The
adherence of layer of aluminum to the surface of steel substrate occurs when
there is increase in relative motion of these two counterparts [19]. When there is
an increase in sliding action, shear debris is developed because of the ploughing
action caused by hard sharpness of metal surface. Sometimes, due to improper
lubrication, aluminum alloys found to be more susceptible to get seized.
Moreover, it is essential to understand that both friction and wear are system
dependent properties rather than intrinsic properties of material. Hence, it is
essential to realize the responses of materials and alter their properties to acquire
required resistance property in reducing friction and wear. Hence, by altering its
composition during the stage of processing itself, the properties of the component
can be altered as per the requirement for a specific application. Orchard equation
under dry sliding wear condition can be used to develop simple correlation
between hardness and wear resistance. Even then, the recorded experiential data
cannot be related with that of generalization of wear behavior because of the wide
range of discrepancy found in operating conditions. Many researchers were of
opinion that the incorporation of ceramic reinforcements which demonstrated
remarkable enrichment in wear resistivity of MMC’s [20]. But then, to achieve
enhanced wear resistivity, the boundary amongst the reinforcement and the matrix
metal need to be strong enough so that the deboning of reinforcements

occur
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during wear test. The detailed literature survey clearly favors that the silicon
carbide particles provide enhanced better wear resistivity property compared to
other reinforcements. Hence, it is very much interesting to explore the tribological
properties of Al composites reinforced with dual size SiC [21].

After conducting enormous literature survey, it is found that various mechanical
properties and tribology properties of Al composites reinforced with dual size
graphite particle were not explored and to bridge this gap, a research work is
conducted. As mentioned, the matrix material chosen is Al 6061 which is strong
candidate material for automotive applications and graphite particles of different
sizes is chosen as reinforcement material. The dual particle size aluminum
composites having different weight ratios of large and fine graphite particles is
fabricated with stir casting technique. In addition to this, the consequence of T6
heat treatment on aluminum composites on various properties is studied. The
microstructure is studied using both optical electron microscope and scanning
electron microscope to analyze the uniform dispersion of graphite particles and
interfacial bonding amongst aluminum matrix alloy & graphite particles [22]. The
precipitates and dislocations are studied using high resolution transmission
electron microscope (TEM). Mechanical properties like yield strength, tensile
strength and elongation were deliberated by conducting tensile test according to
ASTM standards. Dynamic property like free vibration behavior was obtained by
conducting finite element analysis. Finally, tribological behavior in terms of wear
as a function of varying load was obtained by performing wear test under dry
sliding as per ASTM standard. The wear debris from the worn out surface were
analyzed using scanning electron microscope to arrive at possible mechanism of
composites during wear process [23].

A polarization resistance also demonstrate a vigorous role in the area of applied
metallic corrosion under corrosive environment. In this context, the kinetics of

corrosion on active metals is more relevant than that of the passive metals during
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aggressive environment [24]. Because of pitting action, the protective passivation
film breaks down, resulting in corrosion on metal surface. In other hand, Shi et al.
[25] Have deliberated the impact of extrusion on the of magnesium alloy’s
properties during corrosion, because of its grain size of the refinement, the rate of
corrosion was noted to be lower. The enhancement of corrosion resistance in
aluminum alloys due to extrusion and due to effective refinement of secondary
phase [26] who disclosed that the extrusion significantly enhances the corrosion
resistive property of aluminum alloy [27]. But there is no enough investigation
on the consequence of an extrusion process on the behavior of aluminum
composites during corrosion process at present. Hence, it is really needed to
explore the consequence of extrusion on the corrosion resistivity of aluminum

composites for structural applications.
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1.4 APPLICATIONS

MMCs find many potential applications like mechanical, packages for electronic
components, thermal insulations, housings for mechanisms and bushings as show

in Fig. 1.11.

Fig. 1.11 Al MMC:s for electronic packaging applications

MMCs are of combination of tailorable thermal coefficient of expansion and high
thermal conductance with low density which found their usage in electronic and
thermal packing materials. Many aluminum composites are been qualified during
Space applications. The MMCs with significant high specific strength those
produced from mother alloys, which leads to cost saving during any net shape
manufacturing processes. Many MMCs are used in space thermal management
for geosynchronous earth orbit communication satellites due to higher
conductivity during thermal expansion than that of the matrix alloys. The MMCs

flourish for space applications because of their specific strength and thermal
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Conductivity. Major application of AMMC is found in Hubble space telescopic
antenna having high gain boom of the length 3.6 m prepared with a sheet of

bonded diffusion of P-100 graphite fiber reinforced Al MMCs [28].

Al MMCs incorporated with graphite particulates which are used for Hubble
space craft structure as shown in Fig. 1.12 due to their stiffness, thermal stability
& low thermal coefficient of expansion to monitor the position of antenna in the
course of space maneuvers which have a good electrical resistance, which provide
the wave guide function enabling electro-magnetic signal between the spacecraft

and antenna dish on the earth [29].

1.12 Hubble Space Telescope

All MMCs are used in automobile sectors, aviation industries and domestic
industries. Light weight Al MMCs already fabricated components like piston
rods, piston rings, valve trains, piston and gudgeon pins, cylinder-head,
crankshaft-bearing etc.[30]. Ti MMCs are already used in aircraft propulsion
components because of higher thermal conductivity and temperature stability,
lower CTE and high specific strength. Al-Gr MMCs mostly find application in
power electronics and electronic devices. Presently MMCs are also used for

bicycle frames but are more costly.
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1.5 ORGANIZATION OF THE THESIS

The following chapters insights the objectives, framework and context of the
present research.

CHAPTER 1 INTRODUCTION: gives a brief information about problems in
primary process (stir casting), other composite preparation process, secondary
forming process, applications, properties, research gap, objectives and
organization of report.

CHAPTER 2 LITERTURE REVIEW: presents detailed theory on MMC such as
types, advantages, applications and gives theory on extrusion process.

CHAPTER 3 OBJECTIVES AND METHODOLOGY : outlines the methodology
adopted to attain objectives framed out for the current research work.

CHAPTER 4 EXPERIMENTAL STUDIES: demonstrates the methodology and
its performance to proceed with the Al MMCs using liquid metallurgical casting
and the characterization of the Aluminum composites were performed by
determining wt. %, reinforcement distribution for mechanical, fatigue and wear
properties.

CHAPTER 5 RESULTS AND DISCUSSION: deals with of exploration of
several mechanical properties viz compression strength, tensile strength, ductility,
hardness and tribological properties of aluminum and its alloys with parameters
like variable speeds, loads and distances and fatigue behavior studies.

CHAPTER 6 CONCUSION: reveals the detailed conclusions and the prospective
scope for future research work.

CHAPTER 7 FUTURE SCOPE based on the current research work, future scope
is suggested further who pursue research in this area.
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CHAPTER 2
LITERATURE REVIEW

Exhaustive review of the previously published literatures pertaining to the
current work is explored in this chapter which begins with prior work on
ALMMC’s. Further, a review of previously conducted studies on tribological
properties of ALMMC’s is demonstrated. To end with, an assessment on

composites reinforced with dual particles is presented based on prior literatures.

2.1 ALUMINUM ALLOY

Aluminum 1is the second important plentiful material available in universe.
Having high abundance and exceptional mechanical properties like low weight,
low density and high strength is one of the abundantly used material after steel
for structural applications with its density of one-third of steel. Depending on the
need and application, there are several series and grades of aluminum alloy like
Ixxx series up to 8xxx series. Al6xxx series with magnesium as the principal
alloying element is sued for high stresses structural applications as they exhibit

high specific strength in comparison to other aluminum series.

AA6061 is one of the most widely used aluminum during various structural
applications likes hafts, engine castings, turbine casting inline skating frames,
rifles for military, hang glider airframes, components of bicycle etc. Inspire of
its high strength characteristics, it is restricted to wide scope due to poor
corrosion behavior [31-34].

Corrosion is amongst the most important marine complications which causes
problems in ships, submarines and other marine structures [35]. Metal corrosion
depends on various factors like type of metal used, chemical environment,
atmospheric condition, humidity, mechanical forces etc. AA6061 can face
severe galvanic attack when comes in contact with nickel alloys, copper alloys,

titanium, steel and stainless steel. Hence it must be always coated, anodized or
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catholically protected for marine applications. Aluminum based composites are
common now a days since they enhance the structural and electrochemical
behavior of the substrate. Aluminum has inherent property of becoming
sacrificial anode in corrosive environment. Many researchers have focused their
study on coating aluminum alloys with aluminum - based coatings. Al-Si
coatings is one such alloy composition which can be used for coating purpose as
it exhibits high corrosion resistance and also aids i n improving the mechanical
and strength characteristics.

During the last decade, graphene has emerged as the most desirable
reinforcement element. It is about 100 times stronger than in proportion to their
thickness. Graphene has high surface area and has nonpolar carbon structure
which makes it highly hydrophobic in nature. Also graphene derivatives like
Graphene Nano sheets are highly chemical inert, thermals and impermeable to
gases and fluids. These properties make them good candidates to be used as
reinforcements for protective coating. But, a uniform dispersal of Nano size
graphene into the composite powder is very much challenging. Various
techniques for mixing the powder like wet mixing, ball milling, etc. have been
used for uninform dispersion without forming agglomeration. Another challenge
is to obtain a uniform coating of the substrate which would act as barrier against
corrosive environment.

Although AA6061 shows excellent strength characteristics, it is limited to much
wider applications due to its poor corrosive resistance & poor formability .Hence
it must be always coated, anodized or be catholically protected marine
applications. Several researchers have focused their interest to enhance the
corrosive resistance of AA6061 alloy. Dhanish et al. have developed a protective
layer of corrosion resistive for AA 6061 by enhancing simultaneously
anodization & sealing parameters of MnVO. Electrochemical behavior of
coatings developed using Electro Impedance spectroscopy and potentiodynamic

polarization tests was reported.
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Mohan D et.al. Have used high Nd: YAG laser power to accomplish shielding
of Al-Si powder on Al-6061substrate. Since Al-Si powder is highly corrosion
resistant material, it is best fit to be applicable during repairing work as a filler
material [36]. Also impurities like Si improves castability and fluidity of
aluminum alloy [37] Car et al. laser cladded Ti/TibCN coatings on 6061
aluminum alloy. It was expressed that corrosive potential of AA 6061 improved
tobel.271V. Also, one order magnitude was used to reduce the corrosion current
density [38]. Jing et al. investigated electrochemical behavior by modifying
aluminum 6061 alloy surface by depositing alumina coating using PEO (Plasma
Electrolytic Oxidation) process. Excellent reduced corrosion current density and
wear rate was observed [39]. Hussein et al. developed non- fluorinated super
hydrophobic surface face of aluminum 6061 alloy by high vacuum process for 4
hrs and laser patterning [40]. Asif et al. developed AA6061/SiC MMC for better
electrochemical behavior. This led to improved corrosion rate under different
corrosive environment [41].

2.2 Al-Si Coating

Aluminum based coatings proved to be very good barrier against corrosion as it
passivates and forms a dense oxide layer. However, it results in sacrificial anodic
protection elements like silicon, magnesium, graphene can be used to overcome
this problem as it would help in lowering corrosion potential and decrease inter
metallic layer thickness [42]. Al-based composite coatings to reduce corrosion
damage using surface engineering principle shave been commonly used for
marine structures. Harshavardhan et al. developed plasma spray coated aluminum
alloy reinforced with Silicon carbide and graphene which proved to have enriched
wear resistivity and resistance to corrosion [43]. Huang et al. have deposited
electrode Ni-SiC composite coating on A356 aluminum alloy [44].

The corroded parts of structural air frames were repaired using Al-Si alloy filler
material due to its high corrosion resistive properties. Several researches have

focused their interest on using Al-Si alloy as coating materials to enhance the
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Corrosive resistance of the substrate [45]. Cho et al. coated 22MnB5 press
hardened steel with Al-10Si alloy and studied its significance on it s
microstructural characteristics and the mechanical properties of the substrate
[46]. Couto et al. have applied Al-Si coating to coat 22MnB5 steel for better
electrochemical behavior and estimated the impact of process of hot stamping on
the corrosive property of the coated substrate. It was reported that local galvanic
couple formed highly depended on the hot stamping process [47]. While, Yunying
used Al-10Si-Zn composite coating to coat 22MnBS5 steel to enhance the corrosive
resistance [48]. Riquelme et al. applied laser cladded Al- 12Si composite coating
on Al 6082 to enhance the corrosive resistivity of AA6082 [49-50]. Su et al.
applied thermal spray coating process for coating aluminum alloy using Al-Si-ND
composite Lower current density during corrosion and Superior potential during
corrosion because of coating deposition was reported [51]. Jun et al. have
developed Al-128Si reinforced with AlsTi particles & TiB2 alloy to coat Al 6028
using GTAW [52].

2.3 GRAPHENE REINFORCEMENT

Graphene is most popularly used reinforcement material to develop ALMMC. 1t is
known designated as one of the hardest and thin nest material with extraordinary
mechanical, electrical and thermal properties [53-54]. Graphene is about 100
times much stronger than steel in proportion to its thickness. [55]. Also, it is one
of the promising corrosion-resistive coating material because of its super
hydrophobic nature. This is due to the fact that, it is thermally and chemically
stable and inert under varying environmental conditions [56]. AMCs are
reinforced with various graphene derivatives i.e., Graphene Nano-platelets
(GNPs), Graphene Nano sheets (GNSs) Graphene Nano flakes (GNFs), etc.
Several researchers have developed AMC with reinforcement with various

graphene derivatives [57] as described in Table 2.1.
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Table 2.1 Review on AMCs developed using Graphene derivatives

Base Graphene Wt.% Year | Reference
Material Derivative reinforcement

Al7050 Graphene 0.33,0.55,0.77 2000 | [58]
Al Graphene 0.1 2013 | [59]

Al GNP 1,23 2011 | [60]
Al GNS 0.3 2010 | [61]
Al GNP 1,3,5 2017 | [62]
Al2124 Graphene 2,4,6 2014 | [63]
Al6061 Graphene 1 2016 | [64]
Al GNP 0.25,0.5,1 2017 | [65]
Al- GNF 0.15,0.5 2018 | [66]

Al GNP 0.3 2011 | [67]
AlS052 GO 2014 | [68]
Al Graphene 0.25,0.5 2018 | [69]
Al GNF 0.5,1,1.5,2 2006 | [70]
Al7050 Graphene 0.3,0.5,0.7 2017 | [71]
Al FLG 0.3,0.5,0.7 2019 | [72]
Al GO 0.1, 0.25,0.5 2015 | [73]
Al Graphene 0.05 2016 | [74]
Al6061 Graphene 2015 [75]
Al GNP 1 2015 | [76]
Al356- Graphene 1,3,7 2017 | [77]

Swt%SiC

Al Graphene 1,2 2016 | [78]
Al6063 Graphene 2,4,6 2014 | [79]
Al Graphene 0.5 2006 | [80]
Al6061 Graphene 2 2017 | [81]
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Al GO 0.2 2012 | [82]
Al GNP 0.5,1 2013 | [83]
Al FLG 1 2014 | [84]
Al Graphene 0.3,0.6,09,1.2| 2006 | [85]
Al Graphene 05,1,2 2015 | [86]
Al MLG 2019 | [87]
Al GNP 0.5,1,3,5 2010 | [88]
Al GNS 0.25,0.5,1 2013 | [89]
Al/Mg GO 1 2018 | [90]
Al FLG 0.05,0.2,0.4,1 | 2013 | [91]
Al Graphene 0.5,1,2.5 2018 | [92]
Al Graphene 0.1,0.2,0.3 2017 | [93]
AA6061 Graphene 0.5,1,1.5,2 2016 | [94]
Al GNP 0.2 2015 | [95]

From the review, it is observed that low graphene content is used as
reinforcement to AMCs. This is due to difficulty and complexity in
homogeneous dispersion of graphene within Aluminum matrix without making
any agglomeration [97]. Because of Graphene’s surface area and because of
Vander Waals forces among Al-matrix and graphene, there is formation
agglomerates which leads to the deterioration of desired properties and results in

inferior outcomes. [98]

2.4 BALL MILLING OF GRAPHENE
Numerous researchers have adopted ball milling process for production of
graphene reinforced Al matrix. Table 2.2 describes review on Ball Milling

parameters adopted by researchers.
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Table 2.2 Review on Ball Milling Parameters adopter for Al/graphene composites

Sl. | Base Wt.% of | Milling BPR | Rotati | Milling | PCA Milli | Ref.
No | material | graphene | type onal atmosph ng
speed | ere time
(in (in
rpm) hrs.)
1. | Al Graphene | Attritor - - Argon - 1 [99]
with with
0.1wt. % high
energy
r
2. | Al 0.3wt Attritor 325 - - [100]
%
graph
ene
3. | Al2124 graphene | Turbule 15:1 | 400 Argon - 2 [101]
nt mixer
4. | Al6061 1wt% SPEX 2.5:1 ] - Ambient | - 0.18, | [102]
graph 0.6,1.
ene 0,
1.6
5. | Al 0.26,0.6, SPEX 6:1 - Argon - I, 5, [103]
GNP with 7
1wt.%
6. | Al-3.8 0.6 wt.% Roller 11:2 | 76 Ethanol - 14 [104]
Cu-1.6 GNF Milling mixed
Mg tank with wet
7 Al Attritor 45:2 | 190 Stearic - 4 [105]
GNF  with acid
0.6 wt%,1.0
wt%,1.5
wt%,2.0
wt%
8 Al FLG with | Planetary | 20:2 | 250 - - 2 [106]
0.8wt. % ball mill
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9 Al Graphene | Planetary | 25:2 | 200 Ambient | - 8.6 [107]
with ball mill
0.05wt%
10 | Al2024 | FLG with| Highen 20:2 | 700 Ar - 8 [108]
0.05,0.1 ergy
vol% ball
mill
11 | Al Iwt%GNP 20:2 | 600 - - 8 [109]
12 | Al6061 Graphene | Planetary | 15:2 | 380 Ar - 2 [110]
decorated | ball mill
with 0.8
wt% Ni
13 | Al 0.5wt. % 18:2 | 250 - - 4 [111]
rGO
14 | AI2219 | Graphene | Planetary | 5:2 | 250 - Toluene | 8 [112]
with 0.5, .
12wt % ball mill
15 | Al Graphene 15:2 | 300 Ar - 6 [113]
with0.25,0.
5,1,2wt.%
16 | AlMg5 1wt.%GO | Planetary | 15:2 | 380 Ar - 30 [114]
Ball Mill
17 | Al 0.5,1,2.5 | Planetary | 6:1 250 Ambient | - 4 [115]
wt.% ball mill
graph
ene
18 | Al 1 wt.% SPEX - - - Wet 0.18 | [116]
mixing
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19 | Al- Iwt% FLG | - - 380 Argon Wetmi | 6 [117]
1.5wt% xing3+
Sn n
ethanol
20 | Al-Si I1wt%GNS | Planetary | 20:1 | 300 Argon - 25 [118]
alloy Ball Mill
21 | Al Swt%GNP | - - 380 - - 6 [119]

2.5 REVIEW OF MECHANICAL PROPERTIES

Purpose of development of composites is to improve the desired properties of
conventional materials for an extensive variety of applications. Regarding this
aspect, many research works at both institution and industries level have been
documented for various properties such as mechanical / tensile, fatigue, impact,
compression, bending, buckling, moisture absorption, etc.

Srivyaset al. [120] scrutinized the significance of orientation of fiber on the
tensile behavior of Kevlar and glass fiber based Composites with aluminum under
static in plane loading condition and concluded that there is found to be increase
in ultimate tensile strength with 0° orientation by 32% and 110% when compared
with 45°and 90° fiber orientation respectively. Zhao et al.[121] have observed Al
2024 grade with GFPP as composite layer incorporating a interlayer based on
maleic-anhydride modified copolymer between the metal layer and composite to
enhance its Young’s modulus of 25 MPa to 75 MPa and tensile strength of
200 MPa to 500 MPa. Hashmi et al [122] characterized tensile properties on the
aluminum matrix samples with 0°/90°and + 45° SRPP samples along with
(Al+45°) composites samples. They demonstrated that composites offered a
higher strength (120MPa) than that of matrix composites (60MPa). In the same
way, the strain to failure of (Al+45°) was noticed to be superior than that

measured on the matrix aluminum alloy. Arif et al. [123] developed a composite
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laminates comprised of aluminum, steel & epoxy/glass fiber for performing
tensile tests and concluded that the composites whose specific strength is found to
be greater than that of monolithic aluminum (by 46 to 103%) and steel (by 38 to
91%) layers even though GRP’s specific strength is higher than the developed
composites. Vijaya Ramnath et al. [124] noted that the tensile properties of
composites is affected by its individual components. Composite laminates under
tension have exhibited an inelastic behavior because of its plasticity nature of
aluminum layers. Panizam et al [125] documented that the addition of composite
to the metal layer serves to increase the tensile strength of the component i.e. 350
MPa (40%VF), 400 MPa (60%VF) and 420 MPa (70%VF). The elastic modulus
of GLARE is found to be lesser than that of monolithic aluminum because of its
lower elastic modulus of epoxy/glass layers. Since epoxy/glass has a lesser
modulus, the layer of metal in laminate will exhibit a better stress and thus
decreases significantly the yield strength of the laminates. Krishna et al.[126],
noticed that aluminum carbon fiber laminate offers a better resistance of 220
MPa compared to 135 MPa of monolithic aluminum and 145 MPa for aluminum

glass fiber laminate under tensile loading.

2.6 REVIEW OF TRIBOLOGICAL PROPERTIES

Tribological properties deal with friction, wear and lubrication behavior against
the rubbing body in various applications such as bearing, IC engines, power
transmission etc. Although it deals with all the three properties, but industries are
more focused on wear since it leads to premature failure, increasing operating
temperature and over lubrication consumption. One of the major disadvantages
of wear is phase out of the material on solid surface during dynamic conditions.
Hence many researchers focused on improving the wear resistance by adding hard
particles into matrix materials which are used as bearing properties.

In this context, the research has been proved that the incorporation of hybrid
reinforcements such as graphite and B4C into aluminum metal matrix leads
in decreasing the wear rate drastically because of the existence of supporting

reinforcements within the base material. The reinforcements act as an
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intermediate materials between the discs and pin at normal speed during wear
test. The B4C reinforcement act as a load barriers and graphite act as solid dry
lubricants. Hence the researchers have claimed that both wear and friction
simultaneously reduced by incorporating hybrid particles.

The wear test to understand the behavior of an Al /SiC composites has been
conducted and the same is reported in the research papers. Researchers claimed
that percentage of SiC particles was noted as highest contributing factor on the
rate of wear trailed by sliding velocity and sudden jerking load are noted as
second and third influencing parameters. The addition of SiC enriches the wear
resistance up to 16%, beyond which starts to reduce drastically because of
hydrogen embrittlement of material which drops ductility and becomes brittle.
Some researchers focused on the application of Al/graphite composite materials
for internal combustion engine chamber and observed longer durability i.e.,
decrement in rate of wear , reduced coefficient of friction of rubbing surfaces like
cylinder wall and piston ring . It is noticed that the incorporation of graphite
particulates drastically reduces tribological properties. Some of graphite
particulates seen in the lubrication area between the territory of sliding leads to
graphite enriched lubricant in the tank Tribological properties becoming poor
quality when the % vol of graphite in the composite is high because of the
presence of holes in the bunches of graphite particulates [127-128].

2.7 REVIEW OF FATIGUE PROPERTIES

ALMMC is a promising material prominent for several crucial uses because of its
extraordinary enriched specific stiffness [129], fatigue strength [130] wear
resistivity [131] and alterable coefficient of thermal expansion [132-134].
Ancillary methods like as turning,milling,drilling, etc. its physical and
mechanical properties , microstructure which entirely amends the components

fatigue life [135] . Generally, hard reinforcement particles incorporated into the
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metal matrix shows inconsistency in its physical, mechanical and thermal
properties and developed cracks for the period of fatigue loading [136]. The
inconsistency amongst the reinforcement and the matrix enriches the residual
stress which is induced resulted in drastic reduction in fatigue life at its crucial
operating conditions [137]. It is essential to enhance the fatigue strength of
aluminum composites; simultaneously, required to understand thoroughly during
alternate methods of heat treatment [138]. The fatigue strength found to be
influenced by its intrinsic properties of alloys. Viz, reinforcements &
microstructure and also ancillary methods like heat treatment or aging attended by
the consequences of fatigue life [139]. Defects found in matrix materials during
ageing process, can be overcome by heat treatment which alters microstructure
especially grain size to improved fatigue life [140]. Carbon Nano tubes made up
of aluminum metal matrix composites exhibited greater elastic modulus, fracture
toughness, coefficient of thermal expansion and hence further more attention is
required [141]. Because of its expensive, several authors [142-144] have
explored the consequence of graphite and carbon black nano powder to enrich
several mechanical properties and fatigue properties of ALMMC. Exhaustive
review [145-147] conducted on aluminum composites incorporated with graphite
disclosed that ageing process has a significant influence exclusively on hardness.
The significant effect of reinforcements on microstructural property and fatigue
strength of numerous aluminum composites is explored by previous research
literature; but inadequate review is presented for without heat treatment. Since, a
clarity is needed on the importance of graphite reinforcement and heat treatment
on the fatigue strength of aluminum composites and hence an exertion is
exercised for exploring the significance of incorporation of graphite particulates
as reinforcement and ageing on the fatigue properties of aluminum composites by

using stress life (SN) & reliability stress life (RSN) methods.
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2.8 REVIEW OF CORROSION BEHAVIOR

Corrosion is amongst the most important marine complications which adverse
problems in ships, submarines and other marine structures. Metal corrosion
depends on various factors like the type of metal used, chemical environment,
atmospheric condition, humidity, mechanical forces etc. Surface barrier coatings,
organic coatings and heat treatment are the most common methods used for
protecting aluminum alloys during corrosion [148].

There is a need of corrosion protection of aluminum alloys used in marine
structure when operating in sea water medium. Estimations revealed that that
corrosion costs are as high as & it accounts for 3.6% of global GDP according to
NACE report 2016. Apart from this, another issue of concern is the catastrophic
failures and environmental damage occurring due to corrosion [149].Appropriate
corrosion resistive material selection; organic and metallic coatings; sacrificial
anodes; corrosion inhibitors sue, etc. are some of common methods to prevent and
protect the materials against corrosion [150].

Several researches have focused on improvement of corrosion resistance of base
substrate matrix metals using reinforcements and coatings. Devaneyan et al.,
found improved corrosion resistance of AA606lalloy using TiC reinforced
Polyurethane PMC coating by conventional spraying process [151]. Fabricated
TiCN coated 6061 aluminum alloy using PVD for protection of the aluminum
alloy against corrosion. [152]. Dhanish et al., generated a corrosion resistance
protective layer for aluminum 606lalloy by simultaneously optimizing the
variables during sealing of MnVO and anodization. Electro Impedance
spectroscopy (EIS) is used to study the electrochemical behavior of the developed
coatings reported by [153].Couto et al, have used Al-Si coating to coat 22MnB5
steel for better electrochemical behavior. They estimated the influence of the
process of hot stamping process on the corrosion property of coating on the
substrate. It was observed that local galvanic couple formed highly depended on
the hot stamping process [154]. While, Yunying used Al-10Si-Zn composite

coating to coat 22MnBS5 steel to enhance the corrosion resistance. Requelme et al.
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coated composites using laser cladded AI-12Si on AA6082 alloy to enhance the

corrosion resistivity property of AA6082 [155]. Deposition of AI-Si-ND

composite coating on aluminum alloy with the help of thermal spray process was

explored by Fu et al. Lower corrosion current density with improved corrosion

potential was reported with coating deposition [156]. Table 2.3 discusses the Al-

based coatings used for protection of substrate metal against corrosion with

different spray techniques in varying electrolyte medium

Table 2.3 Al-based coatings as barrier against corrosion

Polarization curves

Substrate | Coating Electrolyte | Spraying | Method for | Year | Ref.
material method .
evaluation of
electrochemical
behavior
22%  Cr | Al99.5% Artificial Electric Linear 2016 [157]
duplex Seawater Arc Polarization
s taIi) nless resistance(LPR)
steel
Glass Al199.5% Artificial Electric Linear 2014 | [158]
Sea Arc Polarization
Water resistance(LPR)
Steel Al199.6% Natural Electric Linear 2020 | [159]
AlMg5% Sea water | Arc  and Polarization
flame resistance(LPR)
Carbon Al199.5% Natural Electric Polarization 2022 [160]
Steel Sea Water | Arc resistance and
polarization curves
Carbon Al199.5% Natural Electric Polarization 2013 [161]
Steel Sea Water | Arc resistance and
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Mild steel | Al199.0% 3.5%NaCl | Electric Tafel 2021 [162]
Arc EIS
Carbon AlMg5% Natural Sea | Electric Polarization Curves | 2016 | [163]
Steel Water Arc LPR
Carbon Al1100 Natural Sea | Electric LPR 1999 | [164]
Steel Water Arc Polarization curves
Stainless | Al99.7% Natural Sea | Electric Polarization Curves | 2017 | [165]
Steel Water Arc
Carbon Al199.5% Artificial Electric LPR 2021 [166]
steel Sea Water | Arc
Mild Steel | A199.99% 3.5%NaCl | Electric Polarization 2011 [167]
Arc curves EIS
SS316L Al Artificial Electric Polarization curves 2021 [168]
AL-ALO: Sea Water | Arc and | EIS
Plasma
spray
Mild steel | Commercially | 3.5%NaCl | Cold Polarization 2011 [169]
available Al spray curves EIS
powder
Mild Al-ALO; 0.02%NaCl | Cold Mass change 2021 | [170]
carbo 0.2%NaCl | SPT&Y
steel
1.0 NaCl
Carbon Al199.5% Artificial Electric LPR 2022 | [171]
steel Sea Water | Arc
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2.9 REVIEW OF AGEING PROCESS

The application of components made up of aluminum alloys in automobiles is in
focus because of various critical especially, to reduce weight. The necessity of
materials which can tolerate an elevated operating temperature in an oxidizing
atmosphere has become crucial in recent years. Demand in materials for various
applications in defense, missiles, space and nuclear sectors which can operate at
a high temperature 1200°C. 7xxx series of Al- Mg-Si alloys having heat treatable
property are often considered for the above mentioned applications, as they had
demonstrated an extra ordinary combination of formability, weldability and
corrosive resistivity [172]. The precipitation hardening process is the factor
considered in strengthening Al-Mg-Si alloys. The process of age hardening
enriches the hardness and strength of aluminum alloys by developing a
nanoparticles and have dissolved homogeneously within a secondary phase of
matrix. The heat treatment processes like natural ageing or artificial ageing
processes for which natural ageing requires longer time to alter the mechanical
properties and hence, it is more important to substitute it with artificial ageing
during which both ageing temperature & ageing time are considered as influential
parameters [173]. The desired properties of aluminum can be enriched by the heat
treatment process during which a small amount of hard precipitates as alloying
elements are incorporated [174]. Al 7075 is extensively applied in structures due
to its substantial properties like lower density, ductility, higher toughness and
strength [175-178].

Al 7075 is widely used to develop aircraft structural components which operate
under high induced stress [179-183] and they revealed during their studies that an
optimal ageing could be obtained for a duration of 2 — 6 hours under its operating
temperature with arrange 170°C to 190°C. Alaneme and Aluko [184], during their
studies validated that, the process of ageing plays a critical role in enhancing the
material’s fracture toughness than its strength. Small man and Nigan [185] have
noticed a reduction in solubility limit during their revisions, because of an

artificial age hardening of AA 6061 — T6 tempered when there is drop in ageing

32



Temperature. An improvement in stress, fracture toughness of aluminum alloys is
noticed by Abarghouie Lumley et al. [186] when compared with conventional T6
alloys tempered during ageing process. Akhteret al. [187] have conducted tensile
test on AA 6111 at different artificial ageing processes to explore the influence of
precipitation on its work-hardenability and yield stress. Anthony K et al. [188]
have studied the consequence of ageing process on the tensile property and
microstructure of AA 6063 by conducting experiments at different pre-ageing
conditions at 170°C, 180°C and 200°C for a duration of 24 to 72 hours. Kalkani
et al. [189] have noticed reduced yield stress value under larger aging
temperature. During their studies on the significance of aging duration and
temperature on Al 7075 and hence have concluded that T6 tempered Al 7075
under dissolved condition is an evidence for higher value of hardness during
brittle fracture. Kim et al. [190] have made water quenching on Al 7075
specimens for a duration of 8 seconds and aging at 140°C for 10 hours.
Hanumanth et al. [191] have noticed reduction in ultimate strength, hardness and
enhancement in impact strength during their studies on the impact of quenching
during solution heat treatment and pre-strain on the mechanical properties of
AA7075 specimens at 460°C for a duration of 4 hrs and then pre-strained for 6%
during tensile test. Leng et al. [192] have noticed an enhancement in yield
strength and hardness of AA7075 at different durations during age heat-treatment
at 150°C. Miracle et al. [193] have deliberated the significance of different heat
treatment processes on an aluminum alloy for a specific temperature of 550°C.
Prasanna Kumar et al. [194] have conducted experiments on solutionized AA
6061 at 100°C, 150°C and 200°C and observed an increased toughness and
reduced strength when the temperature during artificial ageing under the impact
of precipitation. Seah et al. [195] have performed experiments on solutionized
heat treated specimens during water quenching 1050°C for 5 minutes of duration
and noticed a highest elongation and lowest yield strength, higher fracture
toughness and impact strength. The specimens at their fully aged condition during
solutionized treatment and aged for 18 hrs. at 580°C have shown

maximum
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Hardness and strength, but displayed lower values of toughness and ductility.
They observed a steady mechanical properties during solutionized treated
temperatures by controlled cooling technique. For the solution treated fracture
specimens, micro void coalescence was noticed and for the fractured specimens
at aged condition, microstructure produced cleavage fracture or brittle grain
boundary. The instantaneous increment in strength and drop in impact toughness
was noticed because of the development and gathering of the k-carbide and
cleavage .The specimen that had been cooled controlled did not shown any
fracture. Prasad et al. [196] have conducted their experimental studies on the
structures functioning at larger temperatures and tempered with T4 & T6
processes and discovered that mechanical and physical properties of alloys
tempered with T6 have lower ductility with higher strength than that of T4
tempered alloys, Yu et al, [197] have deliberated the significance of aging time,
aging temperature & pre-strain on mechanical properties for A17075 & noticed an
improvement in the strength during the uniform dispersion of MgZn, and also
observed brittle fracture failure of T6 tempered Al7075 . Bindumadhavan [198]
have articulated that quench-induced precipitation and aging temperature played a
vital parameter in enhancing mechanical properties which is noticed under
electron microscope. Ames et al. [199] have deliberated the consequence of aging
processes & solutionized on the mechanical properties and its microstructure of
AA7000 series fabricated by powder metallurgy & observed decrease in the
phase which is undissolved under increased aging time and temperature.
Vishwanath et al. [200] have explored the significance of precipitation
throughout the cooling process after post-homogeneous and assessed its influence
of composition and rate of cooling on the reaction during precipitation. Rohatgi
et al. [201] have explored during the microstructure studies & properties of an
extruded Al6082 at 170°C for a duration of 8 hours during aging precipitation
process which exhibited an enriched mechanical properties & maintained a stable
microstructures of an alloy to enhance alloy’s properties. It is essential for

undertaking number of stages along with intermediate processing stage prior to
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age hardening. At first, micro segregation need to be removed and inter dendritic
particles having low melting point need to be dissolved and the dispersoids need
to be precipitated with the help of a homogenization heat treatment. When the
strengthening particles undergoes precipitation, the metal need to be treated with
solution to allow it to reach to super saturated solid solution before process of
aging. Each time, after processing at high temperature, cooling at room
temperature need to be done. Hence, microstructure after quenching is considered
as an initial stage for the subsequent supplementary processing. The transition of
brittle-to-ductile which is occurred in metals was documented since many years
which resulted in a rapid revolution in its transitional behavioral changes from
brittle to ductile along a narrow range of temperature.

2.10 REVIEW OF PROCESS

Recently numerous manufacturing processes were used for fabrication of
aluminum composite materials like stir casting [202], powder metallurgy [203],
pressure less infiltration, and in-situ methods [204]. These methods are used for
fabrication of Al MMCs at different weight or volume percentages of the
reinforcement. During these fabrication processes, it is very hard to avoid porosity
and clustering of particles in the matrix base material. Ancillary processes like
forging, rolling and extrusion is essential to decrease porosity [205] and to
increase interfacial bond between the matrix-reinforcement phases in MMC:s.
W.C. Shi et al. [206] and Pradeep Kumar et al. [207] made their study on hot
forging and revealed that surface cracking is a problem during the forging
operation with Al MMCs, because of which, the crack generated on the surface of
billet and reduces the quality of production. Authors observed that, during the
forging process, cracks appeared in the cluster of silicon carbide particles & at
interfaces of reinforcement & matrix material and the cracks which emerged
starts to enlarge when percentage weight of SiC increased. Further increased
forging [208] deformation ratio, can cause the reduction in the porosity and the

dispersal of SiC particles inside the molten aluminum metal found to be more
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homogeneous. Ceschini L. et al. [209] published a article on the forging process
of an Al-AlbOs3p composite and have demonstrated that, because of forging
operation, it is there is a slight enhancement in tensile strength, hardness,
elongation & young’s modulus during tensile test. Further, they studied the
morphologies of fracture surface by using SEM analyses and demonstrated
similar morphologies for cast and forged Al-Al2Osp composite material, at both

room temperature and high temperature.

Arrhenius-type constitutive equation is formulated to understand the constitutive
flow behavior during the hot rolling operation of Al and SiC, composite material
as demonstrated by Meola et al. [210]. This specimen is then studied further to
find the stresses in all three directions which is damaged due to reduction in the
hot rolling process of Al-SiCp material. The damage value was increased by
increasing the reduction ratio. Further El-Sabbagh et al. [211] discussed that,
when the size of the silicon carbide reinforcement particle and its percentage
weight increased, It is found that the crack/damage near the edges increased
drastically during the hot rolling of Al-SiCp material plate.

Ainhoa Riquelme et al. [212] demonstrated the production of MMCs from
aluminum and copper alloy chips through hot extrusion processes and
investigated various properties like tensile, impact, wear and micro-hardness.
Further, it was noted that improvement in all mechanical properties except
ductility. Ezatpour et al. [213] studied microstructural properties of extruded Al-
AlO3 composite material, and have noticed that Al MMCs are more uniform in
nature for as cast and extruded components. Cao et al. [214] examined an
extrusion operation on micro pins which gave mathematical results on the
extrusion process and established a possible process for micro-forming. Further it
was noted that, effect on grain size was investigated with the help of heat treated
specimens to produce different sizes of grain. A new technique RKEM was
implemented to analyze the process of micro-extrusion to compare with the

results of both experimental and FEM.
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Since, all the above primary processes of casting are costly and difficult to
fabricate, stir casting process is used as primary process. Since rolling and
extrusion considered as a secondary processes which are costly and difficult to

operate, the forging process is used for secondary operation.

2.11 REVIEW OF ANALYTICAL MODELLING

Many researchers have developed analytical and numerical modelling to find the
stress, strain, velocity of material flow, deformation and damage during the
forging operation. Authors used a DEFORM 3D [215] FE tool for finding stress,
damage, and velocity, but they considered an aluminum matrix phase as more
plastic rather than elastic. A secondary operation or forming operation proposes
and develops new FE tools [216] such as DEFORM 3D, QFORM, FORGE and
MSC SUPER FORM. Y. Shen et al. [217], Mohan et al. [218] and Behrens et al.
[219] have demonstrated FE and experimental methods to observe an
initialization and transmission of crack/damage in hot forging operation based on
the damage model of Gurson Tvergaard Needleman (GTN). Further, they
compared them with FEM and experimental values. Since, only limited
researchers have explored the simulation of forging operation on Al-SiC
composite material and examined the damage values by using the FE method,
Analytical software ABAQUS is used for analyses of constitutive flow behavior
in hot rolling operation on the Al MMCs material which helped the user to
improve the present system. The effect of cold and warm forming operation of
MMCs material is simulated in MSC-Super Form software and an investigated
forming property were demonstrated by Behrens et al. [218]. The FORGE-3 code
[89] is used for simulating hot forging processes on the industrial parts and its
evaluation of thermo mechanical and numerical solutions. Maity et al. [220]
demonstrated the extrusion process in the Deform 3d tool and gave a
mathematical evaluation of contoured die. They noted that both contour dies are
important parameters in the development of surface reliability of extruded
components. Also, there is a continuing reduction through the extrusion operation

which gives the homogeneous microstructure of materials in the current
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analysis by using 3D-upper bond method at different extrusion ratios. That was
calculated as the dimensionless parameter such as pressure required for the
extrusion process and approximated die length. Many researchers have made
numerical simulation of the forging process by using constitutive analysis with an
Avrami-Type equation and Manto Carlo simulation method applicable for the
most forming processes [221-224].

2.12 REVIEW OF APPLICATIONS

Application of secondary operation such as forging on Nano MMCs shows that
the MMCs with an ion Nano sized particle imparted excellent & assurance for the
application of aerospace, electronics and automotive companies [224, 225].
Forged and extrusion on Particulate MMCs are the new composites which found
their application in marine, aerospace, motor, electronics products, sports
industries [226,227]. Forged Al MMCs applicable for the production of
automotive and aerospace components like crankshaft, disk brake, cylindrical
head, valve, piston, combustion chamber, propeller shaft, turbine, wings, etc.
Hyo Lee and Jae Yeo [228] demonstrated the properties of Al-SiC MMCs
material for the compressor pistons of air-conditioners and have calculated during
the hot forming process like hot forging, pressing, and extrusion. Y Zhang et al.
[229] demonstrated the mechanical properties & its microstructure of Al-SiC
composites during cold forging on gears and investigated properties such as
tensile strength and micro hardness of forged gear and noticed an increment by
40% and 50% respectively. Cui Yuan et al. [230] have demonstrated the multi-
functional aerospace applications of forged Al/SiCp composite material. They
revealed that silicon carbide particles are Al/SiCp composite were used in place of
Tungsten particles to create substrates with optical mirror in a satellite which is
expected to reduce its mass by 10 kg, which further reduced the weight of
supporting structures in saving the fuel. Shao-Y1 Hsia et al. [231] examined the
wear properties of cold forging operation on the hexagonal bolt and nuts. They
noticed that, due to the cold forging operation, a small improvement in wear of

the nuts and bolts was observed.
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CHAPTER 3
SCOPE OF RESEARCH WORK
This chapter presents the problem definition, research gaps objectives of the
research methodology and techniques adopted to develop and to test the

aluminum graphite composites.
Research Gaps

Few researchers successfully worked on development of composite based
structures; but limited work has been performed to develop graphite composite for

structural applications and optimization of wear parameters.

Hence the objectives of the present research is to develop an aluminum
composites incorporated with graphite for various mechanical structural
applications and to ‘conduct experiments to reveal the consequences of various
factors on the performance of composites during adhesive wear and to optimize
the wear parameters using design of experiments and to find out the effective
resultant combinations to optimize the parameters which could be resulted in

reduction in the rate of wear of composites.

3.1 OBJECTIVES OF RESESRCH WORK

1. To fabricate Aluminum composites with different percentage and size of
Graphite as reinforcement particles.

2. To investigate the effect of reinforcement on the mechanical properties of
Aluminium composites.

3. To investigate the effect of heat treatment on the mechanical properties of
Aluminium composites.

4. To optimize the tribological properties of aluminum composite using Taguchi

technique and ANOV A method.
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Optimization of the process parameters, % wt. of graphite and duration of
ageing for studying mechanical properties and fatigue analysis.

Fabrication of graphite reinforced composites specimens with the help of
liquid metallurgical technique.

Characterization of aluminum graphite composite specimens for tensile,
hardness, fatigue tests for various ageing processes.

To conduct experiment to understand the wear behavior of ALMMC
reinforced with graphite particles in accordance with ASTM standards.
Optimizing the results obtained during experiments for number of
iterations using design of experiments (DOE).

Developing correlation for wear rate based on experimental results with
analytical model results.

Analyzing the morphology of worn out & fractured surfaces with the help of
Scanning Electron Microscope (SEM).
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3.2 SCOPE AND LIMITATION OF PRESENT WORK

This research work represents a profile of the research under taken with respect to
graphite reinforced composites, objectives of the research work and methodology
of the experimental studies.

An exhaustive literature survey and market survey was performed to identify the
topic for research and the parameters to focus on. Once the topic was chosen and
materials selected, DOE was done using Minitab tool in order to minimize the
number of trails during the experiments without compromising on the quality of
the data collected. Taguchi orthogonal array L-18 was used for DOE. Then, the
specimens were fabricated using liquid metallurgical technique and are fabricated
as per the required dimensions using turning and milling machining operations
based on ASTM standards which were obtained during literature survey. Artificial
sea water was prepared in a tank which controls the temperature, in which the
specimens allowed to corrode for 90 days at a constant temperature of 50°C. The
aged composite specimens were characterized by tensile test and flexural fatigue
test. Established on the experimental data, the process parameters and
reinforcement-to-resin ratio, were optimized using Grey-Taguchi analysis.

3.3 METHODOLOGY

The Fig 3.1 describes the methodology adopted to discover the various
mechanical and tribology properties and various equipment & tools which were
employed at various stages of research to complete the research work.

The objectives of all the tasks under taken in the report are as follows:
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Fig. 3.1 Flow chart for the research




3.3.1 STUDYING THE EXISTING ALUMINIUM COMPOSITES TO
IDENTIFY THE GAPS

An exhaust literature survey made on the fabrication and characterization
of MMCs of Aluminum alloys and its composites, fabrication technology,
end applications, thermal properties like residual thermal stresses, thermal
coefficient of expansion, residual deformation and dislocation density

around the particles and their effects is also studied in detail.

Mechanical properties, wear studies, corrosion properties, microstructure
studies, Fractographical studies, worn surface studies, corroded surface
studies and machinability studies also made thoroughly.
3.3.2 DEVELOPING, FABRICATING AND TESTING OF MMCS
1. Selection of Materials
a) Matrix metal
Aluminum is considered as matrix base material because of its superior cast
properties, exceptional strength and its flexibility in adjustment during

mass production of lightweight casted products.

b) Reinforcement

Graphite generally referred to as "intercalates" in patent literature. Hence graphite
of size 30 to 70 nm in the varying proportion of 5,10,15,20 wt. % is used as
reinforced material.
¢) Fabrication
Steps involved in fabricating graphite reinforced metal matrix composites
» Exercising Pre-casting precautions
» Flushing pure argon gas in order to avoid oxidation by creating an inert
atmosphere making degasification of molten metal.
» Supplying the pre requisite quantity of super-heated liquid molten metal
into the mixing chamber.
» Supplying a pre requisite quantity of preheated Nano clay particulate into

the mixing chamber.
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>
>
>

Creating an instant vortex and pouring it into the die.
Specimens, at the end were taken out from the split die.
Extra and unwanted material from the specimen is removed by cleaning

Process.

d) Testing the quality of casting

>

Macro-cracks and voids on the surface of the specimen were inspected
visually and detected.
Microscopic  observation was performed to confirm the uniform

distribution of the reinforcement particles.

The density of the composites is found practically and simultaneously

compared with its theoretical density.

e) Heat treatment

>

Specimens were treated with a solution in a protective atmosphere
( Nitrogen)

Specimens were subjected to homogenous heat treatment for a fixed time
duration and were then water quenched at room temperature.

Specimens were subjected to natural ageing at operating temperature.
Specimens subjected to aging at 175°C at different duration of times and

finally solidified at room temperature.

f) Microstructure studies

>

Specimens were fabricated by sectioning/turning, grinding and then
polishing operation which in turn followed by etching for microstructural

studies as per ASTM F2450-04 standards

Testing for mechanical properties

Tensile test is conducted in accordance with ASTM E8-82 standards using
UTM at room temperature.

Compression test was conducted in accordance with ASTM E9

standard using UTM.

Hardness test is conducted as per ASTM E384 standards with the help of

Leitz Wetzlar micro hardness tester which is equipped with Vickers
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diamond pyramid indentor.

g) Fracture studies

SEM examinations of the specimens which were fractured during tensile
and fatigue tests for different wt. % and with different sizes of Nano clay

particulate was performed.

h) Wear studies

>

Dry sliding wear test is conducted with the help of Pin-on-disc machine on
each reinforced and non-reinforced specimens at room temperature.
Specimen having size 8 mm dia x 15 mm length were fabricated for the
test purpose.

The test was performed at various applied loads and rotating speeds.

Design of experiments and Taguchi gray method

The Taguchi method is widely used to design various industrial components to

enhance their quality and rectify the problems found during production.
This approach is very effective in enhancing the efficiency of experiments.
Only less number of experiments are required based on an orthogonal
array. Gray rational analysis (GRA) method is suitable in solving complex
problems depend on the interrelationship between several factors and
variables of response by analyzing the similarity among the sequences
using the grey relational analysis. Later, the Grey-Taguchi method was
formulated to optimize accurately and effectively various processing
parameters in investigating the effect of each factor on the response
variables Hence,Grey-Taguchi method is applied to optimize various
process parameters by combining the Taguchi method with Grey

Relational Analysis (GRA) which involves the following steps :

Taguchi method is used to design an experiment by designing the orthogonal

experiments.

Analysis of variance (ANOVA) and signal to noise ratio (SNR) methods are

used to analyze the data.
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GRA is used to convert the response targets into a single GRG that can be
quantified.

GRG is used to optimize the parameters.

The Taguchi method uses orthogonal test and signal-to-noise ratio technology to
optimize parameters. It' is a powerful tool for in optimizing the quality of
components during manufacturing processes.

Here are some of important features of the Taguchi method:

It decreases the sensitivity of the system to noise changes by choosing a
combination of levels of controllable variable factors.

It splits the quality characteristics as smaller-the-better, nominal-the-better, and
larger-the-better.

It adopts a design of orthogonal arrays in studying the entire parameter set with
a less number of experiments.

It defines a functional loss in calculating the deviation among the desired values
and experimental values.

The Full Factorial Design requires a large number of experiments to be carried
out and hence it becomes complex and laborious since there in increase in
the number of factors. Hence Taguchi suggested an exclusive method of
using orthogonal array to study the entire set of parameters by conducting
lesser no of experiments to be conducted. In regard this, Taguchi
recommended the use of functional loss to measure the performance
characteristics that are getting variation from the desired target value. The
value of this functional loss is transformed further into signal-to-noise
(S/N) ratio. Usually, there are three types of the performance
characteristics for analyzing the S/N ratio namely nominal- the-best,
larger-the-better, and smaller-the-better.

Steps Involved in Taguchi Method

a. Recognize the main function and its side effects.

b. Recognize the noise factors, quality characteristics and testing condition.

c. Recognize the functional objective to be optimized.

d. Recognize the control factors along with their levels.
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e. Choose a suitable Orthogonal Array to construct the Matrix

f. Conduct the Matrix experiment.

g. Analyze the data; inspect the levels of optimum control factors and its
performance.

h. perform the experiment for verification.

SN) STB=-10xlog10 (1nYi=1ny?2i) (1)
(SN)NTB=10xlog10 (y 2 s2) 2)
(SN)HTB=-10+log10 (InYi=1n1y2i) 3)
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CHAPTER-4

EXPERIMENTAL STUDIES

This section contains a detailed study of the selection of relevant matrix material
to develop composites and the characterization for further investigation. It gives
an information about the experiment associated with stir casting, extrusion
operation, mechanical characterization of composite material, and microstructural
characterization of the casted and extrusion MMCs specimens at different weight

percentage of graphite.

4.1 MATERIALS USED
4.1.1 MATRIX MATERIAL

It is the major phase of composite having a continuing character and usually more
ductile and less hard phase. MMCs are generally made up of Al or Mg alloys
having low density and reinforced with a hard ceramic particulates, like silicon
carbide, titanium, zirconium, etc. In this work, Aluminum alloy of 6061 series is
chosen as matrix material and need is fulfilled by “Ferrite metallurgical Pvt. Ltd.
Bengaluru”. Al 6061 series material is selected as a base material as shown in Fig
4.1 to form composite. Both chemical compositions and the mechanical properties
of Al 6061 is shown in Tables.4.1 & 4.2 respectively. Element with higher
percentage in Al 6061 is Mg and other lesser percentage elements are, copper, and

magnesium. Al 6061 melts at around 650-750 °C flows free in molten state.

Fig. 4.1 Ingots of 6061 Aluminum Alloy
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Table 4.1: chemical composition of Al 6061

Elements | Al Mg Si Fe Cu Zn
% Rest 0.85-1.10 {045 —|0.6 0.20-0.35 | 0.25
0.8

Al-6061 series has their initial mechanical properties as shown in Table 4.2 which

were observed to be improved after casting further

Table.4.2 Mechanical properties of Al 6061

PROPERTIES VALUES
Density 2.78 g/cc
E 70-80 GPa
Yield point 275 MPa
Tensile point 350 MPa
Poisson’s ratio 0.33

For MMCs planned to be used at prominent temperatures, a further consideration
is that variation in melting point between matrix and reinforcement phase.
Because of the large melting temperature difference in MMCs may result in creep
generated in phase of matrix while the phase in reinforcement remains in elastic

condition, even though temperatures close to the melting point of matrices.

4.1.2 REINFORCED MATERIAL (GRAPHITE)

Graphite is a reinforcing material used in this research as needed to form
composite. This reinforcing material is less expensive as compared to other
reinforcements. Graphite is selected as reinforcement material since it possesses
highest hardness and low thermal coefficient of expansion. Graphite is highly
resistant to wear &also possesses good mechanical properties like resistance to

high temperature and thermal shocks.
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4.2 SET UP FOR FABRICATING COMPOSITES

The stir casting method which is of liquid processing route has been chosen in
this research work during which, the selected matrix material initially is heated
in an incubation chamber (furnace) until it reaches to its melting point and
simultaneously, the reinforcement material is also added after a saturation point is

attained inside the chamber and stirred slowly using a mechanical stirrer

arrangement provided on equipment till it disperse uniformly. Hence, it is used as

b) Furnace controller

a) Aging bath furnace

¢) Motor stirrer d) Clay graphite crucible

Fig 4.2 Facilities used during casting process
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the most suitable method in this research. Once the constant stirring is done, the
mixture is then poured into the mold cavity to get final cast specimen with better

directional solidification.

The fabrication of composite specimen is performed with the help of a setup of
machinery and tools to be used. The main equipment and tools used here are as a
furnace, mold cavity, stirrer, tong, and crucible shown in Fig. 4.2. The furnace is
cleaned and adjusted to the required temperature & then the aluminum ingots
were placed in a crucible which are further kept in the furnace [55]. The aging
bath furnace has a maximum of 1200°c temperature which has a chamber capacity
of 12”x12”x8”. The power rating of the furnace is 9 KW. The thermocouple used
here is Cr/Al with SS and the heating element is Kanthel Aluruinal with the

accuracy ranging closely to 1°c.

The set up for the furnace equipment used during the conduct of experiment is
shown in Fig. 4.2. The controller has a voltage meter which shows the voltage
across the heating coils and ampere meter which indicate the amount of current
passing through it. It has the temperature indicator and also has a adjustable
regulator to set the required temperature. Fig. 4.2 (c and d) shows electric stirrers
and clay graphite crucible used here. A crucible is a refractory container which
can hold up very high temperatures to melt or otherwise modify its
reinforcements. It is used for melting of the materials such as glass, metals and
pigments during production. The motor assisted stirrer equipment is used for
uniform mixing of the liquid molten metal to speed up the reaction. Stirrer was
designated for the purpose of uniform mixing of all solutions, liquid, oilment,

viscous material and solid-liquid homogeneously
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4.3 COMPOSITE FABRICATION

v

The Gr reinforcement was in amorphous form and hence wrapped in
aluminum foil to ensure uniform dispersion.

Same as that of reinforcements are weighed carefully as per the selected
strategy of forming different casting composition. Also safe handling of these
particulate was made with proper maintenance.

Main process now begins with setting up the arrangement for casting
equipment. Initially graphite crucible is placed inside the induction chamber at
proper center.

Later a vertical rod holding graphite plug at one end is inserted in the
chamber. It ensures that the bottom opening of the crucible is closed properly.
With complete setup, Al-6061 cut pieces (lkg) are fed into the crucible
without disturbing any arrangement. Later the combustion chamber is closed
with the help of lid cover at top of the chamber

Induction chamber is then started with a power supply and also temperature
indicator is made on to set the required temperature (850°C)

The temperature setting device is then adjusted to read melting point value of
aluminum alloy.

The System is left to operate until the temperature reaches its preset value and
material in the crucible melts completely.

Simultaneously, while operating with Al6061 and reinforcements ash are set
to preheat at 400°C for about 1 hour of time.

Now metal in molten state is made slag free by adding coverall flux-6 and
degasification powder and soon the reinforcements are fed carefully in to the
crucible containing molten metal.

Instantaneously stirrer immersed in the molten metal is started to rotate at 300

rpm as displayed in Fig. 4.3.
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Fig 4.3 Setup for Stir casting technique

To obtain a uniform dispersion of reinforcement particles, stirring action is
performed for almost 25-30 minutes is carried.

After finishing the stirring the motor is stopped and the graphite plug placed
over the bottom opening is lifted to allow the molten mixture to pour in the
mold arranged at bottom.

Funnel arrangement is done to provide a correct path to flow the material in
mold.

Finally after pouring complete material in to the mold the bottom opening is
then closed and flow is terminated.

Mold with molten mixture in it is left at room temperature to solidify.

After being cooled at room temperature the material inside the mold is
removed carefully and is obtained.

Alike procedure is followed to obtain all other composites for respective
compositions.

Results for every casting are obtained by testing the specimens for each
casting, prepared with precise size configurations.

Different tests and methods are explained in next sub-section

Once the casting got solidified after 24 hours, they are taken out from the
mold cavity and fabricated according to the desired shape and sizes of dia 60
mm and width 50 mm for extrusion operation. The casted aluminum rods

obtained after cooling as shown in Fig. 4.4.

54



Fig. 44 Aluminum  castingrods after solidification
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4.4 MACHINING OPERATION

Once casting is completed, the turning operation is performed on the rod which is
taken out from the mold cavity to the required dimensions of 55 mm diameter and
a length of approximately 50 mm using lathe machine to get a smooth surface
finish. The turning is done at a slow speed so as to get the desired optimum

surface finish. The lathe used is shown in Fig. 4.5.

Fig 4.5 Lathe Machine: Kirloskar
Turnmaster-45

The turning operation performed on the lathe is shown in Fig. 4.6 with an auto fed
setup so that an even surface finish can be obtained. With an optimum speed of
600 rpm, the whole turning process is carried out. Finally the dimension of 55 mm
is achieved and a hacksaw blade is used to cut the specimen for length of 50
mm. The Fig. 4.7 shows the final output of the specimen after turning on lathe

machine.
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Fig 4.7 Specimen after turning Process
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4.5 MECHANICAL CHARACTERIZATION

Details of data is collected during the experiments conducted on Al6061

composite which is herewith presented and is further compared before and after

the extrusion.

The following tests are conducted as per ASTM standards

1.

Brinel hardness test of heat treated A16061 matrix alloy and its composite
specimen is carried out as per ASTM E10.

Tensile test of heat treated Al6061 matrix alloy and its composite
specimen is conducted in accordance with ASTM E8/E8M-15a standards.
Compression tests of Al6061 matrix heat treated alloy and its composite
specimen are carried out as per ASTM E9.

Wear test of A16061 matrix heat treated alloy and its composite specimens

is performed as per ASTM G99 Standards.

4.5.1 HARDNESS TEST

The Brinel hardness test is performed for both non-heat treated and heat treated

specimens as shown in Fig. 4.8. The ball indentation with a minor load of

31.50 kg applied on specimens at a dwell time of 20-30 sec. The hardness test is

performed along the direction of extrusion operation and its value is assessed with

the help of a formula of applied load divided by the surface area under the

indentation.

Fig 4.8 Vicers and Brinell hardness testing machine
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Brinel hardness test is conducted at three different positions to assess the possible
influence of ball indentation on metal matrix composites and an average of all the
three readings is considered to calculate BHN of the specimen. The load to be

applied depends on the material and a P/D? ratio which is constant for Aluminum

Because of the limitation of testing machine, we have selected 2.5 mm ball

indentor. At D=2.5 and mm P =31.25 kg

The BHN is obtained by the dividing applied load to the indentation surface area:

* BHN :LD[D—\D:—d:

Where, P: Load Applied to specimen (kg)

D: Ball indentor diameter (mm)

d: Mean diameter of indentation (mm)

4.5.2 TENSILE TEST

It is a simple test for testing the property of a material during which, the test
sample is subjected to tension until it get failure/ breaks. The tension test results is
commonly used for the selection of a proper material as based on an application,
such as aerospace, automobiles and to forecast how the materials will respond

under different types of loads/forces.

Tensile test is conducted at room temperature with an Instron-5500 R UTM as
shown in Fig.4.9 (a). Fig. 4.9 (b) demonstrates the tensile samples for tensile test

fabricated in accordance with ASTM.
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Tensile Test Specimens

Fig.4.9 (a) Universal Testing

Machine Fig.4.9 (b) Tensile specimens of

Al composites

ES8 standard with 20 mm gage length, 6 mm gage diameter and the total length is
60 mm. These specimen are machined from composites of both casted and heat
treated in the ratios of 2.66 and 5.32 with a tensile axis which is perpendicular to
the direction of extrusion.

Tensile tests of fabricated composites were performed as per ASTM E-8 standards
using universal testing machine of Model: TUE-C-400.The test was performed at
Advanced Metallurgical Laboratory (AML), Peenya, Bangalore. Fig. 4.9(a)
demonstrates tensile testing machine setup. The specimens were machined in
accordance with ASTM standards as displayed in Fig. 4.9 (c¢). Continuous strain
rate of 0.4 mm/min was retained throughout all the tests to evaluate the ultimate

tensile strength.
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Fig. 4.9 (c) Dimension of the Tensile specimens

4.5.3 COMPRESSION TEST

a) b)
Fig. 4.10 Specimen for compression test a) initial testing condition
b) Final condition after testing

The compression test is carried out as per ASTM E9 standards and the specimens
of $15 mm and 20 mm length were taken for the test. The tests are carried out
with the help of Universal testing machine with an attachment to make slow
movement of cross head. Compressive strength for each specimen for respective
composition is obtained directly from the test results. Universal testing machine is

operated for this test. Loading each specimen until its fracture point gives the

61



results for compressive strength. An Increasing load is applied vertically
downwards on the specimen surface. Figure 4.10 shows compression test
specimens prepared under ASTM standards of E9 series. A Dimensional ratio of
1:2 is followed for diameter to length ratio, which prevents bulging and buckling.
A dimensional specification for specimens is diameter is 15 mm and length is 30
mm. While testing the specimen, it is held firm in the grips at bottom to withstand
the applied load. Hydraulic actuator is operated to apply on the upper surface of
the specimen. Analog pointer with scale for load applied is used to measure the
compressive strength. The point at which the specimen breaks are tabulated and is

a measure of compressive strength of the material.

4.5.4 WEAR TEST

Dry wear test is performed on both the specimens of heat treated and un-heat
treated using pin on disc set up which consists of a rotating disc of EN 4 materials
against the cylindrical specimens with various loads and speed shown in

Fig. 4.11.

Fig 4.11 Pin-on-disc set up for wear test
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The monitor adjacent to the set up displays the wear and friction force which will
be noted down for further calculation. The DUCOM pin-on-disc wear tester of
model TR-20-M25 is used here.

4.5.5 GRAVIMATRIC CORROSOION TEST

The required size of the specimen for Corrosion test is of ®10mm X 25mm length
are prepared and kept in a three different normality’s of HCIl solution. The
required specimens for experiments were machined from heat treated rods as per
standards, then polished with a series of emery papers and washed with water and
then with acetone. Gravimetric corrosion test was conducted for a duration of 24,
48, 72 96 and 120 h in 250 ml of 1M HCI solution. After exposure, corroded
specimens were cleaned with Clark’ solution and soft brush then dried. The
weight loss after corrosion tests is determined by measuring the difference in
weights before and after test up to accuracy of 0.1 mg. The diameter of the
specimen is measured and placed in HCI solution as shown in Fig. 4.12. The
weight loss occurred due to corrosion is noted by measuring the difference in

weights of specimens of initial and final condition.

Fig 4.12: Specimens immersed in Hcl
Solution for three normality’s
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4.5.6 FATIGUE STUDIES

Al/Graphite composites were fabricated with the help of stir casting process by
varying the % of graphite nano particles. The dust particles on surface of
aluminum ingots and acidic impurities were cleaned with the help of acetone. An
inert atmosphere is created by a nitrogen gas during the melting process.
Calculated quantity of pre-heated graphite along with 1% of Mg powder is added
with the molten metal during stirring itself and this slurry of molten metal is then
poured into the preheated metallic die. After solidification, the specimens were
taken out and machined as per the dimensions given Fig.4.13 (a). Then, the
specimens are subjected to grinding with precision grinding machine and finally
polished in longitudinal direction on its surface using an emery paper of finest
grade. A proper care need to be considered to make sure that no undercut happens
at the transition of cylindrical cross section and fillets occurred during the process
of machining. A non-corroding grease must be applied on the surface of the
testing specimen to protect against an undesirable corrosion which may occur at

any time. The

8.79
0

41

<3180 53810~ 31.80

Fig. 4.13 (a) Specimen dimensions for rotating beam fatigue test

Fig. 4.13 (b) Prepared specimens for fatigue studies



Specimens for conducting the fatigue test were fabricated according to drawing

4.13(b).

Al/graphite composite specimens were solution heat treated by keeping them in a
muffle furnace for a duration of 1 hour, at a temperature 550°C and then water
quenched. Heat treatment for artificial ageing was conducted by keeping the
specimens in a muffle furnace for a period of about 2 hrs and at a temperature of
180 °C, followed by air cooling. Heat treatment for over ageing was also
conducted by placing the specimens in a muffle furnace at 280° C, for a period of
2hrs and then followed by air cooling. The specimens were polished as per
standard metallurgical procedure for the purpose of microstructure analysis. The
samples were analyzed using Neophat optical electron microscope (OEM) after

etching with Keller’s regent.

Fatigue tests were conducted with the help of rotating beam cantilever type
fatigue machine as displayed in Fig. 4.14. The specimen made to fix rigidly onto
the collets of the machine and a poise weight is loaded in accordance with pre
requisite bending stress. The fatigue machine is subjected to rotate at a
continuous speed of 700 rpm and its number of rotation is noted with the help of a
cycle counter. The radial load is measured by pasting the load cell between the
specimen holders .The fractured specimens were collected by a part catcher fixed
below the bearing support. Specimens which were tested at various loads
considered as sufficient data for developing Stress vs. Number of cycles (S/N)
curve. The fracture surface were studied under TESCAN scanning electron

microscope.

Fig. 4.14. Rotating beam fatigue machine used
For testing the specimen
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4.5.7 MICROSTRUCTURE ANALYSIS

The coarse grit formed during the previous processes which was carried forward
is prevented by washing the cloth used for cleaning the specimens. After the fine
polishing of the specimens, then they were etched with Keller’s reagent (1.75 ml
HCI, 2.0 ml HNO3 1.25 ml HF, 90.0 ml water) and dried with an electric
dryer. In addition, the microstructure’s images were captured for both as cast and
heat treated specimens from Optical microscope in accordance with IS: 7789
PART II - 1978 (RA) at Raghavendra Spectro Metallurgical Laboratory,
Bangalore shown in Fig. 4.15.

tGICAL
|COPE

Fig 4.15 Optical microscope
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Also, the images were captured with using JEOLJSM-6840LVSEM at RV
College of Engineering, Bangalore which is displayed in Fig. 4.16. The grain size
of both casted and forged composites was found with the help of grey threshold

technique with the help of an optical electron microscope.

L § SALE iy
iy L5k

Fig. 4.16 JEOL JSM-6480LYV scanning electron microscope
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CHAPTER 5

RESULTS AND DISCUSSION

The results and discussion are divided into two categories of experimental results

and Statistical results.

5.1 MICROSTRUCTURAL STUDIES
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Fig. 5.1 Optical micrographs of a) as cast A16061 b) 170°C aged Al 6061
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Fig. 5.2 Optical micrographs of a) as cast Al/5% b) 170°C aged Al/5%
composites

Fig. 5.3 Optical micrographs of a) as cast Al/10% b) 170°C aged
Al/10% composites
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Scanning electron microscopes used to investigate the morphology of Al

6061/graphite composites.

The optical microscopic images of both as cast and aged Al 6061 specimens at
170 °C are displayed in Fig. 5.1(a) and (b) respectively. There are three phases
which are observed clearly in the microstructure like Eutectic Si phase (a), as a-
Al phase (b) and Mg>Si Phase(c) which are shown in above figures. The a-Al

Eutectic phase formed at the grain boundaries due to combination of Si and Al
element. The eutectic nucleated initiated during solidification of Al alloy [232].

Fig. 5.2 (a) and (b) show the OM of as cast and 170 °C aged Al/graphite 5%
composites respectively where in the graphite distribution seems to be uniformly
and this even dispersion of the particles enhances its physical strength of the
materials. Only few porous and defects are seen in between particles and matrix
alloy. The graphite particles lead the perturbation inside the solute and hence it
changes the grain boundaries during ageing until changes to dendrite structures.

The Fig. 5.3 (a) and (b) OM of Al6061 alloy and its 10% graphite reinforced
composites for both cast and aged condition composites Fig. 5.1(a) shows an
uniform grain boundaries without dimples and cracks in the surface. Some small
patches which are in white color were noticed in the form of polishing materials
which is found to be sticked on to the specimen surface. Fig. 5.1(b) displayed
some cracks on the surface in the form of black colored lines due to aged
conditions besides with small pit type structure which are formed because of
reshaping of aluminum metal matrix alloy. During the microstructure analysis, a
typical ductile behavior is noticed during work hardening process. Due to age
hardened heat treatment, some foreign particles stuck on to the surface which
initiated several small cracks which were observed under microscope. Since there
were irregular cracks developed, hence surface cracks alone were noticed under
microscope. At increased % of graphite (>15%) which is not displayed in

figure, several blow holes were noticed due to agglomeration. The occurrence of
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tiny openings in the nature of shallow pits were noticed on the surface of

specimens.

5.2 HARDNESS OF THE COMPOSITES

Table 5.1 Hardness of the both as cast and aged Al 6061 matrix and Al/Gr
composites

As cast condition | Hardness Aging Condition Hardness
(BHN) (BHN)

Al 6061 94.4 Al 6061 97.6

Al/5% Gr 111.9 Al/5% Gr 113.3

Al/10% Gr 118.4 Al/10% Gr 120.9

Al/15% Gr 105.5 Al/15% Gr 110.0

The average values of hardness for all the specimens obtained during the by
experimental study are listed in Table 5.1 and the hardness result of composites is
grouped into three categories such as grain boundary, effect of graphite and
condition of ageing on the properties of hardness of aluminum composites. The
above table represents the influence of % of graphite and heat treatment on the

composites.

5.2.1 INFLUENCE OF PERCENTAGE OF GRAPHITE ON THE
HARDNESS OF COMPOSITES

The influence of % of graphite on hardness properties of aluminum composites
for both as cast and aged condition is shown in Fig. 5.4. There is a linear
increment is noticed in the composites hardness when the % vol of graphite is
increased irrespective of ageing conditions. The composites hardness is found to
be increased to 18%, 25% and 11% for a graphite with 5%, 10% and 15%
respectively. Hence, just adding small proportion of graphite which also act as
impurity, is enough to increase the hardness because of the development of
residual stress during the casting process and because of the grain refinement
process. Also, an addition of hard reinforcement particulates into the soft ductile
matrix leads to improvement in hardness. The hardness of metal matrix
composites increased initially up to a certain 10% wt., and then it decreases with

the % wt reinforcement. Another
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reason is higher difference in coefficient of expansion amongst graphite (— 8.717
x 10-8 K!) and Al alloy (26 x 10 K! ) results higher density of dislocation
leading to higher hardness

5.2.2 INFLUENCE OF AGEING ON THE HARDNESS OF COMPOSITES

The influence of ageing operation is generally proportional to the mechanical
properties viz yield strength, tensile strength and hardness due to the enhancement
in grains found during microstructure studies[232-233]. The enrichment of
composite’s hardness is as a result of resistance to deformation. Ageing provides
directional alignment to enrich desirable directional properties found in ductility,
strength and resistance to impact resistance and fatigue resistance. In summary,
the ageing of composites increases approximately 28% over original casting it
was made from. Ageing breaks up the grains which leads to reduce surface

porosity to get finer grain structure and hence increases the composite’s hardness

140

130
120 P SN
110
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0 5 10 15

% of Graphite

Fig. 5.4 Influence of % of graphite on the hardness of Al/Gr composites
for both as cast and ageing conditions.
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Similarly, aged composites shown related trends similar to without aged
composites. The values of hardness of aged composites were higher and better
compared to composites without ageing.

5.3 MECHANICAL PROPERTIES

The mechanical properties such as ductility, ultimate tensile strength and yield
strength including the average values for the reference alloy such as Al 6061 and

its composites are listed in Table 5.2.

Table 5.2 Mechanical properties of the as cast and aged condition Al/Gr composites

Without | Ultima Yield | Elonga| Aged ultimate Yield Elongation
ageing te tensile | Strengt | tion in | condition tensile Strength, | in %
condition | strength h, % strength | (MPa)
MPa (MPa) MPa
Al 6061 239.23 208.12 | 17.01 Al 6061 252.16 216.85 17.81
Al/5% Gr 257.32 22386 | 10.71 Al/5% Gr 266.96 229.58 13.64
Al/10% Al/10% Gr
Gr 270.30 235.16 | 9.59 292.21 251.29 12.73
Al/15% Al/15% Gr
Gr 255.34 219.55 7.74 264.78 22232 8.29

5.3.1 ULTIMATE TENSILE STRENGTH

Fig. 5.5 represent the results obtained during the experiments and the
consequence of vol % of graphite particles and ageing on ultimate tensile strength
of aluminum composites incorporated with graphite particulates. The
consequence of each parameter on the composite’s tensile strength is deliberated

below.
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Fig. 5.5 Consequence of % of graphite on ultimate tensile strength of
Al/Gr composites for both as cast and ageing conditions.

Fig. 5.5 displays the consequence of graphite content on the composite’s
ultimate tensile strength which shows an enhancement in the ultimate tensile
strength when the graphite is incorporated as reinforcement. The graphite has
lower coefficient of expansion in comparison with aluminum matrix alloy and
hence there is high localized density, which enhances the tensile strength.

Increase in tensile strength by 13% for without ageing condition and 22% for
aged condition of aluminum composites. The tensile strength of graphite (<480
MPa) is much higher than matrix alloy (<250 MPa), which helps to withstand the
maximum load from the matrix alloy. One more reason for high strength is, fine
grained structure formed due to graphite during solidification. They act as grain

refiner due to its specific heat capacity. Graphite acts as contamination in the
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fabrication process. They are highly sensitive to absorption of environmental
gasses, which causes matrix harnessing and brittleness. The dissolved gases are
removed by degassing agent but alloying elements are coated on the graphite
surface (adhered to the particle) which give higher grip and hence it withstand
maximum load.

Results obtained from an experimental study are summarized in Fig. 5.5, which
presents the mean value of the tensile strength test conducted on the specimens
before and after ageing operations. The ageing induced greater strength to the
composite specimens irrespective of reinforcements. This would be because of the
effect of the microstructural change after ageing, leading to remarkable increment
in yield strength through ageing. A conventional grain boundary was visible but
many of that long grain appeared. After ageing the microstructure having aligned
a plate and many substructures have formed, they help in the enhancement in
composite’s tensile strength. Aged specimens exhibited higher amounts of
compressive residual stresses than that of matrix allow and this can be endorsed
for ageing capability. (56)

5.3.2 YIELD STRENGTH

Fig. 5.6 represents results obtained during the experiments to study the influence
of % vol of graphite and ageing on the yield strength of Al/graphite composites
respectively. The effect of each parameter on the yield strength of the composites

is as follows.
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5.3.2.1 CONSEQUENCE OF % OF GRAPHITE ON YIELD STRENGTH
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Fig. 5.6 Consequence of % vol of graphite on the yield strength of Al/Gr
composites for both as cast and aged conditions.

The results obtained during tensile test are displayed in Fig. 5.6 which revealed
that the graphite exhibits a greater yield strength in both without ageing and aged
condition of Al composites. The graphite reinforced composites show greater
enhancement of yield strength of composites found to be 10- 13%. The variation
in yield strength between the materials because of good binding amongst
reinforcement and the matrix. An addition of graphite makes stronger bonding
between the matrix grain boundaries. . Graphite shows its ability to absorb more

energy prior to failure hence yield strength enhances.

5.3.2.2 CONSEQUENCE OF AGEING ON YIELD STRENGTH

The yield strength of an aluminum composites as a function of ageing is displayed
in Fig. 5.6 contributes to enhance composite’s yield strength due to
recrystallization of grains during ageing operation. Also the composite’s yield
strength with sub-grains is significantly dependent on the grains size. It is
concluded that, smaller the grain boundaries, higher is the yield strength and vice

versa. In this research work, the grain boundaries size reduction is approximately
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10 mm, which influences the yield strength. Aged aluminum composites are
definitely lower density compared to other structural materials hence it is an ideal

material for aerospace applications.

5.3.3 DUCTILITY OF THE COMPOSITES
The impact of each parameter on its behavior during the composite’s ductility is

discussed below:
5.3.3.1 EFFECT OF GRAPHITE ON DUCTILITY OF COMPOSITES
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Fig. 5.7 Consequence of % of graphite on ductility of Al/Gr composites
for both as cast and ageing conditions.

From Fig. 5.7, it is noticed that the ductility of both as cast and aged composites
found to reduce with the increase in % vol of graphite. The reason for this
behavior of composites is commonly encountered in particle / dispersed metal
matrix composites [234]. Author opinions for this behavior may be void
formation during solidification and increase in brittleness due to addition of
foreign material into the metal family. Sharma et al. [235] provided solid reasons
for reduction of ductility due to non-homogeneous dispersion of the reinforcement
and opening of voids amongst reinforcement and the matrix leading to weak
interfacial bond. The reduction in ductility in these specimens because of which
may get fractured and since sharp corners which are prone to develop localized

stresses, initiation of cracks and its propagation. There might be an effect of
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embrittlement because of the presence of graphite particulates, developing

increased local stress concentration regions.

5.3.3.2 CONSEQUENCE OF AGEING ON THE DUCTILITY OF
COMPOSITES

Fig. 5.8 displays the influence of an ageing on the ductility of aluminum
composites incorporated with graphite particles during which, it is noticed that
ageing process causes an increment in ductility irrespective of the % graphite. An
increment in ductility is might be due to recrystallization, reduction in casting
defects and refinement in grains in matrix base material during the ageing process
of alloys and the composites. When these parameters combined together
contributes in improving the boundary strength and ductility of both base matrix
material and composites. The ductility values of extruded composites were
established higher values and better than the composites without ageing. This is
because of a uniform distribution of hard particulates in soft ductile matrix which
improves the strength at the reduction of the ductility when wt. % of
reinforcement is increased. This might be due to the fact that, when wt. % of
reinforcement increases which leads intrinsically the formation of brittle phases
and presence of inter-metallic phases exhibits potential regions for the initiation

of cracks leading to decrease in ductility during quasi-static loading.

5.4 COMPRESSION STRENGTH

Table 5.3 Compression properties of the both as cast and aged condition
Al/Gr composites

Without Compression Aged Compression
ageing Strength, MPa Condition Strength, MPa
condition
Al 6061 313.07 Al 6061 329.08
Al/5% Gr 355.21 Al/5% Gr 367.44
Al/10% Gr 371.22 Al/10% Gr 390.90
Al/15% Gr 351.10 Al/15% Gr 353.54

Fig. 5.8 displays the plots for values of compression strength (UCS) of Al6061
MMC before and after ageing (Complete data is given in the Table 5.3). The
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Composites after ageing have a better compression strength compared to MMCs
before ageing. From the figure, it can be observed that, the highest UCS was
found for 10% graphite reinforcement. Meanwhile, aged composites showed
similar trends as that of composites without ageing. The values of yield strength
extruded alloy and composites were higher and better compared to composites
without ageing. This is due to the uniform distribution of hard particulates in soft
ductile matrix which leads in enhancement in strength which further leads to
development of bulky residual stress during cooling and formation of density
dislocation of density because of mismatch of coefficient of thermal expansion
amongst soft aluminum matrix & hard ceramic particle. Grain refinement is one

of the factors for improved strength in extruded alloy and its MMCs.

5.4.1 CONSEQUENCE OF GRAPHITE ON ULTIMATE COMPRESSION
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Fig. 5.8 Consequence of % of graphite on UCS of Al/Gr composites for
both as cast and aged conditions.
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The influence of addition of wt. % of graphite in aluminum composites on
compression strength of the without ageing and aged samples are given in the
Fig. 5.8. The curves of the without ageing and aged composites samples shows
that the compression strength is increasing with addition of up to 10% graphite.
The graphite used in composites suppressed the local micro-cracks which
improves the composite’s compressive strength. One of the reason for
improvement in confinement effect on the binder aluminum alloy of graphite
reinforcement, which improves its stiffness of the composites under the axial
compression. Graphite reduces the proliferation of cracks by arresting mechanism
and reduces the stress concentration at the crack-tips and diverting stress
concentration other direction.

5.4.2 EFFECT OF AGEING ON ULTIMATE COMPRESSION

The results obtained during ultimate compression strength test are shown in
Fig. 5.8 for all composition as a function of ageing condition. Ageing operation
enhances the tensile strength (UTS) because of strong interface and diffusion
bonding which is observed amongst the Al matrix alloy and graphite
reinforcement that produced a very tough structure composites. There is no de-

bonding at the interface between Al and graphite particles.

5.5 FATIGUE STUDIES

In fatigue studies, only three samples were selected due to availability of fatigue
facility in lab and also because of its expensive. Those three samples are as cast,
5 % graphite and 10 % graphite specimens for two type fatigue properties.

5.5.1 FATIGUE LIVES OF ASCAST ALUMINUM SPECIMENS.

Analysis of as cast Al matrix alloy specimens and the results of fatigue to predict
the average life of fatigue with 10% error that means 90% confidence level is

shown in the Table 5.4.
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Table 5.4: As cast Al alloy fatigue lives

Stress 63 MPa 47 Mpa 40 Mpa
level

Life Life Life
No Cycles | log Cycles Log Cycles Log
1 18426 4.2654 37513 4.5742 | 98906 4.9952
2 23563 4.3722 68224 4.8339 149650 11.1751
3 40238 4.6046 70932 4.8508 156335 11.1941
4 219905 11.3422
Average | 27409 4.4379 58890 4.7700 131199 11.1179
life
Standard 0.1759 0.1564 0.1575
Log
deviation
C.0.v 3.9636 3.28 3.08
(%)

The variation in life at stress levels I, II, III is less than expected 4%, 5%, and 7%
respectively. Hence there is no need of testing additional specimens at level I, II,
IIT so as to maintain the same percent error (10%) in the life estimated for same
degree of confidence for both as cast and heat treatments is shown in Table 5.4.

This is calculated as follows, the acceptable percentage error as assumed in
section is 10% and co-efficient of variation was found in level I is 3.9636%

.therefore,

Percenterror % _ 10

=2.5228

% co—efficient of variation 3.9636

Now, from Table 5.5 with ordinary value of 1.214 at 90% confidence, the number
of samples required is to read off. Since, 4 specimens were already tested at level
I, hence there is no need of additional specimens to test at level I, and then same
method is repeated for all values of fatigue results for both specimens which are

of as cast & heat treated..
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Table 5.5: Revised test plan for as cast Al alloys

Stress(MPa) C.0.v %Error/ C.0.V Revised Sample
Size

63 3.9636 2.5230 3

47 3.28 3.0488 3

40 3.08 3.2468 4

Table 5.6: Revised average fatigue life for as cast Al alloy.

Stress Level Average Log Life Average Life
63 27409 4.4379

47 58890 4.7700

40 131199 11.1179

Tables 5.5 and 5.6 show the results corresponding to this revised test plan, revised
average fatigue life for as cast Al matrix alloy specimens respectively.

5.5.2 FATIGUE LIVES OF AGING AND OVER AGING HEAT TREATED
ALUMINUM SPECIMENS.

Experimental results used for the analysis of aging and over aging heat treated
specimens to calculate the fatigue life in average within 10% error and 90%
confidence as per the primary estimate.

For aging and over aging heat treated specimens, the co-efficient of variation was
found to be 3.98, 2.08% % at I stress level, 3.76%, 1.77% at II stress level II and
3.60%, 0.98%at III stress level respectively.

The co-efficient of variation in the lives at I, I1& III stress levels is less than the
expected 4%, 5%, and 7% respectively. Hence there is no need of additional
specimens testing at level I, II, III for both type of heat treatment. Table 5.7 and
5.8 show the fatigue test data of aging, over aging heat treated specimens

respectively.
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Table 5.7 Revised test plan for aging heat treatment Al-GR specimens (5% of

GR).
Stress Level C.0.v %ZError/ C.0.V Revised
(MPa) Sample Size
63 3.98 2.542 3
47 3.76 2.656 3
40 3.60 2.778 4

Table 5.8: Aging heat treated Al-graphite specimens fatigue lives(5% of

GR).
Stress Level (MPa) Average Log Life Average Life
63 28226 4.4506
47 69270 4.8405
40 218947 11.3403

Table 5.9: Revised test plan for over ageing heat treatment Al/GR specimens

Stress  Level | C.0.V C.0.V(% error) | Sample Size
(MPa) after revision

63 2.08 4.807 3

47 1.77 11.649 3

40 0.98 10.121 4

Table 5.10: Revised average life for over aging heat treatment AI-GR

specimens.

Stress Level (MPa) Average Log Life Average Life
63 22318 4.3487

47 49167 4.6917

40 90702 4.9576
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Tables 5.9 and 5.10 show the results corresponding to this revised test plan for as
aging and over aging heat treated AI-GR specimens respectively.

Cantilever type rotating beam fatigue test set up is used to develop stress
amplitude v/s number of cycles during fatigue test until it gets fractured at room
temperature. Throughout the process of exploring the influence of ageing on the
properties of fatigue life of as cast aluminum, aluminum with 5% GR&
aluminum with 10% GR composites and their data were displayed in Fig. 5.10

—5.11 (a), (b) &(c) respectively.
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Fatigue 5.10 fatigue life of a) as cast, b) aged at 170 °C and aged at 270 °C ageing
condition for Aluminum alloy, aluminum alloy with 5% graphite and aluminum

alloy with 10% graphite composites.
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Fig. 5.11. Fatigue S—N curves of a) as casted aluminum b) aluminum with
5% GR and aluminum with 10% GR composites for as cast, 170 °C and
270 °C aged condition
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The experiments conducted during fatigue test on aluminum metal matrix
composites incorporated with graphite to know its life and if found to be more as
compared to as cast matrix alloy regardless of ageing conditions. In other words,
the life of fatigue of an aluminum metal matrix composites reinforced with
graphite displayed high stresses converge value against an as cast aluminum
alloy. Fig. 5.10 (a, b, ¢) and 5.11(a, b, ¢) displayed lives of fatigue of aluminum
matrix in place of three various conditions viz as cast, aged at 170 °C and aged at
270 °C. Specimens aged at 170 °C condition have validated for longer life during
fatigue trailed by as cast condition specimens, whereas specimen at 270 °C ageing
demonstrated poorer life under fatigue because of its over ageing state. The lives
of fatigue limit displayed at 160000 cycles for specimens with as cast conditions,
nearly 220000 cycles for aged specimens at 170 °C; whereas only 140000 cycles
for over aged specimens at 270 °C. Same type of tendency is noticed for
aluminum with 5% GR and aluminum metal matrix composite with 10% GR
which is displayed in Fig. 5.10(b) and 5. 10(c). Usually, aluminum and its alloys
don’t behave a stable fatigue strength but have demonstrated constantly reducing
fatigue resistivity. As per the results of previously published research paper [236],
the fatigue limit of an aluminum metal matrix is noted to be 70 N/mm? . While
aluminum alloy and aluminum composite reinforced with graphite were
artificially aged at 170 °C, the fatigue life found to be enhanced to 95 N/mm?. At
lesser cycles, the fatigue resistivity of the composites at aged condition found to
be significantly enhanced. By incorporating only 5% of graphite with aluminum
metal matrix at aged conditions, the limit of fatigue life attains beyond 95 N/mm?.
The average limit of fatigue stress is found to be 60 N/mm? in aluminum metal
matrix reinforced with 10% graphite and for the pure matrix alloy, it is found to

be 50 N/mm? as displayed in Fig. 5.12.
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Fig. 5.12 Effect of GR on an average fatigue stress of an Aluminum
metal matrix composites at different ageing conditions.

The dislocation of substructure in an aluminum alloy matrix influences the
strengthening effects during the formation of precipitates. An indication for the
concentration of valences clusters attained by increasing the temperature of
solution, enhancing quenching rate& storage duration at operating temperature
was demonstrated by its previously published papers. Needle shaped precipitates
were developed during aging possess at 170°C which can be treated as an
intermediate phase. Increasing the temperature of solution and enhancing the
quenching rate endorses the process of clustering resulted in the formation of a
precipitation with finer scale leads to higher concentration of vacancy. It is now
estimated that formation of B-Mg2Si can develop a remarkable hardness levels in
Al-6061. However, these levels depends upon the spacing and size of J
precipitates. The later one is organized by its temperature and appearance of [3
nuclei in the form of GP zones during formation. The absenteeism of formation
of GP zone in composites is therefore has a remarkable significance

on its
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morphology and the size [ precipitates and its resultant age hardening. Many
researchers noticed a homogeneously nucleated precipitates in materials at its
peak aged condition in material contained -Mg2Si with the help of a coarse
Widmanstatten morphology of non-reinforced alloys.

5.5.3 Fracture Surface

The substantial variations in microstructure of particles precipitated during second
phase in aluminum metal matrix composites which are subjected to aging at 170°c
and over aging at 270°c conditions distressing the fatigue life is revealed during
fractography analysis as shown in Fig. 5.13 .The voids which are considered as
cast defects were noticed in the fractured surfaces of aluminum alloy is displayed
in Fig. 5.13(a), simultaneously develops few blocks on the surface of as cast
condition aluminum alloy during fracture. There is no formation of voids found,
instead, least number of cracks are noticed its surface at aged condition as
displayed in 5.13(b) and the size of voids and primary cracks found to be
reduced. The surfaces of the specimens fractured during rotational fatigue beam
test machine exhibited the cast defects along with graphite cluster near the origin
at its operating temperature as shown in Fig. 5.13(c)-5.13 (f). Since, it is hardly
challenging to trace out the origin of the fracture, since radiative lines are not
found on the surface of the composites. At some regions, the cavitations
responsible for occurrence of multiple fractures in aluminum metal matrix
composites were found as displayed in Fig. 5.13(c). Due to ageing, the cavitation
as a damage decreases which is dominated by a diffusion controlled process.
In general, an initiation of different cracks because of stress concentration sources
like graphite inclusions during aged condition were reported in Al
MMC’s. In other words, graphite responds with magnesium which is existing in
an alloy during ageing is a confirmation for strengthening the significance of

graphite is revealed in the present work.
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Fig. 5.13. Fracture surface of a) Aluminum alloy b) over Aged aluminum c) Aluminum
alloy with 5% graphite, d)Aged aluminum with 5%graphite ¢) Aluminum with
10%graphite and f) Aluminum with 10% graphite at aged condition displaying the
origin of fatigue fracture at its whiskers of cluster .

88



5.6 RELIABILITY STRESS LIFE ANALYSIS
5.6.1 EXPERIMENTAL PLANS TO DEVELOP R-S-N CURVES

Because of the scattering noticed among each of the fatigue tests, the relation
between the stress levels cannot be articulated in single curve, but might be
deliberated as the group of curves, each denoting a certain probability of failure.
Thus, for a particular material, there is a group of S-N curves with a failure
probability among one of the factor. In this work, aluminum with 10% graphite is
considered because of its highest fatigue life.
At each stress level, sufficient number of tests were conducted to plot the above
S-N curves experimentally. It was chosen to test five specimens to obtain the
estimated variability during replicate test and the % of repetition was established
as follows:
% repetition =100[1-(TL/TN)]..ccoceriiaiiiiiieieieeee (5.1

Where,

TL= total number of different levels of stress during testing.

TN= Total number of tested specimens.
Hence,
Repetition percentage = ([1(3/15)] x100)

=80% which aggress with valued given in Table 5.13

Table 5.11: Guidelines to estimate replication and selection of sample size for the
purpose of testing

Test type Minimum % of | Minimum no of
replication specimens

Primary& Exportability 18-34 7-13

R&D testing 34-51 7-13

Data for design allowance | 51-76 13-25

Reliability data 76-89 13-25

Table 5.11 gives guidelines for estimating repetition and selection of sample size

of the sample for the purpose of testing to get data for reliability analysis.
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5.6.2 RELIABILITY EXPERIMENTS

For reliability experiment as indicated in Table 5.12, it is required to test 12-24
specimens including three stress levels. In the present work, 15 specimens are
tested, out of which 5 specimens at each stress level. Already during fatigue test,
we have tested 3 specimens at each stress level and hence now 2 more specimens
need to be tested at I, II, III stress level to fulfil the necessity to test 5 specimens
at each stress level.

5.6.3 RELIABILITY STRESS LIFE ANALYSIS OF AN AS CAST AND
HEAT TREATED AL/GR COMPOSITES.

Least square can be conveniently used to setup a linear correlation amongst a
dependent and an independent parameter which is applicable to linear data.
Linearization conversions are accomplished to use least square method since the
fatigue details usually corresponds to Log-Normal applicable to these
distributions. The failure probability for the test data obtained can be determined
by the concept of median rank. The test data of lives of fatigue is initially
arranged in order of ascending and then assigned with median rank. Then, the
regression analysis is done with the help of linearizing transformation and thus,
the relationship amongst failure probability and life of fatigue is calculated. The

following correlations can be used to develop R-S-N curves:

Median ranks =(=03). (5.2)
(n+0.4)

Where, J= Failure’s order number.
n =sample size
If it is Normal log distribution of a fixed data, then, the correlation amongst

dependent & independent parameter can be articulated with the following

expression:
Y=aXHD oo (5.3)
Where Y and X are linear variables of corresponding x & y in which;
Y =0 Yot (5.4)
X=I0 Xttt (5.5)

Y denotes a % of failure& x denotes failure life of fatigue.

90



Median ranks = U=93)_ Where J=1,2, 3,4, 5 and n=5

(n+0.4)
Median ranks = A=03) — () 1294

(5+0.4)
Table 5.12: Linearizing transformation of failure percentage and lives of fatigue
of an as cast Aluminum composite with 10% GR at stress level I level stress
SL no % Failed(yo) | y=In(yo) Life of | x= In(xo)

Fatigue (xo)
1 0.1287 -2.04280 37513 10.5324
2 0.3208 -1.16682 43224 10.6742
3 0.500 -0.69315 52669 10.8718
4 0.6652 -0.37804 68224 11.1306
5 0.8704 -0.13880 70932 11.1695
Table 5.13: Linearizing transformation of failure percentage and lives

of fatigue of an as cast Aluminum composite with 10% GR at II level stress.

SL no % Failed(yo) y= In(yo) Life of | x= In(xo)
Fatigue (xo)

1 0.1287 -2.04280 37513 10.5324

2 0.3208 -1.16682 43224 10.6742

3 0.500 -0.69315 52669 10.8718

4 0.6652 -0.37804 68224 11.1306

5 0.8704 -0.13880 70932 11.1695

Table 5.14:Linearizing transformation of failure percentage
fatigue of an as cast Aluminum composite with 10% GR at III level stress

and lives of

SL no Percent y=In(yo) Fatigue x= In(xo)
Failed(yo) Life(xo)

1 0.1287 -2.04280 37513 10.5324

2 0.3208 -1.16682 43224 10.6742

3 0.500 -0.69315 52669 10.8718

4 0.6652 -0.37804 68224 11.1306

5 0.8704 -0.13880 70932 11.1695
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Tables 5.12, 5.13 and 5.14 displays x and y values after linear conversion for
each test levels. Then, the constants in equation 5.3 can be calculated as shown
below:

Level I: Yi=a1X1 + bia1=2.0732, b1=-22.2474
Level II: Y2=a2X2 + b2az=2.5822, b2=-28.9657
Level III: Y3=a3X3 + bsas= 2.4685, b3=-30.4121 (From appendix)

The above equation which is related to probability of percentage failure to fatigue
life. With the help of above calculations and considering logs of X & Y, lives of
fatigue equivalent to different probability of failure at each levels of stress is
assessed wusing the data shown in Tables 5.15, 5.16, and 5.17.
[Reliability =1-Probability of failure]. It can now be related to fatigue life and the
values of fatigue life corresponding to different reliabilities at stress levels I, II

and III respectively.

Table 5.15: Probability of failure - fatigue life of as cast Al/10%GR composite
at stress level 1.

SL no Percentage of | y= In(yo) Fatigue x= In(xo)
failure(yo) Life(xo)

1 0.1297 -2.04331 18426 9.8215

2 0.3149 -1.16682 23563 10.0674

3 0.500 -0.69315 32456 10.3876

4 0.6652 -0.37804 40238 10.6026

5 0.8704 -0.13880 42338 10.6534

Table 5.16: Probability of fatigue life-failure of as cast Al/10%GR composite
at level II stress.

SL No % Failed(y) Y= In(y) X, Projected | Antilog(X)=
from Equation | x, life
(Cycles)

1 0.01 -4.605 8.5096 4963

2 0.1 -2.303 9.6200 15064

3 0.5 -0.693 10.3966 32748

4 0.75 -0.228 10.6209 40982

5 0.99 -0.010 10.7260 45526
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Table 5.17: Probability of fatigue life-failure of as cast Al/10%GR composite
at level III stress.

SL % Failed(y) | Y=In(y) | X, Projected from | Antilog(X)= x, life
No Equation in Cycles

1 0.01 -4.605 9.4341 12508

2 0.1 -2.303 10.3256 30503

3 0.5 -0.693 10.9491 56902

4 0.75 -0.228 11.1292 68129

5 0.99 -0.010 11.2136 74131

Table 5.18: Number of cycles to failure of ageing heat treated Al/10%GR
composite corresponding to median ranks.

SL | % Failed(y) | Y=In(y) | X, Projected | Antilog(X)= x, | Reliability
No from Equation life in Cycles

1 0.02 -4.805 10.4546 34703 0.99

2 0.2 -2.603 11.3871 88179 0.95

3 0.6 -0.683 13.0393 169285 0.55

4 0.75 -0.228 12.2277 204345 0.25

5 0.99 -0.010 12.3160 223245 0.01

Number of cycles to failure of ageing heat treated Al/10%GR composite
corresponding to median ranks is shown in table 5.18. The results of R-S-N
analysis of as cast specimens are denoted in the terms of actual R-S-N curves
shown in Fig 5.14. The lines in Fig. 5.14 denoted the relation among stress life’s
reliability and indicate fatigue life of fatigue of the test specimen which is getting
failed between Reliability of 99% life and Reliability of 1% life at any given

stress level.

Table 5.19: Linearizing transformation with percentage of failure and lives of
fatigue of composites with 10%GR under ageing heat treated condition at stress
level L.

SL Median Rank Level 1 Level 11 Level 111
no (63MPa) (47MPa) (40MPa)
1 0.1296 20153 41559 112356
2 0.3148 22012 45236 123960
3 0.500 32581 73228 170236
4 0.6652 42513 85236 242710
5 0.8704 45652 93021 338882
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Table 5.20: Linearizing transformation with percentage of failure and lives of
fatigue of composites with 10%GR under ageing heat treated condition at level 11

;tief; % Failed(yo) | y=In(yo) | Life of fatigue(xo) | y= In(xo)
1 0.1297 -3.04331 | 20153 89111
2 0.3149 -2.15583 22012 9.9993
3 0.500 -0.69315 32581 10.3915
4 0.6652 -0.37804 | 42513 10.6576
5 0.8704 -0.13880 45652 10.7288

Table 5.21: Linearizing transformation with percentage of failure and lives of
fatigue of composites with 10% GR under ageing heat treated condition at stress

level 111

SL no % Failed(yo) | y=In(yo) | Life of fatigue(xo) | x= In(xo)
1 0.1297 -3.04331 41559 10.6349
2 0.3149 -2.15583 | 45236 10.7196
3 0.500 -0.69315 | 73228 11.2013
4 0.6652 -0.37804 | 85236 11.3532
5 0.8704 -0.13880 | 93021 11.4406

x and y values after linear conversion for each testing levels are shown in tables

5.19, 5.20 and 5.21. Then, the constants in equation 5.3 are estimated for ageing

heat treated Al (6061) composite with 10%GR as below:

Level I: Y1=a1X1 + biai= 1.8928, b1=-20.5338
Level II: Y2=a2X2 + b2a2=1.9092, b2=-22.0171
Level III: Y3=a3Xs + bzasz=1.4753, b3=-18.7430

Where a; and b; can be found by equations

_nX(xy)—-XxXy b _EyE(xz) —-IxI (xy)
T hz@d) - (mﬂéE L= " s — x)?
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Table 5.22: Probability of fatigue life-failure of ageing heat treated Al/10%GR
composite at level I stress.

SL Yot Y=In(y) | X, Projected | Antilog(X)=x, | Reliability
No Failed(y) from life(Cycles)
Calculation

1 0.02 -4.606 8.4155 4517 0.99

2 0.2 -2.304 9.6317 15240 0.91

3 0.6 -0.694 10.4928 36056 0.50

4 0.75 -0.228 10.7279 45612 0.25

5 0.99 -0.010 10.8431 51180 0.01

Table 5.23: Probability of fatigue life —failure of ageing heat treated Al/
10%GR composite at level II stress
SL | %Failed(y) | Y= X, Projected | Antilog(X)= | Reliability
No In(y) from X, life
Calculation | (Cycles)
1 ]0.02 -4.606 | 9.1201 9138 0.99
2 102 -2.304 | 10.3258 30512 0.91
3 106 -0.694 | 11.1691 70908 0.50
4 10.75 -0.228 11.4127 90463 0.25
5 1099 -0.010 11.5269 101405 0.01

Table 5.24: Probability of fatigue life-failure of ageing heat treated Al/10%GR
composite at level III stress.

SL No | % Y=In(y) | X, Projected | Antilog(X)= Reliability
Failed(y) from x, life in
Equation Cycles
1 0.02 -4.805 9.6831 14518 0.99
2 0.2 -2.803 11.2435 69113 0.95
3 0.6 -0.683 12.3348 205829 0.50
4 0.75 -0.228 12.550 282093 0.25
5 0.99 -0.010 12.3978 327014 0.01
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Table 5.25: Number of cycles to failure of over ageing heat treated Al/10%GR

composite corresponding to median ranks.

SL no Median Rank | Level I Level 11 Level 111
(63MPa) (47MPa) (40MPa)

1 0.1296 17346 37527 78880

2 0.3148 24258 39523 88325

3 0.500 25348 50457 90702

4 0.6652 28128 57527 92150

5 0.8704 31682 61238 103450

Table 5.26: Linearizing transformation of failure percentage and lives of
fatigue of over ageing heat treated Aluminum composite with 10%GR level 1.

SL % Failed(yo) y=In(yo) Fatigue Life(xo) | x= In(xo)
no

1 0.1297 -3.04331 17346 8.7611

2 0.3149 -2.15583 24258 10.0965
3 0.500 -0.69315 25348 10.1405
4 0.6652 -0.37804 28128 10.2445
5 0.8704 -0.13880 31682 10.3635

Table 5.27:Linearizing transformation of failure percentage and lives of

Fatigue of over ageing heat treated Al/aluminum composite with 10% GR

level II.

SL | % Failed(yo) y=In(yo) Fatigue Life(xo) | x= In(xo)
no

1 ]0.1297 -3.04331 37527 10.5328
2 103149 -1.15583 39523 10.5846
3 10.500 -0.69315 50457 10.8289
4 |0.6652 -0.37804 57527 10.9600
5 10.8704 -0.13880 61238 11.0225
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TableS.28: Linearizing transformation of failure percentage and lives of
fatigue of over ageing heat treated Al/ aluminum composite with 10%GR
level II1.

SL no | % Failed(yo) y= In(yo) Fatigue x= In(Xo)

Life(xo)

1 0.1297 -3.04331 78880 11.2757

2 0.3149 -1.15583 88325 11.3888

3 0.500 -0.69315 90702 11.4153

4 0.6652 -0.37804 92150 11.4312

5 0.8704 -0.13880 103450 11.5468

x and y values after linear conversion at each testing levels is shown in tables
5.25, 5.26, 5.27 and 5.28. Then, the constants in equation 3 were estimated for
over ageing heat treated Al (6061)-GR composite as shown below:
Level I: Yi=ai1X1 + bia1= 3.2792, b1=-34.0704
Level II: Y2=a2X2 + b2a2= 3.1945, b2=-311.3366
Level III: Y3=a3X3 + bzaz= 7.2960, b3=-84.1435
Where a; and b; can be found by equations

_nYX(xy)—-IxXy h _EyZ(z) —Xx X (xy)
T nz(x?) - @2t T nx(x2) — (2x)2

(From Appendix)

x and y values after linear conversion at each testing levels is shown in tables

5.29,5.30, 5.31.

Table 5.29: Probability of fatigue life-failure of over ageing heat treated
Al/10%GR composite at level I stress.
SL % Y=In(y) | X, Projected | Antilog(X)=x, | Reliability
No Failed(y) from life in Cycles
Equation
1 0.02 -5.606 8.9855 7987 0.99
2 0.2 -2.304 9.6875 16116 0.91
3 0.6 -0.694 10.1785 26332 0.50
4 0.75 -0.228 10.3203 30344 0.25
5 0.99 -0.010 10.3868 32429 0.01
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Table 5.30: Probability of failure - fatigue life of over ageing heat treated
Al/10%GR composite at stress level 1.

SL No | % Failed(y) | Y= X, Projected | Antilog(X)=x, | Reliability
In(y) from life in Cycles
Equation
1 0.02 -5.606 | 8.6202 15066 0.99
2 0.2 -2.304 10.3408 30970 0.91
3 0.6 -0.694 10.8448 51266 0.50
4 0.75 -0.228 10.9903 59298 0.25
5 0.99 -0.010 11.0586 63486 0.01

Table 5.31: Probability of failure - fatigue life of over ageing heat treated Al/
10%GR composite at stress level III.

SL | % Failed(y) | Y= In(y) X, Projected | Antilog(X)= | Reliability
No from x, life in
Equation Cycles

1 0.02 -4.805 10.9017 54267 0.99

2 0.2 -2.603 11.2172 74398 0.95

3 0.6 -0.893 11.4378 92767 0.50

4 0.75 -0.228 11.5016 98872 0.25

5 0.99 -0.010 11.5315 101871 0.01

5.6.4 AVERAGE FATIGUE LIFE OF AS CAST AL/GR COMPOSITE.

Static tests conducted on as cast aluminum graphite composite whose tensile
strength (UTS) is noted to be 78 Mpa. The average fatigue life of as cast
aluminum graphite composite obtained at 3 stress levels are tabulated in Table
5.32

Table 5.32: Average life of fatigue of as cast Al/10% GR composite.
Stress Level Average Life Average Log Life
63 27409 4.4379

47 58890 4.7700

40 131199 11.1179
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Fig.5.14: S-N Curve of as cast Al/10%GR composite

Fatigue lives of as cast Al/10%GR composite corresponding to different stress

level can be read of from the Fig.5.14.
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Fig. 5.15: Stress V/s Life in Log-Log Scale of as cast
composite
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Logarithmic fatigue life’s corresponding to different logarithmic stress level of

as cast Al/10%GR composite can be read off from Fig 5.15.

5.6.5 AVERAGE FATIGUE LIFE OF AGING HEAT TREATED
AL/10%GR COMPOSITE
The average life of fatigue at 170°C aged heat treated aluminum graphite obtained

at 3rd stress levels are formulated in Table 5.33.

Table 5.33 Average lives of fatigue of aged heat treated Al/10%GR
composite
Stress Level Average Life Average Log Life
63 28226 4.4506
47 69270 4.8405
40 218947 11.3403
75
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15
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Fig. 5.16: S-N Curve of 170° Caging Heat treated
samples

Fatigue lives of aging heat treated Al/10%GR composite corresponding to

different stress level can be read of from the Fig.5.16.
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Fig. 5.17: Stress V/s Life in Log-Log Scale (170°C HT)

Logarithmic fatigue lives corresponding to different logarithmic stress level of

aging heat treated AI/GR composite can be read off from Fig 5.17.

5.6.6 Average fatigue life for over aged heat treated AI/GR composite
The average fatigue life of 270°C over aging heat treated Al/10%GR composite
shown in Table 5.34.

Table 5.34: Average lives of fatigue for over aged heat treated Al/10%GR

Composite.

Stress  Level | Average Log Life Average Life
(MPa)

63 22318 4.3487

47 49167 4.6917

40 90702 4.9576
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Fig.5.19: Stress V/s Life in Log-Log Scale (270°C HT)

Fatigue lives corresponding to different stress levels of over aging heat treated
Al/GR composite can be read of from Fig 5.19. Logarithmic fatigue lives
corresponding to different logarithmic stress level of over aging heat treated

Al/GR composite can be read off from Fig. 5.20.
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5.6.7 ASSESSMENT OF BEHAVIOR OF FATIGUE OF AN ASCAST
AL/10%GR COMPOSITES WITH HEAT TREATED AL/10%GR
COMPOSITES
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65 :
60 ‘\
55
£.50
= 45 —— 3;1(6061
z 45
i 35 HT
- -270 Over aging
2
25

B

0 50000 100000 150000 200000 250000
Life(Cvcles)

Fig. 5.20: Assessment of behavior of fatigue of an as cast and
heat treated samples

Fig 5.20 displays an assessment of behavior of fatigue of as cast, aging and over
aging heat treated specimen. Fatigue life of as cast is 2.90% , 17.71% , 66.88%
less than aged heat treated specimen at I, II& III stress levels respectively.
Whereas fatigue life of as cast is 18.57%, 16.51%, 30.86% greater than over aged
heat treated specimen at I, [I& III stress levels respectively. Its shows that aged
heat treated specimens fatigue life is greater than that of as cast & over aged heat

treated specimens.
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5.7. RELIABILITY STRESS LIFE ANALYSIS
Reliability stress life curves of as cast, aged heat treated and over aged composite

specimens at different reliabilities were plotted at different stress level

5.7.1 THE LIVES OF FATIGUE CORRESPONDING TO DIFFERENT
RELIABILITIES AT RESPECTIVE STRESS LEVELS OF AS CAST
AL/GR COMPOSITE.

Table 5.35 gives fatigue lives results of as cast Al/10%GR composite at different

reliability.
Table 5.35: Fatigue lives of as cast Al/10%GR composites different reliability.
Reliability | level I stress level II stress level I1I stress
0.99 4963 12508 34703
0.90 15064 30503 88179
0.50 32748 56902 169285
0.25 40982 68129 204345
0.01 45526 74131 223245
65
N 1\ \i\\

55
50 \ \\\ ——R=99%

4\ \\.\ \_ —m—R=90°%

——Re=250,
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0 40000 80000 120000 160000 200000 240000
Lifes(Cycles)

Fig. 521 R-S-N Curves of as cast Al/10%GR metal matrix

Fig. 5.21 shows relation between fatigue lives and reliability of as cast composite

at different stress levels.
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572 THE LIVES OF FATIGUE EQUIVALENT TO DIFFERENT
RELIABILITIES AT RESPECTIVE STRESS LEVELS OF AGING HEAT
TREATED AL/GR COMPOSITE.

Table 5.36 gives fatigue lives results of aging heat treated AI/GR composite at
different reliability

Table 5.36: Fatigue lives of aging heat treated Al/10%GR composites for

different reliability.

Reliability level I'stress | level II stress level I1I stress

0.99 4517 9138 14518

0.90 15240 30512 69113

0.50 36056 70908 205829

0.25 45612 90463 282093

0.01 51180 101405 327014
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Fig. 5.22: R-S-N Curves of aging heat treated Al-10%GR metal matrix

composites

Fig. 5.22 shows relation between fatigue lives and reliability of 170°C aging heat

treated metal matrix composite at different stress levels.
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573 THE LIVES OF FATIGUE EQUIVALENT TO DIFFERENT
RELIABILITIES AT RESPECTIVE STRESS LEVELS OF OVER AGING
HEAT TREATED AL/GR COMPOSITE.

Table 5.37 gives fatigue lives results of over aging heat treated Al/10%GR

composite at different reliability

Table 5.37: Fatigue lives of over aging heat treated Al-10%GR for different
reliability
Reliability level I stress level II stress level III stress
0.99 7987 15066 54267
0.90 16116 30970 74398
0.50 26332 51266 92767
0.25 30344 59298 98872
0.01 32429 63486 101871
65 _
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Fig. 5.23 R-S-N Curves of over aging heat treated Al-10%GR metal
matrix composites

Fig. 5.23 shows relation between fatigue lives and reliability of 270° C over aging

heat treated metal matrix composite at different stress levels.
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5.8 Wear

The significance of aluminum composites incorporated with graphite particulate
on wear resistivity in comparison with the base matrix material is discussed here.
The wear volume in the form of weight loss / unit length with respect to material
loss during sliding for AI/GR composites having 0, 5, 10,15 & 20% for as cast
state is given in the Table 5.41.

Table 5.38 Rate of wear (mm3km) of AI/GR composites at various speed

&different loading conditions

Load, Sliding % of GR
N speed 0 5 10 15 20
Rpm

20 200 1.4125 1.3886 1.2366 1.1635| 0.9814
300 1.5376 1.4796 1.3098 1.1998 1.0224

400 1.5569 1.5296 1.3337 1.2112 1.0372

500 1.8140 1.5433 1.4074 1.2795 0.9929

30 200 1.6036 1.5820 1.3699 1.2339 | 1.0600
300 1.6173 1.5911 1.3815 1.2454 1.0725

400 1.6286 1.6206 1.3974 1.2533 1.0872

500 1.9471 1.6547 1.5192 1.3397 1.1350

40 200 1.7071 1.6502 1.4376 1.2647 | 1.1282
300 1.7344 1.6730 1.4512 1.2806 1.1168

400 1.7560 1.7071 1.4827 1.3056 1.1623

500 1.9993 1.7299 1.5549 1.3249 1.1657

50 200 1.8038 1.7616 1.5208 1.3181 1.1998
300 1.8140 1.7879 1.5337 1.3249 1.2078

400 1.8220 1.8094 1.5493 1.3352 1.2306

500 2.1586 1.7879 1.6255 1.3477 1.2078

107




5.8.1 SIGNIFICANCE OF GRAPHITE CONTENT ON WEAR

The significance of graphite wt. % on the behavior of composites during wear
which are developed to operate at different wear rotational speeds, such as 200,
300, 400 and 500 rpm and for wear loads of 20, 30, 40 and 50 N is plotted in the
Figures. 5.24 and 5.25. The data obtained clearly revealed that the improvement
in % of graphite increases the wear resistivity of AI/GR composites. In this work,
the rate of wear is noticed to be reduced when there is an increase in the % of
graphite from 5% to 20%. The minimum material loss is observed for 20%
graphite dispersed in the Al matrix alloy. But the same % of GR at a higher
velocity and higher load showed higher values. On the other hand at lower loads
and speeds the wear rate remains constant and also wear rate is almost constant
even at higher speeds. When compared to aluminum matrix material, the wear

rate is more steady state and less for composites.
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The dispersal of graphite reinforcement particles in the aluminum base matrix
leads to relative attainment of stability in the wear resistance of composites. The

contemptuous of graphite particulate probably held with less adherence which

attributed to the subsequent wear loss.
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5.8.2 SGINIFICANCE OF SLIDING SPEED ON THE WEAR RATE

The Fig. 5.26 and 5.27 shows rate of wear of the composites as a function of
sliding speed for different loads. It clearly shows a small marginal change in
wear rate absorbed during changing speeds. Five samples were taken for the
single condition and the average wear rate considered to draw the graphs. The
sliding speed only contributes a slight change from 3.2 to 3.8% wear rate. A rapid
change in the rate of is noticed, when there is an increase in speed from zero to
200 rpm, but subsequently, the rate of wear increased marginally or linearly with
the sliding speed. It is followed by a mild wear stat with nearly linear wear rate

and speed relationship.

Previous literature shows the experimental result of wear test in removing the
material which is proportional to the sliding distance or speed [237] However, the
rate of wear increased linearly with its sliding velocity and rest all are kept
constant. Sharma [238] have explained a mechanism in their research work:
During the sliding process the metal of both disc as well as specimen increases the
temperature, it enhances the oxidation which leads to development of oxide layer
on the specimen [239]. The oxide layer is generally weak and porous during
sliding the more serious damage seen at the tip of the pins due to shear between
matrix materials and oxidized layers. The oxide layer does not have a successive
contact between the disc and specimens at a lower speed, but the higher speed the
formation layer faster and at the same time the mixing debris of both matrix,
reinforcement and disc materials. The mechanically mixed debris consists of
larger metallic fragments which have been found to be turned away because of its
strong adhesive junctions with a proper grade of inter-metallic interaction due to
absenteeism of adequate oxide layers. It is noticed that there is an enhancement in

the wear resistance in noticed for a corresponding increase in wear velocity.
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5.8.3 SIGNIFICANCE OF NORMAL LOAD ON THE WEAR RATE

Fig. 5.28 and 5.29 displays the rate of wear rate of aluminum graphite composites
as a function of normal load at different speeds. When the normal load is applied
linearly during the wear test, the rate of wear found to increase under the linearly
applied normal load; but it can be severe at higher loads. The results showed
approximately 8% higher wear for a load of 50 N. At lower loads, the wear can be
seen within the mild wear region even though sliding speed is higher. But at
higher loads, the harshness is still higher which causes more loss in the material.
The debris of both the specimen and disc formed their oxides because of the
higher temperature and surplus of plenty of air. At lower load, this mechanical
mixed layer acts as a barrier in preventing further material loss due lower shear
force. On the other hand, these metallic oxides failed to give protection to base
metal due to higher shear loads. This material is removed frequently due to higher
shear forces between the host and debris & hence it promotes metal contact
between both specimen and disc materials which leads to further wear of material
taking place continuously. But for lower load, the wear plot is almost a linear, but
in higher loads these curves are almost hyperbolic in nature. These curves are
almost the same for both pure and composite materials, but matrix material shown

a higher wear rate as compared to composites.
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5.8.4 STUDIES OF WORN-OUT SURFACES

Fig. .31 Worn-out surface of matrix etal and composite incorporated with 15 % GR at 300 rpm & 30 N

Fig. 5.32 Worn-out surface of matrix metal and composite incorporated with15 % GR at 500 rpm & 50 N
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Worn out surfaces of both aluminum matrix and aluminum graphite composites,
which are observed under scanning electronic microscope are shown in the
Fig. 5.30 to 5.32. Fig. 5.30 shows the worn out surface of both aluminum matrix
and aluminum composite incorporated with 15% graphite. At lower speed of
200 rpm and lower load of 20 N, it shows mild damages on both the surfaces of
aluminum matrix and aluminum composite. The material removal appears to
progress by the fracture of Al alloy and GR particles due to very high frictional
load subjected at the wear surface of the specimen. A very low delamination
caused by fractured surface which leads to less severe than that of higher loads
and speeds. In aluminum alloy, the surface damage can be more severe than that

of AI/GR composites.

An intermediate wear load and sliding speed of 30 N and 300 rpm are shown in
Fig. 5.31 during which the grooves visible clearly on the surface due to wear,
which is not clear at lower wear loads. In this case, it is also realized that matrix
materials showed higher damage compared to composite because of its lower
mechanical properties of aluminum metal matrix in comparison with its
composites. By observing wear surface, it can be considered that groove plays
parameter role in the behavior of wear i.e., the wear is caused by the formation
and enlargement of groove. In general, the wear grooves are formed with locally
metal and a fractured reinforcement. Even though minimum frictional force
applied on the worn out surface, the local fractured surface found to occur by
larger frictional forces arising from the casting material’s non-uniform surface
and defective regions of the wear surface. The depth of grooves is higher due to
the fracture of worn out surface both outside and besides the groove. The worn
out surfaces revealed that the adherent wear found to be based on the governing
wear mechanism during its intermediate loads and speeds. In other words, the
worn out surface of aluminum composite with 15% graphite showed almost same

behavior but less severe.

118



Fig. 5.32 showed worn out surfaces of aluminum and aluminum with 15%
graphite composites under upper normal load of 50 N &at a speed of 500
rpm. Due to higher speed and load, the melting temperature increased drastically
and causes localized melted area which can be observed clearly in the above
Figure 5.32. The higher localized melting during sliding wear leads to higher
delamination because of its very large plastic deformation of the metal. The
fractured GR and some debris of metal reduces the frictional force somewhat at
the worn out surface. Larger grooves and smaller grooves may be related to
precipitates as displayed in Fig. 5.32 which revealed that the mechanism of wear
mechanism at high sliding speeds is because of the wear noticed at melted

region& hence the seizure of the matrix occurs.

The wear which is responsible for the damage can be seen in two dimensional and
randomly on the surface of specimen because of normal load and pressure due to
sliding speed irrespective of matrix and composite materials. The grooves found
on the worn out surface parallel to normal loads or in the direction of pressure and
hence the graphite particles are emerging out of the surface in the same sliding
direction. At higher speed, the orientation of reinforcement is unpredictable,

especially in discontinuous composites.

In lower and higher loading conditions, there are highly significant changes in
wear mechanism can be seen. In lower loads, the delamination and damage can
be seen in only one direction, but in higher loads it can be seen in all three
direction changes. Simultaneously, at lower sliding speed, more damage is
noticed on the wear surface which is parallel to the direction of pressure applied
. It might be due to the higher frictional forces required for making abrasion on

the wear surface parallel to the direction of pressure.
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5.9 CORROSION STUDIES

The final computed test data of corrosion is given in the Table 5.39 with respect

to the corrosion testing variables such as forging condition, normality of the

solution, wt. % of the GR and corrosion duration. The individual effect on

corrosion loss are explained in next sessions.

Table 5.39 Corrosion loss in grams for Al and Al/Gr reinforced MMCs at

different conditions.

Condition

Normality
of
solution

Wt.

%
Gr

Corrosion duration in days

40

50

60

70

80

90

As cast

1.0

0

2.529

3.338

3.567

4.04

4.326

4.37

5

2.313

2.909

3.22

3.517

3.61

3.87

10

1.808

2.571

2.862

3.126

3.291

3.297

15

1.192

2.18

2.738

2.797

3.074
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5.9.1 SIGNIFICANCE OF EXPOSURE TIME ON THE RATE OF
CORROSION

Fig. 5.33 and 5.34 shows the corrosion loss by weight loss/area of the Al matrix
materials and Al/GR composites without heat treatment and with heat treatment
respectively at various normalities of corrosion media. The corrosion rate reduced
significantly when there is an increase in the duration of corrosion. Initially,
boththe matrix and composites experienced a severe corrosion due to which the
corrosion rate slowly came to a steady state in nature. The nature of the curves is
decreasing with corrosion, exposure time due to corrosion products that could
protect further corrosion which is called as passivation of the matrix alloy. The
same mechanism holds good even for composite materials. A thin protective layer
is developed on the surface of the specimen which prevent the corrosion even in

an aggressive corrosive environment.

Henry et al. [240] have noticed a thin protective layer on the surface of corroded
specimen during XRD studies which consisted of hydrogen hydroxyl chloride,
which in turn further retarded corrosion reaction. The same was confirmed by
Moshier et al. [241] and presence of aluminum hydroxide compounds. But the
correct chemical composition of corroded thin protective film is yet to know.
Mc.Cafferty[242] states that the behavior of thin film due to rich in Al3+ ions in
the corrosion media, which acts as a hurdle for corrosion reaction. The reaction
continues in the corrosion media depleted rich in hydrogen ions which slow down

the corrosion reaction.
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5.9.2 SIGNIFICANCE OF % OF GRAPHITE ON CORROSION LOSS

Fig. 5.36 shows that the corrosion loss for as cast and aged condition A/GR
composites respectively as the function of % GR at different normality and
corrosion duration. Since the graphite generally is an inert and remains stable,
which is affected hardly by NaCl medium when exposed to
corrosion. Though, the corrosion loss shows decrement when % of graphite
increased due to which mask the area of specimens to exposure to corrosion
media. The corrosion medium has rich, aggressive Cl ions results pitting on the
interfaces of metal matrix and reinforcement. This interface region is formed due
to a high density dislocation emerged during the mismatch occurred from the
thermal differential, which developed more stress concentration around the

particles which lead to allotropic transformation.
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Both allotropic transformation and strain energy associated with dislocation
density promote the more in pit initiation process. Few graphite particles came
out from the aluminum matrix alloy due to severe corrosion occurred at the
interface of graphite and aluminum composites. Some authors [243-246] have
found that composite materials have more pitting attack than that of matrix alloy
due to occurrence of more severe corrosion taking place at the interface. In other
hand, a resultant enhancement in the porosity is noticed, when there is an
increment in the % of graphite & due to the decrease in the inter particle spacing
[247]. More the exposing area of the specimen, an increment in the corrosion rate

is observed and enhances the inter porosity of the specimens.

In this current research work, the corrosion loss per area predominantly
contributes for the development of pits on its surface. In an aluminum alloy, there
is more severity at the initial stage due to fresh used acid, which develops pits on
the surface. Formation of more pits leads to more area exposure and further
severe corrosion and severe material loss can be seen. More pits can be observed
on the composite surfaces clearly. But more surface damage can be seen in the
matrix alloy due to formation of flakes that is not seen in the composites. In GR
reinforced Al composites, the pit formation depending on the graphite distribution
in an aluminum the matrix. The higher GR leads to more options for film

disruption and higher pits initiation.
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5.9.3 INFLUENCE OF NORMALITY ON THE CORROSION RATE
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Fig. 5.37 and 5.38 displays the weight loss during corrosion as a function of NaCl
normality of as cast and aged condition respectively for Al and Al/GR composites
and different exposure duration. It is well established that the corrosion rate
increases with increase in normality (its solution’s concentration) due to more
free Cl ions in the corrosion medium. Only higher duration i.e., 80 and 90 days
exposure shows different nature because of faster passivation of the specimen
irrespective of matrix and composites. The higher percentage of GR exhibited
lesser corrosion weight loss than that of reference materials.

5.9.4 EFFECT OF AGEING CONDITION ON CORROSION WEIGHT
LOSS

The corrosion weight loss result is shown in Fig. 5.39, 5.40 and 5.42 for IN, 1.5N
and 2 N of NaCl corrosion medium respectively to explore the significance of
ageing on corrosion rate. Corrosion loss no significant improvement was observed
after ageing for composite but some improvement was observed in matrix
alloy. The insignificant improvement in corrosion rate is because of the

following reasons.

» The development of a porous aluminum oxide on the surface of the aged
specimen due to oxidation during ageing, which partially protects the
specimens.

» The stress relaxation could be attributed to ageing, which may cause slight
improvement in corrosion resistance.

» The homogeneity in material composition leads to slight improvement
corrosion resistance.

» The ageing reduces the mismatch strain leading to increase in resistance

of corrosion.
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Fig. 5.42 displays the morphology of specimens of aluminum matrix and
aluminum composite incorporated with graphite which were espoused in the
corrosion medium for 90 days. The pitting is one of the major contributors for
corrosion and hence almost all corrosion morphology absorbed the same. The
specimen demonstrated shallow pits in case of aluminum matrix specimen and
round pit in the case of composite specimens. The AlI/GR composites, highly

intensify localized attack as seen at the interface between particle-matrix alloys.

The adjacent pits in the matrix did not show any generalized attack, but in the
composites pits occur preferentially in the GR particle or clusters, which leads to
few wide pits on the surfaces. But in the case of matrix alloy the number of
shallow fits was observed. In Al matrix alloy two types of corrosion mechanism

are seen, such as shallow pitting and thin flakes.

In the present research, aluminum alloy contains primarily two phases like basic
aluminum and a eutectic silicon. It also consists of precipitates such as Mg2Si,
AlFeSi [241], CuAl, [242], [FeMn] SiAl compound, etc., [243] during the
preparation of an alloy. This alloy precipitation, enriched the conductivity near the
inter-metallic phase, which delivers a comfortable path way to exchange an
electron which is required in hydrogen reduction. But, it cannot convert hydrogen
ions to hydrogen gas since silicon is less-active. Usually, silicon acquires positive
values for its potential reduction of electrodes. Aluminum normally acquires a
negative sign for its planned electrode potential [248], which demonstrated
supplementary reaction compared to hydrogen in reducing hydrogen ions into
hydrogen gas. Therefore, silicon allows aluminum to act like anode by

experiencing oxidation reaction or de electronation.

It is of opinion that, an incorporation of alloying elements viz Si and cu changes
the potential during corrosion in the proper direction and decreases the corrosion
resistivity of aluminum [249 - 250]. [251] have enlightened during their studies,
which, by enhancing % of copper, the corrosion resistivity of an aluminum alloy

1s decreased.
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Apart from all the elements mentioned, an aluminum alloy which is powerful
for matrix alloy due to its anodic nature and hence results in higher rate of

corrosion rate because of the development of local cells.
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CHAPTER 6

CONCLUSIONS

In conclusion, graphene-reinforced aluminum metal matrix composites

(AMMCs) exhibit significant improvements in tensile strength, hardness,

compression strength, fatigue, wear, and corrosion compared to traditional

aluminium alloys. The addition of graphene, a carbon material in the form of two

dimension having exceptional mechanical properties, enriches the whole

presentation of the composite material.

A significant enhancement in tensile strength of the composite can be
achieved by incorporating graphene into the aluminum matrix. Graphene’s
high intrinsic strength and its capability to transfer the load efficiently
amongst aluminum particles result in improved resistance against
deformation and fracture under tensile forces.

Graphene as a reinforcement is main responsible in enhancing the
hardness of the AMMCs. The existence of graphene sheets restricts
dislocation movement, resulting in enhanced hardness and resistance to
plastic deformation. Graphene also acts as a barrier against grain growth,
which further enhances composite’s hardness.

The graphene reinforcement in AMMCs also leads to improved
compression strength. Graphene sheets prevent the collapse of aluminium
particles under compressive loads by providing additional strength and
stability. This reinforcement mechanism results in enhanced resistance to
compression and increased load-bearing capacity.

Graphene reinforcement improves the fatigue strength of AMMCs. The
presence of graphene sheets helps to disperse and inhibit crack
propagation, which reduces the susceptibility to fatigue failure. Graphene's
high strength and ability to efficiently transfer stress between aluminum

particles contribute to increased fatigue resistance.
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An addition of graphene with the aluminum matrix hinders in initiation
&growth of cracks during cyclic loading. Graphene acts as a barrier and
prevents crack propagation by bridging and dispersing the stress
concentrations, thereby enhancing the fatigue property and life of the
composites.

Graphene reinforcement enhances the damage tolerance of AMMCs under
cyclic loading. The graphene sheets serve as a toughening agent,
absorbing and distributing energy during fatigue loading. This improves
the overall resistance to crack initiation and propagation, leading to
extended fatigue.

Several studies and experimental investigations have demonstrated that the
wear rate can be reduced remarkably by incorporating graphene into
aluminium matrices and enhances the overall tribological properties. The
presence of graphene provides a strong reinforcement network within the
composite, increasing its hardness, strength, and load-bearing capacity.
Moreover, graphene's excellent lubricating properties and low friction
coefficient contribute to reducing wear and frictional losses in AMMCs.
The graphene acts as a solid lubricant which develops a protective layer to
protect the surfaces due to direct contact creating friction amongst the
sliding surfaces. This resulted in reduced wear rates, minimized surface
damage, and improved durability of the composite materials.

Firstly, graphene acts as a barrier layer on composite’s surface and
effectively minimizes the contact amongst the aluminum matrix and
corrosive media. This barrier layer inhibits the dispersal of corrosive
medias like ions, oxygen and water towards the aluminum matrix, thus
reducing the corrosion rate.

Secondly, graphene possesses excellent electrical conductivity, which can
facilitate the development of a protective layer of oxide over the surface of
an aluminum matrix which further acts as a passive film, providing a

physical and chemical barrier against corrosion.
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e Furthermore, graphene's high mechanical strength and stability enriches
the overall mechanical properties of the AMMCs. At the time of
reinforcement of aluminum matrix, graphene can enhance its resistance to
mechanical stress, prevents the origination and spread of corrosion- related
cracks and defects.

e Additionally, a unique structure of graphene allows for improved bonding
between inter faces amongst the graphene and aluminum matrix. This
strong interfacial interaction ensures better load transfer, which enhances
the overall stability and integrity of the composite material, making it
more resistant to corrosion-induced failure.

e However, it is important to note that while graphene reinforcement offers
significant corrosion resistance improvements, it may not completely
eliminate corrosion. Factors such as the quality of graphene dispersion,
processing conditions, and exposure environment can influence the

effectiveness of corrosion protection in graphene-reinforced AMMC:s.

Overall, an aluminum metal matrix composite incorporated with graphene
remarkably enhances its compression strength, tensile strength, fatigue, hardness,
wear and corrosion. These enhancements make graphene-reinforced AMMCs
highly promising materials for various applications that require superior

mechanical properties, such as aerospace, automotive, and structural components.
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CHAPTER 7

FUTURE SCOPE

(1) The incorporation of graphite particles within the specified
proportional quantity enhances the wear resistance of hybrid
composites at the expenditure of strength of its matrix material,
but, it is further suggested to overcome by mixing hard ceramics
like silicon carbide, aluminum oxide, boron carbide into aluminum
matrix material.

(i) It can be further suggested to use hybrid metal matrix composites
reinforced with graphite can reduce wear loss and frictional
coefficient of composites at higher speed.

(iii))  The literature review suggested to use further the stir casting
method as the most commercial and economical fabricating
technique followed by powder metallurgy for self-lubricated
aluminum hybrid composites.

(iv) Hence it is further recommended that the combination of silicon

carbide and graphite hybrid reinforcement in fabricating aluminum based self-
lubricated hybrid metal matrix composites in obtaining better quality of

composites with further enhanced fatigue property.

(v) The comprehensive literature in this review discovered that most of the
research is done in the area of self-lubricating hybrid composites by
incorporating graphite as a solid lubricant into aluminum matrix alloys;
however in future, researchers may focus on the use of deferent other metallic
and ceramic particulates like titanium, zirconium, magnesium, nickel, silver,
copper, zinc, bronze, alumina, silicon nitride. It is also suggested to explore in

the area of bio reinforcements.

(vi) The extensive literature discussed in this research work has discovered
that majority of researchers attentive on very few mechanical properties like
hardness and tensile strength of self-lubricating hybrid composites; whereas other

properties like toughness, impact strength, fatigue strength, compressive strength and

creep have investigated less.
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