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The tribological properties of a series of aluminum matrix composites reinforced

with AlB2 particles developed for machinery parts intended for aerospace and au-

tomotive applications were evaluated. This thesis encompasses the microstructure

characterization of those composites and the assessment of their tribological re-

sponse when subject to pin-on-disk wear test. SEM and EDS analyzes permitted

to identify the phases present and correlate the composite microstructure with its

mechanical and tribological behavior. SEM observations also allowed identifying the

wear mechanisms involved during the pin-on-disks tests against a 440 martensitic

stainless steel ball. Wear coefficients were contrasted with Brinell and superficial

Rockwell hardness. It was possible to establish the effect of chemical composition

on the wear volume and wear coefficient for different composites compositions. This

will then permit obtaining machinery parts with optimal performance, achieving

high durability, high resistance and the reduction of maintenance costs.
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Las propiedades tribológicas de una serie de compuestos de matriz de aluminio

reforzados con part́ıculas de diboridos de aluminio, desarrollados para piezas de

maquinarias destinadas a aplicaciones en la industria aeroespacial y automotriz,

fueron evaluadas. Esta tesis abarca la caracterización de la microestructura de los

compuestos y la evaluación de sus propiedades tribológicas cuando son sometidos a

pruebas de de desgaste ”pin-on-disk”. Los análisis de microscoṕıa electrónica de ras-

treo (SEM) y espectrometŕıa de dispersión de enerǵıa permitieron identificar las fases

presentes y correlacionar la microestructura del compuesto con su comportamiento

mecánico y triboláoico. Las observaciones en SEM también permitieron identificar

los mecanismos de desgaste presentes durante las pruebas de ”pin-on-disk”. Los

coeficientes de desgaste calculados fueron contrastados con la dureza ”Brinell” y

”Rockwell” superficial. Fue posible establecer el efecto de la composicion qúımica

en el volumen removido y el coeficiente de desgaste de las distintas composiciones

de los compuestos. Esto permitirá obtener piezas con un rendimiento óptimo, alta

resistencia y la reducción de los costos de mantenimiento.
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CHAPTER 1

INTRODUCTION

In the practice of designing, an important step to take into con-

sideration is the minimization of wear produced in a process of any

mechanical system, especially for certain aerospace and automotive

applications. In recent years metal- matrix composites (MMCs) have

been widely used in industries because of their excellent mechani-

cal properties and wear resistance. In particular, a series of high

strength, lightweight aluminum matrix composites (AMCs) reinforced

with AlB2 particles was developed[1] for aerospace applications. It

was demonstrated that these composites can be further strengthened

by convenient precipitation hardening treatments similarly to Al-Cu

alloys. The high hardness attained in these Al/AlB2 composites made

them particularly attractive for high wear applications where low den-

sity is also necessary[2], for instance in aerospace machinery parts as

those required for lunar exploration. The present research is meant to

establish the effect of chemical composition on the results of wear vol-

ume and wear coefficient for different Al/AlB2 composites, measured

after subject to pin-on-disk testing.

1
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Wear can be defined as a process which results in the loss of mate-

rial from a surface by means of some mechanical or chemical actions.

The environments and mechanical actions which affect wear include

sliding loads, impact loads, speed, and temperature, among others.

The present research addresses the wear properties of aluminum ma-

trix composites containing copper and magnesium with reinforcing

AlB2 dispersoids, at different levels of boron. Additionally, the wear

mechanisms involved in the process and the composites hardness are

also studied. Optimal manufacturing conditions are determined based

on several parameters: chemical composition, wear response and hard-

ness. The pin-on-disk wear tests as well as hardness experiments will

simulate the composite response to wear in service.

1.1 Literature Review

Metal matrix composites have different, and often improved or

more desirable, properties as compared to their monolithic metal coun-

terparts [3]. Taking that into consideration, depending on the particu-

lar metal and the phase used as reinforcement in a composite material,

the characteristics should improve with respect to strength, stiffness,

contact wear resistance and elevated temperature strength in compar-

ison with the monolithic metal. Moreover, depending on the reinforce-

ment phase present in the composite, the metal matrix materials may
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be less expensive to manufacture. Significant applications of MMCs

are included in aerospace applications, automotive components, ma-

chine parts, and electronic packaging.

On the other hand, aluminum is poor in wear resistance and is

more vulnerable to seizure than steel. Nevertheless, novel lightweight

aluminum matrix composites of high strength and reinforced with

AlB2 particles are currently proposed as sliding materials due to their

low density and high corrosion resistance with excellent mechanical

properties and low manufacturing cost [4]. Their enhanced properties

include good ductility, corrosion resistance, high thermal and electrical

conductivities and high damping capacity; in addition these compos-

ites can be thermally treated (precipitation hardenable materials) [5].

It is well known that boron reacts with liquid aluminum producing

AlB2. This diboride acts as reinforcement and increases the strength

of the composite, which has low production costs [1]. Additionally,

copper increases matrix strength, does not react with the AlB2 and

makes the Al-matrix hardenable, improving the mechanical properties

of the composite [6]. The effect of copper and magnesium on the wear

behavior and microstructure has already been studied[7–13]. However,

thus far there has been no attempt to analyze the concurrent addition

of both elements to the composite. One can theorize that the main
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impact will occur on the matrix microstructure and hardness. More-

over, the beneficial yet individual effect of copper and magnesium in

the strengthening of the Al/AlB2 composites has already been estab-

lished. While copper can harden the composite matrix through pre-

cipitation of metastable compounds [14], magnesium promotes solid

solution strengthening [15].

To understand the wear behavior of different MMC materials, wear

tests are often carried out and have been reported. The principal tri-

bological parameters that control the friction and wear performance of

reinforced aluminum composites can be classified into two categories:

one is mechanical and physical factors, and the other one is the mate-

rial factor [16]. Reviewing the mechanical and physical factors (such

as sliding velocity and normal load), Alpas et al. studied the effect of

particle reinforced MMCs under different applied load and eventually

identified three different wear regimes [17]. At low load regime, the

particles support the applied load (regime I). At regime II, wear rates

of MMCs and Al alloy were similar. At high load and the transition

to severe wear (regime III), the surface temperatures exceed a critical

value resulting in severe wear.

Many researchers have analyzed the material factors (such as vol-

ume fraction, type and size of reinforcement) and concluded that the

volume fraction of reinforcement has the strongest effect on the wear
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resistance [17–19]. Miyajima and Iwai investigated the effects of the

reinforcement type such as whiskers, fibers and particles, on the wear

process and the wear rates, concluding that particle reinforcements

are most beneficial for improving the wear resistance of MMCs [20].

Melgarejo et al. studied functionally graded (FGM) Al-Mg-B com-

posites, and showed pin-on-disk wear data, which revealed qualita-

tively and quantitatively the material wear response [21]. In addition

it was found that Mg had a beneficial effect on the formation of the

composition gradient, which favors a larger concentration of hard di-

borides on and near the surface of the material.

In the present study, the resulting matrix of the composite will

be a ternary Al-Cu-Mg alloy since that matrix is mostly depleted of

boron, which is only present in the diboride particles. Evidently, even

at low temperatures (327oC), there still exists a significant solubility of

Cu and Mg in the Al solid solution [22], which will contribute greatly

to the overall wear resistance of the Al-B-Cu-Mg composites. Before

the actual production of a specific part, it should be noted that the

basic material can be further optimized to increase the wear resistance.

Since matrix behavior is the main focus of this research, the principal

variable will be the response to wear measured on that matrix as a

function of the chemical composition.
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Dry sliding wear tests were conducted using a pin-on-disk tester

with Al-B-Cu-Mg composites as disks and a 440 martensitic stainless

steel ball as a pin. Low contact load and small sliding velocity were

selected to offset excessive heating in the samples. Wear mechanisms,

weight loss and wear rate allows studying the wear characteristics of

the test specimens. However, some studies indicate that specific wear

coefficient is a better parameter to use [23]. This is because the wear

coefficient takes taken into account not only the wear rate, the ap-

plied load, but also the hardness of the wear pin or counterface which

affects the wear rate significantly [23]. As a result, AMC reinforced

with AlB2 were used in the present research to simulate the composite

response in service.

1.2 Objectives

The main objective for this research is to fabricate a lightweight

AMC exhibiting high wear resistance, which would make the material

an appealing alternative for machinery parts intended for aerospace

and automotive applications. The research investigates an aluminum

matrix composite containing copper and magnesium and reinforced

with AlB2 particles. The project includes the full characterization of

tribological properties of these composite materials when subject to
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pin-on-disk test. The target consists of establishing the effect of chem-

ical composition on the wear volume removed and wear coefficient for

different composites compositions. This would then permit obtaining

machinery parts with optimal performance, achieving high durability,

high resistance and the reduction of maintenance costs.

1.2.1 Specific Objectives

• Study the hardening effect in the Al-Cu-Mg matrix reinforced with

different loadings (percentage) of AlB2 particles.

• Calculate the wear coefficient and wear volume using standard tribo-

logical tests.

• Identify the resulting wear mechanisms in these materials.

1.3 Thesis Structure

Chapter 2 summarizes the theory of surface wear, as well as the

main characteristics of the AMCs studied and the systems involved in

the research. In Chapter 3, the methodology for the fabrication and

metallographic preparation of the Al-B-Cu-Mg composites, as well as

the characterization techniques are described. Chapter 4 presents the

results obtained and the experimental data analysis for the research.

Finally the conclusions are provided in Chapter 5.



CHAPTER 2

THEORETICAL BACKGROUND

2.1 Basics of Metal Matrix Composites

Most mechanical systems encounter friction and wear. For this

reason, automotive and aerospace industries are using metal matrix

composites (MMCs) due to their higher wear resistance. MMCs, like

all composites, consist of at least two chemically and physically dis-

tinct phases, suitably distributed to provide properties not obtainable

with either of the individual phases[24]. MMCs are materials that

have a metal or alloy as the matrix phase, which is a monolithic al-

loy and the reinforcement or dispersoid which consists of high per-

formance carbon, metallic, or ceramic additions and may be in the

forms of particulates, fibers, or whiskers (Figure 2-1 [25]). These com-

posites are developed by casting, powder metallurgy and in situ from

conventional production and processing of metals. The term metal

matrix composites is frequently associated with the term light metal

matrix composites. MMCs are a class of materials with potential for

a wide variety of structural and thermal management applications.

8
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These innovative materials open up unlimited possibilities for mod-

ern material science and development; the characteristics of MMCs

can be designed into the material, custom-made, dependent on the

application[25]. MMCs are capable of providing higher temperature

operating limits than their base metal counterparts, and they can

be tailored to give improved strength, stiffness, thermal conductivity,

abrasion resistance, creep resistance, or dimensional stability[26].

Figure 2–1: Different types of metal matrix composites

The principles of integrating a high performance second phase with

a conventional engineering material and develop an improved material

to obtain features not accessible from the individual constituents have

been studied by many researchers. From these characteristics, metal

matrix composites fulfill all the desired conceptions of the designer.

This material group becomes interesting for use as constructional and

functional materials, if the property profile of conventional materials
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does not reach the increased standards of specific demands[25].

2.1.1 MMCs Advantages

After considerable efforts in the scientific area to produce MMCs

with light metal matrices, it is well known that the successful appli-

cation of these materials are found more often in areas of engineering

in the automotive and aerospace industries. MMCs offer the following

advantages to these areas[27]:

• Better fatigue and wear resistance

• Better elevated temperature properties

• Higher strength

• Lower creep rate

• Lower coefficients of thermal expansion

2.1.2 Mechanism of Reinforcements

Reinforcements in MMC release the option of applications in areas

where weight reduction and optimization of properties are a main con-

cern. These reinforcement materials can be produced in the form of

continuous fibers or filaments, short fibers, whiskers, or particles. Ex-

amples of continuous fibers are graphite, silicon carbide (SiC), boron,

and aluminum oxide (Al2O3), while discontinuous reinforcements mostly

are of SiC in whiskers form and particle types of SiC or Al2O3. For
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metal reinforcement ceramic particles are often used, due to their high

strength and elastic modulus with high temperature capability[24].

Recent studies have focused mainly on discontinuously reinforced (par-

ticle or whisker) aluminum matrix composites because of lower pro-

duction costs[28–31].

Role of Reinforcements

The role of the reinforcement differs with its type in structural

MMCs. The function of the reinforcement is to strengthen and harden

the composite by reducing or eliminating matrix deformation by me-

chanical restraint[32]. MMCs reinforced with particle and whisker

have the characteristic to be the major load bearing component. In

MMCs reinforced with continuous fibers, these are the principal load

bearing parts and the metallic matrix works as bonding to the rein-

forcements to provide integrity to the composite. Discontinuous fiber

reinforced MMCs can be seen as an intermediate situation between

the particulate and continuous fiber MMCs. Normally the reinforce-

ments are used to enhance the strength, stiffness and behavior at high

temperature of MMCs. When combined with a metallic matrix of

higher density, the reinforcement also serves to reduce the density of

the composite, thus enhancing properties such as strength[26].
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2.2 Mechanical Properties of Aluminum Matrix Compos-

ites

Aluminum metal matrix composites (AMCs) are a group of com-

posite materials, which have emerged as a promising class of materials

with desirable properties including low density, high stiffness, high

strength, increased fatigue resistance and higher dimensional stability

at elevated temperatures. The demand for light weight, low-cost and

energy efficient materials has led to the development of cast Al alloy

matrix composites including hard ceramic dispersoids[33]. These Al-

based MMCs have the advantage of possesing good mechanical and

tribological properties[34]. The combination of light weight, environ-

mental resistance, and useful mechanical properties has made alu-

minum alloys the materials of choice as a matrix metal. The melting

point of aluminum is high enough to satisfy many application require-

ments, yet low enough to render composites fabrication reasonably

convenient[26]. For most of AMCs the bonding strength is associated

with a slight interfacial reaction resulting from the affinity between

the alloying elements and the reinforcement[35]. AMCs have seen suc-

cessful applications in the aerospace, automotive, electronic packaging,

and recreational product markets.
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2.2.1 Aluminum-Boron System

Aluminum’s electrical conductivity can be improved by the addi-

tion of boron to settle the residual amounts of chromium, titanium,

vanadium, and zirconium. Boron reacts with aluminum producing

AlB2 and AlB12 and with those impurities to form heavier diborides

that can be removed. In particualr, AlB12 is a high temperature phase,

whereas AlB2 is stable at room temperature when the boron content

is less than 44.5 wt.%, according to the Al-B phase diagram in Figure

2-2[36]. This diboride acts as reinforcement and increases the strength

Figure 2–2: Al-B phase diagram

of the composite, which has low production costs[1]. Aluminum boron
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master alloys provide a convenient source of borides for alloying pur-

poses. Borides have also been accredited as an effective grain refiner

in aluminum alloys that can provide additional strengthening to the

matrix.

2.2.2 Alloying with Cu

Copper is one of the most important alloying elements for alu-

minum, because of its significant solubility in α-Al and strengthening

effect[37]. Cu dissolves into the liquid Al phase instead of reacting

with the borides. Upon normal cooling conditions, copper forms a

solid solution with the Al matrix and tends to form Al2Cu[5] accord-

ing to Figure 2-3[38]. In addition copper can increase Al strength by

precipitation hardening. Since Cu has a low solubility in α-Al at room

temperature, a Al-Cu alloy quenched from solid solution state retains

copper atoms in solid solution and becomes metastable. Therefore,

given an opportunity copper atoms will tend to leave the solid so-

lution and form a second solid phase (precipitates). This can occur

even at room temperature, so that hardness will change as a function

of time, a phenomenon known as natural age hardening[38].
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Figure 2–3: Al-Cu phase diagram

2.2.3 Alloying with Mg

Al-Mg alloys are well suited for applications where low density,

ease of fabrication, structural durability, and most notably, resistance

to corrosion is a neccesity. Aluminum-magnesium alloys offered mod-

erate to high strength and toughness. These alloys have excellent

weldability, machinability, and an attractive appearance in applica-

tions requiring a bright surface finish, outstanding response to chemi-

cal finishing and corrosion resistance[39]. For every 1 wt% Mg in solid
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solution the aluminum density decreases linearly by approximately 0.5

%[6]. According to the Al-Mg equilibrium phase diagram, Al-Mg al-

loys with a magnesium concentration on the order of or below 5%

are solid solutions, with substitutional Mg atoms (Figure 2-4[40]).

Although at room temperature a thermodynamic driving force for

the formation of the intermetallic phase Al3Mg2 exists, the kinetics

of its formation are very slow[41]. In practical terms, this causes a

metastable solution to exist at room temperature without a strong

tendency to form precipitates of a second phase.

Figure 2–4: Al-Mg phase diagram
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2.3 Surface Wear

Wear is defined as the surface and/or sub-surface damage or re-

moval of material from one or both of two contacting solid surfaces in

a sliding, rolling, or impact motion relative to one another, involving

a progressive loss of material[42]. Wear of materials is controlled by

the material characteristics and working factors such as applied pres-

sure, sliding speed, environment and the type of sliding interaction.

In general the term wear is emphasized on loss of material, but it

should be pointed out that damage due to material displacement on

a given body, with no net change in weight or volume, also consti-

tutes wear[43]. According to the standard DIN 50320, wear is not an

intrinsic property of the material but a system response[44].

In recent years, the development of wear resistance systems in

industry has become a crucial subject from both engineering and eco-

nomic standpoints. Consequently, studies on prevention and solution

of wear problems in industry have increased their focus on performance

improvement. Surface wear is one of the most common problems in

industry, leading to recurrent replacement of components.
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2.3.1 Classification of Wear Mechanism

Recently, important progresses in investigations has been made in

the understanding of wear mechanisms, leading to enhance the effi-

ciency and performance of many engineering systems. Wear mecha-

nisms may acquire several appearances depending on the surface to-

pography, the contact conditions and the environment. Commonly,

wear mechanisms can be classified as two main types, mechanical and

chemical. Mechanical wear involves processes which may be associated

with friction, abrasion, erosion and fatigue. Chemical wear take place

mainly in surface attack by reactive compounds followed by rubbing or

detachment of reaction products by mechanical action[45]. Different

types of wear may take place individually, sequentially or simultane-

ously, but all the wear mechanisms concentrate on a common char-

acteristic: surface damage (Table 2-1 [44]). The common mechanical

wear mechanisms include:

• Abrasive wear

• Adhesive wear

• Corrosive wear

- Oxidative wear

• Fatigue wear

- Delamination wear
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Table 2–1: Classification of types of wear based on mechanisms

Wear Type Mechanism

Adhesion Formation of interfacial adhesions ”weld” junctions by
the action of molecular forces

Abrasion Grooving by scratching and ploughing action, microcut-
ting process

Fatigue Cracking at the surface due to stresses or strains varying
in magnitude or direction

Abrasive Wear

Abrasive wear occurs when asperities of a rough, hard surface or

hard particles slide on a softer surface and damage the interface by

plastic deformation or fracture[42]. Generally, a material is seriously

abraded or scratched only by a particle harder than itself. When

ductile materials with high fracture toughness are present the wear by

hard asperities or hard particles results in the plastic flow of the softer

material. Examples for this case are most of the metallic and ceramic

surfaces, in which the sliding process demonstrates evidence of plastic

flow. Abrasion can be categorized as: a) low stress process, when the

abrasive material remains fairly intact; b) high stress process, when

the abrasive material is crushed; and c) ploughing, when a relative

large abrasive phase will cut the material. Some of the mechanisms

involved in the abrasive wear are [46]:

• Ploughing: the material is displaced from a groove to the sides. This

does not result in any real material loss, as the abraded material

remain attached to the damaged surface.
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• Cutting: the most severe form of abrasive wear, where abraded chips

are removed.

• Microcracking: small cracks are formed due to high stresses.

Adhesive Wear

Adhesive wear occurs when one material is in sliding motion over

another with surface interaction and welding at localized contact ar-

eas. Adhesion (or bonding) occurs on the asperity contacts at the

interface; these contacts are sheared by sliding, which may result in

detachment of a fragment from one surface and attachment to the

other surface[42]. The adhesion joints are small locations of impuri-

ties that would be irrelevant in a large specimen but in practice may

be sufficient to allow shearing through the harder material. In theory,

this type of wear does not remove material but simply transfers it be-

tween wearing surfaces[47]. Adhesive wear may occur among metallic

materials, ceramics or polymers, or combinations. It is dependent on

adhesion between the materials; that in turn depends on surface films

like oxides or lubricants, as well as the mutual affinity of one material

for another.

Corrosive Wear

Corrosive wear is defined as the degradation of materials in which

both corrosion and wear mechanisms are involved[43]. Corrosive wear

is present when material loss occurs through electrochemical attack at
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the surface assisted by mechanical wear. However, corrosive wear is

not the summation of the loss of material caused due to the mechanical

wear and corrosion. Sometimes corrosion accelerates the wear process

and vice versa; therefore, the loss of material is definitely larger than

when they are summed up independently[48]. The corrosive wear takes

place in a corrosive environment. Schematic models of corrosive wear

are shown in Figure 2-5[49].

Oxidative Wear. The most common form of corrosion is due to

a reaction between the metal and oxygen, generally called oxidative

wear. In this form of wear metallic oxides mixed with the worn metal

form debris layers of mixed metal and oxide[49]. Corrosion products,

usually oxides, have shear strengths different from those of wearing

surface metals from which they were formed. The oxides tend to flake

away, resulting in the pitting of wearing surfaces[47].

Figure 2–5: Models of interaction between a corrosive agent and a worn surface
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Fatigue Wear

Fatigue wear is defined as the resultant wear when surface failure

is generated by fatigue after repeated friction cycles[50]. Fatigue wear

can be produced in both plastic and elastic contacts. The material re-

moval in this type of wear is governed by deformation and fracture in

the contact region during repeated sliding or rolling conditions, where

fracture modes are fatigue, brittle, or ductile fracture. Such deforma-

tion and fracture are generated by mechanically induced strains and

stresses. The repeated loading and unloading cycles to which the ma-

terials are exposed may induce the formation of surface or subsurface

cracks, which eventually will result in the breakup of the surface with

the formation of large fragments leaving large pits in the surface[42].

Delamination Wear. The delamination wear is the loss of metal

due to the plastic flow of the material in conjunction with constant

sliding (Figure 2-6). This mechanism is part of fatigue wear mech-

anism in which subsurface cracks propagate parallel to the surface

and shear producing long and thin wear sheets or flakes, giving rise

to plate-like debris. The cracks are initiated at voids and vacancies

developed below the surface by dislocation pile-ups[51]. The delami-

nation theory was introduced in 1972 by Nam P. Suh, to explain wear

of metals. The theory affirmed the frequent observation of wear debris

in the form of flakes[52].
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Figure 2–6: Delamination wear mechanism

2.3.2 Wear Scar and Debris

The repetitive action of wear generates the formation of small shal-

low damage points, representing loss of material, known as wear scar.

The cumulative wear damage scar and wear debris can be utilized to

recognize the type of wear (Table 2-2). In practice, more than one

type of wear process may lead to multiple surface damage resulting in

compound wear scars. However, in such case, the predominant wear

process sometimes leaves a characteristic impression so that identifi-

cation is possible. Studying the wear scar and debris is an important

part of wear failure analysis. Closer examination, requiring high reso-

lution and greater field of depth, can be done with scanning electron

microscope (SEM). The use of energy-dispersive analytical techniques

along with SEM can provide information on nature and composition of

wear debris[44]. Wear debris comes in many sizes and shapes. Study

of wear debris morphology and chemistry can provide evidence of work
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conditions and the wear mechanism involved[50].

Table 2–2: Characterization of types of wear based on wear scars and wear debris

Type of Wear Wear particle/debris Wear scar

Adhesion Flakes Splinters Sliding tongue wedge
Abrasion Particles, Flat Splinters Grooves or furrows running par-

allel to surface; Discontinous if
hard phase present in wear track;
Comet tails in low stress abrasion

Thermal Oxides Particles or flakes Scale, partly or fully covering the
surface; Pits/cavities

2.3.3 Wear of MMC

A large amount of engineering materials have been employed for

applications in which wear resistance is a key requirement, such as

MMCs. The reason for the success of this type of material in tribo-

logical applications can be explained, in a simplified form, by stating

that the toughness of the matrix together with the hardness of the

reinforcement particles enables optimal wear resistance[53].

The MMCs posses excellent combination of mechanical and phys-

ical properties like high stiffness, strength and hardness in addition to

lightweight and high abrasion resistance, as compared to the mono-

lithic alloys. As mentioned before, these composites have found many

applications in the aerospace and automotive industry. The competi-

tive advantages of MMCs over other metallic systems as tribomaterials

include their unique ability to[54]:
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• Develop a composite to meet specific engineering strength and stiff-

ness requirements.

• Improve the fatigue, creep, and stress-rupture properties of the met-

als.

2.3.4 Wear Equation

In order to study this behavior, predictive equations should take

into account factors, such as material, component geometries and ap-

propriate operating conditions. There has been controversy concern-

ing wear theory for over a century and it is improbable that a sin-

gle governing equation will be established to cover all eventualities.

Therefore, the general form of the wear equation is based on the re-

lationship developed by Archard[55]. It has been demonstrated that

for a wide range of conditions, both adhesive and abrasive, the wear

volume (V) is directly proportional to the sliding distance (d) and the

applied normal force (F) and are related as follows:

V = kFd (2.1)

where k is termed the dimensional wear coefficient, conventionally

in units of mm3/N m. An equation of this form was proposed by

Archard in relation to adhesive wear and extended by Rabinowicz to
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more general cases of abrasive wear and is often known as the Archard

equation[56].

The dimensionless wear coefficient k is essential and important.

It provides a valuable resource for comparing the rigorousness of wear

processes in different systems. This dimensional coefficient correspond

to the volume of material removed by wear (in mm3), per unit of

distance slid (in meters), per unit normal load on the contact (in

Newtons). The measure of wear provided by k is particularly helpful

for comparing wear rates in different classes of material[57].

Archard equation can be modified to Preston equation to calculate

the material removal rate (RR)[58–61]. According to Preston equa-

tion:

dV

dt
= kFυr

RR = kFυr (2.2)

the relative velocity (υr) between the sphere pin and the specimen

surface, the applied load F, and the time t are the main parameters

determining the amount of material removal dV.
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2.3.5 Testing Methods

Many different experimental arrangements have been used to study

wear. Investigations related to wear usually examine the mechanisms

by which wear occurs, or simulate practical applications and provide

useful design data on wear rates and coefficients of friction. To un-

derstand the wear behavior of different MMCs, wear tests are often

carried out with suitable wear testing techniques. ASTM’s wear stan-

dards are used to provide the appropriate procedures for wear tests

and determine the amount of material removal during a specified test

period under well defined conditions (Table 2-3).

A significant amount of test methods have been designed for the

evaluation of wear and friction properties obtained by test equipments,

frequently known as tribometers. The tests presented here are the

most frequently used for different applications and represent appealing

recent developments in the field of tribotesting[50].

Pin-on-disk Test

A pin specimen is held and pressed tightly against a flat circular

disk with a specified load applied by an arm or lever. During the

test, either the pin or the disk rotates, and the sliding path forms a

circular scar on the disk surface. The amount of wear is determined by

weighing or measuring the dimensions before and after the test. Linear

dimensional changes can be measured by electronic distance gaging or
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stylus profiling. Linear measurements are converted to wear volume

by using suitable geometric relations. This test is perhaps the most

commonly used during the development of materials for tribological

applications[44].

Table 2–3: ASTM standard practices for wear testing

Standard Wear Test Methods

G 59 Conducting Potentiodynamic Polarization Resistance
Measurements

G 65 Measuring Abrasion Using the Dry Sand/Rubber Wheel
Apparatus

G 73 Liquid Impingement Erosion Testing
G 75 Determination of Slurry Abrasivity Abrasity and Slurry

Abrasion Respose of Materials
G 76 Conducting Erosion Tests by Solid Particle Impinge-

ment Using Gas Jets
G 98 Galling Resistance of Materials
G 99 Wear Testing with a Pin-on-Disk Apparatus
G 102 Calculation of Corrosion Rates and Related Information

from Electrochemical Measurements
G 105 Conducting Wet Sand/Rubber Wheel Abrasion Tests

Pin-on-Flat(Recicropating) Test

A flat plate moves relative to a stationary pin in reciprocating

motion. In some cases, the plate is stationary and the pin reciprocates.

The pin can be a ball, a hemispherical tipped pin, or a flat-ended

cylinder.

Taber Abrasion Test

Test specimens are placed on the abrader turntable and are subject

to the rubbing action of a pair of rotating abrasive wheels. Wear
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action results when a pair of abrasive wheels is rotated in opposite

directions by a turntable on which the specimen material is mounted.

The abrading wheels travel on the material about a horizontal axis

displaced tangentially from the axis of the test material, which results

in a sliding action[44].

Abrasive Belt Test

A flat-ended block of cylindrical specimen is abraded by sliding

against an abrasive belt. The belt runs horizontally, while the speci-

men runs transversely across the belt.



CHAPTER 3

METHODOLOGY

This section describes the methodology implemented to carry out

the proposed research to characterize the tribological properties of

aluminum matrix composites containing copper and magnesium and

reinforced with AlB2 particles. This includes the material selection,

fabrication of the composite, characterization methods, experimental

setup and assessment procedure. Figure 3-1 shows a flowchart repre-

sentating step-by-step the methodology followed.

Figure 3–1: Experimental methodology flow chart

30
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3.1 Materials

For the fabrication of the Al-B-Cu-Mg composites, three com-

mercial master alloys were used: Al-5wt.%B, Al-10wt.%Mg and Al-

33wt.%Cu. In addition 99%pure aluminum helped set up the balance.

Magnesium and copper were used as alloying elements, because of

their excellent strengthening of aluminum. AlB2 particles (contained

in the Al-B master alloy), were used as reinforcement in the fabrica-

tion of the composite; they had a range in particle size from 1µm to

20µm[62], a density of 3.2g/cm3, accompanied by high melting point

and high hardness[63]. The chemical composition of the AMCs pre-

pared is given in Table 3-1.

Table 3–1: Chemical composition in weight percent of the Al-B-Cu-Mg composites
studied

Al- 2.5 wt.% Cu
wt.% Mg 0 1 3

wt.% B

0 0 0
1 1 1
2 2 2
3 3 3
4 4 -

The boron levels selected are linearly related to the particle loading

(vol. %), as measured by Calderon (Figure 3-2)[64]
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Figure 3–2: Particle volume fraction as function of wt.%B

3.2 Preparation of the Composite

The AMC’s reinforced with AlB2 dispersoids were obtained through

gravity casting. To determine the required amount of each master alloy

and attained the compositions it needs, a mass balance was employed

based on equation 3.1[62].

M =

(
wf

w0

)
P (3.1)

Where, M is the required amount of each alloy (g), P is the fi-

nal weight of the composites (g), wf is the element weight % in the

composite and wo is the element weight % in the master alloy.

All the change material, i.e. the master alloys plus the pure alu-

minum for balance, was melted in a furnace at 750oC. In the pro-

cess AlB2 particles remained unchanged because of its higher melting
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point, than the aluminum matrix. Since the reinforcements have a

higher density (3.2 g/cm3) than liquid aluminum at the melting fur-

nace temperature (∼2.4 g/cm3), these tend to be at the bottom of

the graphite crucible. Therefore, for the sake of more homogeneity

of the samples, manual agitation was applied. The melted material

was poured into the cast cylindrical pre-heated graphite mold, used

because of its high thermal conductivity (Figure 3-3).

After the cast process, the samples were homogenized via heat

treatment (HT) in a resistance furnace. The HT consisted of anneal-

ing samples at 350oC for 4 hours and slow cooling in oven down to

room temperature. The purpose of this treatment is to homogenize

the distribution of the alloying elements in the matrix.

3.3 Metallographic Preparation

The specimens were cut with a low speed saw. Samples were

then ground and polished for metallographic analysis. The grinding

steps included 320, 400, 600, 800 grit SiC papers. The samples were

polished using 3µm diamond suspension followed by a 0.05 µm SiO2

emulsion. Finally the samples were cleaned with distilled water and

alcohol and dried to be characterized. The samples were then observed

using optical and scanning electron microscopy. They were tested with

superficial Rockwell hardness, Brinell hardness and pin-on-disk.
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Figure 3–3: Mold, graphite crucible and furnace used for composite manufacturing

3.4 Materials Characterization

With the purpose of characterizing the composites and determin-

ing their effectiveness in wear resistance, three characterization meth-

ods were employed: microstructure analysis, hardness testing and pin-

on-disk wear testing.

3.4.1 Microstructure

Examination of the composites microstructures was carried out

using optical microscopy and SEM. For optical microscopy, the sam-

ples were observed using a Nikon Epiphot 200 inverted optical mi-

croscope. Additional microstructure evaluation was performed with a

JEOL 6390 scanning electron microscope.
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3.4.2 Hardness

When concerned with surface properties of importance to friction

and wear processes, measurement of the macro-hardness of the mate-

rial is a quick and simple method for obtaining mechanical property

data. The sample hardness was measured using two different types of

tests that are appropriate and relevant to wear in order to increase the

reliability of the data. The two techniques are described in the next

section:

Superficial Rockwell Hardness

The 15T superficial Rockwell hardness test method used for the Al-

B-Cu-Mg composites consists of indenting the material with a 1/16”

hardened steel ball indenter and a force of 15kgf, following the ASTM

E18 standard. A LECO Rockwell LR-50 hardness tester was used to

this purpose (Figure 3-4). To evaluate the experimental data disper-

sion and reliability at the measured hardness values, twenty tests were

conducted on each sample.

Figure 3–4: LECO LR-50 Rockwell hardness testing system
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Brinell Hardness

Twenty Brinell hardness tests were performed on each sample us-

ing the TH130 Hardness Tester device, shown in Figure 3-5. The

measuring method in this instrument is defined as the quotient of the

impact body’s rebound velocity over its impact velocity. This Brinell

test method follows the ASTM E10 standard.

Figure 3–5: TH130 Brinell hardness tester

3.4.3 Pin-on-disk Test

Pin and disk material

The disks were made of the Al-Cu-Mg-B composites samples as

explained in the previous chapters, and the samples surfaces were pol-

ished using a 0.05 µm SiO2 emulsion. The disk samples had a diameter

of 19mm and a thickness of 8mm. The pin (ball) used to produced the

wear tracks (scars) was made of 440 martensitic stainless steel with a

3mm diameter.
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Experimental Setup

The pin-on-disk test apparatus was custom made (Figure 3-6). It

was used to investigate the dry sliding wear characteristics of the com-

posite. The apparatus design was based on the ASTM G99 standard.

The setup consist of a stationary pin, which rest on a rotating disk

under the influence of a dead weight. Paramenters such as normal

load, rotational speed and wear track diameter are factors to be set

before running the tests.

Experimental Procedure

Wear testing for the Al-B-Cu-Mg composite samples were carried

out in air at room temperature. For the pin-on-disk technique, the

spherical pin was held stationary against the composite rotating disk,

as shown in Figure 3-7. A track diameter of 3.5mm was fixed for all

tests. The tests were conducted with a constant load of 1N at a sliding

speed of 0.004m/s and a contact sliding distance of 2.5 m. Samples

were tested twice at each condition and the average wear volume and

rates were calculated. The wear rate was defined as the ratio of the

wear volume to sliding distance. The worn surfaces and wear debris

were analyzed using a SEM (furbished with a EDS system), optical

microscopy and optical profilometry.
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Figure 3–6: a) Pin-on-disk test apparatus constructed at UPRM, b) Components of
pin-on-disk test apparatus

Figure 3–7: Schematic view of pin-on-disk measuring system applied



CHAPTER 4

COMPOSITES CHARACTERIZATION

RESULTS AND DISCUSSIONS

4.1 Microstructure Analysis

4.1.1 Optical Microscopy

The composite microstructure for each sample was analyzed at

different magnifications. Figure 4-1 presents the resulting microstruc-

ture of the Al-2.5%Cu-1%Mg-2%B composite showing AlB2 particles

embedded in the aluminum matrix. Figure 4-2 evince the AlB2 par-

ticles are distributed in clusters throughout the entire matrix. Figure

4-3 evinces a higher concentration of reinforcement particles in the

matrix while boron levels increases in the composite. In Figure 4-3a,

the intermetallic phase, Al2Cu (θ) is apparent throughout the matrix

but mainly in grain boundaries[62].

39
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Figure 4–1: Microstructure of Al-2.5%Cu-1%Mg-2%B composite

Figure 4–2: AlB2 cluster shown at higher magnification in Al-2.5%Cu-3%Mg-3%B
composite
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Figure 4–3: Optical micrographs showing the AlB2 distribution while boron levels in-
creases from 0 wt.% to 4 wt.% a)Al-2.5%Cu-1%Mg-0%B, b)Al-2.5%Cu-1%Mg-1%B,
c)Al-2.5%Cu-1%Mg-2%B, d)Al-2.5%Cu-1%Mg-3%B, e)Al-2.5%Cu-1%Mg-4%B

4.1.2 Scanning Electron Microscopy (SEM)

The samples were observed in the SEM along with the energy dis-

persive spectroscopy (EDS) to corroborate the presence of aluminum,

boron, copper and magnesium in the composite, as shown in Figure

4-4. Figure 4-4a shows the microstructure of Al-2.5% Cu-1% Mg-2%

B composite, where an elliptical cluster of AlB2 can be observed, while

Figure 4-4b shows a global EDS spectrum, revealing the presence of

copper, magnesium and aluminum in the Al-2.5% Cu-1% Mg-2% B

composite. By using x-ray mapping which allows detecting relative

chemical composition in the composite, the distribution of Cu and

Mg can be shown. Cu appears uniformly distributed throughout the

matrix (Figure 4-5). Although, the mapping of magnesium shows a
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uniform distribution in the matrix, a higher Mg concentration appears

surrounding the AlB2 reinforcements, as shown in Figure 4-6.

Figure 4–4: a)SEM image of Al-2.5%Cu-1%Mg-2%B, b)Global EDS spectrum of the
worn surface detected in Al-2.5%Cu-1%Mg-2%B composites
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Figure 4–5: EDS mapping analysis of Cu on the surface of Al-2.5%Cu-1%Mg-2%B

composite

Figure 4–6: Al-2.5%Cu-1%Mg-2%B sample a)SEM micrograph b)EDS elemental

map of magnesium
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4.2 Hardness Study

4.2.1 Superficial Rockwell Hardness

Figure 4-7 shows the variation of superficial Rockwell hardness

(HRS 15T) of the composites as function of the amount of AlB2 rein-

forcements present in the samples. In a metal matrix composite one

should have expected an enhancement in hardness with increasing con-

centration of borides in the sample. However, our results revealed dif-

ferent tendencies for the different composites. Samples containing Mg

showed a decreasing tendency in the superficial hardness as the level

of boron increased. On the other hand, samples without Mg showed

a hardness increment with the percentage boron, as shown in Figure

4-7. It is suspected that such hardness drop in the Mg-containing

samples is a consequence of an interaction between AlB2 particles and

the Mg. These unexpected results were verified and were repeatable

enough, showing the same trend all over again. This strong influence

open new research tasks to understand the nature of the interaction

of Mg into the diborides.
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Figure 4–7: Superficial Rockwell hardness (HRS 15T)



46

4.2.2 Brinell Hardness

The results achieved through Brinell hardness are in agreement

with those of superficial Rockwell hardness. Samples containing mag-

nesium presented a decrease in hardness as a function of boron, while

in samples containing no magnesium, Brinell increases with the amount

of diborides (Figure 4-8).

Figure 4–8: Brinell hardness (HB)
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4.3 Tribological Testing Analysis

4.3.1 Pin-on-disk Test

Tribological experiments were focused on the determination of the

degree of wear measured by the material volume removed and the wear

coefficient value. These variables were then correlated to the amount

of boron present in the composite. The wear behavior of the samples

was evaluated by implementing a pin-on-disk test, as discussed in a

previous chapter.

4.3.2 Wear Characteristics

A primary concern with wear tests is the actual measurements of

wear. Common wear measurements include volume loss, displacement

scar width and depth and wear coefficients. Preferably, wear measure-

ment methods should reproduce the actual service performance of the

system. It should be repeatable and as objective as possible. For this

research the wear measurement method consisted of the calculation of

wear volume and wear coefficient for each composite.

Wear Volume

This research focuses on methods based on topographical analysis,

taking into consideration the track width, depth and perimeter. These

parameters allowed the calculation of wear volume on each sample.

The volume loss calculated by this means may contain certain error
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due to variations around the wear track, accumulations of debris and

plastic deformation in our material. For this reason and based on the

ASTM G99 standard, changes in measures of length and depth of the

disk wear track are determined by any suitable metrological technique,

such as electronic distance gaging or profiling techniques. This method

is frequently used because it provides more accurate measurements of

the disk wear volume, since mass loss is often too small to measure

precisely[65].

The worn surface was evaluated using a 3-D optical Zygo New

View 6300 profilometer system (Figure 4-9) to obtain the maximum

depths of the wear tracks and their widths. This interference micro-

scope allows non-destructive examination. The system is based on

scanning white-light interferometry resulting in a 3-D image[66]. To

analyze the wear track, 3-D profile images were taken at six represen-

tative locations on the sample surface, as shown in Figure 4-10. The

average values from the six locations of the depth and width of the

wear track of each sample were determined and are shown in Table

4-1. The standard deviations of the depth and width of the wear track

indicate that the shape of the wear track is often not regular.
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Figure 4–9: 3-D optical Zygo New View 6300 profilometer system

Figure 4–10: 3-D profile image of Al-2.5%Cu-3%Mg-2%B sample
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Table 4–1: Average values of the depth and width of wear track for each sample
measured with the optical profilometer

Sample Depth (µm) Width (mm)
Al-2.5%Cu-0%Mg-0%B 6.23±1.07 0.319±0.02
Al-2.5%Cu-0%Mg-1%B 5.86±0.61 0.256±0.02
Al-2.5%Cu-0%Mg-2%B 4.93±0.49 0.261±0.01
Al-2.5%Cu-0%Mg-3%B 2.60±0.32 0.240±0.01
Al-2.5%Cu-0%Mg-4%B 2.46±0.30 0.236±0.01
Al-2.5%Cu-1%Mg-0%B 5.73±0.56 0.391±0.01
Al-2.5%Cu-1%Mg-1%B 5.66±0.79 0.319±0.01
Al-2.5%Cu-1%Mg-2%B 5.82±0.40 0.289±0.01
Al-2.5%Cu-1%Mg-3%B 5.28±0.99 0.271±0.01
Al-2.5%Cu-1%Mg-4%B 2.85±0.69 0.183±0.01
Al-2.5%Cu-3%Mg-0%B 5.24±0.46 0.273±0.01
Al-2.5%Cu-3%Mg-1%B 4.71±0.71 0.267±0.005
Al-2.5%Cu-3%Mg-2%B 3.69±0.55 0.229±0.01
Al-2.5%Cu-3%Mg-3%B 3.26±0.77 0.181±0.02

The parameters obtained by the 3-D profile images allowed cal-

culating the wear volume on each sample. Figure 4-11 shows the

variation of wear volume as a function of boron levels. Clearly, as the

levels of boron increases, the wear volume decreases. The wear volume

of the unreinforced alloy is greater than their composites containing

diboride particles. We conclude that wear volume is decreasing with

the addition of AlB2 particles. In general, the lowest wear volume

measured was observed on the composites containing 4%B.
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Figure 4–11: Wear volume as function of boron percentage in the samples

If we take the time taken for the wear volume, we can calculate

the removal rate (RR) using Preston equation (Equation 2.2). Re-

moval rate is a very important parameter in many tribological test

like chemical-mechanical planarization (CMP). Table 4-2 shows the

variation of RR as a function of boron levels, showing the same ten-

dencies of wear volume.
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Table 4–2: Removal Rate (mm3/s) as function of boron percentage in the samples

Sample Removal
Rate(mm3/s)

Al-2.5%Cu-0%Mg-0%B 1.6145x10−5
Al-2.5%Cu-0%Mg-1%B 1.2367x10−5
Al-2.5%Cu-0%Mg-2%B 1.0921x10−5
Al-2.5%Cu-0%Mg-3%B 5.5863x10−6
Al-2.5%Cu-0%Mg-4%B 5.5050x10−6
Al-2.5%Cu-1%Mg-0%B 2.0501x10−5
Al-2.5%Cu-1%Mg-1%B 1.6882x10−5
Al-2.5%Cu-1%Mg-2%B 1.6326x10−5
Al-2.5%Cu-1%Mg-3%B 1.3528x10−5
Al-2.5%Cu-1%Mg-4%B 4.7253x10−6
Al-2.5%Cu-3%Mg-0%B 1.3543x10−5
Al-2.5%Cu-3%Mg-1%B 1.1401x10−5
Al-2.5%Cu-3%Mg-2%B 8.3893x10−6
Al-2.5%Cu-3%Mg-3%B 5.8007x10−6

Wear Coefficient

The wear coefficient can be used to compare the performance of

materials under the identical operating conditions. For all the compos-

ites under same testing conditions, the values of the wear coefficient

were calculated based on the worn volume obtained with the param-

eters measured with the optical profilometer. The wear coefficient of

the composites was evaluated using the wear equation (Equation 2.1)

proposed by Archard, and explained in Chapter 2. The variation of

experimental wear coefficient as a function of boron is shown in Fig-

ure 4-12. All composites exhibited similar behavior with the increased
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content of AlB2, where the wear coefficient decreases in the compos-

ites, obtaining higher wear resistance. This behavior is clearly related

to the wear volume measured.

Figure 4–12: Values of wear coefficient of the tested samples versus the AlB2 particles

4.3.3 Characterization of Wear

Wear mechanisms can be identified and studied by three possi-

ble methods: examination of wear debris, visual examination of worn

surfaces, and metallographic examination of the worn surface. In the

examination of the wear debris, large lumps imply adhesive wear; fine
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particles, oxidative wear; chip particles, abrasive wear; and flake par-

ticles, delamination wear[67]. In the examination of the worn surface

heavy tearing implies adhesive wear; scratches, abrasive wear; and

burnishing, nonadhesive wear. Metallographic examination of the sur-

face structure may reveal the type of deformation, the generation of

subsurface crack, among other things[67].

Examination of Worn Surfaces

In the present research we examined the wear tracks and wear de-

bris to investigate the wear mechanisms responsible for the composites

wear behavior of the composites by means of optical microscopy, op-

tical profilometry and SEM in conjunction with EDS and elemental

X-ray mapping. Figure 4-13 shows micrographs of the worn surfaces

of the composites using a Nikon SMZ 1500 stereoscope (Figure 4-13a)

to perceive the whole track and a Nikon Epiphot 2 inverted optical

microscope (Figure 4-13b) to obtain a track magnification. Optical

microscope examinations showed parallel scratches with plastic defor-

mation edges. Samples with low content of AlB2, as in Figure 4-14a,

display a relatively smooth surface morphology with parallel grooves

inside the wear track, resulting in a larger depth. Conversely, for com-

posites with higher loading of reinforcement, the worn surface of the

sample appears rough, with a smaller measured track depth (Figure
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4-14b). The high surface roughness with deep ridges may be due to

high friction rather than catastrofic thermoplastic deformation.

Figure 4–13: Optical micrographs of wear tracks of a)Al-2.5%Cu-3%Mg-2%B com-
posite, b)Al-2.5%Cu-3%Mg-0%B composite

Figure 4–14: 3-D Optical profiler of wear track a)Al-2.5%Cu-1%Mg-1%B, b)Al-
2.5%Cu-1%Mg-4%B composite

SEM examination permitted obtaining detailed information of the

wear tracks and debris. Figure 4-15 shows the change in widths of the

wear track as function of boron percentage in the samples. To get a

better idea, in Figure 4-16 the composites wear track width is getting

smaller while the level of boron increases. This can be translated in
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enhancement of wear resistance in the composites. Moreover, Figure

4-17 present the irregular shape of the wear track with many grooves

along the sliding direction while the peeling of the matrix formed worn

chips adhered on the composite surface.

Figure 4–15: Wear track width as function of AlB2 particles

The SEM observations revealed that the pin-on-disk wear test car-

ried out on the Al-Cu-Mg-B composites induced plastic deformation,

ploughing, transfer and deposition of debris to the surface. Hence, the
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Figure 4–16: SEM micrographs of wear track illustrating grooves, ploughs and debris
for identical testing conditions a)Al-2.5%Cu-1%Mg-0%B composite, b)Al-2.5%Cu-
1%Mg-3%B composite, c)Al-2.5%Cu-1%Mg-4%B composite
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Figure 4–17: SEM micrographs of pin-on-disk track on Al-2.5%Cu-1%Mg-0%B com-
posite

loss of material in the composites is produced by diverse wear mecha-

nisms. The different wear mechanisms identified are: oxidative wear,

abrasion wear, and fatigue wear.

Wear Mechanisms

Oxidative Wear. Images of the wear tracks observed using

SEM consisted of dark areas where agglomerations of detached flakes

are detected as in Figure 4-18. The chemical composition of the sur-

face composites was analyzed using EDS, which coupled with SEM

permitted direct elemental analysis of the wear surface as well as
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the wear debris. Acquired EDS spectra evinced the presence of oxy-

gen on the worn samples (Figure 4-19). In Figures 4-20 x-ray map-

ping analysis shows concentration of oxygen in the debris, coinciding

with the aforemetioned dark areas. These characteristics indicate ox-

idative wear mechanism, in which unlubricated conditions of sliding

causes relatively high ”hot-spot” temperatures at the surface produc-

ing oxidation[43]. In Figure 4-21 the presence of oxides is revealed in

the worn surface.

Figure 4–18: SEM micrograph showing the dark areas analyzed by EDS in Al-
2.5%Cu-1%Mg-4%B composite
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Figure 4–19: EDS spectrum analysis of wear track: a)Al-2.5%Cu-1%Mg-0%B com-
posites, b)Al-2.5%Cu-1%Mg-3%B composite
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Figure 4–20: SEM micrographs and Oxygen elemental maps of: a)Al-2.5%Cu-
3%Mg-0%B, b)Al-2.5%Cu-3%Mg-3%B

Figure 4–21: SEM image of Figure 4-17 showing the oxides in the worn surface
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Abrasive Wear. Figure 4-22 illustrate the appearance of groov-

ing and scratching on the worn surface of the composites, matching

the sliding direction. In addition, damage spots forming ploughs were

observed in different areas of the wear track (Figure 4-23). Image

analysis corroborates the abrasive wear by features related to the ma-

terial removed from the surface of a component by a cutting action

and displaced on either side of the abrasion groove[68].

Figure 4–22: SEM micrographs showing grooves due to abrasive wear: a)Al-2.5%Cu-
0%Mg-1%B composite and b)Al-2.5%Cu-0%Mg-3%B composite
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Figure 4–23: Ploughing effects observed using SEM for: a)Al-2.5%Cu-3%Mg-0%B

composite b)Al-2.5%Cu-0%Mg-1%B composite
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Delamination Wear. According to the SEM images, there is

evidence of delamination wear on the composites surface (Figure 4-

24). Delamination wear is an expansion of fatigue wear mechanism,

where repeated and constant sliding introduce dislocations in the sub-

surface by plastic deformation, inducing cracks that eventually shear

the surface and will form long thin wear sheets[69]. Figures 4-25 show

cracks which are precursors of delamination, while in Figure 4-26 the

formation of wear sheet is evident. Samples with higher amounts of

diboride particles show that delamination is the dominant wear mech-

anism due to the formation of layers of debris attached to the surface

(Figure 4-27). Depending on the rate of wear debris formation, de-

lamination may result in a reduction of wear by the formation of a

debris layer between the contacting surfaces (Figure 4-12)[24].
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Figure 4–24: SEM micrographs showing evidence of delamination wear damage

(arrows): a)Al-2.5%Cu-0%Mg-1%B composite, b)Al-2.5%Cu-1%Mg-3%B composite
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Figure 4–25: a)(arrows) Apparent delamination of Al-2.5%Cu-0%Mg-1%B compos-

ite and b)(arrows) prominent surface crack on Al-2.5%Cu-0%Mg-1%B composite
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Figure 4–26: a)Wear sheet formation as observed using secondary electrom imaging

of Al-2.5%Cu-3%Mg-0%B composite b)rectangle in (a) at higher magnification
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Figure 4–27: a)Layers of debris attached to the surface as a result of delamination

wear in Al-2.5%Cu-3%Mg-3%B composite b)rectangle in (a) at higher magnification
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4.4 Discussion

The results revealed a dependence of the wear resistance of the

composites on the amount of reinforcement particles in the samples

present. The composites with 0 wt.% to 2 wt.% of B are characterize

by higher wear rates, which translate into lower wear resistance with

respect to the composites with higher levels of boron. It is evident

that the influence of AlB2 particles reduce the wear volume and wear

coefficient of the composites. These results are concurrent with the

analysis made by Korkut[2] for the tribological behavior of aluminum

matrix composites reinforced with particles. In agreement with this

author, the trend of decreasing wear rate with increasing volume frac-

tion of particles will be obtained because the particles remain well

bonded with the matrix during sliding wear conditions, the aluminum

matrix surrounding the particles will be worn away, and essentially all

contact will be between the reinforcing particles and the steel counter-

face. This influence can be attributed to the supporting effect of the

matrix to the diborides particles, enhanced by an appropriate inter-

face bond[70]. Vencl et. al[71], also support this statement that softer

metal matrix material is usually worn away first, leaving protrusions

of the hard second phase of particles reinforcement which protect the

metal matrix from further wear, the increase of particles volume frac-

tion reduce the plastic deformation in the layer below the worn surface
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as in Figure 4-27. Pruthviraj et. al[72] concluded that a soft matrix

can secure the hard particles and improve the wear resistance of com-

posite largely.

The results presented in this thesis clearly indicated that the re-

inforcement particles play a more direct role in the wear behavior of

the composites rather than the hardness. Biswas[73, 74] stated that in

tribology there is no necessarily direct correlation between wear resis-

tance and hardness. Furthermore, Korkut[2] found that a decrease in

wear rate of the composite cannot be correlated with higher hardness

of the composite, since other parameters must be taken into account.

The SEM observations and EDS analysis revealed that the diboride

particles hide themselves under the worn surface[20] and the resis-

tance to plastic flow become visible at places where clusters of AlB2

are located as seen in Figure 4-28[75].

Additionally, as summarized in Table 4-3, the present work iden-

tified three wear modes affecting the worn surface of the composites:

abrasive wear, oxidative wear and delamination wear. Despite the dif-

ference in the wear resistance and wear modes of the composites, in

all cases plastic deformation occurred. The EDS analysis proved the

absence of debris coming from the pin, i.e. stainless steel, since no

adhered pin material was found on the wear track, as discovered in

a previous research at UPRM [76]. Consequently, the adhesive wear
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mechanism is not present and it can be assumed that the asperities

on the pin remained in elastic contact with the surface of the com-

posite. Examination of the wear tracks shows a change in the dom-

inant wear mechanism present in the composite from abrasive wear

to delamination wear when the level of boron is between 3 wt.% to

4wt.% as evidenced by the flake debris. Zhang and Alpas[77] examined

cross-sections of worn surfaces of aluminum alloys reinforced with Sic

particles, which showed evidence of wear debris in the form of flakes

and supports the delamination theory. Even though for high levels of

boron the dominant mechanism was found to be delamination wear,

for these same samples the lowest wear rate was obtained. Analyzing

these results, it is assumed that the delamination wear in conjunction

with the oxidative wear mechanism are working as lubricants agents,

maintaining a high wear resistance in the composites. Studies such as

those of Chawla[24] and Zhang[78] suggest similar results with these

wear mechanisms. Chawla stated that depending upon the rate of

wear debris formation; delamination may result in a reduction of wear

by the formation of a debris layer between the contacting surfaces.

While Zhang proposed that oxidative wear mechanism is good for de-

creasing wear of the composites by means of the resulting oxidative

particles or films that may produce a lubricating effect in the surface

and reduce the wear.
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Figure 4–28: Schematic illustration of particles reinforcements protecting the matrix

from wear

Table 4–3: Wear Mechanisms as function of boron percentage in the samples

Wear Mechanisms Levels of Boron
Low Medium High

Abrasive Dominant Some Scattered
Oxidative Some Some Some

Delamination Some Scattered Dominant
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Figure 4–29: SEM images of: (a) and (b) show evidence of resistance to plastic flow

of Al-2.5%Cu-0%Mg-1%B composite c)(b) at higher magnification



CHAPTER 5

CONCLUSIONS

The wear behavior of aluminum matrix composite containing cop-

per and magnesium and reinforced with AlB2 particles was investi-

gated by pin-on-disk tests. Based on the obtained results, the follow-

ing conclusions can be drawn:

• Samples containing 2.5 wt.%Cu, 1 wt.%Mg with varying boron lev-

els revealed a decreasing tendency in the superficial hardness as the

content of AlB2 particles increased. It is inferred that such hardness

drop is caused by an interaction between magnesium and the diboride

particles, opening the opportunity of new research to understand the

nature of such interaction.

• The wear volume and wear coefficient exhibit a general tendency to

decrease influenced by the AlB2 particles present in the composites.

All composites exhibited similar behavior, i.e. as levels of boron

increases, the wear volume and wear coefficient decreases.

• The lowest wear volume and wear coefficient was reached in Al-B-

Cu-Mg composites containing 4 wt.% of boron.

74
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• Three wear mechanisms were identified as responsible of the Al-B-

Cu-Mg composites wear behavior under the test conditions: oxidative

wear, abrasive wear and delamination wear.

• No transfer or adhered material from the pin to the surface worn was

observed, thus no evidence of adhesive wear was found.

• A transition from abrasive to delamination wear takes place with the

increase of diboride particles.

• Delamination wear and oxidative wear is assumed that work as lu-

bricant agents to reduce wear on the composites with high levels of

boron.

• The AlB2 particles play a direct role in the wear behavior of the com-

posite rather than the overall hardness. It can be concluded that the

increment of boron levels in the composites affects the wear behavior

of the composites, improving the wear resistance and making it a

potential material for aerospace and automotive applications.
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[4] O.M. Suárez. Precipitation hardening of a novel aluminum matrix composite.

Materials Characterization, 49:187–191, 2003.
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