Foundations of Engineering Physics: A Contextual Introduction for Emerging
Engineers in Africa

Chapter 11: Materials Science

This unit introduces the fundamental concepts of materials science, bridging the
gap between pure physics (atomic theory, thermodynamics, electricity) and
practical engineering applications. It focuses on the central paradigm of materials
science: the interrelationship between Processing, Structure, Properties, and

Performance.

Students will move beyond macroscopic observations to understand why materials

behave the way they do based on their atomic and microscopic arrangements.

1. Overview of Materials Science: Definition, History, and
Modern Relevance

Materials Science is not merely a catalogue of substances; it is the study of why
materials behave the way they do. The central principle of the field is represented
by the Materials Science Tetrahedron, which illustrates the four-way

interdependence of:

1. Processing: How a material is manufactured (e.g., casting, forging, 3D
printing).

2. Structure: The internal arrangement of components, from the atomic scale
to microscopic grains.

3. Properties: The material's response to an external stimulus, such as heat,
electricity, or a physical load.

4. Performance: How effectively the material functions in a specific, real world

application
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Materlal Science Tetrahedron

Propertlés

Figure 11.1: Materials Science Tetrahedron (Gemini prompt generated Image)
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Figure 11.2: Timeline of materials and tools (Gemini prompt generated image)

e Civilisation is often classified by the dominant material used:
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e Stone Age, Bronze Age, Iron Age: marked human mastery over

progressively harder-to-process materials to create superior tools.

e Modern Era (The "Silicon Age" or "Plastic Age"): Characterised by the
ability to engineer materials from the atom up to suit specific needs, rather

than just using what is naturally available.

Modern Relevance in Engineering Physics: Virtually every engineering

advance is limited by available materials.

e Aerospace: Needs high strength-to-weight ratios and resistance to

extreme temperature changes (e.g., carbon fiber composites, superalloys).

e Electronics: Driven by semiconductor physics, allowing for miniaturisation

(Moore's Law).

e Energy: Requires materials for better battery electrodes, efficient solar

cells, and high-temperature superconductors for lossless transmission.

1. Classification of Materials
Materials are scientifically grouped based on their chemical makeup and the nature

of their atomic bonding.
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11.1Metals

METALLIC BONDING

Figure 11.3: Metallic bonding (ttsz/Getty Images)

e Structure: Composed of metallic elements (Fe, Al, Cu, Ti) usually arrange
in orderly crystalline structures. Atoms are held together by a "sea of
delocalized valence electrons”, which are free to move throughout the

lattice.
e Key Properties:
o High electrical and thermal conductivity (due to free-moving electrons).

o High strength but usually ductile (capable of being drawn into wires or

hammered thin without breaking).

o Opaque and reflective.

11.1.1 Ceramics

e Structure: Compounds between metallic and non-metallic elements (e.qg.,
oxides, nitrides, carbides). Examples: Alumina (Al,O3), Silica (SiO5), Silicon

Carbide (SiC). Bonding is usually ionic or strongly covalent.
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FUNDAMENTALS OF CERAMIC COMPOUNDS: STRUCTURE AND PROPERTIES
)

[ & Ceramic Compounds: Solid inorganic, non-metallic materials formed by metallic and non-metallic elements.
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Figure 11.4: ceramic compounds structure and properties

e Key Properties:

They are extremely hard and resistant to high temperatures but suffer

from being brittle (they shatter rather than bend under stress).

O

o Electrons are tightly bound, making ceramics excellent insulators.

o High resistance to chemical corrosion.

11.1.2 Polymers

e Structure: Made of very long molecular chains (macromolecules) based on

carbon, hydrogen, and other non-metals. They are lightweight, flexible, and
chemically resistant.

Thermoplastics (e.g., Polyethylene, PVC): Chains melt when heated
and reshape.

Thermosets (e.g., Epoxies, vulcanized rubber): Permanent network

structure; they decompose rather than melt upon reheating.
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FUNDAMENTALS OF POLYMER COMPOUNDS: STRUCTURE AND PROPERTIES

( Polymer Compounds: Large molecules composed of repeating structural units, formed by synthetic or natural elements. )
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Figure 11.5: Polymer compounds structure and properties
e Key Properties:
o Low density (lightweight).
Highly flexible and easily formed into complex shapes.

Generally poor conductors of electricity and heat.

11.1.3 Composites

Structure: A multiphase material composed of two or more chemically
distinct materials combined to achieve properties better than either

individual component. Usually consists of a matrix (continuous phase, often

polymer or metal) and a reinforcement (dispersed phase, like fibers or

particles).

e Examples:
Fiberglass: Glass fibers (strong but brittle) embedded in a polymer

o

matrix (tough but weak).
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o Concrete: Aggregate (sand/gravel) bonded by cement.

11.1.4 Advanced Materials (Semiconductors)

e Crucial for physics and electrical engineering. Their electrical properties are
intermediate between conductors and insulators and are highly sensitive to
extremely small concentrations of impurity atoms (doping). Example:

Silicon, Gallium Arsenide.

11.2 Atomic Structure and Interatomic Bonding

The properties of a material are ultimately determined by the nature of the forces
holding its atoms together.

The Physics of Bonding: Atoms bond to achieve the lowest possible energy
state. The equilibrium spacing between atoms occurs where the net force between
them is zero (balance between attractive and repulsive forces). The depth of this
energy potential well relates to the melting point and stiffness (modulus) of the

material.

11.3 Primary Bonds (Strong, involving valence electrons):

11.3.1 lonic Bonds:

o Mechanism: Complete transfer of electrons from an electropositive atom
(metal) to an electronegative atom (non-metal), creating strong
electrostatic attraction between ions (Coulomb force).

o Characteristics: Non-directional bond. resulting materials are hard, brittle,

and electrically insulating (typical of ceramics).
11.3.2 Covalent Bonds:

o Mechanism: Sharing of valence electrons between adjacent atoms to fill

outer electron shells.
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o Characteristics: Highly directional bond. Can be very strong (diamond) or
result in long chains (polymers).

11.3.3 Metallic Bonds:

o Mechanism: Valence electrons are not bound to any specific atom but form
a "sea" or "cloud" that drifts throughout the entire metal structure, holding
the positive ions together.

o Characteristics: Non-directional. Explains high conductivity and ductility
(atoms can slide past one another without breaking the bond),typical of

metals.
11.3.4 Secondary Bonds (Weak):

e Van der Waals / Hydrogen Bonds: Weak attractions arising from
temporary or permanent electric dipoles between molecules.
e Relevance: They significantly influence the physical properties of polymers

(holding the chains together) and liquids.

11.4 Crystallography: Understanding the Solid State
Solid materials are classified by the regularity of their atomic arrangement.
11.4.1 Crystalline vs. Amorphous:

e Crystalline Material: Atoms are situated in a repeating, periodic array over
large atomic distances (long-range order). Most metals and many ceramics
are crystalline.

e Amorphous Material (Non-crystalline): No long-range atomic order. The

structure resembles a "frozen liquid." Examples: glass, many plastics.
11.4.2 Crystal Structure Concepts:

e Lattice: A 3D grid of points designating atomic positions.
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e Unit Cell: The smallest repeating unit that describes the crystal structure.

e Common Metallic Crystal Structures:

o

o

Face-Centred Cubic (FCC): Atoms at corners and centre of each face.
Tends to be highly ductile (e.g., Aluminum, Copper, Gold).

Body-centred Cubic (BCC): Atoms at corners and one in the dead centre.
Often stronger but less ductile at low temps (e.g., Iron below 912°C,

Tungsten).

Real Crystals are Imperfect: Real materials contain defects, which profoundly

affect properties, especially mechanical strength and electrical resistance.

e Point Defects:

(o]

O

Vacancy: A missing atom in the lattice site.

Interstitial: An extra atom squeezed into the void space between regular
atoms.

Substitutional Impurity: A different type of atom replacing a host atom

(the basis of alloys like brass = copper + zinc).

e Line Defects (Dislocations):

o

o

An extra half-plane of atoms inserted into the crystal lattice.

Importance: Dislocations are the primary mechanism responsible
for plastic (permanent) deformation in metals. When stress is
applied, dislocations move, allowing planes of atoms to slip past each
other. Restricting dislocation movement makes a metal harder and

stronger.

e Interfacial Defects (Grain Boundaries):

(0]

Most crystalline solids are polycrystalline, meaning they are made of
many small crystals (grains) with different orientations. The boundary
between them is a "grain boundary." Smaller grains mean more
boundaries, which impede dislocation movement, leading to stronger

materials.
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11.5 Properties of Materials

11.5.1 Mechanical Properties (Response to applied loads)

e Stress (0): Force applied per unit area (o = %). Units: Pascals (Pa) or MPa.
e Strain (€): The resulting deformation; change in length divided by original
length (e = ?). Unitless.
0

e Elastic Deformation: Reversible deformation. The material returns to its
original shape when load is removed.

e Governed by Hooke's Law:.o = E - €, where E is Young's Modulus (a
measure of stiffness or resistance to elastic deformation).

e Plastic Deformation: Permanent, non-recoverable deformation occurring
after a critical stress level (the Yield Strength) is exceeded.

e Ductility: A measure of how much a material can plastically deform before
fracturing.

e Toughness: The total amount of energy a material can absorb before
fracturing (area under the entire stress-strain curve).

e A material must be both strong and ductile to be tough.
11.5.2 Electrical Properties (Response to electric fields)

e Based on Band Theory: Electrons exist in discrete energy levels grouped

into "bands."
o Valence Band: Filled with outer shell electrons.
o Conduction Band: Higher energy band where electrons are free to

move and conduct electricity.
o Energy Gap (Band Gap): The forbidden energy zone between
valence and conduction bands.
e Conductors (Metals): Valence and conduction bands overlap. Electrons
move easily.
e Insulators: Wide band gap. Large energy needed to jump to conduction
band.
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Semiconductors: Narrow band gap. Thermal energy or doping can bridge

the gap.

11.5.3 Thermal Properties (Response to heat)

Heat Capacity: The ability of a material to absorb heat from its
surroundings. Physically, this represents the energy required to increase
vibrational motion of atoms in the lattice (phonons).

Thermal Expansion: Materials expand upon heating because the
interatomic potential energy well is asymmetric; as atoms vibrate more
vigorously at higher temperatures, their average separation distance
increases.

Thermal Conductivity: The ability to transfer heat. Occurs via lattice
vibrations (dominant in ceramics) and free electrons (dominant in metals,
which is why good electrical conductors are usually good thermal

conductors).

1154 Magnetic Properties

Originates from electron spin and orbital motion.

Ferromagnetism: Permanent magnetic moments align parallel to each
other in regions called domains (e.g., Fe, Ni, Co).

Paramagnetism & Diamagnetism: Weak magnetic responses present in

all materials, usually overshadowed by ferromagnetism if present.

11.6 Material Selection and Design

Engineering is about optimizing trade-offs.

Performance Criteria: An engineer must define the required properties
(e.g., "must withstand 500 MPa of tension at 300°C while conducting
electricity”).

Processing-Structure Link: How we make it changes what it is.
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o Example: Cooling molten steel slowly results in large grains (softer, more
ductile). Cooling it instantly (quenching) locks in a different structure and
small grains (harder, brittle).

e Economics: A titanium alloy might be the perfect performance choice for a
car bumper, but steel is used due to cost.
e Sustainability (Life Cycle Analysis): Considering the energy burden of

mining, refining, toxicity during use, and recyclability at end-of-life.

11.7 Future Frontiers in Materials Science

e Nanomaterials: Materials where characteristic dimensions are less than
100 nanometres. At this scale, quantum mechanics dominate, and surface
area-to-volume ratios are huge, leading to unique properties (e.g., Carbon
Nanotubes, Graphene).

e Smart Materials: Materials that sense a change in their environment and
respond in a predictable manner (e.g., Shape Memory Alloys that return to
an original shape when heated; Piezoelectric ceramics that generate
voltage when stressed).

e Biomaterials: Materials designed to interface with biological systems to
evaluate, treat, augment, or replace any tissue, organ, or function of the
body.

Activity 11.1
Field Practical: Visit a local materials processing plant or foundry. Observe the
stages of material production, testing, and recycling. Prepare a brief report linking

observed processes to material properties discussed in class.

Exercises
1. Good electrical conductors, such as metals, are typically good conductors of
heat; electrical insulators, such as wood, are typically poor conductors of heat.
Explain why there should be a relationship between electrical conduction and

heat conduction in these materials.
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. You are designing a satellite that will orbit the Earth for several years. What kind
of materials would you use for the outer shell and why? Consider the factors such
as thermal expansion, corrosion, radiation, and weight.

. Explain what is meant by minority and majority carriers in an p-type material and
state whether the numbers of each of these carriers are affected by temperature.

. Explain how grain structure affects strength in metals.

5. Compare the mechanical properties of a metal and a polymer under tension.
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