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التاريخ1441/9/6:
مركبات مصفوفة األلمنيوم هي واحدة من مركبات مصفوفة المعادن األكثر استخدا ًما في العديد من التطبيقات مثل الطائرات،
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نظرا لصالدتها المنخفضة ومقاومة التآكل المنخفضة  ،فإن استخدامها محدود في التطبيقات
االحتكاك العالية .ومع ذلك ً ،
الصعبة خاصة في البيئات القاسية .لذلك  ،قمنا في هذا البحث بتطوير مركب نانو هجين من األلمنيوم مدعم باأللومينا وأكسيد
الجرافين  ،للحصول على مركب هجين مع أفضل الخصائص الفردية لكل من التعزيزات المستخدمة .ركزت الدراسة على
تحسين نسب محتويات األلومينا وأكسيد الجرافين في مركب األلومنيوم باستخدام طريقة ضغط المسحوق (التلبيد) وتقنية سبارك
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ايضا تم استخدام اجهزه مخبريه ذات تقنية عالية لدراسة مورفولوجيا العينات المطورة كالماسح الضوئي التفاضلي والمتقدم،
اشعة اكس ،جهاز الطيف الضوئي ومجهر رامان .في المرحلة األولى من المشروع كان التركيز على الحصول على افضل
الخواص الميكانيكية والحرارية من خالل استخدام نسب مختلفة من األلومينا ( )% 30،20% ،10%والتي كانت متوفرة في
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CHAPTER 1

INTRODUCTION
Metal matrix composites (MMCs) are one of the most important developments in the field of
engineering materials. Defined as a combination of two or more constituent materials so that the
two materials work together to give the composite unique properties. It is made of a reinforcing
phase, which might be in the form of fibers, sheets, or particles, embedded in other material called
matrix, which is representing the greater quantity of the composite[1]. Typically, these materials
have the ability to combine the properties of reinforcing phase with that of the matrix. Thus,
composite materials have the capability to serve a wide spectrum of applications. Nanocomposite
is defined as a composite material where at least one of its constituent dimensions is in the
nanometer size scale (< 100 nm) [2]. The challenge in developing nanocomposites is to find ways
to create macroscopic components that avail from the unique physical and mechanical properties
of nanoparticles. Various processes that have been proposed to obtain nanocomposite materials
follow two main approaches: Top down and bottom up.
Top-down is characterized by the production of nano products departing from normal size
materials i.e., reducing the dimensions of the original material by using special size reduction
techniques. Bottom-up approach is related to the “synthesis” of nano sized materials starting from
the molecular scale as shown in Figure 1.1 for example, the formation of particles by precipitation
from a fluid phase [2].

1

Figure 1.1 : Top-down and bottom-up approaches

1.1 Classification of composite/nanocomposite materials
Composites are classified into three categories depending on their matrix:
i. Metal matrix composites (MMC): is a group of material such as (metals, alloys or
intermetallic compound) incorporated with various reinforcing phases such as whiskers,
particulates or continuous fibers.
ii. Polymer matrix composites (PMC): is a material consisting of polymer (resin) matrix
combined with a fibrous reinforcing dispersed phase. Polymer matrix composite can be
classified into thermoplastic polymer which is linear or branched polymers. In which, the chains
of molecules are not interconnected to each other. Thermosetting polymers are heavily cross
linked to produce a strong three dimensional network structure.
iii. Ceramic matrix composites (CMC): is a subgroup of composite material that consists of
ceramic fibers embedded in a ceramic matrix
1.2. Hybrid composites/nanocomposites
Hybrid composites are a new class of material consisting of two or more different type, size and
shape of reinforcements that offer better mechanical/thermal properties than a single
reinforcement. Hybrid composites help to improve the mechanical properties of the composites by

2

taking the advantages of the individual properties of the combined reinforcements. Therefore, it
has become a point of attraction for many applications [36].

1.3. Aluminum composites
The current engineering applications requires material that are stronger, lighter and less expensive
[35]. Aluminum (Al) is an excellent choice for these demanding applications due to its high
strength to weight ratio and high corrosion resistance. However, its usage in the engineering
applications is limited due to its inferior mechanical properties, such as moderate strength and
elastic modulus and low wear resistance. Hence, reinforcing aluminum with a strong, stiff and a
light weight phase or phases will help to increase its mechanical and thermal properties[6].

1.4. Alumina (Al2O3) as a reinforcement
Ceramic particles such as alumina (Al2O3) are an excellent choice as a reinforcement to improve
the properties of aluminum [6]. Aluminum oxide is a favorable filler in metal composites [35]. It
does not react with the metal matrix at high temperatures and does not create undesired
phases[35]. On top of that, it also helps in increasing the hardness and improving the tribological
properties of the metal matrix. Alumina is one of the most cost effective and widely used material
in the family of engineering ceramics materials. It possesses strong ionic interatomic bonding,
giving rise to its desirable material characteristics. It can exist in several crystalline phases which
all revert to the most stable hexagonal alpha phase at elevated temperatures. Alumina has several
features enable the researchers to use it in many applications to improve hardness, wear
resistance, thermal conductivity, strength and stiffness of different metals[33]. Alumina particles
were

used

to

enhance

the

mechanical

3

properties

of

aluminum

[21].

They found that the hardness of aluminum increased with increasing alumina content as shown in
Figure (1.2). The authors attributed this improvement to the amount of hard alumina (Al2O3)
particles in the soft aluminum matrix and formation of good interface between aluminum matrix
and alumina Al2O3.
Wear tests were carried out to evaluate the contribution of alumina particles in the aluminum
matrix at different loads. Researcher found that, the wear rate is decreasing with increasing the
amount of alumina content, sliding distance due to higher load-bearing capacity of hard
reinforcing material and good interfacial bonds between the alumina particles and aluminum
matrix[21].

Figure 1.2 Effect of Al2O3 content on the hardness of Al–Al2O3 composites

1.5 Graphene oxide (GO) as a reinforcement
In simple terms, Graphene, is a thin layer of pure carbon; it is a single, tightly packed layer of
carbon atoms that are bonded together in a hexagonal honeycomb lattice. In more complex terms,
it is an allotrope of carbon in the structure of a plane of sp 2 bonded atoms with a molecule bond
length of 0.142 nanometres[4,5]. The term ‘‘Graphene’’ was recommended by the relevant
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IUPAC commission to replace the older term ‘‘graphite layers’’ that was unsuitable in the
research of single carbon layer structure, because a three-dimensionally (3D) stacking structure is
identified as ‘‘graphite’’. The recent definition of graphene can be given as a two-dimensional
monolayer of carbon atoms, which is the basic building block of graphitic materials. Graphene of
two-dimensional material, offers unique friction and wear properties that is not typically seen in
conventional materials[6]. Graphene can serve as a solid or colloidal liquid lubricant. The term
Graphene is typically applied to a single layer of graphite, although common references also exist
to bilayer or trilayer Graphene[7]. Graphene has been used in several researches as a
reinforcement in aluminum matrix. One of these studies, it has been found that the Graphene nano
particles increased the tensile strength and yield strength of aluminum matrix gradually with an
addition up to 1wt% by 84.5% and 54.8%, respectively, because of the good dispersion and
strong interfacial bonding between aluminum and graphene nano particles[34]. On the other hand,
increasing the graphene nano particles, will reduce the composite ductility. Researchers attributed
this effect to the pinning effect of graphene on the boundaries of matrix, whereby, graphene can
restrict the grains from deformation by hindering the dislocation movement.
1.6 Spark plasma sintering (SPS)
Spark plasma sintering also referred to electric field assisted sintering (EFAS), field assisted
sintering technique (FAST), plasma assisted sintering (PAS) and plasma pressure consolidation
(PPC) is a newly developed sintering process that combines the use of mechanical pressure and
microscopic electric discharge between the particles. The enhanced densification in this process
has been attributed to a localized self-heat generation by the discharge, activation of the particle
surfaces, and high speed of mass and heat transfer during the sintering process. As a result,
samples can rapidly reach full density at relatively low temperature. The equipment consists of a
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mechanical device capable of applying uniaxial pressure and electrical components to apply the
pulsed and steady DC current. The loose powders are directly loaded into a punch and die unit
without any additives. Graphite die and punches are commonly used. This limits the pressure
levels to low values, generally<100MPa.

Although,

high pressure graphite may also be

available. The pressure may be constant throughout the sintering cycle or changed in different
densification stages. The graphite confinement provides a reducing component to the sintering
environment. The machines are equipped with chambers for vacuum and controlled environment.
A typical pulse discharge is achieved by the application of low voltage (~30V) and ~1000A
current. The duration of each pulse may be varied between 1 to 300ms, on/off pulses may have
different durations. The pulses are applied throughout the whole sintering cycle in SPS. The
pulsed current promotes electrical discharges at powder particle surfaces. Thus, activating them
for subsequent bonding. The main benefit of enhance sintering is a short densification time
usually associated with minimal grain growth [17].Schematic of SPS is illustrated in Fig.(1.3).

Figure 1.3. Schematic of spark plasma sintering[6]
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1.7 Defining the problem statement
Aluminum hybrid nanocomposite is playing an important role in various academic and industrial
fields such as aerospace, automobile and electronic industry. However, owing to their low
hardness and low wear resistance, their usage is limited in demanding applications especially in
harsh environments. So, in order to bridge this gap, we proposed to develop an aluminum hybrid
nanocomposite reinforced with alumina and graphene oxide. These two fillers are promising
materials to help in improving the mechanical and thermal properties of aluminum matrix.
Hence, based upon this survey, we defined the main objective of our current study as follows:

1.8 Objective

To develop aluminum hybrid nanocomposite reinforced with alumina and graphene oxide using
ball milling and Spark Plasma Sintering techniques for improved mechanical and thermal
properties.
To achieve the above objective, the project was divided into three phases which are as follows:

1.9 Project phases
Phase 1: The focus of this phase is to develop and characterize the aluminum nanocomposite
reinforced with different volume % of alumina (Al2O3) using the ball milling and SPS techniques
to obtain the optimum volume % of Al2O3 resulting in the best mechanical properties.
• Task 1: Characterize the as received materials (Al, Al2O3, GO) by SEM and XRD
• Task 2: Ball milling of aluminum and different volume % of alumina to obtain a well
dispersed mixture.
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o Task 3: Conduct spark plasma sintering for the mixed (Al- X % Al2O3 powders to obtain solid
samples)
o Task 4: Conduct hardness and density tests.
o Task 5: Characterize the prepared samples using FESEM to investigate the morphology.

Phase 2: The focus of this phase is to develop and characterize the aluminum hybrid
nanocomposites reinforced with the optimum volume percent of alumina found from Phase 1 and
with different weight % of graphene oxide using the ball milling and spark plasma sintering
techniques.
o Task 1: Mixing different wt.% of GO with the optimum volume % of Al2O3 in the
aluminum matrix by using ball milling.
o Task 2: Conduct spark plasma sintering to prepare samples from the mixture prepared.
o Task 3: Conduct density and hardness tests.
o Task 4: Characterize the samples using FESEM to investigate the morphology.

Phase 3: The focus of this phase is to characterize the optimum hybrid aluminum composite
resulting from Phase 2 by using different mechanical and thermal tests.
•

Task 1: Conduct the differential scanning calorimetry (DSC)

•

Task 2: Conduct compression test.

•

Task 3: Conduct thermal expansion test

1.10 Research methodology
The research work intended to be undertaken in three phases, each phase has a clear milestone
presented in the below chart Fig (1.4)
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Phase 1

Define the project objective

Characterization

Select the matrix and
reinforcements materials

SEM, XRD for as received
material

Select the work Procedures
and technique

Sonicate a different vol. % of
Al2O3

10 vol.%

20 vol.%
30 vol.%

Mixing the sonicated Al2O3 with
Al in ball milling
SEM after mixing
Conduct spark plasma sintering

Grinding and polishing

Density test

SEM, XRD and EDS
for the SPS samples

Perform the hardness test
test Test
Select the optimum
Al-Al2O3
nanocomposite sample
from the highest
hardness value

End of Phase 1
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Phase 2

0.25 wt.%
Sonicate a different wt.% of GO

Characterization

0.5 wt.%
1 wt.%

Mixing the sonicated GO with the
optimum alumina vol. % obtained
from phase 1 with Al in ball milling

SEM and Raman
spectroscopy after mixing

Conduct spark plasma sintering
SEM, XRD and EDS
for SPS samples

Grinding and Polishing

Density test

Perform hardness test

Select the highest hardness
value from the optimum
hybrid nanocomposite

End of Phase 2
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Phase 3

Select the optimum hybrid
nanocomposite sample
(Al-Al2O3-Go) obtained
from the highest hardness
value in Phase no. 2

Conduct DSC test

Conduct thermal
expansion test

Conclusion

End
Figure1.4. Flow chart of research methodology.
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Conduct compression
test

CHAPTER 2
LITERATURE REVIEW
2.1 Processing techniques
Processing of metal matrix composite is classified into two main groups (in-situ and ex-situ
synthesis). In ex-situ synthesis, the particles are added into a metal matrix from outside to inside.
Whereas in, in-situ synthesis which is shown in Fig (2.1), the reinforcement is utilized by a
chemical reaction or exothermic reaction [3]. It can be achieved through (i) gas-liquid (ii) liquidliquid (iii) solid-liquid reactions[18]. The processing techniques are explained in detail as follows:

Figure 2.1 In situ process.

2.1.1. Liquid state: In this method, the continuous phase (matrix) which is in the liquid state and
the discontinuous phase (reinforcement) are blended together. Liquid state involves: stir casting,
squeeze casting and compo casting methods [3].
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2.1.2. Solid state: Solid state involves: powder metallurgy (PM), immersion plating, spray
deposition, diffusion bonding and electroplating[3].
2.1.3. Stir casting: In this process, the discontinuous reinforcement phases are blended into the
matrix when it is in a molten form by a mechanical stirrer. Stir casting involves stirring the melt
with a solid ceramic particles, then allowing the mixture to be solidified. This process can be done
by using a conventional equipment on a continuous or semi- continuous basis. Stir casting usually
involves a prolonged liquid-ceramic contact which can be a cause of substantial interfacial
reaction[9]. Stir casting method is applied for mass production of metal matrix composites. The
advantages of this method are low cost, simple processing route and uniform dispersion of nano
particles. So, it is a recommended process in fabricating metal matrix nanocomposites[3].
Fabrication process of stir casting is illustrated in Fig.(2.2).

Figure 2.2 Schematic of stir casting process
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2.1.4. Compo casting: Is a process when the reinforcement particles are added to the solidifying
melt. The primary solid particles are formed in the semi-solid melt which can be a cause of
entrapment of the reinforcement particles [2].
2.1.5. Squeeze casting: In this process, the molten metal with an adequate superheat is poured
into a die with closed ends. It solidifies to get the desired shape. Consequently, this process is a
combination of gravity die casting and closed die forging [10]. This method can be divided into
two main processes(direct and indirect squeeze casting) as classified in Fig(2.3): The squeeze
casting process is illustrated in Fig(2.4)

Squeeze casting

direct

with metal
movement

indirect
vertical clamping/
/injection

without
metal
movement

Horizontal clamping
injection
vertical die closing and
horizontal injection
Horizontal die closing
and vertical injection

Figure 2.3 Types of squeeze casting
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Figure 2.4 Squeeze casting processes

2.1.6. Spray casting/deposition methods: In this process, atomized of molten droplets with very
high speed are impressed on a preheated substrate, the reinforcing particles are also impacted with
the melt spray allowing the reinforcement particles to be engulfed in the molten material to form a
composite[11].
2.1.7. Powder metallurgy(P/M): is one of the process methods used to produce aluminum
matrix, which involves mixing the powder matrix with addition of reinforcements, followed by
compaction and sintering [1]. One of the several advantages of P/M route over the other
techniques is that of easily obtaining the composite due to the uniform distribution of
reinforcements

especially for (particles, whiskers). Moreover, particles are homogeneously

distributed in the mixture to obtain a good microstructure. Powder metallurgy process steps are
explained in Fig.(2.5).
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Figure 2.5 Powder metallurgy process steps

2.1.8. Mechanical alloying(MA): is a powder processing technique that helps in obtaining
homogeneous materials from blended elemental mixtures. Mechanical alloying (MA) is a process
in which a mixture of powders (metals or alloys/compounds) are milled together [12]. The process
of (MA) consists of loading the powder and grinding medium (generally hardened steel or tungsten
carbide balls) in a container sealed under a protective argon atmosphere (to avoid oxidation during
milling) and milled based on the given process parameters. A few amount of process control agent
(PCA) is normally added to prevent excessive cold welding amongst the powder particles [10].
Various types of mills generally are used such as shaker mills (wherein about 10 g of the powder
can be processed at a time), Attritor mill (where a large quantity of powder can be processed at a
time), or Fritsch Pulverisette mill (where a powder is in more than one container can be processed
simultaneously) [10].
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2.1.9. Ball milling: Is the process in which the balls are usually made of heavy material, fall and
crush the powder intended to be milled. By repeating the same actions several times, the particles
size of the powder is reduced to fine particles. [13]. Fig (2.6) shows the process steps of ball
milling.

Figure 2.6 Ball milling process.

2.2 Types of mills
2.2.1 Shaker mills: Shaker mills such as SPEX mills which is presented in (Fig. 2.7), have about
10 to 20g of the powder at a time. It is the most commonly used mill for laboratory investigations
and alloy screening purposes. The common type of the mill has one vial, containing the sample
and the grinding balls, which is secured in a clamp and moves energetically back and forth several
times a minute. The back and forth shaking motion is combined with a lateral movement of the
vials [11].
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Figure 2.7 SPEX 8000 mill.

2.2.2 Planetary ball mill: Is one of the most popular mills used for conducting mechanical
alloying experiments, whereby a few hundred grams of powder can be milled at a time.
Planetary ball mill is arranged on a rotating support disk and special drive mechanism to rotate
around their own axes. The centrifugal force which is produced by rotating the vials will crush the
powders with the help of grinding balls[11]. Planetary ball mill, Pulverisette type, is showing in
Fig(2.8)

Figure 2.8 Pulverisette planetary ball milling equipment.
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2.2.3 Attritor mill: Is consists of a rotating shaft with disc, stationary drum and grinding media
as show in Fig.(2.9). Powder is placed in the drum with the grinding media. The rotating shaft
will agitate the powder and the grinding media. As a result, the powder is homogenously
dispersed. The rate of grinding is increases as the speed of rotating shaft increases [11].

Figure 2.9 Model HD-01/HDDM-01attritor mill, union process

2.3 Powder compaction
Is the process of compacting the metal powder in a die through the application of high
pressures[14]. Several methods have been used to compact nanocrystalline powders into green
bodies. The most commonly used pressing processes in the powders are:
1. Uniaxial Pressing.

2. Isostatic Pressing.

Uniaxial pressing: There is a cold compaction and hot compaction approaches. In both
approaches, it is essential to use an inert gas atmosphere to prevent the oxidation due to the
presence of very fine particles and the long compaction duration at elevated temperature.
Fig(2.10) shows the process steps for this method.
Isostatic pressing: The pressure is applied from all directions. Thus, the term “isostatic” is used
in either a gas or liquid. Uniform compaction pressure is achieved throughout the powder
compact. The isostatic pressing is divided into two types:
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i) Cold isostatic pressing (CIP)
ii) Hot isostatic pressing (HIP)
Cold isostatic pressing usually results in a uniform densification when compared to cold uniaxial
compaction because of frictional force between the powder and the die in the uniaxial pressing.
However, the isostatic pressing method, is only used to produce small quantities and for simple
shaped materials due to its higher production cost and slower processing speed[14].

Figure 2.10 Schematic diagrams showing the uniaxial pressing powder steps (a) Filling the die cavity with loose
powder particles (b), (c) Applying uniaxial pressure to compact the powder (d) Removing the compacted solid piece
from the die (e) Compacted magnesium nanocomposite billet.

2.4 Sintering
Is the process of compacting and forming a solid mass of material by means of heat or pressure
without melting the material until the powder particles coalesce. The atoms in the material
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diffuses across the boundaries of the particles. Thereby, the particles fuse together creating one
solid body[15].
2.4.1 Mechanism of sintering
When a powder compact is heated up to 70% to 90% of its melting temperature, sintering can
occur. Sintering is usually divided into two overlapping stages. During the first stage, the particles
are bonded together due to the necks growing between the particles. The density of the compacted
particles increases during the second stage because of the elimination of pores. The driving force
in both stages is the excessive surface free energy. Five mass transfer mechanisms are responsible
for the growth of necks and for the pore shrinkage [15]. Further explanation for the sintering
mechanism can be seen from Fig (2.11).

Figure 2.11. Sintering mechanism

Four stages for grain in very porous compacts.
A) Two particles come in contact with each other.
B) A neck grows between the two particles and the grain boundary appears at the contact
interface.
C) The grain boundary migrates towards the center of curvature.
D) An elongated particle has been formed[15].
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2.5 Synthesis of aluminum(Al) and alumina(Al2O3) composites
• M. Karbalaei Akbari et al used stir casting method to fabricate 1.5vol% of alumina with
aluminum matrix to study the effect of milling time on the mechanical properties of the
composites such as: hardness, tensile, and compression tests. In this review, the author reported
that porosity level slightly increased with increasing the milling time. However, hardness,
tensile, and compressive strength decreased with increasing the milling time due to gradual
oxidation of metallic powders during the milling process. Increasing the milling time leads to a
gradual reduction in the mechanical performance of the samples. The author reported that, the
hardness values of the composites linearly decreased with an increase in the the milling time
owing to the following reasons: changes in the porosity contents, oxidation rate of metallic
powders and metallic oxide content in a various milling durations [19].

S.A. Sajjadi et al [10] used different particle sizes of alumina (20µ and 50 nm) to study the role
and effect of those sizes on the aluminum (A356) matrix, which was produced by using stir
casting method at different stirring speeds of (200, 300, 450) rpm. The author found that the best
distribution of reinforcement in a composite microstructure resulted when the stirring speed was
300 rpm as the lower stirring speed of 200 rpm was not enough to fully disperse the Al2O3
particles. Furthermore, the higher stirring speed of 450 rpm caused more wastage of Al2 O3
particles and formed more porosity because of more melt turbulence. Another finding from their
study was that the wettability of the particles decreased by increasing the weight percent of
reinforcement and decreasing the particle size due to increasing surface area and surface energy
of nano particles. The hardness and porosity increased with increasing the amount of alumina
percent and decreasing with the particle size. It was also found that the nanocomposite had
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higher compressive strength than micro composite[11]. Researchers showed that the fabrication
of aluminum and alumina composite up to 5wt% micron and 3wt.% nanocomposites did not
form particles agglomeration[20].


D. Özyürek et al demonstrated the effect of various amounts of volume percents of alumina (0.3
μm) which were as follows: (5, 10, 20 vol.%) on the wear properties of aluminum matrix (55μm).
The composite was fabricated by using mechanical alloying method. Authors observed that the
hardness increased with increasing the alumina content due to the homogeneous distribution and
good interface between the alumina and aluminum matrix. On the other hand, wear rate reduced
with increasing the alumina content and the sliding distance, while the Coefficient of friction
decreased with increasing the Al2O3 content[21].



Mazahery[22], found that the hardness increased as the amount of ceramic phase of alumina
increased in the aluminum matrix, owing to the particle size in the form of nanoparticles which
acts as an obstacle to dislocation motion. However, the highest hardness was observed with the
volume percent of 2.5vol%. Furthermore, D. Özyürek conducted wear test at different loads to
evaluate the role of alumina particles in aluminum matrix. They found that, the wear rate
decreased with increasing the amount of alumina content and sliding distance due to higher loadbearing capacity of hard reinforcing material and good interfacial bond between the alumina
particles and aluminum matrix [21].



Nouari Saheb et al studied the effect of processing parameters of aluminum matrix reinforced
with alumina (150 nm particle size) by mechanical alloying and SPS techniques. Author proved
that, increasing the sintering time from 5min to 20 min decreases the hardness of the composite
due to the grain growth. The increase in Al2O3 content to 10 vol.% contributed to decreasing the
particle size, which led to the formation of more equiaxed particles. Further increase in alumina
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content to 15vol.%, reduced the densification of the composite because of the consolidation of
nanocomposites powders becomes more complicated at a higher fractions of ceramic
nanoparticles. Author reported that 10vol% of alumina with the following SPS parameters (T:
550˚C, holding time: 5min, heating rate:200˚ C/min, and P: 50Mpa) are the best parameters to get
a highest mechanical properties such as (hardness and tensile strength) [23].


Yung-Chang Kanga, used different volume fractions of Al2O3 (50 nm particle size) to study the
effect of volume fraction of alumina on the mechanical properties of aluminum matrix (28 µm
particle size). Author used a powder metallurgy process route and CIP sintering in this study. It is
reported that the grain size decreased as the particulate volume fraction increased, while the
content of Al2O3 that exceeded 4 vol.%, did not change the grain size. The reason was attributed
to the amount of nano-particulate on the grain boundary that had reached to the saturation level,
and the effect of nano-particles on the grain boundary pinning had been diminished. When nanoparticles content in the composites exceeded 4vol.%, the agglomeration reduced the effectiveness
of nano-particulates[24].



K. Dash used spark plasma sintering to reinforce different Al2O3 volume percents in the form of
micro and nano particle sizes. Different volume percents of Al2O3 (0.5, 1, 3, 5, 7 volume %) were
used with less than 50nm particle size. Alumina with the following volume percents also were
used (1, 5, 20 volume%) with average particle size of 10 µm reinforced in ( 99.7% alumina).
Spark plasma sintering technique was used under the following Parameters: (T:773K, P:50MPa,
heating rate: 353k/min and a holding time of 5min). They discovered that, with the above
parameters, the densification decreased with increasing the alumina content, because of the higher
alumina content. Which in turn, increased the alumina-alumina contact resulting in impeding the
deformability of aluminum particles. The hardness of nanocomposite increased up to 5 vol.% of
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Al2O3 due to the positive effect of dispersion strengthening. Researcher proved that, further
increasing in volume content results in decreasing the hardness of the composite due to the
agglomeration of nanoparticles. The distribution of alumina in nanocomposites is reported to be
better than in the micro composites. The agglomeration in the nanoparticles leads to less
densification of nanocomposites. In contrast, the agglomeration associated with the micro
composites did not impair the densification. This effect has been attributed to the specific surface
of coarser particles which are lower and the powder compressibility are higher[25].

2.6 Graphene oxide properties
The unique physical, mechanical, and chemical properties of graphene will keep it an attractive
candidate for many mechanical and tribological applications[5].
2.6.1 Thermal and electrical properties
Thermal properties are one of the key factors for better performance and reliability of the
composite material especially in the electronic industry. The strong, anisotropic bonding and the
low mass of the carbon atoms give the graphene unique thermal properties [7,37]. Hence, it has
been heavily used in the research due to

high thermal conductivity which reaches up to

5000w/m-k. Thereby, Graphene could be used to add an extra heat-resistance or conductivity to
the plastics or other materials[7,8]. Material that conducts heat like graphene also will conduct
electricity because

both processes transport energy by electrons. The hexagonal lattice of

graphene can offer little resistance to electrons, which pass through it easily, carrying electricity
better than the superb conductor materials such as Copper[7]. Graphene and graphene based
materials can be used as promising materials for thermal management. Therefore, several
theoretical and experimental studies have been reported[39].

25

2.6.2 Mechanical properties of graphene oxide
The mechanical properties such as Young’s modulus, strength, and stiffness are intrinsic
properties for the composite material. Taylor [39] has observed that, increasing the oxide agent
(O-) and (OH-) will lead to increase in the C-C bond length at each hexagonal lattice. The flat
planes of carbon atoms in graphene which are as shown in Fig.(2.12) can relatively flex without
breaking apart the atoms. Which in turn, will give high stiffness to the matrix[7].

Figure 2.12 Schematic of the atomic arrangement in graphene sheet

2.7 Synthesis of aluminum (Al) and graphene oxide (GO)
• Wen-ming Tian et al sonicated different wt. % of GO as follows: (1, 3, 5 wt.%) in (7055)
aluminum alloy by using an ultrasonic bath with acetone solution. Spark plasma sintering
technique was used under the following parameters:
(T: 400°C, dwell time:1min, P:50MPa and a heating rate: 50°C/min). It has been reported that
severe agglomerations were observed for the GO content more than 1wt%. Thereby, physical
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properties of graphene composite deteriorated due to weak interface between the reinforcements.
Aluminum carbide (Al4 C3) was not detected due to low sintering temp. It has been concluded by
the author that at 1wt.% of graphene, the highest hardness and compressive strength were
observed. Furthermore, the compressive strain decreased due to obstruction of dislocation and
vacancies [26].
• Different milling times were employed at (10, 30, 60, 90 min) by Mina Bastwros et al to
investigate the effect of milling time on the dispersion of 1wt% of graphene. Graphene was
reinforced in aluminum (Al6061) composite by using hot compaction method, which was done in
two stages: pre-compaction pressure of 50 MPa at room temperature, then at hot-pressed pressure
of 100 MPa for 10 min at 630°C. The author found that, the alloy particles size increased with a
longer milling times. However, the graphene particles size decreased as the milling time
increased. However, the milling times of (10, 30min) were not long enough to fully disperse the
graphene into aluminum 6061 matrix. The particles which have been milled for 10 min and 30
min in ball milling caused degradation for the mechanical properties. In addition, at milling time
of 10min, presence of agglomeration was observed in the graphene which significantly weakening
the composite to a point where the strength is less than the reference material. The graphene
sample which was milled for 10 min shows a big crack in the fracture surface of composite due to
poor interface between the large graphene cluster and the matrix phase, which act as a crack
nucleation site. It has been proved that, as milling time increased to 60 min and 90 min, the
flexural strengths significantly increased to 760 MPa and 800 MPa, respectively. The author
observed no detection of aluminum carbide phase in his study [27].
• Andy Nieto et al [28] used the bulk graphene nanoplates in their study to explore the feasibility
whether the graphene structure is retained at extreme processing conditions in SPS. The
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consolidation was carried out at a pressure of 80 MPa, temperature at 1850°C, holding time at 10
min and a heating rate of 200°C/min in argon atmosphere. The author proved that the GNPs are
successfully retained with a minimal damage. The density of starting GNP powder was measured
and found to be 1.82 g/cm3. Whereas, the true density of the bulk GNP pellet was 2.11 g/cm3.
The author reported that, increase in the density is largely attributed to the consolidation of
powder. The top surface shows a higher hardness than the fracture surface and it was consistent
with the amount of permanent deformation. As reported, GNPs can undergo sharp bends and
form a corrugated-like structure. Author showed that the bending of GNP is responsible for the
wrapping mechanisms around the grains that has been observed to impede crack propagation.
Thereby, will lead to increase the toughness of the composites[28].
• Jingyue Wang et al. [29] synthesized 0.3wt% of GO in a pure aluminum matrix (99% purity).
Aluminum flakes were added to the deionized water to form a powder slurry, the mixed slurry
mechanically stirred until its color changed from brown to a transparent one. The GO/Al
composite powders were heated to 550°C at a heating rate of 40 °C min. The study concluded that
the composite with an addition of only 0.3 wt.% of GO exhibited a 62% improvement in the
tensile strength as compared to unreinforced matrix.
• R. Pérez-Bustamante used different wt.% of GO as follows: (0.25, 0.50, 1.0 wt.%), which were
reinforced into a pure aluminum matrix (99.9%). The composite was fabricated by mechanical
alloying method with different milling times of (1, 3, 5h), the ball to powder weight ratio was
maintained to be 5:1 and methanol medium was used as PCA. The composite was consolidated by
cold compaction under a pressure of 950 MPa in argon atmosphere with different holding times
as follows: (0.5, 1, 3, 5h), temperature was set at 500°C along with a heating rate of 5°C /min. It
was showed that XRD reflections of carbon element are not present; this is attributed to the nano
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metric size and the low content of the reinforcement phase which cannot be detected due to the
detection limit of XRD. Raman spectroscopy showed that the intensity of the peaks was reduced
as the milling time increased. This was reported due to increasing the amorphous fraction of the
GNPs as a function of milling time. As the milling time increased, higher hardness values were
observed. The author observed that in all the cases, higher hardness values obtained at 2 h of
sintering and 5h of milling. Eventually, the author demonstrated that low GNP which was added
into aluminum matrix is not enough to have more evident effect on the morphology, whereas the
highest mechanical properties found to be at 1wt.% of GO [30].
• Muhammad Rashad et al. Sonicated 0.3wt% of graphene in acetone for 1 h to study the effect of
GNP (5-15nm average thickness) on the mechanical properties of pure aluminum powder using
mechanical agitator. The composite was compacted in SS mold under 170 MPA and sintered in a
muffle furnace at 600°C for 6 h. The researcher found that, the density of pure aluminum
decreased with addition of GNP since the density of GNP is less than pure aluminum. Thus, the
density of composite reduced. The sintering process changed the composite dimensions owing to
the shrinkage which affected the composite density. The author observed that, increasing the
particle size leads to an increase in the porosity of the composite, because the GNP acts as a
barrier for diffusion and rearrangement of particles. The author highlighted that the compressive
strength of the composite is lower than the pure aluminum sample. In contrast, the tensile strength
was improved by 11% than unreinforced aluminum matrix. The author attributed this increase in
the tensile strength to the dimensional structure of graphene which contains long chains of C-C
bonds, but under compressive strength the graphene is soft due to flake buckling which hinder
the sample to squeeze. As reported, The yield strength and ultimate tensile strength for the
composite found to be increased by 12% and 10%, respectively due to higher dislocation density
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which leads to increase in the strength of the composite owing to smaller particles reinforcement
[31].
• Sara Rengifo investigated the role of 2vol.% of GNPs (6–8 nm average thickness) in a pure
aluminum with an average particle size of (2–10 µm). The mixture was Sonicated in acetone for
90 min. Thereafter, the mixture was dried in an oven for 24h at 75°C. The dried powder was
sintered by spark plasma sintering (SPS) under the following parameters: T: 500°C, P: 50 MPa,
heating rate: 50°C /min and a holding time of 10 min. The researcher found that, the density of
pure aluminum sample was 96%, while the composite sample had a poor density of 91% due to
the agglomeration of GNPs. The hardness of the composite sample had a lower density than
pure aluminum sample by 7% due to the GNP has a tendency to agglomerate and restack, leading
to form porosity in the composite. The author analyzed the samples by XRD analysis and he
found that pure aluminum sample has a little formation of Al2O3. On top of that, The composite
sample

showed a formation of Al2O3 and Al4C3 phases. However, adding 2vol% of GNP to

aluminum sample reduced the COF at room temp and high temperature. [32].
•

Ravichandran et al used graphite and titanium dioxide in various amounts as fillers reinforced
in aluminum matrix. Researchers found that, the grain size increased with addition of weight
percent of graphite due to the agglomeration of the particles. In addition, the densification
decreased with increasing the amount of hard material due to higher amount of fillers percentage
[38] .

• Bisht et al applied a nano indentation test to measure the elastic modulus and hardness of the
composites. Researcher indicated a less indentation depth for the sample with 1wt% graphene.
while further increase in graphene content resulted in to high depth, indicating low hardness. The
improvement in the hardness that reached up to 1wt% Graphene has been attributed to the
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uniform distribution, resulting in sharing of the applied load transferred and providing high
resistance to composite deformation. While reduction in the hardness values was attributed to
graphene nano particle that created irregularities. These irregularities form stress concentration,
which in turn, will create a porosity and make the interfacial bonds between the reinforcement
and matrix weak [34].
2.8 Summary
Aluminum matrix nanocomposites have gained a lot of importance and attraction in the
demanding applications due to high strength to weight ratio, effective cost and material
abundance. It can be concluded from the extensive literature review that most of the synthesis
being used in aluminum composite has been done on the hot and cold isostatic press sintering
techniques with different mixing and sintering process parameters. Whereas, a few researchers
have used spark plasma sintering technique in aluminum/graphene nanocomposites. Authors
have performed various mechanical testing on the aluminum nanocomposite samples. Authors
reported several challenges during the fabrication of the composites such as agglomeration,
reaction of carbon with aluminum at elevated temperature forming aluminum carbide (Al4C3)
which is detrimental to the mechanical properties, optimizing the weight percents of the used
fillers which play a vital role in the mechanical properties of the composite. In addition, the
researchers addressed and discussed the effect of particles size of different fillers and their
influences on the microstructure of the composite.
As a conclusion, it has been noted that no study was found to develop aluminum hybrid
nanocomposite reinforced with alumina and graphene oxide by using powder metallurgy
techniques such a spark plasma sintering.
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2.9 Significance of the study
As observed from the extensive literature review presented above, very few studies have been
carried out in developing aluminum hybrid nanocomposites, whereby, two or more constituents
have been added to the aluminum matrix. However, optimizing the optimum weight percent of
each filler is a crucial factor in the hybrid aluminum nanocomposites in order to reach out to the
highest mechanical and thermal properties. Hence, the present study focuses on developing the
hybrid aluminum nanocomposites. Mechanical and thermal testing have been conducted to
assess the performance of developed nanocomposites. Moreover, a range of characterization
techniques have been used throughout the research phases to support various findings.
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CHAPTER 3
EXPERIMENT PROCEDURES
3.1 Material
Aluminum powder with a purity of 99.5% is used as the matrix with a particle size of 30µm was
produced from Alpha chemical company, Canada. Alpha alumina (Al2O3 ) powder was used as a
reinforcement with 300 nm particle size and 99.8% purity with a surface area of 85 - 115 m2/g,
manufactured by union carbide corporation for BUEHLER Ltd, USA. Graphene oxide used as a
second reinforcement which was procured from AD Nano Company, India, with the following
specifications: purity ~99%, surface area 250 m2/g. Specifications verified by X-ray fluorescence
are as follows:

Table 3.1 Aluminum specifications
contents
%

Al
>99.5

Si
<0.25

Fe
<0.15

Ti
<0.25

Table 3.2 Alumina specifications
contents
%

Al2O3
99.88

SiO2
0.034

P2O5
0.0085

S
0.026

K2O
0.027

TiO2
0.0022

V2O5
0.0041

MnO
0.0016

Table 3.3 Graphene oxide specifications
contents
%

C
77

O2
22
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3.2 Ultrasonication of alumina (Al2O3)
Before mixing the alumina powder with aluminum, alumina was sonicated for 10 min. to
eliminate any agglomerations by using (ultrasonic prob sonicator, model: SONICS VCX 750)
which shown in Fig. (3.1) under the following conditions: Room temperature, on and off ratio: 20
/ 5s and amplitude: 35%. Different volume percents (10%, 20%, 30%) of alumina were sonicated
under the same conditions.

3.3 Ultrasonication of graphene oxide (GO)
Before mixing the graphene oxide with the Al- X% Al2O3, it was sonicated in ethanol for 1 hour
by using (ultrasonic prob sonicator, model: SONICS VCX 750, USA) which shown in Fig. (3.1)
to exfoliate graphene oxide layers by pushing solvent molecules in between the layers, under the
following conditions: Room temperature, on and off ratio: 20 / 5s and amplitude 35%. Different
weight percents (0.25%, 0.5%, 1wt.%) of GO were sonicated under the same conditions.

Figure 3.1. Ultrasonic prob sonicator, model: Sonics Vcx 750, USA
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3.4 Ball milling procedure
3.4.1 Al- Al2O3 powder mixing in ball milling
Pure aluminum with different Al2O3 volume percents (10% , 20%, 30% ) were loaded in zirconia
vial and mixed for 24 hour by using (high energy ball mix, model: HD/HDDM/01, Union process,
Inc. USA) which is shown in Fig. (3.2) to produce a homogeneous mixture. The process was
carried out under the flow of Argon gas (Ar) atmosphere to avoid oxidation. 50 ml of ethanol was
used as a process control agent (PCA) to avoid excessive cold welding and agglomeration.
Zirconium oxide (ZrO2) balls were used (5mm dia.) with ball-to- powder weight ratio (BPR) of
10:1. Mixing was performed at a speed of 200 rpm. The milling experiment was halted after the
first hour of the process to remove any powder from the walls of the vial to eliminate any
accumulation of powder on the walls. The vials are purged with (Ar) during the whole mixing
process. Subsequently, the powder mixture is dried in an oven at a temperature of 80˚C for 12
hours.

Figure 3.2 High energy ball mix, model: HD/HDDM/01, union process, Inc. USA
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Table 3.4 Summary of mixing process parameters for Al- Al2O3 nanocomposites
Samples

Speed
rpm

BPR

Mixing
time

PCA

Atmosphere

200

10:1

24 h

ethanol

argon

Al-10 vol.% Al2O3
Al-20 vol.% Al2O3
Al-30 vol.% Al2O3

3.4.2 Al-Al2O3-GO powder mixing in ball milling
The mixed powder of Al-10 vol% of Al2O3 (the optimum volume % found from phase-2 of our
work) was added to different weight percents of GO (0.25%, 0.5%, 1% ) and mixed again in high
energy ball mixer for 24h. As earlier, the process was carried out under the flow of argon gas (Ar)
atmosphere to avoid oxidation. 50 ml of ethanol was used as process control agent (PCA) to avoid
excessive cold welding and agglomeration. Zirconium oxide (ZrO2) balls were used (5mm dia.)
with ball-to- powder weight ratio (BPR) of 10:1. Mixing was performed at a speed of 200 rpm.
The milling experiment was halted after the first hour of the process to remove any powder from
the walls of the vial to eliminate any accumulation of powder on the walls. The vials are purged
with (Ar) during the whole mixing process. Subsequently, the powder mixture is dried in an oven
at a temperature of 80˚C for 12 hours.
Table 3.5 Summary of mixing process parameters for Al- Al2O3 -GO hybrid nanocomposites
Samples

Speed
(rpm)

BPR

Mixing
time(h)

PCA

Atmosphere

200

10:1

48h

ethanol

argon

Al-10% Al2 O3-0.25%GO
Al-10% Al2 O3-0.5%GO
Al-10% Al2 O3-1%GO
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3.5 Spark plasma sintering (SPS)
3.5.1 Sintering process for Al-Al2O3 nanocomposites
As received aluminum powder was used to fabricate a reference sample. Aluminum powder was
charged in a 20 mm graphite die as shown in Figure (3.4). Graphite sheet approximately 0.35 mm
was placed in between the die and the powder as well as between the powder and the punch, to
easily remove the sample and avoid the wear of the punch. Spark plasma sintering machine from
FCT group, system GMBH, Germany, as shown in Figure (3.5), was used to sinter the aluminum
and the Al-X% Al2O3 composite samples. The sintering parameters used were as shown in the
Table (3.6). Three different composite samples containing different volume percents of alumina
(10% , 20%, 30% Al2O3) were sintered under the same conditions. The process flow diagram in
Fig (3.3) was used for the whole sintering processes.

Table 3.6 Summary of sintering process parameters for Al/ Al-Al2 O3 nanocomposites
Samples

Temperature
(°C)

Pressure
(Mpa)

Holding time
(min.)

Heating rate
( °C/min)

550

50

10

200

Al
Al- 10% Al2O3
Al- 20% Al2O3
Al+-30% Al2O3

3.5.2 Sintering process for Al- 10%Al2O3-GO nanocomposites
Spark plasma sintering machine from FCT group, system GMBH, Germany, as shown in Figure
(3.5), was used to sinter the (Al-10vol%Al2 O3-X%GO) hybrid nanocomposite samples. The
hybrid mixed powder was charged in a 20 mm graphite die as shown in Figure (3.4). Graphite
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sheet approximately 0.35 mm was placed in between the die and the powder as well as between
the powder and the punch, to easily remove the sample and avoid the wear of the punch. The
sintering parameters used were as shown in the Table (3.7). Three different hybrid nanocomposite
samples containing different wt.% of GO (0.25%, 0.5%, 1% GO) were sintered under the same
parameters and conditions. The process flow diagram in Fig (3.3) was used for the whole
sintering processes.
Table 3.7 Summary of sintering process parameters for Al-10% Al2O3- GO nanocomposites
Samples

Temperature
(°C)

Pressure
(MPa)

Holding
time
(min.)

Heating rate
(°C/min)

550

50

10

200

Al-10% Al2 O3-0.25%GO
Al-10% Al2 O3-0.5%GO
Al-10% Al2 O3-1%GO

Figure 3.3 Process flow of spark plasma sintering (SPS)
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Figure 3.4. Graphite die

Figure 3.5. FCT group, system GMBH SPS.

3.6 Mounting and grinding
The sintered samples (20 mm dia.) were mounted by using (Qualitest, hot mounting press, USA)
Fig (3.6) and grounded using different grit of papers starting from rougher to finer grit (240, 320,
400, 600, 800, 1200). Afterward, the samples were polished with 0.3μm alumina paste as shown
in Fig. (3.7) to obtain a polished samples as shown in Fig. (3.8)

Figure 3.6. Qualitest mounting machine

Figure 3.7. Grinding machine
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Figure 3.8. Mounted/Grinded/Polished sample

3.7 Ultrasonic cleaning
After polishing, samples were cleaned with ethanol using an ultrasonic device for around 10 min.
to remove any polishing debris remaining on the sample surface.
3.8 Density measurements
The density of sintered samples were measured according to the Archimedes principal and the
rule of mixture by using (kern ABT weighing scale, 320g capacity, UK). The relative density of
the nanocomposite materials were measured as the ratio of the measured to the theoretical value,
whereby the theoretical density was calculated by rule of mixture.
Rule of mixture is a method of approach to estimate the properties of composite material, based
on an assumption that a composite property is the volume weighed average of the phases
(matrix and dispersed phase)
dc = dm*Vm + df*Vf

where, dc is a density of composite, dm is a density of matrix, df is a density of dispersed phase.
Vm is a volume fraction of matrix, and vf is a volume fraction of dispersed phase.
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Archimedes principle state that any object totally or partially immersed in a fluid buoyed up by a
force equal to the weight of the fluid displaced by the object.
weight of displaced fluid = weight of object in vacuum – weight of object in fluid

Figure 3.9 Kern ABT weighing scale, 320g capacity, UK.

3.9 Hardness measurements
Vickers hardness test was performed on the sintered samples by using a Zwick Roell, Germany
Vickers machine shown in Fig. (3.10). The Vickers indenter which made of diamond in the form
of square –base pyramid having an angle of 136˚ between faces was used at a constant load of
500 gf for 10 s. An average of 10 readings were taken for each sintered sample and the average is
reported.
The Vickers hardness number was calculated according to the formula:
2
VHN= 2𝑃sin(ɵ2) /𝑑 = 1.854𝑃
2
𝑑

where, P is the applied load in (kg), ɵ is the indenter face angle of 136˚, d is the mean diagonal
length in mm and 1.854 is a constant which incorporate conversion factors to give a unit of VHN
a unit of kg/mm2
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Figure 3.10. ZWICK ROELL, Germany Vickers machine

3.10 Scanning electron microscope (SEM)
SEM is used to study the morphology of as received materials, the developed mixtures and
sintered samples, whereby, the electrons in the beam interact with the sample, producing various
signals (secondary electron and backscattered electron) by scanning the surface with focused
beam of electrons. These signals can be used to get an information about surface topography and
composition. The SEM characterization performed in Quanta FEG 250,Thermo fisher company,
USA. The samples were placed at a working distance of approximately 6mm and scanned at
acceleration voltage up to 20 kv. Different magnifications were taken to focus the beam to a spot.
Energy dispersive x-ray spectroscopy (EDS) detector was used conjunction with scanning
electron microscope (Quanta FEG 250) to characterize the chemical composition of the sample .
Figure (3.11).
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Figure 3.11. Quanta FEG 250 scanning electron microscope with EDS detector.

3.11 X-ray diffractometer
X-ray diffraction is one of the primary analytical technique used for phase identification of
crystalline materials which can provide a unit cell dimensions. By scanning the sample through a
range of 2θ angles, the interaction of the incident rays with the sample produces constructive
interference (and a diffracted ray) when conditions satisfy Bragg's Law (nλ=2d sin θ). Where n
represents the order of diffraction, λ is the wavelength of x-ray source, d represents the interplanar spacing and 2θ represents the diffraction angle. X-ray is produced by high speed electron
accelerated by high voltage field bombarding the metal target. The detector records the number of
x-rays observed at each angle 2θ and convert it into peaks. The powder diffractograph carried out
on a Rigaku miniflex x-ray diffractometer as shown in Fig (3.12) using Cu Kα radiation with a
wavelength 0f 1.5416A and an acceleration voltage of 30kv at a scanning speed of 3˚/min.
43

Figure 3.12. Rigaku miniflex x-ray diffractometer.

3.12 Raman spectroscopy
Raman spectroscopy is a spectroscopic technique that is known as vibrational technique, which is
extremely sensitive to geometric structure and bonding within molecules. Raman effect is based
on inelastic light scattering at the chemical bonds of sample due to vibrations in the chemical
bonds, this interaction causes a specific energy shift in parts of the back scattered light which
results in unique Raman spectrum. Raman spectroscopy is unique finger print of material, where
it can provide a useful information about the peak intensity which reflect the quantity of the
compound, peak shift which predict the stress-strain state and peak width can estimate the degree
of crystallinity. The experiment conducted by using Nicolet NXR FT-Raman Spectrometer,
Thermo fisher, USA. Pure graphene oxide powder has been tested as a reference sample. And
10mg of composite mixture which containing GO has been tested.
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Figure 3.13. Nicolet NXR FT-Raman spectrometer, Thermo fisher, USA
.

3.13 Compression test
Compression test is one of the mechanical testing methods used to determine the behavior or
response of a material while exposed to compressive loads by measuring stress, strain, elastic
modulus to determine whether the material is suitable for the intended application or not. The
experiment was carried out on a compression platens, Instron, model: 3367, USA. as shown in
Fig.(3.14). The samples size prepared according to ASTM E9-89a standard by using an electric
discharge machining (EDM), whereby the samples are maintained at length to diameter ratio of
(1.5). An average of 3 tests for each composition were conducted at a constant compression rate
of 0.3mm/min.
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Figure 3.14 Compression platens, instron, model: 3367

3.14 Differential scanning calorimetry (DSC)
DSC is a thermal analysis technique which studies the thermal properties of materials as with a
function of temperature/ time conditions, while the calorimetery measure the heat flow. DSC
relies on the measurement of the difference between the heat flow vs. temperature relation of the
sample and the heat flow vs. temperature relation of a standard. There are two different
conventions: endothermic and exothermic reaction which can be expressed with the help of
positive or negative peaks based on the experimental conditions. Differential Scanning
Calorimetry (DSC) measurements were recorded to study phase transitions, exothermic and
endothermic decompositions taking place in the samples. The experiment conducted on the
NETZSCH STA 449F3 Jupiter, Germany instrument Fig.(3.15). First, DSC instrument calibrated
by using empty aluminum pan to make sure the baseline is having accurate reading. whereby, an
empty aluminum pan was used as reference. The pure aluminum and composite samples (6mg)
were placed in platinum crucible with Al2O3 liners and compressed in non-hermetic pan. The
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samples were heated from room temperature to 720˚C at a heating rate of 10 ˚C /min under argon
atmosphere (flow rate of argon gas, 50 ml/min). Subsequently, all the samples were cooled at a
rate of 10 ˚C /min to ambient temperature.

Figure 3.15 NETZSCH STA 449F3 Jupiter, Germany instrument.
3.15 Thermal expansion
Thermal expansion is the tendency of material to change its shape, area and volume in response to
change in temperature. There are three ways to classify the thermal expansion:
Linear expansion, superficial expansion and cubical expansion. In the thermal expansion, the
material is exposed to heat at a given temperature. Thus, the molecules begin to separate causing
expanding the substance. In this experiment the Mettler Toledo instrument (TMA/SDTA LF/100)
shown in Fig. (3.16) was used to study the coefficient of thermal expansion of pure aluminum and
the nanocomposite samples. Smooth surface cubic samples were prepared in dimensions of
approximately (2x2x2)mm .The experiment was carried out from room temperature up to 350˚C
with a heating rate of 10 ˚C/min.
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Figure 3.16 Mettler toledo instrument (TMA/SDTA LF/100)
3.16 Conversion for the used fillers quantity
Alumina contents in the nanocomposites (Al-X% Al2O3) is calculated in a form of volume
percent since most of the literatures used volume percent to easily quantifying the used quantity
whereas, it is used weight percent for GO content associated with the hybrid nanocomposite (Al10vol% Al2O3-X wt. %GO) as the researchers were used wt.% with the GO. The conversion
Table (3.8) shows the conversion of used quantity in volume and weight percents.
Table 3.8 Shows the conversion from volume to weight percent.
Samples

Density of Al2O3
(g/cm3)

Density of
Al (g/cm3)

Al-10 vol.% Al2O3
Al-20 vol.% Al2O3

wt. percent %
13.98

3.95

2.7

Al-30 vol.% Al2O3

26.78
38.54
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CHAPTER 4
RESULTS AND DISCUSSIONS

4.1Results for phase I
The results for the phase I are concerned with the characterization of the as received powders for
aluminum, alumina and graphene oxide materials. Furthermore, hardness and density tests which
are conducted for the developed aluminum and Al-X%Al2 O3 nanocomposites will be presented. A
detailed characterization analysis of the dispersed mixture and sintered samples were investigated
and the results will be presented.
4.1.1 SEM and XRD analysis of as received powders
The morphology of the as received powders was analyzed by scanning electron microscopy
(SEM), X-ray diffraction (XRD) was also conducted to determine the various material phases of
the as received powders. XRD was carried out on a Rigaku Miniflex X-ray diffractometer, using
Cu Kα radiation (Ƴ= 0.15416 nm) in the 2θ range 5˚- 120˚ at a scanning speed of 3˚/min.
Figure 1 (a – c) shows the high magnification SEM images of as received aluminum powder,
Al2O3 and GO respectively. It can be observed from Fig. 1(a) that aluminum particles are
spherically shaped with an average diameter of 30 microns. Fig. 1(b) shows the Al2O3 particles
that are acicular with agglomeration in some areas. Whereas, Fig. 1(c) shows small sheets of
graphene Oxide.
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The XRD spectrums for all the as received powders are shown in Fig. 1(d – f). It can be seen from
all these Figures that the XRD spectrums showed the signature peaks for the as received
aluminum, alumina and GO powders.

Figure 4.1: (a – c) SEM for as received powder of a) Al, b) Al2O3, c) GO. (d – f) XRD for the
as received powders of d) Al, e) Al2O3, f) GO
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4.1.2 SEM analysis of the Al-X%Al2O3 nanocomposite powders after mixing
The morphology of the nanocomposite powders of aluminum mixed with different volume
percents of Al2O3 after ball milling was evaluated by SEM as illustrated in Fig 4.2 (a-c). It can be
observed that in all the nanocomposite powders, the particles deformed from spherical shape into
relatively irregular shape due to the effect of ball milling because of the collisions between the
balls and the powder particles . It can be observed from Fig. 4.2 (a) that in Al-10% Al2O3, the
nano particles of Al2O3 are uniformly distributed, whereas in Al-20%Al2O3 and Al-30% Al2O3 it
can be observed that, alumina particles are non-uniformly distributed with a significant amount
of agglomerations. The agglomerations tend to increase as the volume content of alumina
increased from 20% to 30% Al2O3, respectively. Therefore, the reducing the agglomerations
would be a key element of improving the mechanical properties of Al- (20% and 30 % Al2O3)
nanocomposites due to restriction of interfacial area between the matrix and the reinforcement.

Figure 4.2. SEM after mixing a) 10% vol Al2 O3, b) 20% vol Al2O3, c). 30% vol Al2O3
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4.1.3 Microstructure of (Al-X%Al2O3) nanocomposite samples after SPS
Figure 4.3(a), shows the SEM image for the SPS sample of Al-10% Al2O3 nanocomposite, where
little porosity can be observed with a fine grain size. Adding more amount of alumina as in the
Al-20%Al2O3 sample results in agglomerations of alumina in the aluminum grains as illustrated in
the Fig 4.2 (b). A few cracks are also observed around the grains boundaries of the sample
containing 20%Al2O3 . This can be attributed to a higher volume percent of Al2O3 content which
makes the material brittle. Therefore, due to the brittleness of the sample which is associated with
an increase in the volume percent of alumina, the fracture rate of the sample increased as was
observed with Al – 30% vol. Al2O3 which fractured during the grinding and polishing of the
sample. Hence, the SEM could not be taken owing to the difficulty faced during the grinding and
polishing.

Figure 4.3 SEM after SPS. a) Al-10% Al2 O3. b) Al-20% Al2O3
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4.1.4 Density measurements of Al-X%Al2O3 nanocomposites
After sintering and grinding of the Al-X%Al2O3 nanocomposite samples, the experimental density
was measured based on the Archimedes method and the results are as shown in Fig.(4.4). It is
observed that pure aluminum showed

a higher density of 99.7 % as compared to the

nanocomposite samples. Among the nanocomposites, an increase in the volume percent of
alumina resulted in a reduction in density as 10% of Al2O3 showed a density of 97.5% which
reduced to 93.7 % as the volume percent increased to 20%. This is attributed to the reduction in
the wettability between the alumina and the aluminum matrix because of the agglomerations
resulting from the high volume content of alumina in the matrix. However, for the sample
containing 30% of alumina, the density could not be measured because of the challenges
mentioned above. Theoretical and relative density presented in Table (4.1).

Figure 4.4 Relative density for Al, Al-10% Al2O3, Al-20% Al2O3
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Table 4.1 Theoretical and relative density for Al, Al-Al2O3 nanocomposites

Density
Theoretical density (g/cm3)
Relative density (%)

Al
2.70
99.7

Al-10%Al2O3
2.78
97.5

Al-20%Al2O3
2.88
93.7

4.1.5 Hardness measurements of Al-X%Al2O3 nanocomposites
Figure 4.5 shows the hardness results of the sintered samples of Al-X% Al2O3 nanocomposite.
Sintered pure aluminum sample showed a Vickers hardness value of 32 HV. However, on
addition of 10% of Al2O3 resulted in a significant increase in the hardness from 32 to 55.8 HV.
This tremendous increase in the 10% Al2O3 nanocomposite hardness can be attributed to the
presence of the uniformly distributed hard and non-deformable nano particles of Al2O3 particles
within the aluminum matrix as can be seen in Figure 4.2(a) . The presence of these particles
thereby, hinder the movement of dislocations, resulting in the increase in the hardness. Further
increasing the amount of alumina to 20% results in a reduction in the hardness from 55.8 to 47.2
HV. This reduction can be attributed to the lower densification

that was triggered by the

agglomeration of Al2O3 particles, which was clearly observed in the SEM images 4.2 (b) and (c)
owing to high volume percent and non-uniform distribution of Al2O3. As mentioned earlier, with a
further increase in the volume percent of alumina to 30%, the nanocomposite sample fractured
due to an increased brittleness resulting from the agglomerations and cracks during sintering, due
to which the hardness measurements were not done.
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Figure 4.5 Hardness results for Al, Al-10% Al2O3, Al-20% Al2O3
4.1.6 Summary of Phase I
Based on the above results, Al-10 vol%Al2O3 nanocomposite showed the highest hardness,
reasonable density and uniform distribution of Al2 O3 particles in the aluminum matrix among all
the other developed nanocomposites. Hence, 10 vol% Al2O3 was selected as a first filler to
fabricate the aluminum hybrid nanocomposite.
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4.2 Results from Phase II
In this phase, aluminum hybrid nanocomposites are fabricated by reinforcing the Al-10
vol%Al2O3 with different weight percents (0.25, 0.5 and 1 wt%) of GO. A detailed
characterization analysis of the dispersed hybrid nanocomposite powders and the sintered samples
will be presented.
4.2.1 SEM after mixing for (Al-10%Al2O3-X%GO) hybrid nanocomposites
Figures 4.6 (a-c) represents the morphology of the mixed powders for the developed Al-10%
Al2O3- X%GO hybrid nanocomposite samples. A uniform distribution of GO can be observed for
the Al-10% Al2O3- 0.25%GO hybrid powders. It can be observed that in all developed hybrid
samples shown in Figure (4.6), Al2O3 is tending to be distributed inside the grains while the GO
distributed along the grain boundaries.
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Figure 4.6 SEM after mixing for a) Al-10% Al2O3 -0.25% GO. b) Al-10% Al2O3-0.5% GO. c)
Al-10% Al2 O3-1%GO
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4.2.2 Microstructure of Al-10%Al2O3-X%GO hybrid nanocomposites
The microstructure

of the developed hybrid nanocomposite was investigated by SEM as

presented in Fig(4.7). A uniform distribution of GO along the grain boundaries is observed in the
sample containing 0.25wt.% GO, whereas, in the samples containing 0.5wt% and 1wt% of GO
some agglomerations of graphene oxide were observed as highlighted in Fig. (4.7). Another
observation noted from the Figures was the presence of porosity which is associated with the
sample containing 1wt% of GO. It can also be observed that the grains in the samples containing
0.25% and 0.5% of GO are finer as compared to the sample containing 1wt% of GO, in which
relatively larger grains are observed. Figure 4.7( d) shows the results of EDS that was conducted
on the Al-10%Al2O3-0.25% GO hybrid nanocomposite sample to investigate the distribution of
each of the fillers. The concentration of each of the fillers is presented in Table (4.2). The higher
concentration of alumina was found inside the aluminum grains, while the concentration of
graphene oxide was found to be along the grain boundaries. Hence, increasing the amount of GO
tends to increase the porosity resulting due to the GO agglomeration along the grain boundaries,
thereby, hampering the densification process.
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Figure 4.7 SEM of SPS samples a) Al-10% Al2O3-0.25% GO b) 10% Al2O3-0.5% GO
c) 10% Al2O3-1 % GO d) EDS analysis for the hybrid composite sample (Al-10% Al2O30.25%GO)

Table 4.2 EDS analysis for the optimum hybrid sample (Al-10% Al2O3-0.25%GO).

Spectrum

Al

C

O

Total

A1
P1

92.60
94.39

6.04
3.07

1.36
2.54

100
100

A2

81.83

5.98

12.19

100
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4.2.3 Density measurements of Al-10%Al2O3-X%GO hybrid nanocomposites
After sintering and grinding/polishing of Al-10%Al2O3-X wt.% GO hybrid nanocomposite
samples, the experimental density was measured based on the Archimedes method and the results
are as shown in Fig(4.8). The results show that the relative density is reduced with increasing GO
content, whereby, adding 0.25 wt. % of GO to the Al-10% Al2O3 nanocomposite is decreases the
relative density from 97.5% to 96.8 %. Further addition of graphene oxide to Al-10% Al2O3
nanocomposite gradually reduced the relative density to 95.4% and 94.6% corresponding to
0.5wt% and 1wt% GO reinforcements, respectively. This reduction in the density is attributed to
the tendency of graphene oxide to distribute itself along the grain boundaries which impedes the
densification process, consequently, resulting in higher porosity with a higher content of GO as
observed in SEM images in Fig (4.7).

Figure 4.8 Relative density for Al-10%Al2O3-X% GO hybrid nanocomposite
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Table 4.3 Theoretical and relative density for aluminum hybrid nanocomposites

Density
Theoretical density
(g/cm3)
Relative density(%)

Al-10%Al2O30.25%GO

Al-10%Al2O30.5%GO

Al-20%Al2O31%GO

2.785
96.86

2.784
95.49

2.778
94.65

4.2.4 Hardness measurements of Al-10%Al2O3-X%GO hybrid nanocomposites
The hardness results of Al-10% Al2O3-X% GO are presented in Fig. ( 4.9 ). The highest hardness
of 63 HV was observed for the hybrid sample containing 0.25wt.% of GO among all the
developed samples. The hardness reduced to 57HV with an increase in the GO content to 0.5wt%.
However, not much difference was observed in the hardness of the hybrid sample with a further
increase in the GO content to 1wt%. The increase the hardness of the hybrid nanocomposite with
a low content of GO (0.25 wt.%) is attributed to the uniform distribution of both the fillers, Al2O3
and GO in the matrix. The homogeneous distribution of these fillers help in the load transfer from
the matrix leading to a higher hardness of the hybrid nanocomposite. Furthermore, these fillers as
discussed above and shown by SEM influences the microstructure of the hybrid nanocomposites
resulting in finer the grain size. All these factors, enhance the bonding between the matrix and the
fillers. The reason for observing lower hardness in the samples containing 0.5wt% and 1wt.% as
compared to 0.25wt% GO sample is attributed to the larger grain size as observed in Fig (4.7) due
to less densification associated with the agglomeration and porosity.
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Figure 4.9 Hardness results for (Al-10% Al2O3- X% GO) hybrid nanocomposites

4.2.5 Raman spectroscopy of Al-10%Al2O3-X%GO hybrid nanocomposite powders
Fig (4.11) shows Raman spectra of GO powder and the hybrid nanocomposite powders after
mixing. It can be observed that GO shows the two signature peaks/ bands one at approximately
1580 Cm -1 corresponding to the G band resulting from the stretching of the C-C bond in GO , and
an another one at approximately 1350 Cm-1 corresponding to the D band which is associated with
the disorders or defects that occur from the resonance Raman spectra of Sp2 hybridized carbon.
Both the peaks can be observed in the Raman spectra for all the hybrid nanocomposite powders.
However, their intensity increases with an increase in the GO content.
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Figure 4.10 Raman spectroscopy for GO, Al-10%Al2O3-0.25%GO, Al-10%Al2O3-0.5%GO, and
Al-10%Al2O3-1%GO hybrid nanocomposites samples
4.2.6 XRD analysis of the nanocomposite and hybrid nanocomposite samples
Fig (4.11), shows the X-ray diffraction pattern obtained for the SPS sintered samples for pure
aluminum, Al-10%Al2O3 nanocomposites and all the developed hybrid nanocomposite samples.
The XRD pattern of Al-10% Al2O3 nanocomposite shows slightly higher intensity peaks for both
alumina and aluminum, as compared to the hybrid nanocomposite samples. This can be attributed
to the effect of ball milling time where the nanocomposite was milled for 24h while the hybrid
nanocomposite powders were milled for 48 hours resulting in a more homogeneous and uniform
distribution of the fillers in the aluminum matrix. However, GO phase was not observed in the
hybrid nanocomposite due to its very small amount. However, it was observed that no chemical
reaction occurred between GO and Al- Al2O3 nanocomposite as there was no new phase such as
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intermetallic phases or formation of aluminum carbide (Al4C3) was observed in any of the XRD
patterns for the hybrid nanocomposites.

Figure 4.11 XRD for un-reinforced material(GO, Al2O3, Al) developed nanocomposite
samples(Al-10%Al2O3) and hybrid nanocomposite(Al-10%Al2O3-0.25, 0.5, 1% GO)

4.2.7 Summary of Phase II
From the above results, it can be concluded that the hybrid nanocomposite sample containing
0.25%GO showed the highest hardness, density and uniform distribution of the fillers in the
parent matrix. Hence, based upon the above results Al-10%Al2O3-0.25%GO was selected for
further processing.
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4.3 Results from Phase III
Mechanical and thermal characterizations of the optimum hybrid nanocomposite which was
obtained from Phase II to be Al-10 vol% Al2 O3-0.25 wt.% GO are evaluated. Compressive
strength, differential scanning calorimetry and thermal expansions for the hybrid nanocomposite
are investigated and the results are presented.
4.3.1 Evaluation of Compressive strength for Al, (Al-10%Al2O3) and (Al-10%Al2O30.25%GO) nanocomposites
The results of compressive strength for aluminum as reference matrix, Al-10% Al2O3 and the Al10% Al2O3- 0.25%GO hybrid nanocomposite are presented in Fig (4.12). It can be observed that
the compressive strength of aluminum sample was 75MPa which significantly increased to 130
MPa for the Al-10% Al2O3 nanocomposite, whereas, the compressive strain is reduced to 0.4%
as compared to the aluminum sample. This effect can be attributed to the role of the hard nano
particles of Al2O3 which also contributed towards the grain refinement of the nanocomposite
leading to an increase in the hindrance to the dislocation movements. Moreover, the compressive
strength is further increased in the Al-10% Al2O3-0.25%GO hybrid nanocomposite to a values of
180 MPa which is about 30% higher than the Al-10%Al2O3 nanocomposite. This improvement
can be attributed to the presence of the uniformly distributed GO filler which in the hybrid
nanocomposite, leading to an improvement in the interfacial adhesion between the alumina and
aluminum without overlapping or agglomeration. However, an increase in the compressive strain
for the hybrid composite sample was observed to a value of about 0.52% as compared to the 0.4%
compressive strain for Al-10%Al2O3 nanocomposite. This is can be attributed to the structure of
GO which contains hydroxide (OH-) and (O-) chains, which in turn, will lead to increase C-C
bonds length at each hexagonal lattice as described in section (2.6.2)[7], these bonds will be
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dominant over van der waals attractions in (Al-10%Al2O3-0.25%GO) hybrid nanocomposites,
thus results in strain improvement caused by the efficent load trasfer from soft matrix to hard
GO.[41]

Figure 4.12 Compression test for Al, Al-10%Al2O3 and Al-10%Al2O3-0.25% GO

4.3.2 Differential scanning calorimetry (DSC) measurements for Al, (Al-10%Al2O3) and (Al10%Al2O3-0.25%GO) nanocomposites
The DSC thermographs are shown in Fig 4.13 for pure aluminum, Al-10% Al2 O3 and the Al-10%
Al2O3- 0.25%GO hybrid nanocomposite. As can be observed the endothermic peak appeared at
667˚C for the pure aluminum sample. The melting point decreased on the addition of 10% Al2O3
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to about 665 ˚C. In contrast, almost similar melting point as that of pure aluminum was observed
for the hybrid composite sample to be in the range of (667-668 ˚C). However, the area under the
peak decreased which constitutes the energy required to change the phase into a melting phase
with the addition of 10% Al2O3 and a further reduction is observed on the addition of 0.25% GO.
This is strongly correlated to the impurities/fillers incorporated within the matrix, whereby, Al2O3
contributes to the higher thermal conductivity of the composite as its thermal conductivity by a
factor of 38.5- 72W/m.K [40] as compared to that of pure aluminum which approximately (205234 W/m.K) [43]. Hence, the energy required to reach out to the melting phase is less as
compared to pure aluminum sample. Likewise, GO in the hybrid nanocomposite contributes
further higher to the thermal conductivity by approximately 700-2000 W/m.K based on the
thickness of the layers and oxygen content of GO [42] as compared to Al-10%Al2O3
nanocomposite. So, the energy required to reach out to the melting phase is much lesser due to the
thermal conductivity acquired by Al2O3 and GO. However, no major change in the melting
temperature was observed. Therefore, presence of the two fillers in the hybrid nanocomposite
imparts a higher thermal conductivity to the hybrid nanocomposite resulting in a reduction in the
heat flow and energy required to reach out to the melting phase[44]. Data obtained from DSC is
presented in Table (4.4).
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Figure 4.13 DSC for Al, Al-10%Al2O3 and Al-10%Al2O3-0.25%GO.
Table 4.4 DSC data for the developed samples Al, Al-10%Al2 O3 and Al-10%Al2O3-0.25%GO.

Samples
Al
Al-10% Al2 O3
Al-10% Al2 O3-0.25% GO

Melting point
˚C
667
665
667.8

Heat flow
(mW/mg)
-4.75
-3.94
-2.23

Area
J/g
-411.2
-387.2
-338.2

4.3.3 Thermal expansion measurements for Al, (Al-10%Al2O3) and (Al-10%Al2O30.25%GO) nanocomposites
Thermal expansion measurements were carried out for the developed SPS samples, and the results
obtained are presented in Fig. (4.14). It is observed that the coefficient of thermal expansion
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linearly increased with increasing temperature for all the developed samples. Thermal expansion
of pure aluminum which is the reference matrix was found to be 18.89 ppm˚C^-1. Whereas, for
Al-10%Al2O3 nanocomposite it reduced to 15.51 ppm˚C^-l , leading to a reduction of 17% as
compared to pure aluminum. Likewise, the thermal expansion further decreased for the Al-10%
Al2O3-0.25%GO hybrid nanocomposite to a value of 14.82 ppm˚C^-1 , leading to a reduction of
4.4% in the coefficient of thermal expansion as compared to the Al-10%Al2O3 nanocomposite
and reduction of 21% as compared to pure aluminum. This can be attributed to the effectiveness
of both the fillers in improving the bonding with the matrix, whereby, these fillers prevent the
gain growth of the nanocomposite. Summary of coefficient of thermal expansion (CTE) is
presented in Table (4.5).
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Figure 4.14. Thermal expansion of a) Al, b) Al-10%Al2O3, c) Al-10%Al2O3-0.25% Go
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4.3.4 Summary of Phase III
From the above results, it can be concluded that the compressive strength was the highest in the
hybrid nanocomposite (Al-10%Al2O3-0.25%GO) as a value of 180MPa compared to (Al-Al2O3)
(130MPa) and pure aluminum (75MPa), whereas, the strain is improved in the hybrid
nanocomposite from 0.4% to 0.5% as compared to (Al-10%Al2O3) nanocomposite. Heat flow and
area associated with hybrid nanocomposite present the lowest values as compared to the
aluminum and Al-10%Al2O3 nanocomposite samples. On the other hand, coefficient of thermal
expansion was the lowest for the hybrid nanocomposite sample. As a summary, thermal and
mechanical properties obtained for each sample are presented in Table (4.5). However, a
comparison between this research and literature are presented in Table (4.6).
Table 4.5 Summary of mechanical and thermal properties obtained for all samples.
Test

Samples
Al

Al-10%Al2O3

Al-10%Al2O3-0.25%GO

Relative density (%)

99.7

97.6

96.8

Hardness (HV)

32.4

55.8

63.2

Indirect ultimate tensile strength
(MPa)*

138.9

214.6

238.6
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137

184

18.89

15.51

14.82

Compressive strength (MPa)
Thermal expansion (ppm˚C^-1)

* based on the hardness value, through the formula UTS=3.4x Brinel hardness (BH), whereby BH=
(HV+10.5) /1.05
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Table 4.6 Comparison between the literature and this research.

Composites
Pure Al
Al-2vol%Al2O3
Al-10vol%Al2O3
Al-15vol%Al2O3
Pure Al
Al-1 vol%
Al-5 vol%
Al-20 vol%
Al6061
Al-9wt.% Al2O3
Al-9wt.% Gr
Al alloy 7055
Al-1wt% Gr
Al-3wt% Gr
Al-5wt% Gr
Pure Al
Al-0.07Wt.% GO
Al-0.15Wt.% GO
Al-0.3Wt.% GO
Pure Al
Al-1wt%Go
Pure Al
Al-0.25wt% GNS
Al-0.5wt% GNS
Al-1wt% GNS

Methods
SPS
Ball milling and
SPS

Agate mortar and
SPS

Liquid stir castin

Ultrasonication
mixing and SPS

Cold compaction
Ultasonication
and cold
compaction

Ball milling and
tube furnace
Ball milling and
vaccum hot
pressing

Hardness
HV

Relative
density %

38

99.9

112
147
91

98
99.5
92

33
37.7
46.9
56
90
150
80

99.5
98.8
97.1
92.5
98.5
97.4
98

131.5
150
128
98.6
26

Compressive
strength (MPa)

Ultimate tensile
strength (MPa)

References
[23]

[25]

[45]

1000
1200
750
600

[26]

[46]

29
30
35
30
58

98
90
99.5
99.13
99.08
99.05

72

65
120

[47]

105
164
152
138

[48]

CHAPTER 5

CONCLUSION AND RECOMMENDATIONS
5.1 Conclusions
Hybrid aluminum nanocomposite reinforced with alumina and graphene oxide are successfully
produced by powder metallurgy technique and spark plasma sintering. The study was conducted
in three phases:
Phase1: Optimizing different volume percents of alumina content (10%, 20%, 30%). The
following conclusions can be drawn from this phase:


For Al- Al2O3 Composite, the highest hardness was obtained by adding 10 volume percent
of Al2O3. However, on further adding alumina content, the hardness decreased.



SEM revealed the presence of cracks along the grain boundaries in the nanocomposite
sample having a higher volume percent of Al2O3 content.



The highest relative density was found for the aluminum sample, while, the relative
density decreased slightly in the nanocomposite samples with the addition of Al2O3
contents.



Agglomeration of Al2O3 were found in the nanocomposite samples containing 20% and
30% of alumina content. Moreover, a non-uniform distribution of Al2O3was also observed
by SEM.
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Al-10vol%Al2O3 exhibited the best hardness and uniform distribution of Al2O3 particles
and hence was selected for the next phase of study.

Phase 2: Optimizing different weight percents of graphene oxide (0.25%, 0.5%, 1%) to be
reinforced with the optimum volume content of alumina resulting from phase1. The following
conclusions can be drawn from the results of this phase.


The relative density decreased in the hybrid nanocomposite samples with the addition of
GO content.



Highest hardness for the hybrid nanocomposite was obtained for 0.25 wt.% of GO, while a
further increase in GO content to 0.5 and 1wt%, gradually reduced the hardness.



The microstructure of aluminum hybrid nanocomposites the presence agglomerations of
GO in the hybrid nanocomposite sample containing 0.5 and 1wt% GO.



The distribution of GO was identified to be along the grain boundaries while the alumina
distributed within the grains.



Al-10vol%Al2O3-0.25wt%GO hybrid nanocomposite exhibited the best properties in
terms of hardness and uniform distribution of GO within the matrix and hence it was
selected for further evaluation of mechanical and thermal properties in the next phase.

Phase3: Conduct the mechanical/thermal testing for the optimum hybrid nanocomposite. The
following conclusions can be drawn from the above research:


Al-10 vol%Al2O3-0.25 wt.% GO hybrid nanocomposite showed the least heat flow as
compared to the Al-10%Al2O3 nanocomposite and pure aluminum.
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Al-10 vol%Al2O3-0.25 wt.%GO hybrid nanocomposite showed a 30% increase in the
compressive strength as compared to pure aluminum.



Al-10 vol%Al2O3-0.25 wt.%GO hybrid nanocomposite showed the least thermal
expansion as compared to the Al-10%Al2O3 and pure aluminum.

5.2 Future Work
Producing Al-Al2O3-GO hybrid composite is promising material toward the industrial
development. So, it is recommended to:
1) Study the tribological aspects of the developed hybrid nanocomposites.
2) Study the corrosion behavior for the developed hybrid nanocomposites.
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