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ABSTRACT

This research explores new approaches in design and fabrication of novel
composite materials in order to increase corrosion and wear resistance. By mimicking
nature, nacreous particles from seashells were used as reinforcement in an aluminum
matrix. Experimental approaches are used during investigation. A powder metallurgy
process was developed to fabricate the nacreous-reinforced-aluminum matrix composites.
Mechanical properties, corrosion and wear resistance were characterized through
polarization technique, Vickers hardness and tribological tests. Experimental results
showed that the corrosion resistance increases as the nacreous concentration increases.
The hardness and wear resistance increased for up to 22% and 10% respectively due to
the reinforcement effects of nacreous. With oxidation of aluminum during heat treatment,
the mentioned properties were further improved for about 32 ~ 37%. This research is
beneficial to develop novel material, which can be substituted the conventional

composites.
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CHAPTER |

INTRODUCTION

This chapter consists of three major parts: the microstructures of seashells,
aluminum matrix composites and their applications. Five different microstructures of
seashells are briefly introduced. Among those, the microstructure of nacreous is
explained in detail. The mechanical properties of the nacreous microstructure and the
way of shell calcification are discussed. Some disadvantages of ceramic-reinforced
aluminum composites are introduced. The application areas of the nacreous-reinforced
composites are suggested in order to overcome the disadvantages of the ceramic-

reinforced composites.

1.1. Lessons from nature

Nature has been undergoing evolutions since life has started on earth. All lives
on earth have been adapting their biological characteristics to environments in order to
survive. Understanding the biological characteristics in nature would provide us the
guideline to excel in engineering.

Scientists are trying to develop new materials inspired by nature. There are lots
of amazing things that humans can’t even imagine or make. Figure 1 shows some
examples of idea from nature. There is a small nerve-rich depression in front of snake’s
eye. The depression is called the pit [1]. The pit has a heat sensing system that allows
snakes hunt warm blooded prey in the darkness. The beetle stenocara live in the desert.

They collect water using a special feature of its back. The stenacara’s back is covered by



many small bumps. The bumps are covered by wax except peaks that are wax free. This
unique microstructure allows the stenacara to capture the water. The butterflies have a
cooling system in the wings [1]. During flight, the heat is generated by friction of the
wings and the sunlight. Generated heat is dispersed by the millions of thin film structures
on their wings. The locusts travel in swarms of million but they never collide with others.
The locust sends the signal out to other locusts to find their location, and change their
moving direction before collision. Sharks’ skin is covered with riblets that allow to
moves efficiently in the sea. Sharks’ skin reduces the water drag result from maintaining
the water closer to the body. The chameleons can camouflage themselves with their

chromatophore cells to match their surroundings [1].

(b)

Figure 1. Examples of lessons from nature [1].



A marine mollusk builds a seashell to protect their soft body from a predator.
Scientists divided mollusk species into 5 main classes (Figure 2): chitons, bivalves,
scaphopods, gastropods and cephalopods [2]. Different environmental surroundings let

the mollusk builds different types of the seashell [3].
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Figure 2. Five main mollusk classes [3].
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There are approximately 1,000 chitons species. The chitons live on bottoms of

the rocks on the rocky shore. They eat algae, bryozoans, foraminifera and some of

chitons feed on small crustaceans. Some chitons can live as long as 25 years. A shell of



the chitons is linked with 8 shell plates. The seashell size varies from 3 mm to 40 cm [2,
3].

Approximately 20,000 bivalve species are living on earth. The bivalves are the
second largest group from mollusks [2]. They live in from intertidal zone to the deep sea
and most of them burrow in mud or sand. They feed on organic matter, algae, bacteria,
small crustaceans and worms. The bivalves are enclosed by two symmetry valves. The
left and right valves are laterally compressed and hinged by ligament. They open and
close the shell with ligament and adductor muscle. One of the bivalves, the European
panopea, is known as can live for 168 years [3]. In 2006, ocean scientist Paul butler
found the 507 years old bivalves named Ming [4]. The size of seashell is range in from 1
mm to 1 m [3].

The scaphopods have about 600 species. They live buried in coral sand or muddy
bottoms in the oceans from below the level of the tide to depth of 3000 ~ 6000 m. They
eat the foraminifera. The shape of seashell looks like elephant tusks. The seashell size
varies from 3 mm to 15 cm [3, 5, 6].

The gastropods are the largest group of mollusk with approximately 100,000
species. They are distributed in worldwide from the intertidal to the deepest trenches.
Some live in fresh water, others live in terrestrial habitats such as mountains, forest and
deserts. They feed on algae, corals, plant debris, blood of starfish and detritus. Some
gastropods are known as can live for 30 years. They have asymmetrically coiled shell
shape in right direction and some coiled shell become limpet like shape. The size of

seashell is range in from 0.3 mm to 1 m [2, 3, 5].



There are 900 species of the cephalopods including cuttlefish and squid but only
Nautilus species have external shell [3]. Nautilus species live in from shallow to deep
water (10 ~ 1000 m). At night, they rise up to shallow water using eight arms to eat.
They eat craps, fishes, shrimps, jellyfish and other mollusks [2, 3]. They have bilaterally
symmetrical shell [2]. The shell size range is from 20 mm to 4 cm [3].

Seashells have been used for the purpose of decorations and some have been
used for practical purpose. For example, several hundred years ago, Mayan implanted
the piece of nacreous from seashells as a tooth [7]. Today, seashells’ microstructures,
especially nacreous microstructure, are widely studied due to their superior mechanical
properties. Using biomimetic approaches, scientists are trying to mimic the nacreous

microstructure with the expectation of fabricates a ductile ceramic [8, 9].

1.2. Seashells: the natural ceramic

1.2.1. Calcification

The molluscs have developed shells to support their internal organs and to
protect their soft body from predators [7]. Biominerals and proteins are major
components for formation of the shells [10]. The formation of the seashell is a
biologically controlled mineralization process [7]. Figure 3 shows the typical seashell
structure of a bivalve explaining the calcification process.

There are three components to be required for shell formation: an extrapallial
space, a periostracum, and the calcifying matrix. In the extrapallial space, the shell
calcification processing takes place. The periostracum support calcium carbonate

crystals and seal the extrapallial space. The shell is formed by the matrix secreted from



mantle. The extrapallial space is the space for growth of the shell. This space is
separated by shell, periostracum and mantle. The calcifying matrix contains proteins,
chitin, polysaccharides and glycoproteins [7]. Calcium and carbonate are the most
important ions to form the shell. The mollusc extracts the calcium and carbonate ions
through the sea water and from the diets [11]. The organic matrices interact with the
calcium and the carbonate ions and form the shell. The calcifying matrix is the key agent
to nucleate the shell. The shapes, size and orientations of the shells are regulated by the

matrix [7].

Prismatic layer Periostracum

(@) (b)

| i Growth of layer
Nacreous layer |
(Aragonite)

Extrapalial space \ /

Mantle

Figure 3. The typical mollusk shell structure [12].

The extrapallial space can be saturated because the periostracum seals the space.
Thanks to this condition, calcium and bicarbonate ions are transported from the organ of

mollusc. Calcium and carbonate ions are able to be stored as amorphous intracellular.



About 95 ~ 99% of shell is composed of CaCO3 (calcium carbonate) and rest 1 ~
5% 1is organic matrix. Calcified calcium carbonate layers are made of either calcite or

aragonite and possess unique microstructures [7, 11].

1.2.2. Microstructures

There are tens of thousands seashell species on the earth, microstructure patterns
of seashell can be categorized into five types of microstructures. Those are nacreous
(also known as mother of pearl), prismatic, cross lamellar, foliated and homogeneous
microstructures. Figure 4 shows different types of seashell microstructures. Not all
seashells have only one microstructure. Some seashells have two different types of
microstructure in the inner and outer layer of the shell [9]. For example, the bivalves like

an abalone have prismatic (outer shell) and nacreous microstructure (inner shell) [7].

homogeneous

fibrous prismatic

P - g
" homogeneous

homogeneous
fibrous prismatic

simple prismatic

1
AT nacre

Figure 4. The different types of seashell microstructures [13]



Among microstructures of seashell, nacreous microstructure is widely studied
due to good mechanical behavior. Table 1 indicates mechanical properties of
microstructure of seashells. Cross lamella microstructure shows the highest hardness.

However, nacreous microstructure has the highest toughness and good hardness.

Table 1. Mechanical properties of the seashell microstructure [9].

Mechanical properties

Microstructure Tension = Compression  Flexural Stiffness Ha.rdness
(MPa) (MPa) (MPa) (GPa) (Vickers)
Nacreous 167 380 220 70 168
Prismatic 60 250 140 30 162
Cross-lamellar 40 250 100 60 250
Foliated 30 150 100 40 110
Homogeneous 30 250 80 60

1.2.3. Nacreous microstructure

Nacreous microstructure is a composite with a brick and mortar architecture
which consists of 95% calcium carbonate mineral layers and 5% organic matrix [8, 12].
Nacreous microstructure is shown in Figure 5. Nacreous shows the stacked calcium
carbonate layers with 0.2 ~ 0.9 um thickness and the thin organic matrix interlayer with
20 ~50 nm thickness. The calcium carbonate layer composed of polygonal platelets with
5 ~ 8 um diameter and the organic matrix is filled in interlayer that plays a role as glue

between the platelets [8, 12].



The brick and mortar architecture make the aragonite platelets harder and tougher.
The platelets’ surfaces are rough. The nanoscale mineral protrusions, called
nanoasperities, are dispersed randomly on the platelets’ surface [14]. The protrusions
grew in the same crystal orientation (same c-axis orientation) as the platelets. When two
mineral protrusions meet, they form a mineral bridge and the platelets become
interlocked. The organic matrix contributes to nacreous toughness. During the
mineralization process, each platelet is surrounded by the organic matrix and the
interfaces of between platelets become soft. The protein in the interlayer adhered to the
aragonite platelets. The protein can redirect the crack penetration path due to its soft and

stretchable characteristics [8].

5~8pm
A
0.2~0.9
¢_ 1 1 ll 1 1
1 1 1 1 1
1 1 1 1 1
1 1 1 1 1
1 1 1 1 1
1 1 1 1 1
1 1 1 1 1
1 1 1 1 1
L L i 1 L
1 1 1 1 . :
1 1 1 1 1 1
) < 3 1 == 5 1

Protein

7

Figure 5. Nacreous microstructure [14].



Some scientist suggested replicating the nacreous microstructure with ceramics.
A ceramic is hard but brittle. If ceramic has the nacreous microstructure, ceramic
becomes hard and ductile. However, fabricating the nacreous microstructure with pm
scale diameter and thickness is challenging. And achieving the strong bonding to attach

the ceramics like protein is also challenging [8, 9].

1.3. Aluminum-matrix composites

1.3.1. The popularity of aluminum-matrix composites

Metal-matrix composite is a class of materials that consists metal and
reinforcement in order to obtain desired mechanical properties [17, 18]. The matrix
(metal) with good ductility and thermal conductivity is a softer phase. The reinforcement
(fibers, plates, laminates, etc) with high stiffness and low thermal expansion is
embedded in the matrix.

Aluminum matrix composite is the most popular metal matrix composite. The
aluminum has low density (light weight), high corrosion resistance and the ability to be
hardened by precipitation [18]. For those reasons, aluminum metal composites are
widely used in aircraft industry, automotive, armors, electrical engineering and sporting

goods [18, 19].

1.3.2. Reinforcements
Particles, dispersoids and fibres can be used as reinforcement in the aluminum
matrix composites [19]. Volume fraction, grain size and distribution of the reinforced

particles influence on the tribological behaviors and mechanical properties of the

10



material [20]. These factors can be controlled by selection of the reinforcing particles.
To this end, the particle reinforcing method is popular [19].

Hard ceramic particles such as alumina and silicon carbide have been mostly
used as reinforced particles in aluminum matrix composites [20]. There have been
studies of aluminum matrix composites reinforced with alumina and silicon carbide to
improve tribological behaviors since 1980s [21]. The addition of alumina and silicon
carbide into aluminum alloy increase the wear resistance due to increased hardness [22].
A critical load had been reported to provide little improvement of wear resistance in

ceramic reinforced aluminum matrix composite under dry sliding condition [21].

1.4. Application of nacreous reinforced aluminum matrix composites

Nacreous is a hard and tough natural ceramic. The aragonite has a similar density
to aluminum (aragonite density: 2.83 g/cm’ and aluminum is 2.7 g/cm®). In addition, a
seashell lives in the sea water containing 3.5wt% of NaCl without being corroded.
Producing a material with nacreous microstructure is difficult due to the limitations of
fabricating thin layers and weak adhesion. Nacreous particle can be used as the
reinforcement in the aluminum-based composites.

The brake disc is mainly made of cast iron. REL.INC and Polytechnic Institute of
New York University developed a prototype brake disc made of ceramic reinforced
aluminum matrix composite in 2012. They are expecting that the brake disc of ceramic-
reinforced-aluminum matrix will have 60% less weight (30 Ibs from midsize sedans) and
last three times longer than cast iron brake disc. They used conventional ceramics such

as alumina (Al>O3) and silicon carbide (SiC) [23, 24].

11



Hard ceramic particles have some drawbacks. Hard ceramics are abrasive and
brittle. Reinforcing a large portion of ceramic particles is restrained [25]. Sometimes
hard ceramics increase the wear volume loss of counter face because of their abrasive
action [21]. While braking, the surface of the brake disc contact with the surface of the

brake pad. In short, the counter face needs to be considered to design the brake disc.

Brake pad

Figure 6. Possible applications of nacre-aluminum composites [29].
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Nacreous-reinforced-aluminum matrix composites will be able to substitute the
conventional brake disc. Nacreous has good hardness, toughness and potential in high
corrosion resistance. Nacreous is even lighter than Al,Os (3.95 g/cm®) and SiC (3.21
g/cm?). As well as brake disc, nacreous can be used in the areas of the military armored
vehicles which require wear, corrosion resistance and light weight. It is hypothesized
that they would be able to accomplish the mission for a longer time under extreme

weather conditions with high mobility.

1.5. Principles of enhancement in particle-reinforced composites

A composite material is composed of two or more physically and/or chemically
distinct phase: matrix phase and dispersed phase [30]. The reinforced particles are
dispersed phase. The characteristics of the reinforce particles such as concentration, size,
shape, distribution and orientation influence on both hardness and wear resistance [31,
32].

Small and well distributed particle increases the hardness [31]. A small-grained
material is harder than bigger-grained material because they have more grain boundaries.
The grain boundary is a barrier of the dislocation motion during plastic deformation.
When the dislocation encounters the grain boundary, the dislocation must change the

direction of movement. This mechanism is expressed as Hall-Petch equation (oy: yield

strength, o, Ky: constants, d: grain size)

als
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Higher particle volume fraction increases the hardness. The rule of mixtures
equation for increasing the hardness as follows (H: hardness, V: volume fraction, c,r,m:
composite) [32, 33]

Hc=VH;+ HyVn

There are some intrinsic factors to affect wear resistance. Those are hardness,

volume fraction and interfacial bonding [32]. Most of all, the higher hardness increase

the wear resistance. This relationship is shown in Figure 7.

3.0 — Abrasive wear
of pure metals Be

Relative abrasive wear resistance

onI ] | l |

100 200 500 1000 2000 5000
Hardness (MPa)

Figure 7. The relationship between hardness and wear resistance [34].

14



According to the discussion above, the wear resistance can be increased by
adding the higher volume fraction of reinforcements. In case of metal-matrix composite,
as much as 70% of ceramic particles can be used as reinforcement [32]. As the volume
fraction of ceramic particles increases, the wear volume losses of counter face material
increases [21, 32].

Good interfacial bonding increases the wear resistance. Poor interfacial bonding
tends to pull out the particles from the composites during the wear test [32]. This means
that reinforced particles are pulled out resulting weakened matrix.

In summary, this chapter discussed the effects of nacreous particles on aluminum
matrix. Mimicking nature, this research develops a novel composite with high wear and
corrosion resistance using seashell as reinforcement. The following chapters are
including motivation and objectives, experimental approaches, effects of the nacreous on
corrosion protection and tribological performance. Mechanisms of the reinforcement

will be discussed in corresponding chapters.
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CHAPTER I

MOTIVATION AND OBJECTIVES

As discussed in the Chapter I, the aluminum—matrix-composite brake disc weighs
approximately 60% as much as a cast iron brake disc. Hard ceramic particles can be used
as reinforcement in the aluminum-matrix composites. The main issue is the abrasiveness
and brittleness of the ceramic particles that might affect the wear resistant resulting the
wear and total volume loss. The nacreous microstructures have potential to increase wear
resistance due to their unique microstructure. Those are also lighter than conventional
ceramics. Using nacreous as reinforcement particles could have several advantages. For
example, a brake disc made of nacreous-reinforced-aluminum composites could increase
the material’s lifespan as well as reduce the weight of the vehicles.

The objectives of this research are to:

1. Developing novel composite materials containing nacreous.

2. Obtaining high wear and corrosion resistance in those materials.

3. Obtaining understanding in effects of components on tribological and

electrochemical performance

The ultimate goal of this research is to establish the relationship of process-
property of the nacreous-reinforced-aluminum composites. Potential applications of the
novel materials will be explored. Through this research, the durability for brake disc can

be improved.
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This research uses experimental approach and characterization techniques are
listed in the following. The nacreous will be obtained from natural seashell and crashed
into the powder. Nacreous-reinforced-aluminum composites will be made through the
powder metallurgy process. The Vickers hardness tester will obtain the hardness values
of the specimens. The morphology of the nacreous powder will be studied with scanning
electron microscope (SEM). The image analyzing software and water displacement
method will be used to measure the porosity. The energy-dispersive X-ray spectroscopy
(EDS) will be used to understand the chemical reactions or microstructures in the
composites. The potential dynamic test and pin-on-disc wear tests will be conducted in
order to evaluate tribological and corrosive behavior.

The following chapters discuss the experimental results and discussions. Chapter
IV discusses the effects of the nacreous on corrosion resistance. The corrosion
mechanism of nacreous-reinforced composites will be analyzed via observation of
surfaces with SEM and optical microscope. Chapter V discusses the effects of the

nacreous on tribological performance in terms of wear.
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CHAPTER I

EXPERIMENTAL PROCEDURE

This chapter contains experimental procedures to be followed to accomplish this
study. It consists of several sections; materials, powder metallurgy process, and
evaluation methods. The trochus seashell with nacreous microstructure was used for this
study. The powder metallurgy process was conducted to fabricate the nacreous-
reinforced aluminum matrix composites. The Vickers hardness tester, pin-on-disc
tribometer and Gamry instrument were used to evaluate the hardness, wear and corrosion
resistance. The surface of the each specimen was analyzed under scanning electron

microscope (SEM), optical microscope, and profilometer.

3.1. Materials

3.1.1. Sample seashell

Natural trochus seashells were purchased from a local store (Hobby Lobby,
COLLEGE STATION, TX). Trochus seashell has a prismatic microstructure on the
outside and a nacreous microstructure on the inside. Typically, prismatic and nacreous
microstructures show similar Vickers hardness numbers but nacreous has much higher
toughness. The size of the trochus seashell was approximately 6 cm in height and 5 cm
in width, as shown in Figure 8 in SEM images. The details about SEM procedure will be
discussed later in thischapter. Here the left figure of the natural seashell. The right figure

shows nacreous layers of the trochus seashell. The layered structure is of interested.
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Figure 8. The nacreous microstructure of the top shell

3.1.2. Nacreous powder

The sample seashell (trochus) has two types of microstructure. One is a nacreous
and another is a prismatic microstructure. The nacreous was used in this study. The
nacreous microstructure consists of 95% aragonite (CaCO3) crystals and 5 % of nacreous
[7]. The aragonite has a density of 2.83 g/cm? and a melting temperature of 825 °C.

Pure pearly layers of inner shell with a nacreous microstructure were separated
from an outer shell with a prismatic microstructure. To take pure nacreous shells off,
seashells were crushed and split by a hammer and a flat headed driver. The thickness of
the nacreous layer was in a range of 0.52 mm ~ 0.99 mm. Pure nacreous shells were
cleaned with a liquid soap and acetone to remove mud. The nacreous flakes were ground
with a mortar and pestle to make it into powder. The seashell powder was filtered by a

sieve with 53um mesh size.
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3.1.3. Aluminum powder
Aluminum (Al) powder with a density of 2.7 g/cm® and a melting temperature of
660.32 °C was used as a metal matrix. The Al powder (>99% purity) was purchased

from Vlaimet Inc.

3.1.4. Copper (1) oxide powder

The 7.9 wt. % of copper (II) oxide (CuO) powder with a density of 6.31 g/cm?
and a melting temperature of 1,336 °C was added to the matrix in order to increase
hardness. Based on nominal compositions of wrought Al alloy 2000 series (Table 2), 6.3
wt. % of copper and 1.6 wt. % oxygen were added [33]. The CuO powder (>99% purity)

was purchased from Sigma - Aldrich.

Table 2. Nominal compositions of wrought aluminum alloy 2000 series

Percent of alloying elements

Alloy Silicon Copper  Manganese Magnesium  Nickel  Titanium
2008 0.65 0.9 0.38

2018 4.0 0.7 2.0

2024 4.4 0.6 1.5

2036 2.6 0.25 0.45

2117 2.6 0.35

2219 6.3 0.3 0.15
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3.2. Powder metallurgy process
3.2.1. Mixing
Different weight percentages of nacreous powder (0, 1, 2 and 5 wt. %) were
added to the Al and CuO-Al composite to evaluate the effect of nacreous on hardness,
wear and corrosion. Table 3 shows the concentration of the elements in prepared
specimens. Different types of powders were mixed together for 3 hours using the

rotating mixer.

Table 3. Percentage of powder in prepared specimen

Weight percentage of powder in prepared specimens

Powder 1 2 3 4 57 6" 7 8"
Nacreous 1.0 2.0 5.0 1.0 2.0 5.0
Aluminum 100 99.0 98.0 95.0 92.1 91.1 90.1 87.1
Copper 6.3 6.3 6.3 6.3
Oxygen 1.6 1.6 1.6 1.6

** Specimen 5~8 were prepared 2 for each.

3.2.2. Pressing

Powder pressing is a straight forward method to compact powders into solid parts.
To form solid parts called green compacts from powders, the compaction technique with
punch and die was used at room temperature. The word green means that the compact

has not yet sintered [34, 35].
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Compressibility is defined as the ability of powders to form a green compact
during the die compressing process. Having a higher compressibility means having a
higher possibility to be compacted with a higher density [35]. During the compressing
process, the powders fill in the spaces between powder particles. Particle shape and size
have an effect on compressibility. Typically, spherical and small particles can occupy
more spaces [35]. In other words, the density of the green compact (green density)

increases when powders have a spherical shape and smaller particles.

11180 Mpa
Upper punch (b)

(Force)

(a)

(d)

12 mm

3 mm

Green compact

f Ejecting

Figure 9. Powder pressing procedure.
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For each powder pressing, 1 g of mixed powder was poured into the die cavity
with a diameter of 12 mm and length of 3 cm. The circular bars were used as a punch.
The die and punch were made from the steel. The compressing equipment (Midvale-
happenstall Co.) which can put load up to 40000 Ibs, was used as a compaction machine
to produce green compacts.

Circular specimens were pressed with 1180 Mpa for the mixed powders. The
resultant thickness of green compacts was approximately 3 mm. The procedure of

powder pressing is shown in Figure 9.

In the green compact, density is not uniform. The mechanical properties vary
across the volume of the green compact and depend upon compaction pressure.
Therefore, the final green compact will still has porosity and the true density is higher

than the green density [34].

True density
TG [ s s s e

Green density

50%

Density

0%

Compaction pressure

Figure 10. The relationship between green density and true density [34].
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3.2.3. Sintering

The green density of the specimens can be increased by a sintering process.
Sintering is a heating process to reduce the porosity of the bulk volume by a diffusion
mechanism. The sintering temperature is typically two thirds of the melting point (rule
of thumb) of the material. During heating, the pores shrink and the powder grain forms
as a mass [29]. Conventional sintering will reduce the porosity, but will not eliminate all
the porosity. Figure 11 shows diagram of the sintering mechanism.

3.

Grain boundary
Grain

Pore
e— Neck

(a) Before sintering (b) Sintering begins (c) Sintering proceeds

Figure 11. Sintering process [29].

Sintering was conducted by the tube furnace (Thermo Electron Corporation). The
nacre-Al composites were sintered at 440 °C for 6 hours. In the case of the nacre-CuO-
Al composites, two different sintering temperatures and times were applied. One group
of the nacre-CuO-Al composite was heated to 440 °C for 6 hours, and the other nacre-

CuO-Al composite was heated to 500 °C for 0.5 hours.
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3.3. Corrosion test
3.3.1. Polarization technique
Most metals corrode at the interface between the metal surface and the electrolyte
solution through electrochemical reaction [38]. The corrosion process is the combination
of oxidation and reduction. [29]. Corrosion typically happens at an equilibrium point
determined by opposing electrochemical reactions, the anodic and cathodic reaction.

Oxidation takes place in anodic reaction and reduction takes place in cathodic reaction

[38].

AY
*. «—— Extrapolated
\
\\ cathodic current

ﬁ:modic

corr %
Intersection of
E . and i,

Potential (v)
\

Extrapolated
anodic current

pcathodic

Current density

Figure 12. The normal metal polarization curve during corrosion process.
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The electrochemical reactions follow Faraday’s law: the amount of material from
oxidation-reduction reaction is proportional to the amount of passed current flux. The
polarization resistance technique is one of the most useful techniques for determining the
corrosion rate [39].

The corrosion rate can be calculated from establishing the slopes which are
known as Tafel slope extrapolation. [40]. Figure 12 illustrates a normal metal
polarization curve during corrosion process.

In Figure 12, the dashed black lines are the theoretical current for the anodic and
cathodic reactions. The curved green lines are the sum of measured current for the
anodic and cathodic reactions. Calculation of penetration corrosion rate (CR) can be

expressed as follows:

KEW
CR = Leorr p_A

where Lo is a total anodic corrosion current (LA), p is density in g/cm®, A is sample
area in cm?, K is a constant, and EW is the equivalent weight in g/equivalent [38, 41].
The constant K depends on units for corrosion rate (Table 4). In this equation, if Leor 1S
measured, corrosion rate can be calculated. However, lcor cannot be measured directly

from polarization curve.
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Table 4. Units for penetration corrosion rate (CR) [41]

Units
CR Leorr p K Units of K
Mpy nA/cm? g/cm’ 0.1288 mpy g/pA
mm/yr A/m? kg/cm? 327.2 Mm kg/Amy
mm/yr nA/cm? g/em’ 3.27 x 10° Mm g/uA cmy

The start point to measure lcor is from the Tafel equation: where the current
density 7 = Eapplied = Eopen circuit, £ 18 the Tafel slope, io is the exchange current density and

I is the applied current density.
i
n=plog—
0
Therefore, the Tafel slopes can be established from the linear sections on the
polarization curve. The equilibrium point of the anodic and cathodic reaction can be

extrapolated from the Tafel slopes. At the equilibrium point, the potential is the

corrosion potential, Ecorr and the anodic corrosion current (icorr) can be obtained. [42].

3.3.2. Corrosion test procedure

The potential dynamic test was performed using a Gamry instrument REF 600 to
measure the corrosion resistance. The applied voltage range was -1.2 ~ 0.3V. Anodic
and cathodic polarization curves were drawn with a scan rate of 20 mV/s. The exposed
area of the specimens was 0.567 cm?. 3.5 wt% of sodium chloride (NaCl) in deionized

(DI) water was used as a solution. The Gamry instrument is illustrated in Figure 13.
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Figure 13. The gamry instrument.

3.4. Hardness test

3.4.1. Vickers hardness tester

Vickers hardness tester is mostly used to measure the hardness of small parts,
thin sections and selected surface areas. The diamond indenter has the pyramid shape
with 136° angle of opposing 4 indenter faces. To measure the hardness, the square based
pyramidal shaped diamond indenter is moved down under an applied load ranging
between from 1 to 120 kgf. After the indenter ceases the further penetration, the force
remains for 10 to 15 seconds. The diagonals of the permanent impression are observed

under a microscope and measured. The illustration of the Vickers indentation is shown
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in Figure 14. The Vickers hardness number is calculated from the following equation
where P is load and d is diagonal [29, 36].

2Psin(136/2)  1.8544P
dz gz

Square based pyramidal indenter

-

Impression

Sample

-

(a) Vicker indentation (b) Measurement of diagonals

Figure 14. The Vickers hardness tester.

3.4.2. Hardness test procedure

Before each test, a polishing process was performed to avoid errors and to obtain
constant values. The surface of the samples was polished on 3 different grinding papers
of 800, 2400 and 4000 for 4 minutes, successively.

The hardness test was conducted with the Vickers hardness tester (LM 300 AT,

LECO Co.). Uneven surface status of the specimen was considered. Total 10 dispersed
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impressions were made over the surface of the each specimen. The length of the
diagonals was measured using a digital measuring eyepiece on the main body of the

Vickers hardness tester.

3.5. Wear test

3.5.1. Pin-on-disc tribometer

A pin-on-disc tribometer is suited for measuring coefficient of friction and wear
rate. The pin on disc tribometer was named due to the testing method using a pin and a
disc. The pin is loaded under an applied force onto the sample on a rotating disc.

The friction force sensor measures the deflection of the elastic arm during the
experiment. The friction coefficient (n) is calculated with the following equation where
N is the normal force.

F=puN
Wear rate for the materials is determined by the volume loss rate of the materials

during the test [37].

3.5.2. Wear test procedure

The wear test was carried out using a pin-on-disc tribometer (linear reciprocating
mode) from CSM instrument (TRB series). Figure 15 shows the pin on disk linear mode
used for this study. The wear test was performed under 2N normal load at an indoor
atmospheric condition. A sliding distance was 2.8 m with 1 cm/s sliding speed. The

length of the wear track was 2mm. No lubricant was added during the tests.
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Figure 15. The pin-on-disc tribometer.

3.6. Characterization
3.6.1. Wear volume loss measurement
After the pin-on-disc wear test, the wear tracks were analyzed using a
profilometer (P-6, KLA Tencor). The profilometer provides the morphology of the wear
tracks shown in Figure 16. The width and depth of the wear tracks were obtained from

the profilometer and wear volume losses were calculated.

Wear volume loss = Width x Depth x Length

31



Width

Depth (um)

=1 Depth

T T T T T T T T T
- - = P 4 = a

Width (mm)

Figure 16. Obtained morphology of the wear track by the profilometer.

3.6.2. Porosity measurement

The porosity of specimens was measured by the software named ImageJ and the
water displacement method. To compare the porosity in nacreous contained composites,
surface images were taken by optical microscope. The area distributions of the pores
were analyzed, and the porosity of the surfaces was calculated by ImageJ. The process of
the surface porosity measurement is shown in Figure 17. The bulk porosity was
measured in order to compare the porosity between the Al and the CuO-Al composites
by the water displacement method. Before the measurement, specimens were immersed

in the distilled water for 6 hours.

32



Original image

’ ImégeJ, threshold

i ve i

L? B -

4

Filtering (me

Pore areas measurement

A

Saturated bulk

Meace o

~—

dian)

] Water displacement

Wiisplaced = Vbulk

Particle analyzing (a

Vpore = Wsaturared - Wdry

Porosity = Vi,ore / Vi

Water displacement method

Figure 17. Porosity measurements.

3.6.3. Microscopic analysis

rea)

The optical microscope (VHX-600, Keyence) was used to analyze the surface

pores and corroded surfaces. Pores on the surface, types of wear mechanisms, and the

morphology of the nacreous particles after corrosion process were observed from the

optical microscope images. Images were taken using 300x, 500x and 700x magnification.

Two different types of SEM were used for further analysis of the surfaces. Wear

mechanisms and corrosion mechanisms were effectively analyzed by the Vega II LSU

SEM (Tescan). In the range of 5kV ~ 10kV energy of beam was used. Applied working

distance was about 20 ~ 33mm. The image of the nacreous microstructure in the top

shell and EDS mapping images were taken by the Quanta 600 FE SEM (FEI).



CHAPTER IV

CORROSION PROTECTION

This chapter discusses the effects of nacreous particles on corrosion. Due to the
existence of porosity, it is firstly discussed in terms of defects on corrosion protection.
Secondly, the polarization experiments were conducted to measure the corrosion rate.
Next, the types of corrosion are analyzed based on the images of SEM and optical
microscope. Finally, the relationship between nacreous and corrosion mechanism are

discussed.

4.1. Porosity

Porosity influences on the corrosion resistance. Nacreous powders would not
have spherical shape because nacreous powders were produced by a pestle and mortar
with bare hands. Addition of the nacreous powders may cause the pores in the specimens
due to their irregular shapes and sizes. The porosity was measured using the software
Image] and water displacement method. Pores are observed around nacreous grain
(Figure 18). Nacreous grains have larger size than matrix and have irregular polygonal
shape. Porosity could be one of the reasons to affect corrosion. More pores allow more
areas to be attacked from CI" ions. The porosity was measured using the software named
ImageJ and the water displacement method.

Figure 18 shows the mapping images of pores on the surface from optical
microscope images. The 0, 1, 2 and 5 wt% nacre-Al composites show that the

percentages of pore areas on the surface are 0.21%, 0.34%, 0.51% and 1.20%,
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respectively. The measured bulk porosity from the water displacement method shows

CuO-Al composites have less porosity than Al (Figure 19).

B i ; . 50pum

. 50um o sdm | [

Figure 18. Surface porosity analysis.
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Figure 19. Measured bulk porosity.

4.2. Corrosion rate

Tafel slopes were established on the polarization curves in order to obtain the
anodic corrosion current (Icorr). The calculated corrosion rates are listed in Table 5.

Figure .(a) is the polarization curve of the nacre-Al composites. The addition of
the nacreous particles decreases the corrosion rate. 1wt% nacre-Al composite shows the
lowest corrosion rate between specimens. As the nacreous concentration increases, the
corrosion rate goes up more.

This phenomenon can be observed in CuO-Al composites (sintered at 440°C for

6H). In Figure .(b), 1wt% nacre in CuO-Al composite shows much lower anodic
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corrosion current than the others. Like the nacre-Al composite, the corrosion rate goes
up more in 2 and Swt% nacre -CuO-Al composites.

As nacreous concentration increases, the porosity increases. The porosity could
be a reason that 2 and 5 wt% nacre concentration show higher corrosion rate than 1 wt%
nacre concentration. This means that nacre can protect the matrix from corrosion, but the
porosity should be considered to obtain the best corrosion resistance. From the results of
the Nacre-CuO-Al composites’ corrosion test, the importance of porosity control is
clearly shown. In Figure (b), the corrosion resistance of 1wt% nacre-CuO-Al composite
was highly increased compare to 1wt% nacre-Al composite. This may caused by the
oxygen from CuO during the sintering. As the reduction takes place on CuO grain,
oxygen is released from CuO grain. The oxygen may occupy the adjacent pore and
reduces the porosity of the matrix.

Nacreous embedded CuO-Al composites which sintered at 500°C for 0.5 hours
show higher anodic corrosion current than CuO-Al composites in Figure .(c). Unlike Al
and CuO-Al (sintered at 440°C for 6H) composites, nacreous caused higher corrosion
rate in the composites. These composites were undergone 30 minutes heating time
during sintering. Composites would have more defects result from shorter heating time.
The defects are weak against Cl ions attack. The defects may the reason that why the

corrosion resistance decreased in the composites.
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Figure 20. Polarization curves of the specimen.

38



(©) oz

—— CuO-Al
—— 1 wt% nacre in CuO-Al

901 2 wit% nacre in CuO-Al /
—— 5 wt% nacre in CuO-Al /
024 * Sintered at 500°C for 0.5H
g -0.4 4
©
g 06+
3 4
g -08-
-1.0
-1.2 4
-1.4 LRz A L | AR T
1E-5 1E-4 1E-3 0.01
Current density (pA/cmz)
Figure 20 Continued.
Table 5. Corrosion rates of each specimen.
Composite Nacre wt% leorr Ecorr Corrosion rate
0% 5.230 uA -1.130 V 17.66 mpy
1% 1.570 pA -1.020 V 5.311 mpy
Nacre-Al
2% 2.400 pA -1.010 V 8.120 mpy
5% 4.380 pA 918 mV 14.79 mpy
0% 19.40 pA -805 mV 65.27 mpy
Nacre-Al-CuO 1% 2.260 nA -721 mV 7.613¢7 mpy
(440°C, 6H) 2% 62.60 nA 669 mV 210.7¢ mpy
5% 151.0 nA -755 mV 509.5¢> mpy
0% 54.10 uA -704 mV 181.9 mpy
Nacre-Al-CuO 1% 662.0 pA -853 mV 2.227¢* mpy
(500°C, 0.5H) 2% 474.0 pA -904 mV 1.596¢* mpy
5% 929.0 nA -930 mV 3.127¢* mpy
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4.3. Corrosion surface analysis

Corroded surfaces of each specimen were investigated under SEM and optical
microscope. SEM and optical microscope revealed that specimens are underwent the
intergranular and the galvanic corrosion. The localized corrosion along the grain
boundaries is known as the intergranular corrosion. The galvanic corrosion occurs when
two metals are contacted in an electrolyte. The noble metal corrodes preferentially to
another metal [29].

Figure 21.(a) shows localized corrosion on the 1wt% nacre in CuO-Al composite
surface. The intergranular corrosion attacks are identified along the grains boundaries
and pulled out grain regions are observed

The corrosion occurred around specific grains on the specimens containing CuO
in Figure 21.(b, ¢). This indicates corrosion is initiated and spread out from the phase II
in Figure 21.(b). After sintering, CuO changed the color from black to orange like in
Figure 21.(c). The reduction process may takes place on CuO grains and become Cu
grains during the sintering. Because of the potential difference between Al and Cu, the
galvanic corrosion takes place on the interface of Cu and Al grains.

In Figure 21.(d), there are relatively clean surface around nacreous particles and
the impaired area (red arrow) is observed on nacreous particle. This indicates that

nacreous particles are attacked during corrosion process.
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Figure 21. Observed intergranular and galvanic corrosion.
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4.4. Mechanisms

Grain boundaries are crystallographic disordered atomic region [28]. Inherently,
grain boundaries are imperfect and have a high energy structure. When grain boundaries
are exposed to an electrolyte, the less noble grain boundaries have lower corrosion
resistance [43].

In 1940, Dix reported the intergranular corrosion of Cu-Al alloys [44]. During
heat treatment, Cu diffuses along grain boundaries. At the low quenching rate, the Al>Cu
are formed and precipitates at grain boundaries. The zone close to the grain boundaries
become Cu-depleted zone [45]. Galvele and De Micheli reported Cl™ ions affect the
intergranular corrosion of Cu-Al alloys. They studied the intergranular corrosion is
caused by a difference of breakdown potential [46].

The specimens containing Cu show the intergranular corrosion. This mechanism
was similar to Galvele and De Micheli reported. There are 3 phases to be explained a
mechanism of the intergranular corrosion. The phase I is Cu-depleted zone. The Al grain
bodies are phase II and the intermetallic precipitations are phase III (Figure 22). Each
phase have different potentials. The potentials of each phase in Cu-Al alloys had
reported. The potentials of the Cu-depleted zone, the Al grain bodies and the Al,Cu
precipitations are -750 mV, -690 mV and -640 mV respectively [45]. In the studied
specimens, AlxCuy or AlxCuyCa, might be precipitated along the grain boundaries during
sintering. The Cu-depleted zone could be formed in the vicinity of the grain boundaries.

The Cu-depleted zone has higher breakdown potentials than the other phases. The CI°
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ions will attack the Cu-depleted zone preferentially due to the potential differences and
the grain boundaries are dissolved.

The reason why the corrosion initiated on the boundary of the Cu grains can be
explained based on the galvanic corrosion. According to the electrode potential chart, the
Al is less noble than the Cu. When the Al grains and Cu grains are contacted, the Al

grains become an anode. The CI” ions take the electrons from the Al preferentially.

Inter-metallic
precipitations

Organic matrix

L 3
SR B8 ;13&'5‘112;)1'4’1 ;IL"‘:/"'“"! L
B

Depleted zone
(anode)

Cathode

Organic matrix

Galvanic corrosion

Figure 22. Corrosion mechanisms in nacre-reinforced composites.
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The additions of nacreous result in a higher corrosion resistance of the
composites. As discussed in Chapter I, 95% of the nacreous is CaCOj3 and rest of them
are an organic matrix which are the mixture of proteins, chitin, polysaccharides,
glycoproteins, carbonate and calcium. The CI” ions will preferably attack the Ca in the
nacreous because the Ca is much active element than Al and Cu. This could be a

possible mechanism the nacreous protect the Al from the corrosion attack.
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CHAPTER V

TRIBOLOGICAL EVALUATION

This chapter discusses the effects of nacreous particles on wear. The contents
start with discussion about hardness, one of the key properties dominating wear. Next,
frictional behaviors are analyzed in order to check if nacreous influence on friction
coefficient. Finally, the effects of nacreous on wear are discussed with wear evaluation

and mechanisms.

5.1. Hardness
The procedure of hardness measurement was described in Chapter III. Results

are discussed in the following.

5.1.1. Hardness

The hardness data is shown in Figure 23. Results show that in nacre-Al and
nacre-CuO-Al composites, as nacreous concentration increases, hardness increases.
Aluminum-copper oxide composite has higher hardness. Different sintering temperature
and time affected the hardness. In nacre-Al and nacre-CuO-Al composites, 2 wt%
nacreous concentration shows slightly higher hardness than that of 1 wt%. The sample
having 5 wt% nacreous concentrations is clear to be harder than the reference. Especially,
this specimen was sintered at 500°C for 0.5 hour with an increase of 32% in comparison
with the pure aluminum. In the group of 7.9wt% CuO in Al specimens, longer sintering

time reduce the hardness value. Longer heating time introduces the recrystallization of
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the aluminum matrix. This is the reason why 7.9 wt% CuO in Al which sintered at

440°C for 6 hours show lower hardness value.

m Al
45 ® 7.9wt% CuO - Al (Sintered at 440°C for 6H)
A 79 wt% CuO - Al (Sintered at 500°C for 0.5H)
40 1
g 35 4 } %
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Nacreous wt%

Figure 23. Vickers hardness test results.

5.1.2. Particle size and shape
Particle size and shape affect the hardness. The way of strengthening metals are

restricting the dislocation motion. Hindering the mobility of dislocation influence on
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how easy plastic deformation happens. Low dislocation mobility and high tendency of
plastic deformation occurring enhance the hardness. One of strengthening mechanism is
reducing the grain size. A small grained material has more grain boundaries to restrict

dislocation motion. [31]. Figure 24 shows grain size and shape of powders.

RITH

Figure 24. Grain size and shape of the used powders (a) Al (b) CuO (c) nacreous
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The Al and CuO powder has about 5 um ~ 30 pm grain size in spherical shape.
The nacreous powder has more wide range of grain size from 5 pm ~ 53 um in irregular

polygonal shape. In Figure 24 (c), the arrows indicate nacreous layers in seashell powder.

5.1.3. Increased oxygen

The specimens containing CuO show higher hardness. The presence of the
oxygen in CuO-Al composites could be a reason. EDS mapping analysis was conducted
to evaluate the amount of the oxygen. Figure 25 shows the EDS mapping images before
and after sintering of the CuO-Al composites.

EDS analysis indicated that more oxygen was observed after sintering. The
amount of oxygen was increased up to twice as pre-sintering in the CuO-Al composite.
Most likely because oxidation took place on the matrix and Al,O3 are formed. In Figure
26, CuO-Al composite has more amount of oxygen than pure Al. During the sintering,
Al obtains more oxygen from either CuO or air. The increased amount of oxygen is the
reason that the specimens containing CuO show higher hardness than Al based

composites.
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Figure 25. The energy-dispersive X-ray spectroscopy analysis.
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Figure 26. Increased oxygen in the composite.

5.1.4. Hardening mechanism
There are two types of particle-reinforced composites made here: large particle
and dispersion strengthened composites. Reinforced particle size is the only difference

between particle reinforced composites. Large-particle composites are considered as a
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continuum mechanics. The particle-matrix interactions are not dealt with at the atomic or
molecular level. When the reinforced particles size are 10 ~ 100 nm, it is treated on
dispersion strengthened composites [31]. In this study, hardening mechanism follows the

large particle reinforced composites.

Load

Work hardening
(Pot)

Figure 27. Hardening mechanism.

During the hardness test, impressing tip of indenter generates stress in the
vicinity of indentation. As a consequence, dislocations are generated and local plastic

deformation takes place along the plastic flow line. As the indenter moves down,
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dislocation mobility increases and more dislocations are generated. When the
dislocations meet the nacreous particles, the nacreous particles hinder the dislocation
movement. The dislocations are not able to move further. Dislocation density in the
plastic zone increases because of dislocations pile up and new dislocations form
continuously. The distance between the each dislocation decreases and become close
together. Closed dislocations hinder their movement and work hardening occurs. This is
the reason that why the higher concentration of nacreous particles increase hardness.

This process is schematically illustrated in Figure 27.

5.2. Frictional behavior
Results in Figure 28 showed that the friction of all samples was about the same.
In the figure, Al and 1 wt% Al shows relatively higher friction coefficient but most case
of each specimen represent similar mean values and overlapped error bars. In the friction
coefficient versus time graphs (Figure ), all cases show very similar movements of plot.
This indicates that nacreous does not influence on friction coefficient. This is because
non-abrasive nacreous particles don’t increase the friction coefficient and friction

coefficient test was conducted without any lubrication.
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Figure 28. Friction coefficient test results.
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Figure 29 Continued.

5.3. Wear study

Wear test results are discusses in the following sections. The effects of nacreous

on wear are analyzed with SEM images.

5.3.1. Wear volume and rate

According

increases. The addition of nacreous increases the hardness of all reference specimens (Al
and 7.9 wt% CuO-Al with different sintering time). In the wear volume loss versus
nacreous concentration chart in figure 8, reference specimens lost more wear volume
than the specimens with nacreous. However, there are no big differences on wear

volume loss among 1, 2 and 5 wt % nacreous concentrations except 5 wt% nacre in

to Archard equation, as the hardness increases wear resistance
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CuO-Al (sintered at 500°C for 0.5H). The 5 wt% nacre in CuO-Al (sintered at 500°C for

0.5H) decreases 37% wear volume loss compare to the pure aluminum.
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Figure 30. Wear test results.

5.3.2. Wear mode analysis
Worn surfaces of each specimen was analyzed using an SEM. Pure Al, 1 wt%

nacre in Al, 2 wt% nacre in CuO-Al (sintered at 440C for 6 hours), and 5 wt % nacre in
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CuO-Al (sintered at 500C for 0.5 hours) composite were analyzed based on the hardness
and wear test results. Abrasive and adhesive wear mechanisms were observed in general
under dry sliding condition.

On pure Al wear surface, observed wide and deep grooves are the evidence of the
abrasive wear mechanism (Figure 32.a). When the hard curved surface of the counter
face (stainless steel ball) contacts the relatively soft surface of the Al, two surfaces are
interlocked. Hard counter face ploughs the soft surface of the Al. As a result, Al
undergoes volume loss and grooves are formed on the surface. Forming a groove
indicates that the material is ductile. The groves formed due to abrasive wear [34].

Brittle fracture was also observed on the Al surface. In case of abrasive wear on
brittle material, ploughing cause a median or lateral crack [34]. The top arrow in the
Figure 33.(a) indicates lateral crack on the Al. The abrasive wear mode of brittle and
ductile material are illustrated in Figure 31.(a).

The adhesive wear was present in and near the grooves in Al. This was evidenced
with large pull-outs found on the wear surface as shown in the Figure 10, more so on the
wear track. In the same figure, Figure 32.(e, f), there were wear particles found on the

stainless steel ball. This process is illustrated in Figure 31.(b).
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Figure 31. Wear mode (a) abrasive (b) adhesive.
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Samples of 1 wt% nacre-Al and 2 wt% nacre-CuO-Al (sintered at 440C for 6
hours) show the brittle characteristic. These composites have abrasive and adhesive wear
mechanism like pure Al, but Figure 32. (b, c¢) shows less grooves and larger fractured
wear surface than pure Al. This phenomenon demonstrates that the material became
more brittle.

On the surface of the 5 wt% nacre-CuO-Al (sintered at 500C for 0.5 hours)
composites, an evidence of the material recovered the ductility was identified. As seen in
Figure 32. (d), wide fractured areas exist on the wear track but wide grooves are
observed like pure Al. This mechanism is followed by the characteristic of nacreous
microstructure. The unique brick and mortar type nacreous architecture enhances the
fracture toughness.

For further investigation of wear mechanisms, cross section of the wear tracks
are observed. On the cross section of pure aluminum, deep and long grooves are
observed parallel to sliding direction (Figure 33.a). Lateral crack is observed as well. A
sample of 1 wt% nacre-Al composite shows fewer grooves and more fractured surface.
This indicates that 1 wt% nacre-Al composite has more brittleness than Al. The grooves
exhibit again in 5 wt% nacre-CuO-Al composite (sintered at 500°C for 0.5 hours). The
morphological characteristic represents that the mechanical behaviors are changed

between ductile and brittle.
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Figure 33. Cross sections of wear tracks.

Wear debris were collected after wear test in order to study wear mechanisms.
The size of wear debris depends on the wear resistance of the material. Comparing the
wear particle size provides the information of wear mechanism.
Samples of 1 wt% nacre in Al, 2 wt% nacre-CuO-Al (sintered at 440°C for 6 hours) and
5 wt% nacre-CuO-Al composite (sintered at S00°C for 0.5 hour) mostly consist of small
wear particles whereas pure Al has relatively large wear particles (). These debris are

brittle in nature and might be formed due to crack propagation. If the material has a poor
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crack resistance, cracks propagate further. The counter-face push the propagated surface
and wear particles are pulled out from the surface. As a result, large wear particles are

formed.

Figure 34. Wear debris.
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Figure 35. The process of generating large wear particles.

5.3.3. Mechanisms

A crack propagated toward the nacreous particles and was blocked by nacreous
particle (Figure 36). The generated cracks’ paths were linked to nacreous particles. The
nacreous has the irregular polygonal shape and poor interfacial bonding between matrix
and nacreous. The voids are formed around nacreous and cracks propagate toward
nacreous particle.

As mentioned in Chapter I, the nacreous layers are interlocked with the wavy
shaped platelets and nanoasperities on the surface. These nanostructural features provide

crack resistance in the composites (Figure 37.a).

63



Figure 36. Nacreous particle blocks crack propagation.

When the crack propagates to nacreous particle in the composite, nacreous layers
are exposed to tensile strength. Until a critical loading point before fracture, layers begin
to slide within a dilatation band. The slip of the platelet in the dilatation band is
restrained due to the nanoasperities on the platelet surface. To pass the asperities for
further sliding, the material dilates to transversal direction. This dilatation causes the
compressive stress in the dilatation band which contributes the strain hardening [14].
Higher resistance of shear stress is required to achieve strain hardening. The
nanoasperities and waviness of the aragonite platelets increase friction between two
adjacent rows of platelet. [8, 14].

The brick and mortar type architecture of the nacreous is another main source of

crack resistance (Figure 37.b). The aragonite platelets are hard and brittle. The interfaces
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between the aragonite plates are relatively soft. When the crack propagates and
encounters the nacreous particle in the composite, the crack deflection takes place along
the interfaces between the aragonite plates. These two mechanisms increase wear

resistance.
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Figure 37. Crack resistance of nacreous in composite.



CHAPTER VI

CONCLUSIONS AND FUTURE RECOMMENDATIONS

6.1. Conclusions
A novel composite has been developed to improve corrosion and wear resistance.
The nacreous-reinforced-aluminum matrix composite is produced using a powder
metallurgy process. Evaluation of properties and behavior of the material was carried out
using various experimental techniques, including electrochemical, indentation, and
tribological tests. Followings are the main findings in this research.

1. Nacreous particles increase corrosion resistance. The calcium in the
nacreous particles protects the matrix from corrosion attack.

2. As the nacreous concentration increases, the hardness increases. The
interlocked nacreous microstructure enhances the hardness. During the
hardness test, nacreous particles block the motion of dislocations, and
the dislocation density increases. Work hardening takes place due to
closed dislocations and hardness increases.

3. The specimens containing CuO show higher hardness. EDS mapping
analysis revealed that oxidation takes place on the matrix during the
sintering. A sample of 5 wt% nacre in CuO-Al (sintered at 500°C for
0.5h) shows 32% higher hardness than the reference specimen of pure

Al
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4. Nacreous increases wear resistance. The structure of nacreous enables
blocking of crack propagation. As such the 5wt% nacre in CuO-Al
(sintered at 500°C for 0.5h) decreases 37% wear volume loss compared

to pure Al

6.2. Future recommendations
In the case of the nacreous particle, the thickness of the nacreous layers is one of
the key factors for enhancement. Thick nacreous layers enhance their hardness and
fracture toughness. There will be critical nacreous particle size to obtain the best
hardness as the reinforcement. The critical nacreous particle size should be determined.
Experimental validation of the proposed corrosion mechanism is suggested to be

carried out.
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