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A particle reinforced metal matrix composite (PRMMC) consists of uniformly
distributed ceramic particles (approximately of equiaxed geometries) within a metal
matrix. Recently, extensive research has been carried out on PRMMC composites with
particles size greater than 1 µm; few researchers investigated PRMMC composites with
reinforced particles less than 1µm.
The main objective of this study is to determine the strengthening mechanisms of
Al-based Al203 metal matrix composites under both static and dynamic loadings. Several
samples of these composites with volume contents of 10, 20, and 30 % Al203 were tested
and studied. Low-velocity impact test results were compared with the outcome of a finite
element model. In order to understand experimentally the influence of Al203 particle
clustering on the deformation characteristics and. microstructural effects on the ductility
and fracture properties of these composites. The fracture surfaces of tested samples were
examined under SEM
The tensile strength and elastic modulus of the composite materials studied
increases with increasing volume fraction of the particle reinforcement. Comparison of
strengths under tensile (static), flexural (static) and low–velocity impact test loadings was
undertaken. There is significant decrease in flexural strength, fracture toughness and
fracture impact energy with increasing volume fraction (vf) of the particle reinforcement.
SEM analyses of the fracture surfaces under static tests revealed the main fracture
mechanism was due to void nucleation, growth and linking. Stress concentration and
triaxial stress state were found to enhance fracture. In low-velocity impact tests, the
impact force enlarges the void, which in turn causes fracture rapidly. Low-velocity
impact test results were compared with the outcome of a finite element model. Percent
error between the low–velocity impact test results and finite element numerical values
for Al-based Al2O3 PRMMC composites increases with increasing volume fraction of the
particle reinforcement.
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وﺧﻮاص اﻧﻜﺴﺎر هﺬﻩ اﻟﻤﺮآﺒﺎت .ﻟﻘﺪ ﺗﻢ اﺧﺘﺒﺎر ﻋﻴﻨﺎت اﻟﺴﻄﺢ اﻟﻤﻜﺴﻮر ﺗﺤﺖ ﺟﻬﺎز ﻓﺤﺺ اﻟﻌﻴﻨﺎت )(SEM
اﻻﻟﻜﺘﺮوﻧﻲ.
ﻗﻮة اﻟﺘﺄﺛﻴﺮ و ﻋﺎﻣﻞ اﻟﻤﺮوﻧﺔ ﻟﻤﻮاد اﻟﻤﺮآﺐ اﻟﻤﺪروﺳﺔ ﺗﺰﻳﺪ ﻣﻊ ﺗﺰاﻳﺪ ﺣﺠﻢ اﻟﺠﺰء اﻟﻜﺴﺮي ﻣﻦ اﻟﺠﺰء اﻟﻤﻘﻮي .ﻟﻘﺪ أﺧﺬت
ﻓﻲ اﻻﻋﺘﺒﺎر ﻣﻘﺎرﻧﺔ اﻟﻘﻮى ﺗﺤﺖ اﺧﺘﺒﺎر اﻟﺘﻮﺗﺮ )اﻟﺴﺎآﻦ( ,اﺧﺘﺒﺎر اﻟﺜﻨﻲ )اﻟﺴﺎآﻦ( واﺧﺘﺒﺎر ﺣﻤﻮﻟﺔ اﻟﺘﺼﺎدم ﻗﻠﻴﻞ اﻟﺴﺮﻋﺔ.
ﻟﻘﺪ وﺟﺪ اﻧﺨﻔﺎض هﺎم ﻓﻲ ﻗﻮة اﻟﺜﻨﻲ ,ﻗﺴﺎوة اﻻﻧﻜﺴﺎر و ﻃﺎﻗﺔ اﻧﻜﺴﺎر اﻟﺘﺼﺎدم ﻣﻊ زﻳﺎدة ﺣﺠﻢ اﻟﺠﺰء اﻟﻜﺴﺮي ) (vfﻣﻦ
اﻟﺠﺰء اﻟﻤﻘﻮي .اﻇﻬﺮ ﺗﺤﻠﻴﻞ ﻋﻴﻨﺎت اﻟﺴﻄﺢ اﻟﻤﻜﺴﻮر ﻟﻼﺧﺘﺒﺎرات اﻟﺴﺎآﻨﺔ ﺗﺤﺖ ﺟﻬﺎز ﻓﺤﺺ اﻟﻌﻴﻨﺎت ) (SEMﺑﺄن ﺁﻟﻴﺔ
اﻻﻧﻜﺴﺎر اﻷﺳﺎﺳﻲ هﻮ ﺑﺴﺒﺐ ﻓﺮاغ اﻟﻨﻮاة ,اﻟﺘﻄﻮر واﻻرﺗﺒﺎط .ﻟﻘﺪ وﺟﺪ أن ﺗﺮآﻴﺰ اﻻﺟﺘﻬﺎد و ﺣﺎﻟﺔ إﺟﻬﺎد ﺛﻼﺛﻲ اﻷﺑﻌﺎد
ﺗﺰﻳﺪ اﻻﻧﻜﺴﺎر .ﻓﻲ اﺧﺘﺒﺎر اﻟﺘﺼﺎدم ﻗﻠﻴﻞ اﻟﺴﺮﻋﺔ ,ﻗﻮة اﻟﺘﺼﺎدم ﺗﻜﺒﺮ اﻟﻔﺮاغ اﻟﺬي ﺑﺎﻟﺘﺎﻟﻲ ﺗﺆﺛﺮ ﻋﻠﻰ ﺳﺮﻋﺔ اﻻﻧﻜﺴﺎر.
ﻟﻘﺪ ﻗﻮرﻧﺖ ﻧﺘﺎﺋﺞ اﺧﺘﺒﺎر اﻟﺘﺼﺎدم ﻗﻠﻴﻞ اﻟﺴﺮﻋﺔ ﻣﻊ ﻧﺘﺎﺋﺞ ﻣﺨﻄﻂ اﻟﻌﻨﺼﺮ اﻟﻤﺤﺪد ) .(FEMﻳﺰﻳﺪ اﻟﺨﻄﺄ ﺟﺰء ﻣﻦ اﻟﻤﺎﺋﺔ
ﺑﻴﻦ ﻧﺘﺎﺋﺞ اﺧﺘﺒﺎر اﻟﺘﺼﺎدم ﻗﻠﻴﻞ اﻟﺴﺮﻋﺔ وﻗﻴﻢ ﻣﺨﻄﻂ اﻟﻌﻨﺼﺮ اﻟﻤﺤﺪد ﻟﻠﻌﻨﺼﺮ اﻷﺳﺎﺳﻲ ﻟﻸﻟﻤﻮﻧﻴﻮم) (Al2O3ﻣﺎدة
اﻟﻤﺮآﺒﺎت ﻣﻊ زﻳﺎدة ﺣﺠﻢ اﻟﺠﺰء اﻟﻜﺴﺮي ﻣﻦ اﻟﺠﺰء اﻟﻤﻘﻮي.

هﺬﻩ اﻟﺪراﺳﺔ أﻋﺪت ﻟﻨﻴﻞ درﺟﺔ اﻟﻤﺎﺟﺴﺘﻴﺮ ﻓﻲ اﻟﻌﻠﻮم
ﺟﺎﻣﻌﺔ اﻟﻤﻠﻚ ﻓﻬﺪ ﻟﻠﺒﺘﺮول واﻟﻤﻌﺎدن
اﻟﻈﻬﺮان  -اﻟﻤﻤﻠﻜﺔ اﻟﻌﺮﺑﻴﺔ اﻟﺴﻌﻮدﻳﺔ
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CHAPTER 1

INTRODUCTION

1.1 METAL MATRIX COMPOSITES
A composite is a material that is produced via a physical combination of materials
to obtain a new material with unique properties when compared to the monolithic
material properties. This definition distinguishes a composite from other multiphase
materials, which are produced by bulk processes where one or more phases result from
phase transformation ("in-situ" composites).
Reinforcement of a ductile, tough metal with a ceramic material should result in
improvement in properties. Composite materials have been of interest to aerospace and
defense markets for many decades as they sought to obtain continuous performance
improvements. In the 1970s and 1980s, metal matrix composites (MMC) were the focus
of substantial attention due to the availability and individual properties of the matrix
alloys such as Al and Ti. Ceramics were the reinforcements of choice, since they provide
the largest increase in strength and stiffness.
Composites are classified by: (1) their matrix (either polymer, ceramic, or metal),
(2) their reinforcement, which includes the chemical nature (oxides, carbides, nitrides),
shape (continuous fibers, short fibers, whiskers, particulates), and orientation, (3) their
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processing routes. MMCs are composite materials in which one constituent is a metal,
forming at least one percolating networks, the other constituent is embedded in this metal
matrix and usually serves as the reinforcement. The terms matrix and reinforcement are
often used. The matrix is a percolating “soft” phase (with in general has excellent
ductility, formability and thermal conductivity) in which are embedded the “hard”
reinforcements (high stiffness and low thermal expansion). The reinforcements can be
continuous or discontinuous, aligned, or random.
MMCs are rising as a vital class of materials in the continuing search for
improved strength, and stiffness in addition to other desirable properties, which make
them competitive compared to monolithic metals [1]. The specific properties obtained in
MMCs will depend upon the exact matrix alloy and ceramic selection, the form, size and
percentage of the ceramic added, ceramic properties, interface properties and the
processing method selected to produce the composite [2-4]. MMC is normally fabricated
using a ductile metal (e.g. Al, titanium and nickel) as the matrix, ceramic as the
reinforcement (e.g. alumina, SiC, and graphite), which combines the good ductility and
toughness of the metal matrix with the high strength, hardness, and elastic modulus of the
ceramic reinforcement [5-9].
Most of the related MMC research is aluminum based MMC with ceramic as the
reinforcement. Aluminum alloys are chosen because of their low density, wide alloy
range, heat treatment capability and processing flexibility. Moreover Al based MMCs
offers advantage of lower cost over most other MMCs and has excellent thermal
conductivity, high shear strength, nonflammability, and ability to be formed, compared to
the unreinforced Al alloys [10-13]. The ceramic reinforcement materials, such as SiC,
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B4C, nitrides, and Al203 are in the form of continuous fibers, whiskers, platelets, or
particles.

1.2 TYPES OF REINFORCEMENT
Continuous reinforcement: In a continuous fiber reinforced composites the fibres
are cylindrical ingredient material produced continuously to form an essentially endless
reinforcement in the composite, which is usually delivered on the form of multifilament
tows. Each tow consists of many individual fibers of diameters typically in the range of 3
to 30 microns.
Discontinuous reinforcement: a non-percolating constituent of a composite, taking
the form of individual elements embedded in the matrix constituent (e.g., particulates,
short fibres, whiskers). Preforms produced from discontinuous reinforcements that are
mechanically stabilized by a binder or by cold compaction are still considered
discontinuous reinforcements. Other reinforcements are known as particulates, roughly
equiaxed reinforcement or composite ingredient, usually of aspect less than about 5.
Particulates can be either mono- or polycrystalline, can take various geometrical shapes
and are typically greater than 1 µm in diameter. Dispersoids are the same as particulates,
except that the diameter is less than 1µm, hence, being capable of providing Orowan
strengthening. In particle reinforced MMC (PRMMC) composites the particle
reinforcement occupies a volume fraction greater than 5% in the material. Where in
dispersoid reinforced MMC the dispersoid reinforcement occupies a volume fraction
greater than 5% and the distance between particles are less than 1 µm (otherwise, the
material is considered to be a dispersion strengthened metal). The other discontinuous
reinforcements are the platelet, short fibres, and whiskers.
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1.3 CATEGORIES OF MMC
Particle reinforced metal matrix composites (PRMMC) are materials where
reinforcement occupies a volume fraction greater than 5% in the material.
The other categories are short fiber reinforced MMC with short fiber as the
reinforcement, whereas whisker-reinforced MMC has whisker as the reinforcement.
Other forms of MMC include continuous fiber reinforced MMC with reinforcement of
continuous fibers.
•

Particle reinforced metal matrix composites
A particle reinforced metal matrix composite consists of a uniform distribution of

strengthening ceramic particles embedded within a metal matrix. These differ from
composites containing higher aspect ratio reinforcements significantly. The range of
particles reinforcement volume fractions can vary significantly, with commercial
products containing 5-75% reinforcement by volume. Even the materials in which the
metal matrix is the minor phase on a volume basis are included in the class of materials
known as PRMMC composites, since they maintain metallic properties.
PRMMC composites have been under development for more than 30 years and
were commercially available in significant quantities for the last decade. In that time,
substantial progress has been made on many fronts, most notably in composites with
aluminum as the matrix metal. The primary driving force for research and development
of PRMMC composites was the need to produce a material with these desirable features
characteristic of MMCs without paying the high price of fibers, monofilaments, or
whiskers that can be used as reinforcement for a metal. PRMMC composites are
produced by a variety of methods, including both solid and liquid state processes.
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Much research has been carried out on PRMMC composites due to the
combination of high strength to weight ratio, high stiffness, isotropic properties, and the
ability to be formed by conventional metal processing techniques, such as rolling,
forging, or extrusion [14-18].
In addition, superior engineering properties and low cost raw materials, make
PRMMC a candidate for a wide range of performance-driven, and price sensitive
applications. However, these improvements have been accompanied by degradation in
tensile ductility and toughness compared with conventional Al alloys [3, 7, 18-21].

1.4 OBJECTIVES OF THE STUDY
As have been mentioned, PRMMC materials exhibit higher strength and stiffness,
in addition to isotropic behavior at a lower density, when compared to the unreinforced
matrix material. PRMMC composites benefit from the ceramic’s ability to withstand
high velocity impacts and the high toughness from the metal matrix, which helps in
preventing total shattering. These factors lead to an excellent balance between cost and
mechanical properties, which are appealing for many industrial applications. From the
mechanical behavior standpoint, the main drawback of these materials is their low
ductility, which is limited by the nucleation, growth, and coalescence of voids created by
the ceramic reinforcements; this of course has hindered their use in structural
applications. The above factors have acted as the driving force to study the damage and
failure processes in PRMMC composites. The mechanical behavior of many materials is
quite different under static and dynamic loading. The strength data, which are the main
technological requirement, are separated into tension, compression, bend with stiffness
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moduli etc. These mechanical properties are helpful in assessing the damage tolerance
capability.
The main contribution to the strengthening of PRMMC composites is particle
addition; it affects most of the mechanical properties of PRMMC composites. Several
particle parameters, which might affect the mechanical properties of PRMMC
composites, include volume fraction, size, shape, and distribution of the reinforced
particles within the metal matrix. The most important among these parameters is the
volume fraction [4]. Consequently, there is a need to determine the effects of volume
fraction on the mechanical properties of PRMMC composites.
The main objective of this work is to study the strengthening mechanisms of Al
based Al203 metal matrix composites under both static and dynamic loadings. Several
samples of these composites with contents of 10, 20, and 30 % volume fractions (vf)
Al203 were tested. Static tensile and flexural strengths, and fracture toughness (KIc) were
determined Low-velocity impact tests were also conducted. To validate Low-velocity
impact test results of PRMMC composites a numerical technique was attempted for this
study. A finite element model (FEM) was designed and processed to simulate the lowvelocity impact tests, using the finite element code ANSYS. Test results were then
compared with the outcome of the numerical FEM model.

CHAPTER 2

LITERATURE REVIEW

McDanels [3] evaluated the mechanical properties and stress-strain behavior for
several types of discontinuous SiC/Al composites, containing SiC-whiskers, nodules and
particulate reinforcement. He studied the effects of type of reinforcement, matrix alloy,
and reinforcement content by analyzing the stress-strain curves. The elastic modulus of
the composites was found to be isotropic, and independent of type of reinforcement and
matrix alloy; it depends only on the vol. % of SiC reinforcement and there was 50-100%
increase over the modulus of unreinforced Al alloy as shown in Fig. 2.1. Yield/Ultimate
tensile strengths were controlled mainly by matrix alloy, temper conditions and by
reinforcement content. The yield and tensile strengths showed 60% increase over those of
unreinforced Al alloy. Ductility was dependent upon percent reinforcement and matrix
alloy. It increased with increased homogeneity in particle distribution.
Ibrahim et al. [4] reviewed large body of literature in the field of PRMMC
composites and presents crossection of views with particular emphasis on strengthening
mechanisms under static and dynamic loadings. They observed modulus of elasticity is
affected by reinforcement content and increases with an increase in volume fraction of
reinforcement.
Aghajanian et al. [22] studied static properties along with thermal resistance of
7
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four Al203-Al composites and durafrax 1542, (a dense sintered Al203 available
commercially). All four composites studied were fabricated by directly oxidizing molten
Al alloys. Two materials were oxidized in air at 1400K, one is fully oxidized and other
partially. Similarly the other two materials were prepared at 1600K. He observed that
new composites are stronger in flexure, tougher and more resistant to thermal shocks.
David [23] conducted the tensile and fracture toughness tests on 2014 Al
alloy/SiC composite consisting of 15 vol. % SiC particulates. Overall tensile elongations
values ranged from 1.6 to 2.4% and fracture toughness values from 18.7 to 29.5 MPa. He
observed that tensile ductility and fracture toughness were controlled by two factors
namely; deformation characteristics of the matrix and SiC particles distribution. He
discovered that the best method for increasing fracture toughness of composites is
dispersing uniformly the particles and by increasing ductility of matrix
Vincent et al. [24] fabricated two different types of composites. The approach,
referred to as microstructurally toughened composites, consists of segregating the
composite into particle-reinforced regions and continuous ductile toughening regions.
Composites consisting of SiC particle-reinforced 6061 Al (SiCp/6061) with monolithic
6061 and pure titanium toughening regions were fabricated. He observed the longitudinal
tensile properties are same for both types of composites while impact energy for both 10
to 20 times greater than a conventional SiC particle reinforced 6061 Al composite. The
titanium toughened composite displaced high transverse tensile strength than 6061 Al
toughened composite.
Manoharan and Kamat [25] related the micromechanical event like particle
cracking, interface failure, near interface failure to macroscopic fracture properties. He
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observed that the damage was nucleated at the ceramic reinforcement then void nucleates
which grows and becomes a microcrack. They stated, when a microcrack-macrocrack
distance reaches a specific characteristic fracture distance link up occurs by ductile
failure of the matrix.
Paul [26] done extensive study on the properties of discontinuous reinforced
aluminum (DRA) composites produced by powder metallurgy processing. Fig. 2.2 shows
the variation of proportional limit (So), yield strength (YS), ultimate tensile strength
(UTS) with the vol. % of SiC particles from 15 to 25%. An increase in volume fraction of
SiC particles from 15 to 25% produces increase in So, UTS, YS. Fig. 2.3 shows
Proportional limit, YS, UTS vs particle size, there is increase in these properties with the
reduction in particle size except in the range 2 µm to 0.7 µm, where proportional limit
decreases. Fig. 2.4 shows Elastic modulus (E) vs vol. % of SiC where E increases as vol.
% of SiC increases. He found that there is no change in ductility as the particle size
reduces from 10µm to 2 µm only after 0.7 µm does the ductility decreases drastically. He
indicated that strength and ductility increased effectively by reducing particle size than by
increasing volume fraction. He observed that in DRA composites ductility is an index of
cavitations resistance and toughness is an index of coalescence resistance, no exact
correlation between ductility and toughness exists.
Zhiru and Ruby [27] studied mechanical properties of 15% SiC particle / A356
with size ranging from 5-10µm and with differing aspect ratio of individual particles, the
composite found to have high YS, E, but UTS and ductility were lower than that of pure
alloy. The YS and E was 24%, 28% higher than there corresponding YS and E of A356
alloy. The UTS and ductility was 7%, 98% lower than their corresponding UTS and duct-
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Fig.2.1: Effect of reinforcement content on modulus of elasticity of discontinuous
SiC/6061 Al composites [3].

Fig. 2.2: The ultimate tensile strength (UTS), Tensile Yield strength (TYS)
proportional limit (So) and strain to failure (εf) vs. the vol. % reinforcement for
6013/SiC/XXp-T6 DRA composites [26].

11

Fig. 2.3: The UTS, TYS, So and εf vs. the square root of median reinforcement
particle diameter (d) for 6013/SiC/20p-T6 DRA composites [26].

Fig. 2.4: Young’s modulus vs. vol. % of SiCw and SiCp reinforcement [26].
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ility of A356 alloy. The particle distribution found to be affecting strengthening
mechanism. He observed that non-uniform particle distribution due to clustering, dentric
structure results in stress triaxiality and internal stress which results for special hardening
behavior and also earlier particle cracking, void formation and particle interface
debonding. This behavior gives rise to less ductility.
Mummery and derby [28] studied fracture processes in a pure Al matrix
reinforced with SiC particles of 3 particles sizes (3, 10, 30 µm) and two volume fractions
(5, 20%) by conducting tensile tests. He found there is increase in YS, UTS and E as the
volume fraction increases but strain to decreases for a given particle size. Fracture found
to occur by ductile rupture mechanism. In low volume fraction for a given particle size
strain to failure was increased due to increase in void growth strain. Also in low volume
fraction large particle PRMMC composites there was increase strain to failure because of
hindrance to void elongation caused by increased local constraint around fractured
particles. On increasing particle size and/or volume fracture there was transition in
fracture mechanism, the fracture mechanism changes from decohesion to particle
cracking.
Kim et al. [29] observed that fracture toughness of 6061 Al/SiCp composite
decreases from 0.08 to 0.065% as volume fraction increases from 5% to 30%.
Bhattacharya et al. [30] studied the influence of alumina microspheres on
mechanical characteristics of an aluminum alloy AA6061 reinforced with alumina
microspheres. The reinforcing particles have an average diameter of 20µm and a 25%
volume fraction. He observed structure of reinforcing particles influences the material
behavior by initiating the fracture. He reported that MMC is stiffer and stronger than
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6061 Al alloy, 10% stronger in yield and 25% stiffer. But toughness under impact is poor
and energy absorption capacity is only 14% of 6061 Al alloy. He concluded that
microsphere is porous and accounted for initiating fracture in composite and also with
low decohosive rupture strength. They limit the strength of the material.
Chia et al. [31] investigated the effects of strain rate on the tensile properties of
0%, 10%, 15% and 20% vf Al203 reinforced 6061 Al alloy composite. He found that
composite is more sensitive to strain rate than the unreinforced material and composite
has less ductility than Al alloy irrespective of strain rate.
Luster et al. [2] tested 6061/ Al203 composite with volume fraction of 0, 10, and
20 % to find its mechanical properties. The average size of 10 vol. % and 20 vol. % of
Al203 in 6061 Al composite is 10 and 20 µm respectively. He carried out tensile test,
creep resistance, fatigue tests. The 0.2% YS, stiffness and hardness increased with
volume fraction by corresponding decrease in ductility. The increase in YS is 31% for the
10% vf Al203 composite and 41% for the 20% vf Al203 composite, compared to a 6061
Al alloy. The increase in E is 22% for the 10% vf Al203 composite and 36% for the 20%
vf Al203 composite, compared to a 6061 Al alloy. The decrease in ductility is 42% for the
10% vf Al203 composite and 75% for the 20% vf Al203 composite, compared to a 6061
Al alloy.
Pestes et al. [32] studied the effect of particle size from 3-165 µm on the fracture
toughness of Al-4mg/Al203 PRMMC with volume fraction ranging from 45-54%.
Fracture toughness found to be dependent on interparticle spacing provided that particles
are below a critical size. Increasing interparticle spacing can increase the toughness either
by decreasing volume fraction of particulates or increasing size of the particles.
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Kamat et al. [33] performed tension, fracture toughness tests on 2014-O and
2024-O Al alloy reinforced with Al203 having 2 to 20 % volume fraction with different
particle sizes. He observed that yield strength increases with decrease in spacing between
particles. The fracture toughness increases with increasing spacing between particles
provided that the particle size should be less than 15 µm. Fractured occurred by local
ductile mechanism, even though microscopically they exhibited limited ductility.
Manoharan and lewandowski [34] studied fracture properties of Al-Si-mg/Si
MMC by varying volume fraction and matrix flow properties keeping particle size
constant. JIc found decreasing linearly with an increase in volume fraction of Si particles.
Fracture found to occur by fracturing of Si particles ahead of the crack tip, fracture linkup in the matrix.
Hadianford et al. [35] studied fracture toughness of 6061 Al reinforced with 20 %
angular particulates. Fracture toughness tests were conducted on compact tension peakaged specimens and it was 22.8 MPa√m. The dominant fracture mechanism was particle
fracture. This particles act as void initiation sites, these voids coalescence and then final
fracture occurs. He observed that the smaller particles are less susceptible to fracture than
long and elongated particles; hence particle size reduction results in improved toughness.
Park et al. [11] examined the toughness and fracture behavior of 6061 Al alloy
reinforced by 20µm of 20 vol. % of polycrystalline microspheres of alumina (COMRAL
85

TM

). Due to reinforcement stiffness increases by 30 % and strength by 10 %. The

fracture toughness was reduced with values from 16.7 to 20.4 MPam1/2 about one half of
the unreinforced alloy. The fracture found to occur by ceramic failure subsequently
ductile failure of matrix ligaments.
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Hadianford et al. [36] compared fracture toughness values of four 6061 Al
reinforced alumina particles. Precracked compact tension and chevron notched short rod.
These four reinforced composites were with 10, 15, 20 vol. %, 20 % angular particulate
alumina and 20 vol. % Comral-85 alumina microspheres. The average size of particles
in 10%, 20% and comral-85 composites were 14.3, 18.7, 17.5 µm respectively. Fracture
toughness values obtained from the two sample geometries was in good agreement and
he observed that fracture toughness decreases with the increase in volume fraction of
reinforcement from 10 to 20%. Fracture toughness values for unreinforced Al alloys are
in the range of 25 to 75 MPam1/2 , whereas reinforced Al matrix are in the range of 7 to
25 MPam1/2 . 20 vol % angular particulate alumina has 10 to 20% higher toughness than
20% reinforced Comral-85.
Lloyd [10] reviewed large body of literature and he observed that the percent
elongation (Fig. 2.5) and fracture toughness decreases with increase in vol. % of
reinforcement. The reduction in fracture toughness is most significant from 0-10% and
then slightly from higher vol. %. There are many factors like particle distribution,
reinforcement inhomogeneity, and residual stress in composite influencing the fracture
toughness. The main factor controlling the elastic modulus is the volume fraction of
reinforced particles.
Zulfikar et al. [37] carried out finite element simulation to determine the effect of
the presence of single particles and particle clusters on the stress distribution at the crack
tip. The crack opening stress at the crack tip found to increase due to the presence of
particles far away from the crack tip but it decrease as the crack approaches the particles.
The plastic deformation in the particles cluster suppressed by cluster of particles and
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occurs outside the cluster. In the particles away from crack tip high interface shear stress
and vonmises stresses are created due particle clustering whereas highest normal stress
region exists at the interface of particles along the crack line. Therefore crack can go
around the cluster region or go through cluster region depending upon the stress that
predominates.
Sriram et al. [38] undertook the study to evaluate the influence of Al203
particulates on fracture behavior of 6061 Al alloy reinforced with 10% vf Al203 PRMMC
composites. The E and YS of the composite was 13% and 20% more than their
corresponding YS and E of unreinforced 6061 Al alloy. Fractography revealed
macroscopically brittle appearance whereas microscopically local ductile and brittle
mechanisms. Failure of the composite was found to occur by reinforcement cracking and
particle-matrix decohesion at the interface.
Srivatsan [39] studied the fracture behavior of 2014 Al alloy reinforced with two
different volume fractions of 10 and 15% Al203 in order to understand the affects of
reinforcement on microstructure, tensile and quasistatic fracture behavior. He observed
that the elastic modulus in 10 and 15 vol. % composites was respectively 10 and 45%
more than that of the unreinforced alloy. The tensile strength in the 15 vol. % composite
was found to be 2% more than that of the 10 vol. % composite. The tensile fracture
surface shows brittle appearance on macroscopic scale and microscopically local ductile
and brittle fracture. Fracture of the particles with failure of matrix between particles and
decohesion found to occur.
Shi et al. [40] and Song et al. [41] studied the effect of the particulate shape on
fracture and ductility of the composite. The composite under study consist of spherical
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and angular particulate of 20% vf Al203 reinforced 6061 Al alloy with 5µm particles size.
He observed that spherical particle reinforced composite exhibits lower YS and work
hardening rate but a higher ductility compared to angular particle reinforced composite.
Watt [42] created a 3D FEM model to find the effect of particle shape, volume
fraction and distribution on stress and strain distributions around and within particles in
matrix, which deforming plastically which aimed to find the effect of particle shape,
volume fraction, size and particle distribution on ductility of Al/SiCp MMC.

He

observed that spherically reinforced particles have much less stress. Closely spaced
particles develop very large stresses in loading direction. He said spherically reinforced
particles have good ductility and large particle should distribute evenly.
Brent et al. [43] conducted flexural, fracture toughness and charpy impact tests on
four Al alloys namely, 520, 201, 295, 2214 alloy and each alloy is reinforced with three
ceramic powders namely, abrasive grade Al203, high purity Al203 and SiC with 55%
volume fraction. It was found that composite reinforced with alumina were stronger and
tougher than SiC reinforced composites.
Bonollo et al. [44] studied mechanical and impact behavior of AA6061 reinforced
by 20% Al203 of 15µm size and AA 2014 reinforced by 17% Al203 of 15µm particle size.
He observed testing temperature and loading speed has a limited influence on the failure
mechanism. The presences of particles lower the crack nucleation energies with respect
to unreinforced alloy and impact strength is less compared to unreinforced alloy. For
AA6061 reinforced by 20% Al203 composite the decrease in impact strength was 91.4%
compared to AA6061 whereas for AA 2014 reinforced by 17% Al203 composite it was
80% compared to AA2014.
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Davis et al. [45] studied strengthening mechanism by considering the effect of
particle size and volume fraction on mechanical properties of 2080 Al reinforced with
SiC particles in which tensile measurements were compared with FEM results. Good
agreement was noted for fine particles. For coarse particles, there was evidence of
particle cracking, which affected the yield strength and elastic modulus values.
Jian et al. [46] used strengthening models to analyze the particle size influence
(Fig. 2.6) on strength of PRMMC. When the reinforcement is beyond a critical size then
influence of particle on YS is unremarkable. The critical size should be less than 0.5µm
in work hardening and Orowan strengthening mechanisms and it is less than 20µm in the
case of interaction mechanisms. Also when particle is larger than 5µm again particle size
influence on YS is unremarkable.
Long et al. [47] studied the mechanical properties of a 60% vol. %, 12µm SiC
particle reinforced Al-Cu 4 mg Ag composite. The abrasive wear resistance, hardness,
fatigue, strength, stiffness, flexural strength was improved whereas fracture toughness got
reduced compared to matrix alloy. The fracture toughness is about 40-50% of the value
of matrix alloy. The tensile strength and E was 163% and 186% more than their
corresponding tensile strength and E of matrix alloy.
Hsu-Shen et al. [48] evaluated mechanical properties of composite produced by
reciprocating extrusion including strength, ductility, and elastic modulus, wear resistance
and coefficient of friction as a function of the volume fraction of Al203. The composites
studied were 6061 Al- Al203p in various volume fractions of 0, 5, 10, 20 and 30% with
12.5µm Al203. The composites were fully densified with uniform distribution of Al203.
The ductility was smaller compared to 6061 Al but E and YS found to be greater than
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6061 Al alloy. The YS and tensile strength values ranged from 310 to 328 MPa, 185 to
265 MPa, 186 to 265 MPa, 178 to 296 MPa, and 177 to 331 MPa for the 5, 10, 20 and
30% vf Al203 composites, respectively. The percent elongation for this composites
ranged from 15.3% for the 5% vf Al203 composite to 9.8% for the 30% vf Al203
composite, compared to a value of 18.2% for the 6061 Al alloy.
Park et al. [49] studied the effect of volume fraction of 20 micron micral-20
reinforced 6061 Al. The volume fractions were 0, 5, 10, 15, 20, 25 and 30%. As shown in
the Fig. 2.7 the E found to increase with volume fraction whereas ductility decreases
linearly. The tensile strength (TS) and YS were better than unreinforced alloy but it
decreases with increase in volume fraction (Fig. 2.8), which is interpreted as being due to
premature fracture of the particles during loading.
Lihe et al. [50] conducted quasi static and dynamic fracture toughness
experiments on 6061 Al alloy reinforced with 15 and 25 vol. % of 9.5µm SiC particles,
he observed the fracture toughness of composites decreases drastically due to addition of
SiC particles at both quasi static and dynamic cases.
Duwell et al. [51] studied the effect of volume fraction on microstructural
parameters (Fig. 2.9) with particle size less than 4 µm of Al203 and fracture toughness of
a 6061 Al alloy using three different test standards, ASTM E399, E1290 and ASTM
E1737 (now replaced by E1820). With ASTM E399 fracture toughness is in terms of KIc,
in E1290 it is in terms of critical crack tip opening displacement and in E1820 it is J
integral concept, determines fracture toughness at 0.2 mm stable crack growth. According
to ASTM 1820 curve shows gradual decrease in fracture toughness, according to ASTM
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399 at lower volume fractions steep drop followed by plateau (Fig. 2.10). There was
decrease in toughness data for increasing volume fraction in ASTM E1290.
The effect of reinforcement volume fraction on crack opening force and
propagation energy by 3-point bend tests was investigated by Xia et al. [52]. For low
volume fraction reinforced composites, cracks initiated generally at the particle/matrix
interfaces. For high volume fraction reinforced composites cracks initiated from both
particle/matrix interfaces and broken particles. As the volume fraction of the
reinforcement increases the fracture mode changes from interface debonding to particle
cracking.
Vecchia et al. [53] fabricated Al-Al203 composite containing 67% vf Al203
composite, characterized mechanically by evaluating modulus of rupture, compression,
tensile strength, hardness and fracture toughness. The materials have high stiffness, good
compression and bending strength but UTS is poor. The increase in toughness of
composite (5.3MPa) with respect to ceramic (2.6MPa) is recorded, this is due to plastic
deformation of metallic zones. There was crack blunting and subsequent crack
propagation.
Ceshini et al. [54] carried tensile test on two particle reinforced metal matrix
composite, AA6061/20 vol. % Al203 particles and AA7005/10 vol. % Al203 particles. The
average size of particles in the 6061/ Al203 is 35µm and in 7005/ Al2O3 is 17µm. He
observed that there was increase in E (38% for 6061/ Al203, 17% for 7005/ Al203) and
UTS (17.4% for 6061/ Al203, 5.7% for 7005/ Al203) compared to unreinforced alloys. The
tensile elongation (1.7% for 6061/ Al203, 4.2% for 7005/ Al203) found to be much lower
compared to unreinforced alloys (12% for AA6061, 13% for AA7005). The particle frac-
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Fig. 2.5: Variation in tensile elongation of 6061 with volume fraction of
reinforcement [10]

Fig. 2.6: Yield strength increased as a function of particle size due to (a) Orowan
process, (b) difference in thermal expansion, (c) effect of work hardening and (d)
interaction of the influence of the dislocation density and load transfer mechanism
[46].
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Fig. 2.7: Comparison of elastic moduli with moduli predicted using upper
and lower bound, and different models [49].

Fig. 2.8: Yield strength and tensile strength (TS) of composites in the
as extruded condition [49].
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Fig. 2.9: schematic representation of complex relation between
microstructural parameters and fracture toughness [51].

Fig.2.10: Fracture toughness verses volume fraction Al203 for the
three test methods [51].
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ture was found to be main damage prior to final fracture.
Prewo [55] conducted pendulum impact test on 30% SiC particulate/6061 Al
alloy by a charpy impact tester. The samples were notched and unnotched. He observed
that SiC particulates/6061 Al alloy are less impact resistant than 6061 Al alloy matrices
and it is notch sensitive with 10 times less in impact energy due to a notch. Plasticity
limited because the particulate to matrix bond strength is high so there is no large-scale
deformation on fracture surface.
Vincent et al. [56] using the microstructural toughening concept, composites were
fabricated using a 304 stainless steel toughnening phase within a majority NiAl matrix.
Notched impact energy absorption of up to 90 J/cm2 was measured for these composites
compared to 0.8 J/cm2.
Geiger and walker [57] found that as particles size decreases the strength of Al
6013 with 20% SiC increased. The ductility increases as the particle size decreases,
except for finest particles of size 0.7 µm reinforced composite. Hong et al [58] observed
increase in compressive strength of Al with 10, 20, and 30 Vol. % SiC particles.
Arsenault et al. [59] studied the 0.5µm 20 vol. %, SiC spherical particles
reinforced Al-1100, he observed as the reinforcement content increased proof stress
increases. Shanker et al. [60] fabricated a composite containing 43-62 vol. % TaC
particles of 0.1-1µm size with the unalloyed Al, resulting in high ductility. Muscat et al.
[61] fabricated composite with 0.8 µm TiC of 50-85 vol. % reinforced unalloyed Al
PRMMC. He observed that as vol. % of TiC increases the proof stress increased from
250 to 475 MPa and ductility decreased from 5 to 0%.
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Redsten et al. [62] investigated the mechanical properties of oxide dispersion
strengthened Al containing 25 vol. %, 0.28 µm Al203 particles. He found that the yield
strength is low but 0.2% proof stress, UTS were higher about 200 MPa and 330 MPa
respectively.
Zhou et al. [63] produced two composites, one with a spheres consisting of Al
reinforced by 40 vol. % 0.5 µm Al203 particles, are uniformly distributed in a particle free
6061 Al matrix and other consists of a 4 µm Al203 particles in 6061 Al matrix. The abovementioned composites have higher E, UTS and hardness then their 6061-matrix alloy but
ductility was low. Keeping vol. % constant as particle size decreases from 4 to 0.5 µm it
was found that E, UTS, hardness increases significantly with slight increase in ductility.
The increase in E was 27.4% for AA6061Al reinforced with 0.5 µm Al203 particles and
for 0.9% AA6061Al reinforced with 4 µm Al203 particles. The increase in E was 27.4%
for AA6061Al reinforced with 0.5 µm Al203 particles and 0.9% for AA6061Al reinforced
with 4 µm Al203 particles when compared to 6061 Al alloy.
Lihe et al. [64] conducted fracture toughness on 6061 Al alloy reinforced with 15
vol. %, fine SiC particles of 0.6µm and 9.5µm. He observed that the toughness of fine
0.6µm SiC particle reinforced composite was 30% higher than that of 9.5µm SiC
reinforced composite and it is about one half of the unreinforced 6061 Al alloy.
Boundaries between particle clusters and surrounding matrix found to be responsible for
the failure mechanism.
It is seen from above that the only few researchers investigated PRMMC
composites with reinforced particles less than 1µm [62, 63]. And it is observed that as the
particle size decreases the strength increases [28] whereas the decrease in toughness is
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less compared to coarse particles. Smaller particles are less susceptible to fracture than
long and elongated particles hence submicron particle size results in improved
mechanical properties.
Among the mechanical properties, the affect of volume fraction on yield strength,
ultimate tensile strength, and elastic modulus is clear. Evaluating toughness (static and
dynamic) in MMC is still the subject of debate. There is not even single toughness
measurement technique approved as the correct measurement technique for MMCs. Most
of the impact damage (toughness) has centered around the use of charpy and izod tests,
and instrumented version of these test. The geometry often does not represent to end use
application, these test though widely used are not necessarily suited to an understanding
of composite material impact response. And frequent impacts are occurred in aircraft
structure from bird strikes, runway debris, foreign object damage from ingested birds or
combustion debris, ground service equipment, assembly and handling cause by dropping
tools. For metals these impacts results in plastic deformation with out leading to
catastrophic failures. However in composites repeated low energy impacts leads to
failure, with out developing any visible surface damage. In composites localized
plasticity, crack blunting; etc contributes to fracture toughness, (KIc) which no longer
represent a simple characteristic of the material toughness. In that fracture toughness is
not appropriate and toughness is characterized by measurements of the fracture energy
[65] and fracture energy measurement is typically conducted by pendulum impact (or)
falling weight impact, quasistatic bend tests.

CHAPTER 3

EXPERIMENTAL METHODS AND PROCEDURES

3.1 MATERIALS
The materials used in this study were composites based on a 6061 Aluminum
alloy metal matrix containing 10%, 20%, and 30% vol. fraction of Al203 spherical
particles with an average size of 0.7µm, in addition to unreinforced 6061Al alloy. The
composite was prepared by powder metallurgy at Fraunhofer Institute Fetigungstenik
Materialforschung. First, a blend of 6061 Aluminum powder (< 63µm) and Al203 powder
(Average size = 0.7µm) were mechanically alloyed in argon atmosphere using a planetary
mill. To reduce welding during milling, 0.5% of weight citric acid was added to the
blend. After producing a homogeneous distribution of Al203 with aluminum, the milled
powder was compacted by uniaxial pressing at 200 MPa. Then the resultant discs were
degassed at 400˚C. The disc was then extruded from a diameter of 76mm to 17mm at
550˚C.

3.2 TESTING PROCEDURES
•

Tensile Testing

The Instron 8801 material testing system was used to obtain tensile test results. The
system is a closed loop servo-hydraulic, dynamic, single axis testing system. The machin
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e equipped with a hydraulically actuated self-aligning gripping system. The photograph
of testing machine is shown in Fig. 3.1. There are three controlling modes such as
Position, Load and Strain. The Capacity of the Machine is ± 100 KN. Displacement is ±
75 mm. Strain is ± 25%. The maximum frequency applied is 100 Hz.
All tensile tests were carried out using specialized software called Series IX, which
provided complete machine control, data acquisition, data reduction and analysis
capability. Tensile tests were carried out under position control. The software logged
position and corresponding load of the test with a constant position increment until
fracture occurred. The elastic modulus is obtained by getting the load and position data
throughout the test. The maximum stress value just before fracture is selected as the
tensile strength and the final actuator position gave the fracture strain.
The standard for tensile testing of PRMMC composites is included in ASTM E
8m [66] “Standard Test Methods for Tension Testing of Metallic Materials” [67].
Cylindrical samples as per ASTM E8m were machined with the stress axis parallel to the
extrusion direction. The test samples were smooth and cylindrical in the gauge section
with 6.0 mm in diameter and 36 mm in length as shown in Fig. 3.2b. In order to minimize
the effects of surface irregularities and finish the entire gauge section of the test sample
was mechanically polished by 600 grit SiC paper.
Uniaxial tensile tests were performed on an 8801-test machine at room
temperature. An extensometer was fitted to samples to measure the strain to failure (Fig.
3.2b). At least 3 samples were tested to get average value. The crosshead speed of testing
for all samples was 3mm/min.
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Fig. 3.1: Instron 8801 equipped with Series IX for tensile testing
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Fig. 3.2a: Tensile sample as per ASTM E 8m standard [67].

Fig. 3.2b: Tensile sample on Instron 8801.
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•

Flexural Strength Testing
A photograph of machine used for flexural strength tests is shown in Fig. 3.3.

Flexural strength was determined according to standard C1161-90 “Standard test method
for flexural strength of advanced ceramics at ambient temperature” [68]. Rectangular
composite samples were placed on a four-point support fixture, such that polished
surfaces (l µm finish) of the inner span were loaded in tension. The fracture load (P) for
each test was recorded, and the bending strength of the composite (σb) was calculated
according to (Fig. 3.4).
σb =

3PL
4b d 2

Where P = break load, L = outer span, b = sample width, and d = sample thickness.
•

Fracture Toughness Testing

In the present study fracture toughness values (KIc) for the composites were
measured using the modified multiple indentation toughness technique developed by
Cook and Lawn (1983). In this technique described by Cook and Lawn (1983) multiple
Vickers indentations of proper sizes are introduced on the tensile surface of the inner
span of a four-point bend sample. These indentations produce radial cracks of
approximately half elliptic shape. Since all indentations (three in the present tests) during
bend testing experience the same stress history, the critical crack length at failure can be
measured from the remaining intact indentations. The three indentations were aligned in
the middle of the tensile surface, 5 mm apart, with the crack arm emanating from the
indentation comers perpendicular and parallel to the tensile direction. All samples were
indented with Vickers diamond indenters at indentation loads of 10 Kg for the samples,
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Fig. 3.3: Instron 5569 equipped with Bluehill for flexural testing
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Fig. 3.4a: Flexural sample as per ASTM C1161 standard [68]

Fig. 3.4b: Flexural sample on Instron 5569
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and fractured in four-point bending, under the same conditions as those used for bending
strength measurements. After fracture, each sample was visually inspected to ensure that
one of the three indentations originated the fracture.
Fig. 3.5 shows typical Vickers indentations of samples. The fracture toughness,
KIc, was calculated according to the following equation (Cook and Lawn, 1983):
KIc = 2.02 σm √cm – 0.68 MPa √m
Where σm is maximum stress at failure and cm is the average crack length of the
two remaining indentations.
•

Low Velocity Impact Testing

The Dynatup 9250G (Fig. 3.6) impact tester was used for low velocity impact
tests for this study. The 9250G model is gravity-based system, which generates
maximum velocities up to 5 meters per second and impact energies up to 1000 Joules.
The ranges of impact energies can be obtained by choosing suitable combinations of
crosshead mass and drop height. The contact force is measured with a load transducer
located between the cross head and hemispherical tup nose. Instrumented impact test
records contain the entire impact event so that the full impact force versus time profile
can be analyzed. The Dynatup impulse data acquisition system is the heart of impact
testing system. It captures load information at very high speed from impact tests then
data is analyzed graphically.
The objective of impact testing is to determine an object's ability to resist highrate loading, which is measured by the energy absorbed to fracture a test piece at high
strain rate. Impact strength along with impact resistance is one of the most commonly
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Fig. 3.5: Fracture toughness of Al reinforced with Al203 PRMMC composites.
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Fig. 3.6: Dynatup 9250G equipped with Impulse for Impact testing
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measured properties and to quantify. The impact resistance of a part is, in many
applications, a critical measure of service life. More importantly these days, it involves
the perplexing problem of product safety and liability.
Drop weight impact testing has been described as an “energy technology”. In this
study, low velocity impact tests were conducted using an instrumented drop weight
impact testing machine (DYNATUP 9250G) to examine fracture surfaces of the tested
specimens. Force/absorbed energy-time plots were generated for each impact test. The
samples were cross-sectionally analyzed to record the damage corresponding to each
impact energy level.
With the height and weight known, impact energy can be calculated. Since the
falling weight either stopped dead on the test sample, or destroyed it completely in
passing through, the only results that could be obtained were of a pass/fail nature. It is
unidirectional with no preferential direction of failure. Failure can be defined by
deformation, crack initiation, or complete fracture, depending on the requirements.
Failures originate at the weakest point in the sample and propagate from there. If
insufficient energy is delivered to damage the sample, there is option to either maintain
that mass and increase the height or vice versa. The force vs time curve can be
characterized by the peak force, the energy to peak force, total energy, and displacement
to maximum load.
Maximum (peak) load is the highest point in the load-time curve. Often the point
of maximum load corresponds to the onset of material damage or complete failure.
Energy to maximum load is the energy that the sample has absorbed up to the point of
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maximum load. It is the area under the load/deflection curve from the test start to the
maximum load point. Total energy is the energy that the sample has absorbed up to the
end of the test, when the load reaches zero again. It is the area under the load/deflection
curve from the test start to the test end. Deflection to maximum load is the distance the
impactor traveled from the point of impact to the point of maximum load.

•

Fracture mechanisms

The fracture surface morphology of the failed samples was studied using a
Joel JSM scanning electron microscope (Fig. 3.7). The magnification range available is
35x to 300,000x, with a resolution of 4nm. The excitation potential can be varied
between 1 to 50 kV. A focused electron beam of the smallest possible diameter is
scanned across the sample surface. The SEM has a large depth of field, which allows a
large amount of the sample to be in focus at one time. The samples were reduced to the
appropriate size (for mounting on SEM) by Buehler IsometTM low speed saw.
Fracture surfaces contain information on the microstructure and the properties of
a material, as well as on the conditions during the deformation and fracture.
In order to understand the influence of Al203 particle on the deformation
characteristics, the fracture surfaces were examined under SEM, which helps in
explaining microstructural effects on the ductility and fracture properties of the 10, 20,
and 30% vf Al203 composites.

39

Fig. 3.7: Schematic Diagram of SEM

CHAPTER 4

RESULTS AND DISCUSSIONS

4.1 MICROSTRUCTURAL EXAMINATIONS
Metallographic samples from the 10%, 20%, and 30% vf Al2O3 reinforced Al
composites were cut with a low speed diamond-blade wheel. They were wet ground on
320, 400, and 600 grit SiC abrasive paper using water as lubricant, followed by polishing
on diamond slurry (1µm) and these samples were cleaned in deionized water. The
intrinsic microstructural features (Fig. 4.1- 4.10) showing particle morphology, their size
and distribution in the matrix metal were examined using scanning electron microscope
(SEM).
Fig. 4.1 - 4.2 shows the microstructure of the 10% vf Al203 composite, where the
uniformly distributed, spherically shaped particles can be clearly seen. As Fig.4.1 shows,
no broken Al2O3 particles are spotted, but matrix particle decohesion and voids in the
matrix were observed. Fig. 4.3 - 4.7 shows the microstructure of 20% vf Al203 composite.
Again, no fractured Al2O3 particles can be seen from this figure. However, matrix particle
decohesion in addition to voids in the matrix were observed on the polished surfaces,
which can be seen in Fig 4.3. In addition, few particle rich (clustering) and particle-deple-
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d regions are spotted in Fig. 4.5-4.6. Similar observations can be said for the 30% vf
Al203 composite where no fractured Al2O3 particles were seen in Fig 4.8-4.10. There were
matrix particle decohesion, voids, and clustering of the particles in the matrix. In Fig
4.10, the Al203 particles clumped together within field of view; a typical clustering site
consists of few large Al2O3 particles intermingled with smaller, uniform and regular
shape particles. The degree of clustering was found to increase in the 6061 Al alloy metal
matrix as the volume fraction (vf) of reinforcement increases (from EDS analysis) It may
be concluded that as a result of clustering particles the inter-particle distance hindered
matrix infiltration among the particles and as a result, porosity was elevated in these
regions.

4.2 TENSILE PROPERTIES
The tensile property measurements were carried out using ASTM standard E 8m
[66] procedure. The value of stress corresponding to the yield point is taken as the yield
stress of the sample. The elastic modulus of the sample is calculated from the slope of the
linear portion of the stress-strain curve. To ensure the accuracy of this measurement, a
trend line is drawn using the linear regression fit. The slope of this line is taken as the
elastic modulus of the sample. The rate of loading for all the samples was 3 mm/min. The
gauge length was 25.4 mm and all the results were average of at least 3 measurements.
Stress-strain curves of all the composites are plotted in Fig. 4.11. As can be seen from
this Fig. all the studied composites display different stress-strain behavior. The summary
of tensile results for Al reinforced with Al203 PRMMC is reported in Table 4.1. Due to
constraints imposed in deformation caused by the presence of the hard and brittle Al203
particles in the soft and ductile 6061 Al alloy matrix, higher applied stress is required to
initiate plastic deformation in the matrix. This in turn results in the increase in the elastic
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Fig. 4.1 Microstructure of 6061 Aluminum alloy reinforced with 10% Al2O3
at magnification 4000X

Fig. 4.2 Microstructure of 6061 Aluminum alloy reinforced with 10% Al2O3
at magnification 4500X.
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Fig. 4.3 Microstructure of 6061 Aluminum alloy reinforced with 20% Al2O3
at magnification 4500X

Fig. 4.4 Microstructure of 6061 Aluminum alloy reinforced with 20% Al2O3
at magnification 6500X
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Fig. 4.5 Microstructure of 6061 Aluminum alloy reinforced with 20% Al2O3
at magnification 10,000X

Fig. 4.6 Microstructure of 6061 Aluminum alloy reinforced with 20% Al2O3
at magnification 14,000X
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Fig. 4.7 Microstructure of 6061 Aluminum alloy reinforced with 20% Al2O3
at magnification 4000X

Fig. 4.8 Microstructure of 6061 Aluminum alloy reinforced with 30% Al2O3
at magnification 4500X
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Fig. 4.9 Microstructure of 6061 Aluminum alloy reinforced with 30% Al2O3
at magnification 5500X

Fig. 4.10 Microstructure of 6061 Aluminum alloy reinforced with 30% Al2O3
at magnification 7500X
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modulus and strength of the composite.
•

Variation of Elastic modulus

The elastic modulus of various vol. % reinforcement composites and the
unreinforced Al alloy are plotted in Fig. 4.12. Test results show an increase in elastic
modulus with an increase in reinforcement (Al2O3) content in the 6061 Aluminum alloy
metal matrix. The elastic modulus of the 10% vf Al203 composite is 86.81 GPa, which is
27.6 % higher than that of the 6061 Al alloy. The elastic modulus of the 20% vf Al203
composite is 104.45 GPa, which is 53.53 % higher than that of the 6061 Al alloy. Finally
the elastic modulus of the 30% vf Al203 composite is 109.9 GPa, which is 61.55 %
higher than that of 6061 Al alloy.
•

Variation of Strength

The σys and σu values were substantially influenced by the addition of Al203
particles as shown in Figs. 4.13-4.14. σys and σu increased with an increase in the
reinforcement content in the 6061 Al alloy. The σys and σu values ranged from 184.33 to
354.67 MPa and from 328.22 to 448.77 MPa for the 10% vf Al203 and 30% vf Al203
composites, respectively.
•

Variation of Strain to failure

The variation of strain at failure values with the vf of reinforcement in the 6061 Al
metal matrix is shown in Fig. 4.15. The 6061 Al alloy has the highest strain to failure
value, as would be expected; for the composites, this value ranged from 4.72% for the
10% vf Al203 composite to 1.42% for the 30% vf Al203 composite, compared to a value
of 28% for the 6061 Al alloy.
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The Al203 particle reinforced metal matrix composites yielded higher stiffness,
and strength compared to the unreinforced alloys. The tensile properties of composites
are mainly influenced by the amount and distribution of the reinforcing particles. Yield
and tensile strengths generally increase with increasing reinforcement content, and a
similar increase is obtained for the elastic modulus; however these composites exhibited a
much lower tensile elongation.

•

Tensile fracture behavior
The influence of Al203 particles clustering and the microstructural effects on

ductility and fracture properties of the composites were analyzed by examining SEM
fracture surfaces of tested samples. Two factors appear to control the tensile fracture of
these composites: distribution of the Al203 particles and deformation characteristics of the
matrix. In addition, the SEM analysis of fractured surfaces shows no particle fracture
which agrees with other studies indicating that large particles are more likely to fail than
small ones [28, 35, 69-73].
•

6061 Al alloy

The 6061 Al alloy contain either inclusions and second phase particles which
were added to improve mechanical behavior (or) else not eliminated during processing
and remained as impurities. These inclusions act as void nucleation sites during
deformation by interfacial decohesion. Material rupture then takes place through a
different process, which involves the growth of the voids by plastic straining and their
subsequent coalescence by localized necking of the intervoid matrix. The mechanics and
mechanisms of failure were the nucleation growth, and coalescence of voids. Necking
(diameter contraction) of the sample at the fracture plane can be clearly observed in Fig.
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Fig. 4.11: Stress-strain curves for the all Al reinforced with Al203 PRMMC
composites.
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Table 4.1 Tensile properties of Al reinforced with Al203 PRMMC
composites

30% vf Al203 composite

20% vf Al203 composite

10% vf Al203 composite

6061 Al alloy

Ultimate
Percent strain
0.2 % Yield
to failure
strength Tensile strength
Young's
(MPa)
(MPa)
modulus (GPa) (mm/mm)
SAMPLE

Sample 1

50

130

70

30

Sample 2

53

123

65

35

Sample 3

36.5

112

64.09

23

Average

68.03

121.53

68.03

29.26

Sample 1

180

326.11

78.48

6.26

Sample 2

186

329.21

82.33

4.02

Sample 3

187

329.33

99.62

3.9

Average

184.33

328.22

86.81

4.72

Sample 1

308

419.87

106.04

2.48

Sample 2

293.88

392.64

105.91

2.16

Sample 3

290.8

417.78

101.39

2.25

Average

297.56

410.1

104.45

2.29

Sample 1

354

452.91

111.06

0.9

Sample 2

355

451.14

108.05

1.83

Sample 3

355

442.25

110.59

1.53

Average

354.67

448.77

109.9

1.42
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Fig. 4.12: Effect of reinforcement content on elastic modulus of Al reinforced with
Al203 PRMMC composites.
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Fig. 4.13: Effect of reinforcement content on yield strength of Al reinforced with
Al203 PRMMC composites.
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Fig. 4.14: Effect of reinforcement content on ultimate tensile strength of Al
reinforced with Al203 PRMMC composites.
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Fig. 4.15: Effect of reinforcement content on percent strain to failure of Al
reinforced with Al203 PRMMC composites.
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4.16-4.17. The SEM fracture surface (Fig. 4.18-4.19) is dominated by uniform dimples
with an average size of 3 to 4 µm, mostly circular shaped. The observed circular- shaped
dimples where the necked regions in dimple area usually continuous and close on
themselves. On other hand, the tear ridges do not form circular features and are often not
continuous. The depth and rounded edges of the dimples indicate that there was
considerable plastic deformation involved in the void coalescence process.
•

10% vf Al203 composite
Fig. 4.20-4.21 shows the ductile fracture for this composite, with no appreciable

necking formed. The fracture surface appearance on a microscopic scale shown in Fig.
4.22. Medium size dimples, with tear ridges, slightly smaller from those in Fig. 4.19 are
observed in Fig. 4.22. The existence of the reinforcing Al203 particles caused considerable
change in the behavior of the fracture process. Average dimple size and shape are
different for this composite from those observed in Fig. 4.19. In Figs. 4.23-4.25 the
dimples are neither uniform nor circular in shape. In areas comparatively free of Al203
particles, dimples appeared similar to those observed in the 6061 Al alloy, but their
morphology were affected. Most of the particles are firmly embedded in the matrix as can
be seen from Fig.4.24-4.25. At higher magnification matrix-particle decohesion was
observed (Fig. 4.26). The final fracture was ductile involving the nucleation, growth, and
coalescences of voids in the matrix around Al203 particles.
•

20% vf Al203 Composite
Fig. 4.27-4.28 reveals a fracture, which is intermediate between the ductile and

brittle fracture. The fracture surface at a higher magnification is shown in Fig. 4.29 with
extensive microvoids in the matrix. In Fig. 4.30 the dimples are different from those in
Fig. 4.19 both in size and shape, but similar to those observed in Fig. 4.23. At a higher
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Fig. 4.16: Optical micrograph of 6061 Al alloy showing diameter contraction.

Fig. 4.17: SEM fractograph of 6061 Al alloy showing diameter contraction
(cross section) at magnification 23X.
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Fig. 4.18: SEM tensile fracture surface of 6061 Al alloy showing dimple
structure.

Fig. 4.19: SEM tensile fracture surface of 6061 Al alloy showing dimple
structure at magnification of 2500X.
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magnification scale matrix-particle decohesion was observed (Fig. 4.31-4.33).
•

30% vf Al203 Composite
Fig. 4.34-4.35 shows the fracture surface of the 30% vf Al203 composite. The

fracture surface appears to be flat and normal to stress axis. At higher magnification (Fig.
4.36), the fracture surface appears to contain many microvoids in the matrix, with
dimples that are much different from those observed in Fig. 4.23, both in size and shape.
When compared with the fracture surface of the 10% vf Al203 composite (Fig. 4.23) and
the 20% vf Al203 composite (Fig. 4.30) the number of dimples (density) in Fig. 4.37 are
fewer, even though they are similar both in size and shape. Matrix-particle decohesion
was also observed for this composite, but more extensively than those observed for the
10%, 20% vf composites (Fig. 4.38-4.39).
Sudden failure of the sample indicates that void growth and coalescence occurred
rapidly. When one decohesion occurred the stresses released cannot be taken up by the
matrix and are transferred to neighboring particles, initiating a chain reaction. The final
fracture mechanism in tensile test was the growth and coalescence of voids in the matrix.
Voids were nucleated and contributed to final coalescence. Also Fig. 4.40 shows
extensive decohesion at matrix-particle interface.
Smaller interparticle distance hindered matrix infiltration among the particles, and
as a result, the interfacial bonding was poor and the porosity elevated in these regions.
The fewer number of dimples in the matrix as a dominant fracture mode is primarily due
to the constraints on plastic flow caused by the Al203 particles, (i.e.) the deformation
incompatibility between the plastically deforming 6061 Al metal matrix and the
elastically deforming Al203 particles.
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Fig. 4.20: Optical micrograph of 10% vf Al203 composite showing no necking.

Fig. 4.21: SEM tensile fracture surface of 10% vf Al203 composite showing no
necking (cross section) at magnification of 23X.
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Fig. 4.22: SEM tensile fracture surface of 10% vf Al203 composite at
magnification of 2500X. Circled regions show voids.

Fig. 4.23: SEM tensile fracture surface of 10% vf Al203 composite
showing dimples at magnification 4500X.
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Fig. 4.24: SEM tensile fracture surface of 10% vf Al203 composite
showing dimples at magnification of 5500X. Circled regions show voids.

Fig. 4.25: SEM tensile fracture surface of 10% vf Al203 composite
showing dimples at different location (at magnification 5500X).
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Fig. 4.26: SEM tensile fracture surface of 10% vf Al203 composite showing
matrix particle decohesion (circled region) at magnification of 10,000X.

Fig. 4.27: Optical micrograph showing tensile fracture of 20% vf Al203
composite.

61

Fig. 4.28: SEM tensile fracture surface of 20% vf Al203 composite at
magnification of 20X.

Fig. 4.29: SEM tensile fracture surface of 20% vf Al203 composite at
magnification of 2500X.
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Fig. 4.30: SEM tensile fracture surface of 20% vf Al203 composite showing
dimples at magnification of 4500X.

Fig. 4.31: SEM tensile fracture surface of 20% vf Al203 composite showing
matrix-particle decohesion (circled regions) at magnification of 5500X.
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Fig.4.32: SEM tensile fracture surface of 20% vf Al203 composite showing
matrix-particle decohesion at cracking (magnification of 5500X).

Fig. 4.33: SEM tensile fracture surface of 20% vf Al203 composite showing
matrix-particle decohesion (at cracking) at magnification of 10,000X.
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Fig. 4.34: Optical micrograph showing tensile fracture surface of 30% vf
Al203 composite, which is flat and normal to stress axis.

Fig. 4.35: SEM tensile fracture surface of 30% vf Al203 composite, which
is flat and normal to stress axis (cross section) at magnification of 22X.
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Fig. 4.36: SEM tensile fracture surface of 30% vf Al203 composite at
magnification of 2500X.

Fig. 4.37: SEM tensile fracture surface of 30% vf Al203 composite
showing dimples (circled regions).
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Fig. 4.38: SEM tensile fracture surface of 30% vf Al203 composite showing
matrix-particle decohesion (circled regions) at magnification of 5500X.

Fig. 4.39: SEM tensile fracture surface of 30% vf Al203 composite showing
dimples at magnification of 5500X.
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Fig. 4.40: SEM tensile fracture surface of 30% vf Al203 composite showing
matrix-particle decohesion (circled regions) at magnification of 10,000X.
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Fig. 4.41: Flexural stress-flexural strain curves for Al alloy reinforced with Al203
PRMMC composites.
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4.3 FLEXURAL STRENGTH
Rectangular composite samples of 8 x 6 mm cross-section and 40 mm span were
placed inside a four-point support fixture, such that polished surfaces (l µm finish) of the
inner span were loaded in tension. The load was applied at the crosshead speed of 0.254
mm/min until the sample was fractured, using an Instron 5569 testing machine.
Inspection of fractured pieces recovered after each test revealed that fractures occurred
somewhere within the inner span of tested samples. The fracture load (P) for each test
was recorded, and the bending strength of the composite (σb) was calculated according
to:
σb =

3PL
4b d 2

Flexural stress- strain curves of all composites are plotted in the Fig. 4.41. The
summary of flexural test results for Al alloy reinforced with Al203 PRMMC composites
is listed in Table 4.2. The values of flexural stress are 1025.22, 829.34 and 708.51 MPa
for the 10%, 20% and 30% vf Al203 composites, respectively. The same difference,
which is observed in tensile properties, that is the constraint imposed on the matrix is also
observed in the flexural strength data. The aluminum alloy is able to flow plastically and
blunt fracture-initiating flaws. Therefore the unreinforced 6061 alloy is much stronger in
flexural loading than composites. Similarly is the case with the lower vol. % reinforced
composites. The higher 30% vf Al203 reinforced composite contained high pore density
and voids; these pores and voids serve as large flaw sites, which enhance an advancing
crack by creating stress concentrations.
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The behavior of all the composites under flexural loading is shown in Fig. 4.41.
The 30% vf Al203 composite absorbed less energy in fracture compared with the other
composites, as demonstrated by the reduced area under stress-strain curve (Fig. 4.41).

•

Flexure fracture behavior

•

10% vf Al203 Composite

This composite exhibited a ductile fracture. A cross section of the fracture surface
is shown in the Fig. 4.42. In Fig. 4.43-4.44 many dimples with tear ridges can be
observed. The existence of the reinforcing Al203 particles caused considerable change in
the behavior of the fracture process. As can be seen in the fracture surface (Fig. 4.434.44) the dimples are neither uniform nor circular in shape. In areas comparatively free of
Al203 particles, dimples appeared to be uniform. Most of the particles are firmly
embedded in the matrix (Fig. 4.45). One can see the existence of small microcracks (Fig.
4.46). At a higher magnification matrix-particle decohesion was also observed (Fig.
4.47).
The large number of dimples in Figs. 4.43-4.46 shows that great amount of plastic
deformation occurred prior to crack initiation. This is related with good amount of
ductility which can also be evidenced from the Fig 4.41, showing more area under stressstrain curve for the 10% vf Al203 composite. The final fracture was ductile involving the
nucleation, growth, and coalescences of voids in the matrix around Al203 particles.
•

20% vf Al203 Composite

The fracture surface of the 20% vf Al203 composite is shown in the Figs. 4.484.51. Fig. 4.48 and 4.49 shows many micro cracks and microvoids in the matrix. At a
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Table 4.2 Flexural properties of Al reinforced with Al203 PRMMC
composites
Sample

6061 Al alloy

sample 1
sample 2
sample 3

10% vf Al203 composite

Average
sample 1
sample 2
sample 3

20% vf Al203 composite

Average
sample 1
sample 2
sample 3

30% vf Al203 composite

Average
sample 1
sample 2
sample 3
Average

Maximum Flexure
load (KN)

10.0543
9.83641
9.89771

Flexural
Flexural
strength (MPa) modulus (MPa)

1047.32
1024.63

23969.63
23464.77

1031.01

20644.19

1034.32

22692.86

9.77553

1018.28

41141.83

9.57841

997.75

39331.08

10.17236

1059.62

38840.31

1025.22

39771.07

9.92947

9.8421
6.41951
8.05362
9.41176

668.7
838.92
980.39

58533.64
48701.48
53794.72

7.96163

829.34

53676.61

6.3539

661.86

69298.68

7.58731

790.35

60618.94

6.46378

673.31

60603.31

6.80166

708.51

63506.98
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higher magnification matrix-particle decohesion was observed (Fig. 4.50-4.51). In Fig.
4.50 it is obvious that the crack deviated by the presence of the particles. The fracture
behavior of this composite is one, which is intermediate between the ductile and brittle
fracture. This fact is also clear from the stress–strain curve (Fig. 4.41) where area under
stress-strain curve for this composite is intermediate between those for the 10 and the
30% vf Al2O3 composites, respectively.
•

30% vf Al203 Composite

Cross sections of fracture surface for the 30% vf Al203 composite are shown in
the Figs. 4.52-4.55. Fig. 4.52 shows many microvoids and minute cracks in the matrix.
Fig. 4.53-4.54, which is a higher magnification show several matrix-particle decohesion
and cracks. Fig. 4.54 shows extensive decohesion at matrix-particle interface. The higher
magnification of Fig. 4.54, which is shown in Fig. 4.55, clearly shows the deviation of
cracks at the particles. The sharp load drop showed in Fig. 4.41 for the 30% vf Al203
composite can be attributed to the formation of macroscopic cracks in the composite; this
is also evidenced from Figs. 4.52, 4.54 and 4.55 by the increase in the number of cracks.
Fig.4.55 also shows other particle profile irregularities at the matrix-particle
interfaces, with sharp corners of the particles that tend to increase the constraint to plastic
flow and increase the local triaxial stresses. The high triaxial stresses and plastic strains
increase the chances of damage initiation by void formation and debonding. Therefore
matrix-particle interface are often the probable site for the initiation of damage. This 30%
vf Al203 composite has many pores and voids, which serve as large flaws. The presence
of voids, triaxial stresses and less ductile aluminum alloy to provide for blunting of the
cracks makes fracture path easier, resulting in a brittle like fracture
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Fig. 4.42: SEM flexural fracture surface of 10% vf Al203 composite at
magnification of 1000X.

Fig. 4.43: SEM flexural fracture surface of 10% vf Al203 composite at
magnification of 2500X showing dimples, circled regions show voids.
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Fig. 4.44: SEM flexural fracture surface of 10% vf Al203 composite at
magnification of 2500X showing dimples with tear ridges.

Fig. 4.45: SEM flexural fracture surface of 10% vf Al203 composite
showing dimples with embedded particles at magnification of 4500X.
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Fig. 4.46: SEM flexural fracture surface of 10% vf Al203 composite
showing cracks at magnification of 4500X.

Fig. 4.47: SEM flexural surface of 10% vf Al203 composite showing
matrix particle decohesion (circled regions) at magnification of 10,000X.
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Fig. 4.48: SEM flexural fracture surface of 20% vf Al203 composite at
magnification of 1000X.

Fig. 4.49: SEM flexural fracture surface of 20% vf Al203 composite
showing extensive cracking at magnification of 1000X.
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Fig. 4.50: SEM flexural fracture surface of 20% vf Al203 composite showing
cracks and decohesion (circled regions) at magnification of 2500X.

Fig. 4.51: SEM flexural fracture surface of 20% vf Al203 composite showing
matrix particle decohesion (at crack) at magnification of 4500X.
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Fig. 4.52: SEM flexural fracture surface of 30% vf Al203 composite showing
cracks and decohesion (circled regions) at magnification of 1500X.

Fig. 4.53: SEM flexural fracture surface of 30% vf Al203 composite showing
cracks at magnification of 2500X. Circled regions show voids.
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Fig. 4.54: SEM flexural fracture surface of 30% vf Al203 composite showing
dimples and cracks at magnification of 4500X.

Fig. 4.55: SEM flexural fracture surface of 30% vf Al203 composite showing
matrix particle decohesion (circled regions) and dimples at magnification of
12000X.
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4.4 FRACTURE TOUGHNESS
Three indentations of proper size were introduced and aligned 5mm apart on the
tensile (polished) surfaces of the inner span of four-point bend rectangular samples (of
similar dimensions as those used for bending strength tests), using Vickers diamond
indentor at the indentation load of 10 kg for the samples. The samples were indented such
that the crack arms emanating from the indentation corners were perpendicular and
parallel to the sample length. Indented samples were placed inside a four-point fixture,
with the three indentations positioned on the middle of the tensile surface of the inner
span, the load was applied under the same test conditions as those used for bending
strength measurement (see Section 3.3.2), until the sample fractured. Surface inspections
under an optical microscope confirmed that fractures initiated from one of the three
indentations. The crack lengths emanating from the two remaining indentations,
perpendicular to the tensile direction, were then measured and averaged to give the
critical crack length (cm).
Based on the above experimental results, the fracture toughness (KIc) was
calculated using a relationship between the maximum stress at failure (σm) and critical
crack length (cm), according to.
KIc = 2.02 σm √cm – 0.68 MPa √m
KIc values for the Al alloy reinforced with Al203 PRMMC composites are listed
in Table 4.3.Two factors appear to control the fracture toughness of the composites
studied here; distribution of the particles and deformation characteristics of the matrix.
The variation of fracture toughness values with reinforcement volume fraction (Al203) is
depicted in Fig. 4.56. Fig. 4.56 shows that an increase in vol. % reinforcement of Al203
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particles in the 6061 Al metal matrix causes a decrease in fracture toughness. The 6061
alloy has the highest fracture toughness value. This value decreased from 31.74 MPa√m
for the 10% vf Al203 composite to 17.61 MPa√m for the 30% vf Al203 composite, which
corresponds to a decrease of 25.6% to 58.72% compared to the unreinforced alloy.
Increasing the volume fraction of Al203 particles considerably weakens the crack
arresting capability of the matrix alloy via its plastic deformation. However the value of
the fracture toughness is 9 times higher for the 10% vf Al203 composite, 6.5 times higher
for the 20% vf Al203 composite and 5 times higher for 30% vf Al203 composite than the
Al203 ceramic, indicating that the presence of the particle matrix interface and the metal
matrix between the particles considerably raises the energy dissipation during crack
propagation, leading to a significant improvement in fracture toughness of the ceramic
material.
To some extent fracture toughness mirrors the tensile elongation; it decreases with
increase in Al203 particle reinforcement. The decrease is most significant for composites
with vf from 0 to 20% Al203 and only a slight decrease for the higher reinforced vf Al203
composites. The addition of Al203 reinforced particles to aluminum matrix significantly
improves the strength, but decreases ductility. The same trend is followed for fracture
toughness.
•

Fracture behavior

Fracture consisting of void formation and coalescence was observed as the main
fracture mechanism for all the composites. Fracture will occur when the strain at the
particle-matrix interface is sufficient to start voids, this strain is found to depend on the
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volume fraction of the reinforcement. Particles contribute to the fracture process by
imposing strong constraints on the matrix, increasing the matrix deformation around
particles, raising the stress in the matrix to a level considerably greater than that normally
associated with the matrix failure. Fracture morphology is produced similar to that of the
bending (flexural) fracture surfaces.
•

10% vf Al203 Composite

Fig. 4.57 show fracture surface halves of the sample placed side by side. The zig
zag path of the fracture indicates that the crack deviated much while traversing.
Therefore, crack blunting, due to plastic deformation of metal is followed by crack
propagation, and by breakage of the metallic phase around the ceramic particles. The
metal matrix absorbs most of the energy by deforming plastically around the indentation.
Fig. 4.58-4.59 show many dimples with tear ridges with dimples, neither uniform
nor circular in shape; these dimples appear to be similar to the dimples shown in Figs.
4.43-4.44. In areas comparatively free of Al203 particles, dimples appeared to be uniform.
Most of the particles are firmly embedded in the matrix (Fig. 4.60). In Fig. 4.61 matrixparticle decohesion was observed. There were no broken particles observed in the
fractured surface. Therefore from the above observation it is clear that the final fracture
mechanism is ductile.
•

20% vf Al203 Composite

Fig. 4.62 shows fracture surface halves of the sample placed side by side. The
fracture path for the 20% vf Al203 composite shows less deviation while traversing when
compared to fracture path of the 10% vf Al203 composite. Fig. 4.63 clearly shows the
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deviation of fracture path. Fig. 4.64 shows the deviation of the crack path at the particles.
Fig. 4.65 shows the fracture surface of a particle-free region at which many dimples are
observed. A higher magnification matrix-particle decohesion can be clearly observed in
Fig. 4.66. The fracture behavior of this composite is one, which is intermediate between
the ductile and brittle fracture.
•

30% vf Al203 Composite

Fig. 4.67 shows the fracture surface halves of this composite placed side by side.
It is obvious that the fracture appears to be perpendicular to the loading axis, with minor
deviation of the crack path when compared to fracture path for the 10% vf Al203
(Fig.4.57) and 20% vf Al203 composites (Fig.4.61). Fig. 4.68 clearly shows many
microvoids and minute cracks in the matrix. At higher magnification minute crack and
decohesion can be seen in Fig. 4.69-4.70. Dimpled structures at particle free regions. and
matrix-particle decohesion can also be observed from Fig 4.71-4.72. Fig. 4.73 shows
extensive decohesion at matrix-particle interface. The restricted local matrix plasticity is
not adequate to overcome the embrittling effect of 30% vf Al203 particles. Hence the
30% vf Al203 composite undergoes brittle fracture.

4.5 LOW-VELOCITY IMPACT TEST REULTS
Low-velocity impact tests were conducted using an instrumented drop weight
impact testing machine (DYNATUP 9250G) to evaluate the impact strength of tested
composites. The impactor, which was used to strike the samples, is a cylindrical indenter
(tup) with a 10mm diameter spherical head. Force/absorbed energy-time plots were
generated for each impact test. With the height and weight known, impact energy can be
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30% vf Al203 composite

20% vf Al203 composite

10% vf Al203 composite

6061 Al alloy

Table 4.3 Fracture toughness of Al reinforced with Al203 PRMMC
composites
Sample

cm1(µm)

cm2(µm)

cm(µm)

σm (MPa)

KIc (MPa √m)

sample 1

440.01

435.15

437.58

1021.69

42.49

sample 2

433.59

431.53

432.56

sample 3

443.01

433.3

438.16

Average

438.87

433.33

436.10

1027.41

42.66

sample 1

252.62

251.03

251.83

989.56

31.04

sample 2

251.08

257.34

254.21

1018.06

32.11

sample 3

262.75

254.18

258.47

1008.51

32.07

Average

255.48

254.18

254.83

1005.38

31.74

sample 1

224.3

211.5

217.9

725.98

20.97

sample 2

218.43

213.17

215.8

815.55

23.52

sample 3

215.8

224.17

219.98

781.59

22.74

Average

219.51

216.28

217.89

774.37

22.41

sample 1

177.91

184.18

181.04

680.21

17.81

sample 2

185.32

179.11

182.21

649.6

17.03

sample 3

177.33

185.24

181.29

687

18

Average

180.18

182.84

181.51

672.27

17.61

1028.45
1032.09

42.53
42.96
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Fig. 4.56: Effect of reinforcement content on Fracture toughness of 6061
Aluminum alloy reinforced with Al2O3 particles.

Fig. 4.57: The fracture halves of the 10% vf Al203 composite placed together.
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Fig. 4.58: SEM fracture surface of 10% vf Al203 composite at
magnification of 2500X showing dimples with tear ridges.

Fig. 4.59: SEM fracture surface of 10% vf Al203 composite at
magnification of 4500X showing dimples with tear ridges.
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Fig. 4.60: SEM fracture surface of 10% vf Al203 composite showing
cracks with embedded particles at magnification of 5500X.

Fig. 4.61: SEM surface of 10% vf Al203 composite showing matrixparticle decohesion (circled regions) at magnification of 10,000X.
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Fig. 4.62: The fracture halves of the 20% vf Al203 composite placed
together.

Fig. 4.63: SEM fracture surface of 20% vf Al203 composite showing
crack at magnification of 1000X.
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Fig. 4.64: SEM fracture surface of 20% vf Al203 composite showing
minute crack at magnification of 2500X.

Fig. 4.65: SEM fracture surface of 20% vf Al203 composite showing
dimples and crack at magnification of 4500X. Circled regions show voids.
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Fig. 4.66: SEM fracture surface of 20% vf Al203 composite showing
matrix particle decohesion (circled regions) at magnification of 5500X.

Fig. 4.67: The fracture halves of the 30% vf Al203 composite placed
together.
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Fig. 4.68: SEM fracture surface of 30% vf Al203 composite showing
crack at magnification of 1000X.

Fig. 4.69: SEM fracture surface of 30% vf Al203 composite showing
minute cracks at magnification of 2500X.
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Fig. 4.70: SEM fracture surface of 30% vf Al203 composite showing
minute crack and decohesion (circled regions) at magnification of 2500X.

Fig. 4.71: SEM fracture surface of 30% vf Al203 composite showing
dimples and crack at magnification of 4500X.
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Fig. 4.72: SEM fracture surface of 30% vf Al203 composite showing
crack at magnification of 5500X.

Fig. 4.73: SEM fracture surface of 30% vf Al203 composite showing
matrix particle decohesion (at crack) at magnification of 10000X.
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calculated. Rectangular composite samples of 40 mm span were placed inside a charpy
fixture. The mass of drop weight was maintained constant at 8.2 kg and height of the drop
weight was varied. Inspection of fractured pieces was done after each test. The above
procedure, maintaining mass constant and changing the height, was carried out till we
found out the height required to just initiate the fracture in the samples. With the height
and weight known, maximum (peak) load, energy to maximum load, impact energy,
deflection to maximum load, and impact velocity were calculated for Al alloy reinforced
with Al203 PRMMC composites are listed in table 4.4
The force vs time curves for all composites are plotted in Fig. 4.74. The curve can
be characterized by the peak force, the energy to peak force, total energy, and
displacement to maximum load. The peak (maximum) load is the peak in force vs time
curve and it is a point, which the sample can increasingly resist the progress of impactor
and it is taken as the impact strength. The maximum force is a measure of ease with
which cracks begin to propagate on a large scale, and this is much greater for the 30% vf
Al203 composite as shown in the Fig. 4.75 than for other studied composites. The energy
observed up to the maximum force is greatest for 30% vf Al203 composite and least for
6061 aluminum alloy. A 6061-aluminum alloy composite absorbs more energy, which
largely results from a more ductile matrix (Fig. 4.75). The unloading part of the curves
and total energies absorbed is greatest for the 6061 aluminum alloy followed by 10% vf
Al203, 20% vf Al203 and 30% vf Al203 composites (Fig. 4.74).
The addition of 10, 20, and 30% Al203 particles to a 6061 Al alloy metal matrix
causes decrease in the impact energy from 19.62 to 2.28 J as listed in table 4.4. This drop
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Table 4.4 Impact properties of Al reinforced with Al203 PRMMC
composites

30% vf Al203 composite

20% vf Al203 composite

10% vf Al203 composite

6061 Al alloy

Peak(Maximum) Deflection at Energy to Height to
Peak Load peak load failure
Load
(mm)
(J)
(kN)
Sample
(mm)

Total
energy
(J)

sample 1

0.99

8.86

7.13

247.9

19.83

sample 2

0.95

8.82

6.86

232.7

18.62

sample 3

1.03

9.8

8.24

255

20.4

Average

0.99

9.16

7.41

245.2

19.62

sample 1

2.89

3.13

7.13

116.5

9.32

sample 2

2.83

3.61

6.75

98.7

7.9

sample 3

2.91

3.53

7.64

116

9.28

Average

2.88

3.42

7.17

110.4

8.83

sample 1

3.4

1.84

4.14

59.8

4.78

sample 2

3.44

1.54

3.55

52.7

4.22

sample 3

3.42

1.62

3.39

50.6

4.05

Average

3.42

1.67

3.69

54.37

4.35

sample 1

3.4

1

1.58

27.2

2.17

sample 2

3.56

0.89

1.76

29.5

2.36

sample 3

3.42

0.92

1.73

29

2.32

Average

3.46

0.94

1.69

28.57

2.28
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is accompanied by an increase in the maximum load from 0.99 to 3.46 KN and a
reduction in total deflection from 9.16 to 0.94 mm.
The presence of Al203 particles in an Al matrix produces reduction in energy
absorbing capacities under impact conditions as demonstrated by the impact test results
(Figs. 4.74-4.76). The 30% vf Al203 composite has a low energy for initiation and
propagation of fracture compared to the unreinforced 6061 alloy. Low fracture initiation
energy results from the low failure strain and high elastic modulus.
Two factors may contribute to this decrease in properties. The Al203 particles can
act as void nucleation sites by their presence at the center of the dimples on the fracture
surface. Secondly a high state of restraint exists in the Al matrix situated between Al203
particles, which can lead to rapid void nucleation, growth and coalescence.

•

Impact fracture behavior
The fracture mechanism was discussed and fracture surfaces of impact tests were

examined under SEM. At high strain rate testing, the impact wave will enlarge the void
and produce the plastic deformation in the matrix. All composites of impact fracture
exhibited enlarged interfacial voids, which was not the case for the static tested
composites.
•

10% vf Al203 composite

The cross section of the fracture surface for 10% vf Al203 composite tested under
impact is shown in Fig. 4.78. Fig. 4.78 clearly shows the fissure with no particles in it and
also there was embedded particles in the matrix around the crack. Fig. 4.79 shows many
dimples with tear ridges, which indicates there is considerable change in the behavior of
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impact fracture process due to the existence of the reinforcing Al203 particles. In areas
comparatively free of Al203 particles, dimples appeared to be uniform. Fig. 4.80 shows
the separation of matrix where particles are present only on one side of the separated
matrix. At higher magnification matrix-particle decohesion was observed (Fig. 4.81).
There were no broken particles observed in the fractured surface.
The unloading part of the curves (Fig.4.74) and total energies absorbed are a
measure of the work necessary to cause large scale cracking in the samples, this is
greatest for the 10% vf Al203 composite when compared with other two composites (Fig.
4.74).
•

20% vf Al203 composite

Fig. 4.82 show cross-sections of impact fracture of the 20% vf Al203 composite.
In Fig. 4.82 many micro cracks, microvoids and embedded particles in the matrix can be
seen. Unlike the 10% vf Al203 composite, which contain dimples for the 20% vf Al203
composite, dimples in Fig. 4.83-4.84 are present around the particles in particle-free
regions.
•

30% vf Al203 composite

The impact fracture surface cross section of 30% vf Al203 composite tested under
impact is shown in the Fig. 4.85. As Fig. 4.85 shows many microvoids in the matrix can
be seen. The number of dimples present at particle free region are fewer than for the 10%,
20% vf composites (Fig. 4.86). At higher magnification matrix-particle decohesion and
cracks can be observed in Fig. 4.87, with extensive decohesion at matrix-particle
interface (Fig. 4.88). Other shape particles are also present (Fig. 4.86).
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4.6 COMPARISON OF STATIC AND IMPACT STRENGTHS

•

Comparison of tensile (static) and impact strengths

A comparison of tensile (static) and low–velocity impact (dynamic) strengths for
Al-based Al203 PRMMC composites is shown in Fig. 4.89. The impact strength of the
10% vf Al203 composite is 190.34 % higher than that of the 6061 alloy, that of the 20%
vf Al203 composite is 18.68 % higher than that of the 10% vf Al203 composite, and that
of the 30% vf Al203 composite is 1.3% higher than that of 20% vf Al203 composite. On
the other hand, the tensile strength of the 10% vf Al203 composite is 170.07 % higher
than that of the 6061 alloy, that of the 20% vf Al203 composite is 24.95 % higher than
that of the 10% vf Al203 composite, and that of the 30% vf Al203 composite is 9.43 %
higher than that of 20% vf Al203 composite.

•

Comparison of flexural (static) and impact strengths

A comparison of flexural and low–velocity impact strengths for Al-based Al203
PRMMC composites is shown in Fig. 4.90. The variation of impact strength with volume
fraction (vf) was described above. The flexural strength of the 10% vf Al203 composite is
0.88 % lower than that of the 6061 alloy, that of the 20% vf Al203 composite is 19.11 %
lower than that of the 10% vf Al203 composite, and that of the 30% vf Al203 composite
is 14.57 % lower than that of 20% vf Al203 composite.
The maximum impact strength is a measure of ease with which cracks begin to
propagate on a large scale. As the force increases cracks are initiated, these cracks lead to
plastic deformation. Due to the constraints imposed in deformation caused by the
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presence of the hard and brittle Al203 particles in the soft and ductile 6061 alloy matrix a
higher applied stress is required to initiate plastic deformation in the matrix. This in turn
results in the increase in the impact strength of the composites with increasing volume
fraction of the particle reinforcement. On the other hand reinforced Al203 particles act as
surface flaws, which create large stress concentrations and weakens the material strength
under flexural loadings [74]. In addition, the ductile aluminum alloy is able to flow
plastically and blunt fracture-initiating flaws. The unreinforced 6061 alloy contains less
surface flaws, and therefore less susceptible to flexural loading than composites. As the
volume percent of reinforced composites increases the flexural strength decreases. The
30% vf Al203 composite contained more pores and voids than the other composites with
lower volume fraction (vf); these flaws creates local stress concentrations which results in
easy fracture path.
The impact energies absorbed are a measure of the work necessary to cause large
scale cracking. The 6061 alloy composite absorbed more impact energy than the
reinforced composites; this impact energy decreases with increasing volume fraction of
the particle reinforcement.

4.7 COMPARISON OF STATIC AND DYNAMIC FRACTURE
MECHANISMS
•

6061 alloy

The fracture surfaces under static and dynamic tests for the 6061 alloy were
compared under same magnification (Fig.4.18 & Fig.4.77). This comparison, as shown
by Figs.4.18 & 4.77 revealed minor difference in the fracture mechanisms under both
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static and impact testing. The effect of rate of loading on fracture mechanisms of 6061
alloy is very small.
•

10% vf Al203 composite

The fracture surfaces under static (tensile and flexural) (Fig. 4.22 & Fig. 4.43) and
dynamic (impact) tests (Fig.4.79-4.81) for the 10% vf Al203 composite were compared
under same magnification. Fig. 4.79–4.80 show enlarged voids for the 10% vf Al203
composite, which are different from those observed in Fig. 4.22 for the tensile fracture
and Fig. 4.43 for the flexural fracture.
•

20% vf Al203 composite

Fig. 4.82-4.84 show cross-sections of impact fracture surfaces of the 20% vf
Al203 composite. A comparison of fracture surfaces under static (tensile and flexural)
(Fig. 4.31 & Fig.4.65) and dynamic (impact) tests (Fig. 4.84) may be attempted. Fig. 4.84
shows enlarged voids for the 20% vf Al203 composite, which are different from those
observed in Fig. 4.31 for the tensile fracture and Fig. 4.65 for the flexural fracture..
•

30% vf Al203 composite

The fracture surfaces under static (tensile and flexural) (Fig.4.36 & Fig. 4.53) and
dynamic (impact) tests (Fig.4.85-4.86) for the 30% vf Al203 composite were compared
under same magnification. This 30% vf Al203 composite contained large pores and voids.
Fig. 4.85 shows quite large number of enlarged voids for the 30% vf Al203 composite,
which are quite different from those observed in Fig. 4.36 for the tensile fracture and Fig.
4.53 for the flexural fracture.
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Fig. 4.74: Force – time curves of Al reinforced with Al203 PRMMC composites.

Fig. 4.75: Energy – time curves of Al reinforced with Al203 PRMMC composites.
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Fig: 4.76: Effect of reinforcement content on Fracture toughness of Al reinforced
with Al203 PRMMC composites.

Fig. 4.77: SEM impact fracture surface of 6061 Al alloy at magnification of
1000X.
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Fig. 4.78: SEM impact fracture surface of 10% vf Al203 composite at
magnification of 1000X showing crack.

Fig. 4.79: SEM impact fracture surface of 10% vf Al203 composite showing
dimples at magnification of 2500X.
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Fig. 4.80: SEM impact fracture surface of 10% vf Al203 composite showing
dimples with cracks at magnification of 2500X. Circled regions show voids.

Fig. 4.81: SEM impact fracture surface of 10% vf Al203 composite showing
matrix- particle decohesion (circled regions) at magnification of 5500X.
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Fig. 4.82: SEM impact fracture surface of 20% vf Al203 composite at
magnification of 1000X.

Fig. 4.83: SEM impact fracture surface of 20% vf Al203 composite at
magnification of 2500X. Circled regions show voids.

105

Fig. 4.84: SEM impact fracture surface of 20% vf Al203 composite
showing dimples at magnification of 4000X. Circled regions show voids.

Fig. 4.85: SEM impact fracture surface of 30% vf Al203 composite at
magnification of 2500X. Circled regions show voids.
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Fig. 4.86: SEM impact fracture surface of 30% vf Al203 composite showing
dimples at particle free region at magnification of 4500X. Circled regions
show voids.

Fig. 4.87: SEM impact fracture surface of 30% vf Al203 composite showing
matrix-particle decohesion (circled regions) at magnification of 5500X.
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Fig. 4.88: SEM impact fracture surface of 30% vf Al203 composite showing
matrix-particle decohesion (circled regions) at magnification of 10,000X.
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Fig. 4.89: Comparison of low–velocity impact and tensile (static) strengths for
Al-based Al2O3 PRMMC composites.
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Fig. 4.90: Comparison of low–velocity impact and flexural (static) strengths for
Al-based Al2O3 PRMMC composites.

CHAPTER 5

NUMERICAL ANALYSIS

5.1 DESCRIPTIONS OF THE FINITE ELEMENT MODEL

The numerical simulation and resulting computations were performed using a
finite element analysis with ANSYS software program as a vehicle.
ANSYS is a finite element program with capabilities, ranging from a simple,
linear, static analysis to a complex, nonlinear, transient dynamic analysis. For large
deformation dynamics, quasi-static problems with large deformations and multiple
nonlinearities, and complex contact/impact problems, ANSYS combines with LS-DYNA
explicit finite element program with the powerful pre- and post processing capabilities of
the ANSYS program.
The explicit method of solution used by LS-DYNA provides fast solutions for
short time, large deformation dynamics, quasi-static problems with large deformations
and multiple nonlinearities, and complex contact/impact problems. Using this integrated
product, one can model the structure in ANSYS, obtain the explicit dynamic solution via
LS-DYNA, and review results using the standard ANSYS post processing tools. The
procedure for an explicit dynamic analysis is similar to any other analysis that is available
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in the ANSYS 8.1 program. A typical finite element analysis on ANSYS/LS-DYNA has
three distinct steps: (a) building the Finite Element model, (b) applying loading and
obtaining solution, and (c) reviewing the results.

5.2 IDEALIZATION OF THE PROBLEM
In modeling of the impact of a beam full model was employed without using any
symmetric condition. The explicit method of solution utilizing LS-DYNA provides fast
solutions for short time, large deformation complex contact/impact problems. The
procedure for an explicit dynamic analysis is similar to any other analysis that is available
in the ANSYS 8.1 program. SOLID164 is used for the 3-D modeling of solid structures.
The element is defined by eight nodes having three degrees of freedom at each node:
translations in the nodal x, y, and z directions. The element has stress stiffening and large
deflection capabilities. Other options are available to suppress the extra displacement
shapes and to define the printout locations. The element has various applications, such as
for crystals and composites (Fig. 5.1).
•

Type of problem: The material behavior for the problem is large deformation and

complex contact dynamic problems.
•

Simplification: In the modeling, the full model was employed without using any

symmetric condition.

5.3 MODELING
•

Geometrical model: Geometrical model with boundary conditions are shown in
Fig. 5.2 below.

•

Material model: The problem is Nonlinear, Inelastic, and Bilinear Kinematic

Hardening with tangent modulus. The material properties for the impactor and
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target object are specified. The impactor (striker) is taken as rigid whereas the
material property for Al-based Al2O3 PRMMC composites is specified as shown
in table 5.1.
•

Boundary conditions: The boundary conditions are shown in the Fig. 5.2 where

the rectangle block is the sample. The simple supported boundary condition is
obtained by applying the constraint of the translation x and z axis to the
supporting locations of the beam.
•

Loading: During the free fall stage, the striker is simply accelerating due to

gravity. The analysis started at‘s’ mm above the sample and applying an terminal
velocity of Vf mm per second to simulate free fall. Vf is an approximation derived
using Vf = SQRT (2*g*s) where Vf is the final velocity, g is the acceleration due
to gravity, and s is the displacement. Friction from the air is neglected.
•

Contact pair: There are 18 different types of contact can be chosen to accurately

represent the physical model; among them the surface to surface (STS) is
common in use.

5.4 FINITE ELEMENT MESH
The type of element used is SOLID164. Meshing used is shown in Fig. 5.3. It is
refined for more accuracy, because as a general rule, the finer the Finite Element mesh,
the more accurate the results. In an explicit solver, such as ANSYS LS-DYNA, the
analysis time is highly dependent on the smallest element in the model. Therefore, for
efficient results, a uniform element size should be used. The number of elements used in
the model was 5059.

112

5.5 RESULTS
Fig. 5.4-5.11 show the FEM stress (MPa) distribution of Al alloy reinforced with
Al203 PRMMC composites. Fig. 5.4, Fig. 5.6, Fig. 5.8 and Fig. 5.10 show the stress
(MPa) distribution whereas Fig. 5.5, Fig. 5.7, Fig. 5.9, and Fig. 5.11 show the magnified
views of stress (MPa) distributions for the 0, 10, 20, 30 % vf Al203 PRMMC composites,
respectively. Low-velocity impact test results (MPa) are compared with the outcome of
the FEM results (Fig.5.12). Percent error between the low–velocity impact test results
and finite element numerical values for the Al alloy reinforced with Al203 PRMMC
composites are listed in Table 5.2. Percent error between the low–velocity impact test
results and FEM numerical values for Al-based Al2O3 PRMMC composites increases
with increasing volume fraction (vf) of the particle reinforcement.
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Fig. 5.1: Element SOLID 164

Fig. 5.2: Finite element model with boundary conditions.
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Fig. 5.3: Mesh used in Finite element analysis.

Fig. 5.4: Stress distribution on 6061 alloy (isometric view).
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Fig. 5.5: Stress distribution on 6061 alloy (closer view).

).
Fig. 5.6: Stress distribution on 10% vf Al203 composite (isometric view).
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Fig. 5.7: Stress distribution on 10% vf Al203 composite (closer view).

Fig. 5.8: Stress distribution on 20% vf Al203 composite (isometric view).
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Fig. 5.9: Stress distribution on 20% vf Al203 composite (closer view).

Fig. 5.10: Stress distribution on 30% vf Al203 composite (isometric view).
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Fig. 5.11: Stress distribution on 30% vf Al203 composite (closer view).
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Fig. 5.12: Comparison of low–velocity impact test results and Ansys finite element
model for Al-based Al2O3 PRMMC composites.
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Table 5.1 Material properties of striker and Al reinforced with Al203
PRMMC composites.
20% vf
30% vf
10% vf
Al203
Al203
Al203
composite composite composite

Striker

6061
Alloy

Yield strength (MPa)

417.1

46.5

184.33

297.56

354.67

Modulus of elasticity (GPa)

200

68.03

86.81

104.45

109.90

Tangent modulus (MPa)

-----

214.75

6984.60

9172.70

16347.00

Density (g/cu.cm)

7.865

2.678

2.875

2.956

2.720

Table 5.2: Percent error between the Low–velocity impact test results
and Ansys finite element model for Al-based Al2O3 PRMMC
composites.

vol. % of
composite
0
10
20
30

Experimental
Impact strength
(MPa)
205.85
599.72
711.76
721.03

FEA
Impact strength
(MPa)
199.58
548.24
622.47
846.85

% Error
3.05
8.59
12.55
17.45

CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 CONCLUSIONS

The main objective of this study is to determine the strengthening mechanisms of
Al based Al203 metal matrix composites under both static and dynamic loadings. Several
samples of these composites with volume contents (vf) of 10, 20, and 30 % Al203 were
tested and studied. Test results were compared with the outcome of a finite element
method model (FEM). In order to understand experimentally the influence of Al203
particle clustering on the deformation characteristics, the fracture surfaces of tested
samples were examined under SEM.
The following conclusions are obtained from the outcome of this study.
The strengthening mechanisms (under both static and impact loadings) are found
to be related directly to reinforced particle distribution. Due to the constraints
imposed on deformation caused by the presence of the hard and brittle Al203
particles in the soft and ductile 6061 alloy matrix higher applied stress is required
to initiate plastic deformation in the matrix. This in turn results in the increase in
the tensile strength of the composite.
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•

The tensile strength of the composite materials studied increases with increasing
volume fraction (vf) of the particle reinforcement. Similar increase is observed for
the elastic modulus, but the rate of increase decreases slightly with the increase in
volume fraction. The tensile elongation decreases with the increase in
reinforcement.

•

SEM examination of fracture surfaces of tested PRMMC composites reveals the
amount of porosity increases with increasing reinforcement content, especially in
the area where particles are clustered (from EDS analysis).

•

The presence of the reinforcing particles causes a significant decrease in flexural
strength, fracture toughness and fracture impact energy when compared to
unreinforced 6061 alloy.

•

Analyses of the fracture surfaces using SEM show dimpled structure of the matrix
indicating the main fracture mechanism was by void nucleation, growth and
linking. The process of failure is by interface decohesion, between the matrix and
particles, and its propagation along the particle-matrix interface. In particle rich
regions of the matrix fracture propagates rapidly among the reinforcing particle
agglomerates. However, in reinforcement-thin regions, the metal matrix aids in
retarding the progression and linkage of the damage.

•

The fracture surfaces for the 6061 alloy revealed minor difference in the fracture
mechanisms under both static and impact testings, which means the effect of rate
of loading on fracture mechanisms of 6061 alloy is very small.

•

The fracture surfaces for reinforced composites under impact testing show
enlarged voids, which are different from those observed under static testing
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(tensile & flexural). The impact force causes voids to be enlarged, producing
plastic deformation in the matrix. On the other hand, the under static loads stress
concentrations at the crack tip most likely cause the fracture.
•

The Low-velocity impact test results were compared with the outcome of a finite
element model, and percent errors between the results of low–velocity impact
tests and ANSYS finite element model (FEM) for Al-based Al2O3 PRMMC
composites was found to increase with increasing volume fraction (vf) of the
particle reinforcement.

6.2 RECOMMENDATIONS FOR FUTURE WORK
Following are some of the recommendations for any future work to be carried out
on submicron Al203 reinforced aluminum PRMMC composites.
•

The effect of temperature on the tensile properties of PRMMC composites can be
a useful extension to the present work. These results can be used to predict the
mechanical behavior at different working environments.

•

Fracture toughness is an important material property. The effect of temperature on
the fracture toughness can be investigated to explain some of the mechanisms
observed here.

•

A correlation between the dynamically measured fracture toughness and the
fracture energy is also recommended to investigate.

•

The effect of heat treatment on the mechanical properties of PRMMC composites
may be determined and the results compared to unheat-treated composites.
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