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Vision and Mission of the Department

VISION: To offer quality technical education in the field of Metallurgical Engineering with
orientation towards industry, entrepreneurship, higher education and to strive for developing
professionally competent technicians meeting the needs of the global economy.

MISSION:

M1: To develop students in the field of Metallurgical Engineering as highly motivated,
skillful and qualified manpower for employment and higher learning.

M2: To promote a conducive environment for all round development of students.

M3: To promote linkages with external agencies to meet changing needs of industry and
society.

M4: To Improve Laboratories
Program Education Objectives (PEOS)

PEO 1: Diploma professionals will be able to make a successful career in metallurgical
industries or higher studies to meet the needs of future requirements.

PEO 2: Diploma metallurgists will have technical and behavioral competencies through
adequate exposure to industry.

PEO 3: To impart technological knowledge and skills for solving real-time engineering
problems.

PEO 4: To develop human resources with capabilities of effective communication, moral
values and socially responsible.

RATIONALE:

A course on advanced materials is crucial because these materials are essential for driving
innovation and solving real-world problems across various industries, from healthcare to
energy and transportation, by enabling lighter, stronger, and more efficient products and
processes.

COURSE OUTCOMES:

CO1. Know the classification and significance of advanced materials used in modern
industries, including metals, ceramics, polymers, and composites.

CO2. Analyze the properties, processing techniques, and applications of corrosion-resistant
alloys, super alloys, and nanomaterial.

COa3. Explain the classification and properties of advanced materials such as super alloys,
smart materials, and composites.
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Syllabus

Units

Topics/Sub-topics

Hours

Unit-1

Introduction to Advanced Materials:

Definition and classification of advanced materials.

« The driving forces behind advanced materials research and
development.

« Comparison between conventional and advanced materials
 Applications of advanced materials in various fields (aerospace,
automotive, electronics, biomedical, etc.).

Unit-11

Metallic Advanced Materials & Applications:

« High-performance alloys (Nickel, Titanium, and Cobalt-based alloys)
« Corrosion Resistant Alloys: Stainless Steels (304,316), Magnesium-
aluminum alloys (5000 Series (e.g., 5052,

5083), Cobalt-Based Alloy

« Superalloys: Types, manufacturing methods (Directionally solidified
casting, Single-crystal casting) properties, and applications

+ Shape Memory Alloys (SMA) — Nitinol, Cu-Al-Ni alloys

» Metallic Glasses (Amorphous Metals): Formation and properties of
metallic glasses, Applications of

metallic glasses.

15

Unit-111

Polymer Matrix Composites & Ceramic Matrix Composites:
Introduction to Polymers and types

* Polymer Matrix Composites (PMCs):

o Types of reinforcing fibers (glass, carbon, aramid).

0 Manufacturing techniques (lay-up).

o0 Properties and applications of PMCs.

Introduction to ceramics

+ Ceramic Matrix Composites (CMCs):

o Reinforcement of ceramic matrices with fibers or particles.

o High-temperature applications of CMCs.

10

Unit-1VvV

Nanomaterials, Smart Materials & Emerging Trends in Advanced
Materials:

» Nanomaterials:

o Introduction to Nanomaterials

o Classification of nanomaterials (0D, 1D, 2D, 3D).

0 One Synthesis method each of 0D, 1D, 2D & 3D nanomaterials.
« Carbon Nanotubes (CNTs) and Graphene:

o0 Structure, properties, and applications of CNTs and graphene.

« Smart Materials:

o Definition and classification of smart materials.

* Piezoelectric Materials:

0 Piezoelectric effect and applications.

* Energy storage materials (batteries, fuel cells).

+ Materials for sustainable development.

15
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MODULE 1

Introduction & Classification of
Advanced Materials

Overview, Classification, Applications
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Introduction to Advanced Materials

1. Introduction

Advanced materials are materials that have been specially designed, engineered, or processed to exhibit superior
or novel properties compared to conventional materials — such as higher strength-to-weight ratio, greater
corrosion and temperature resistance, or the ability to sense and respond to external stimuli. They form the
foundation of innovation across aerospace, automotive, electronics, energy, and biomedical industries, enabling
products that are lighter, stronger, more durable, and often ‘smarter' than what conventional materials can offer.
Studying advanced materials means understanding not just what a material is made of, but how its composition,
microstructure, and processing route are engineered together to achieve a targeted set of properties for a specific
application.

2. Definition and Classification of Advanced Materials

2.1 Definition

An advanced material can be defined as a material — metallic, ceramic, polymeric, or composite — whose
composition and internal structure are deliberately engineered at the macro, micro, or nano scale using modern
science and technology, so as to achieve enhanced, unusual, or multifunctional properties not found in traditional
materials.

2.2 Classification
Advanced materials are broadly grouped into the following classes:

» Metallic Advanced Materials: high-performance alloys such as nickel-, titanium- and cobalt-based alloys;
superalloys; shape memory alloys; and metallic glasses — valued for strength, high-temperature capability,
and corrosion resistance.

» Ceramic Materials & Ceramic Matrix Composites (CMCs): inorganic, non-metallic materials reinforced to
overcome brittleness, offering excellent hardness and high-temperature stability.

» Polymers & Polymer Matrix Composites (PMCs): lightweight organic materials reinforced with fibers (glass,
carbon, aramid) for high specific strength.

« Nanomaterials: materials engineered with at least one dimension at the nanoscale (0D, 1D, 2D, 3D), showing
enhanced properties due to high surface area and quantum effects.

» Smart/Functional Materials: materials that sense and respond to external stimuli such as stress, temperature,
or electric field — e.g., piezoelectric materials and shape memory alloys.

These classes are further divided as structural materials (primarily selected to bear mechanical load, e.g.,
superalloys, CFRP) and functional materials (selected for a specific response or function, e.g., piezoelectric
sensors, SMAS).

3. Driving Forces Behind Advanced Materials Research and Development
Several converging needs push continuous research into new and improved advanced materials:
» Weight reduction: aerospace and automotive industries need lightweight, high-strength materials to improve
fuel efficiency and payload capacity (e.g., titanium alloys, CFRP replacing steel).

 Extreme operating conditions: gas turbines, rocket engines, and re-entry vehicles demand materials that retain
strength and resist creep, oxidation, and thermal shock at very high temperatures (superalloys, CMCs).

+ Corrosion and wear resistance: chemical, marine, and biomedical environments require materials resistant to
degradation over long service life (stainless steels, cobalt alloys).

+ Miniaturization and performance in electronics: the push toward smaller, faster devices drives nanomaterials
and 2D material research (graphene, CNTSs, semiconductors).
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« Functional/'smart' response: robotics, medical devices, and sensors need materials that can sense and actuate
(piezoelectric materials, SMAS).

« Sustainability and energy efficiency: growing demand for recyclable, low-carbon-footprint materials and
better energy storage (batteries, fuel cells) is driving materials innovation for a greener future.

 Biocompatibility: the medical field needs materials that are non-toxic, corrosion resistant in the body, and
mechanically compatible with tissue (titanium, Nitinol, biocompatible polymers).

4. Comparison Between Conventional and Advanced Materials

Aspect Conventional Materials Advanced Materials
Composition/Processing |Simple composition, standard |Engineered composition,
processing (casting, rolling) precision/high-tech processing
(CVD, directional solidification
nano-synthesis)
Property level Moderate strength, stiffness,|Superior, tailored strength, high
thermal/corrosion resistance temperature stability,
multifunctional response
Cost Low to moderate High (specialized raw materials &
processing)
Structure control Limited control over|Microstructure/nanostructure
microstructure precisely controlled
Examples Mild steel, ordinary glass,|Superalloys, CFRP, CMCs, CNTSs,
common plastics smart materials
Typical use General construction, everyday |Aerospace, biomedical implants,
products electronics, energy systems

In short: conventional materials are chosen for general-purpose, cost-effective use where moderate performance is
acceptable, while advanced materials are chosen when the application places extreme, precise, or multifunctional
demands on the material that conventional materials cannot meet.

5. Applications of Advanced Materials in Various Fields

5.1 Aerospace
« Titanium alloys and nickel-based superalloys for airframes, jet engine turbine blades, and rocket components.

« Carbon-fiber-reinforced polymer (CFRP) composites for fuselage and wing structures (e.g., Boeing 787,
Airbus A350).

+ Ceramic matrix composites (CMCs) for hot-section engine parts and thermal protection/heat shields during
re-entry.
5.2 Automotive

» High-strength steel and aluminum-magnesium alloys for lightweight vehicle bodies improving fuel
efficiency.

 Polymer matrix composites for body panels, bumpers, and interior structural parts.

+ Advanced battery materials (lithium-ion) for electric vehicle powertrains.

5.3 Electronics

« Semiconductors and nanomaterials (graphene, CNTSs) for faster, smaller, and more energy-efficient devices.
« Piezoelectric materials in sensors, actuators, and touch/ultrasonic devices.
 Advanced conductive and insulating polymers in flexible electronics.
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5.4 Biomedical
« Titanium and cobalt-chromium alloys for orthopedic implants (hip/knee replacements).
« Nitinol (shape memory alloy) for self-expanding cardiovascular stents and orthodontic wires.
+ Biocompatible and biodegradable polymers for drug delivery systems and sutures.

5.5 Other Fields

« Energy: advanced materials in solar cells, fuel cells, and battery electrodes support the transition to clean
energy.

 Sports goods: metallic glasses and composite materials in golf clubs, bicycles, and protective equipment.
+ Defense: aramid-fiber (Kevlar) composites in ballistic protection and armor.

6. Diagram

Fig 1.1 Classification of Advanced Materials

Advanced Materials

el e T

Metals & Ceramics & Polymers &
Alloys CMCs PMCs

Smart

Nanomaterials Materials

Figure 1.1 shows how advanced materials are broadly classified into five major groups, each of which is further
engineered and processed for targeted structural or functional applications.

7. Quick Summary
« Advanced materials are engineered materials with superior or tailored properties, achieved through controlled
composition, microstructure, and processing.

e They are classified into metals & alloys, ceramics/CMCs, polymers/PMCs, nanomaterials, and smart
materials.

» Key driving forces: weight reduction, extreme-condition performance, corrosion/wear resistance,
miniaturization, smart functionality, sustainability, and biocompatibility.

« Compared to conventional materials, advanced materials offer higher, more precisely controlled properties,
but at greater cost and processing complexity.

« Applications span aerospace, automotive, electronics, biomedical, energy, sports, and defense sectors.
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Unit-wise Questions — Module 1

2-Mark Questions

No. Question

1 Define advanced materials.

2 List any two driving forces for advanced materials research.

3 Give two applications of advanced materials in aerospace.

4 Differentiate conventional and advanced materials in one line each.

5 Name any two classes of advanced materials.

5-Mark Questions

No. Question

1 Explain the classification of advanced materials with suitable examples.

2 Discuss the driving forces behind the research and development of advanced
materials.

3 Compare conventional and advanced materials with respect to properties, cost, and
processing.

4 Describe the applications of advanced materials in aerospace, automotive,

electronics, and biomedical fields.

Advanced Material — 5th Sem. Metallurgical Engineering Page 8

OSME, Kendujhar



MODULE 2

Metallic Advanced Materials

Superalloys, Shape Memory Alloys & Metallic Glasses
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Metallic Advanced Materials

1. Introduction

Metallic advanced materials are alloys whose composition, microstructure, and processing route are engineered to
deliver properties far beyond conventional metals — extreme high-temperature strength, superior corrosion
resistance, or unique functional behaviours such as the ability to 'remember' and recover a shape. This note covers
four major families: high-performance alloys (Ni, Ti, Co-based), corrosion-resistant alloys (stainless steels and
Mg-Al alloys), superalloys, and two special-function metallic materials — shape memory alloys and metallic
glasses.

2. High-Performance Alloys

2.1 Nickel-Based Alloys

» Composition: nickel as base with chromium, molybdenum, and other alloying elements.

» Properties: excellent strength retention and oxidation resistance at high temperature; good corrosion
resistance.

» Applications: gas turbine components, chemical processing equipment, jet engines (e.g., Inconel alloys).

2.2 Titanium-Based Alloys

 Properties: very high strength-to-weight ratio, excellent corrosion resistance, biocompatibility.
« Common grade: Ti-6Al-4V (alpha-beta titanium alloy) — widely used structural titanium alloy.
» Applications: aircraft structures, jet engine components, biomedical implants.

2.3 Cobalt-Based Alloys

« Properties: high wear resistance, corrosion resistance, and strength retention at elevated temperature.

» Applications: high-temperature turbine parts, cutting tools, and biomedical implants (e.g., Co-Cr-Mo alloy in
hip/knee replacements).

3. Corrosion-Resistant Alloys

3.1 Stainless Steels — 304 and 316
* Basic mechanism: addition of chromium (>10.5%) forms a thin, self-healing passive chromium-oxide layer
that protects the underlying metal from corrosion.

+ SS 304: ‘austenitic’ stainless steel with ~18% chromium and 8% nickel; good general corrosion resistance,
formability, and weldability; widely used grade.

+ SS 316: similar to 304 but with added molybdenum (~2-3%), which greatly improves resistance to pitting and
crevice corrosion, especially in chloride-rich/marine environments.

» Applications: 304 — kitchen equipment, architectural fittings; 316 — marine hardware, surgical instruments,
chemical processing equipment.

3.2 Magnesium-Aluminum Alloys (5000 Series, e.g., 5052, 5083)
+ Composition: aluminum alloyed with magnesium as the principal alloying element (non-heat-treatable, work-
hardened series).

« Properties: good corrosion resistance (especially in marine/saline environments), good weldability, moderate-
to-good strength, and light weight.

» 5052: moderate strength, excellent corrosion resistance, and good formability — used in sheet metal work,
fuel tanks, and marine components.

+ 5083: higher magnesium content, higher strength than 5052, retains properties at low temperature — used in
shipbuilding, rail cars, and cryogenic applications.

Advanced Material — 5th Sem. Metallurgical Engineering Page 10 OSME, Kendujhar



3.3 Cobalt-Based Corrosion-Resistant Alloys

« Combine corrosion resistance with wear resistance and biocompatibility, making them suitable where both
chemical attack and mechanical wear must be resisted simultaneously (e.g., orthopedic implants, valve seats).

4. Superalloys

4.1 Types
« Nickel-based superalloys: most widely used; excellent strength and oxidation resistance up to ~1000°C+ (e.g.,
Inconel, Hastelloy).

+ Cobalt-based superalloys: good hot corrosion resistance and thermal fatigue resistance; slightly lower
strength than Ni-based.

« Iron-based superalloys: lower cost alternative; used at moderately high temperatures.

4.2 Manufacturing Methods

« Directionally Solidified (DS) Casting: the mold is cooled from one end so grains grow as long columnar
crystals aligned parallel to the main stress axis; this eliminates transverse grain boundaries, which are the
weak points for creep failure, improving high-temperature creep and fatigue life.

+ Single-Crystal (SC) Casting: solidification is controlled so that the entire component grows as one continuous
single crystal with no grain boundaries at all; this gives the highest possible creep strength and thermal fatigue
resistance, used in the most demanding turbine blade applications.

4.3 Properties

» Excellent creep resistance (resistance to slow deformation under sustained stress at high temperature).
« High fatigue and thermal-fatigue resistance under repeated heating/cooling cycles.

+ Retains strength and hardness at temperatures often exceeding 1000°C.

+ Good resistance to oxidation and hot corrosion in combustion environments.

4.4 Applications

+ Gas turbine and jet engine blades and discs, combustor components, rocket engine parts, and industrial gas
turbine hardware.

5. Shape Memory Alloys (SMA)

5.1 Working Principle

SMAs exhibit a reversible, diffusionless solid-state phase transformation between two crystal structures:
Austenite (the stable, higher-symmetry phase at higher temperature) and Martensite (the lower-symmetry, easily
deformable phase at lower temperature). When an SMA is deformed while in the martensite phase and then heated
above its transformation temperature, it transforms back to austenite and recovers its original (‘'remembered’)
shape — this is called the shape memory effect. Some SMAs also show superelasticity, where large strains are
recovered immediately upon unloading at a constant temperature, without needing heating.

5.2 Common SMA Materials

+ Nitinol (Ni-Ti alloy): the most widely used SMA, near-equiatomic nickel-titanium composition; excellent
shape memory effect, superelasticity, biocompatibility, and corrosion resistance.

» Cu-Al-Ni alloys: another SMA family; generally cheaper than Nitinol and useful for higher transformation
temperatures, though more brittle and less ductile.

5.3 Applications
« Self-expanding cardiovascular stents and orthodontic archwires (Nitinol).
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 Eyeglass frames that return to shape after bending.
 Actuators, robotics, and aerospace deployable structures.
 Couplings and fasteners that shrink-fit when heated.

6. Metallic Glasses (Amorphous Metals)

6.1 Formation

Metallic glasses are formed by cooling a molten alloy at an extremely high rate (rapid quenching, e.g., melt
spinning), so fast that the atoms do not have time to arrange into an ordered crystalline lattice. The result is a
disordered, glass-like (amorphous) atomic structure frozen into a solid metal, unlike conventional metals which
are crystalline with grains and grain boundaries.

6.2 Properties

+ Very high strength and hardness compared to their crystalline counterparts.

« High elastic strain limit (springy/elastic behaviour) and good resistance to permanent deformation.

» Excellent corrosion resistance due to the absence of grain boundaries, which are normal sites for corrosion
initiation.

» Good wear resistance and, in some compositions, soft magnetic properties (low energy loss).

6.3 Applications

 Sporting goods — golf club heads, tennis racket frames (high strength, good energy transfer).
« Electronic transformer cores and magnetic shielding (soft magnetic metallic glasses, low core loss).
« Precision gears, springs, and surgical instruments requiring high strength and corrosion resistance.

7. Comparison Summary Table

Material Family Key Property Typical Application

Ni/Ti/Co high-performance|High strength, [Turbines, aerospace,

alloys corrosion/oxidation resistance |implants

SS 304 / 316 Passive-layer corrosion|Marine, medical, chemical
resistance equipment

5000-series Al-Mg alloys Light weight + corrosion|Shipbuilding, sheet metal,
resistance tanks

Superalloys (DS / SC cast) Creep & high-temperature|Gas turbine & jet engine
strength blades

SMASs (Nitinol, Cu-Al-Ni) Shape memory / superelasticity |Stents, actuators, eyeglass

frames

Metallic glasses High strength, amorphous|Golf clubs, transformer cores

structure
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8. Diagram

Fig 2.1 Shape-Memory Effect in Nitinol (SMA)

Cooling Heating

Austenite Martensite
(High Temp, > (Low Temp, > Recovery on

Parent phase) Deformable) Heating

Shape

Original Shape
Restored

Figure showing the shape-memory cycle in Nitinol: the alloy transforms from austenite to martensite on cooling
(allowing deformation), and reverts to austenite on heating, recovering its original shape.

9. Quick Summary

 High-performance Ni/Ti/Co alloys combine strength with corrosion or oxidation resistance for aerospace and
biomedical use.

+ SS 304/316 resist corrosion via a passive chromium-oxide layer; 316 adds molybdenum for chloride/marine
resistance.

» 5000-series Al-Mg alloys (5052, 5083) offer light weight with good corrosion resistance for marine/structural
use.

 Superalloys (Ni, Co, Fe-based) achieve outstanding high-temperature creep resistance, enhanced further by
DS and single-crystal casting.

» SMAs (Nitinol, Cu-Al-Ni) recover shape through reversible austenite—martensite transformation.

« Metallic glasses form via rapid quenching into an amorphous structure, giving high strength, elasticity, and
corrosion resistance.
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Unit-wise Questions — Module 2

2-Mark Questions

No. Question

1 \What is a superalloy?

2 Name two corrosion-resistant stainless-steel grades.

3 Define shape memory effect.

4 How are metallic glasses formed?

5 Give two applications of Nitinol.

5-Mark Questions

No. Question

1 Explain the manufacturing methods of superalloys (directionally solidified and
single-crystal casting) and their effect on properties.

2 Discuss the composition, properties, and applications of stainless steels 304 and
316, and 5000-series Mg-Al alloys.

3 Describe the working principle of shape memory alloys with reference to Nitinol,
including a diagram.

4 Explain the formation, properties, and applications of metallic glasses (amorphous

metals).
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MODULE 3

Polymers, Ceramics & Composites

Polymer Matrix & Ceramic Matrix Composites
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Polymer & Ceramic Matrix Composites

1. Introduction to Polymers

A polymer is a large molecule (macromolecule) built from many repeating structural units called monomers,
joined together by covalent bonds through a process called polymerization. Polymers are lightweight, easily
processed into complex shapes, and can be tailored over a wide range of mechanical, thermal, and chemical
properties, which makes them the natural choice as the matrix material in many advanced composites.

1.1 Types of Polymers

» Thermoplastics: soften and can be reshaped on heating and solidify again on cooling (a reversible process);
recyclable and easy to mold. Examples: polyethylene (PE), polypropylene (PP), nylon.

» Thermosetting Polymers (Thermosets): undergo an irreversible chemical curing reaction on heating (or with a
curing agent), forming a rigid, cross-linked network that does not remelt. Examples: epoxy resin, polyester
resin, phenolic resin — commonly used as the matrix in PMCs.

« Elastomers: exhibit large, reversible elastic deformation (rubber-like behaviour) due to a lightly cross-linked,
coiled molecular structure. Examples: natural rubber, silicone rubber.

2. Polymer Matrix Composites (PMCs)

A Polymer Matrix Composite consists of a polymer (usually a thermoset such as epoxy) acting as the matrix,
reinforced with strong, stiff fibers that carry the majority of the mechanical load. The matrix binds the fibers
together, transfers load between them, and protects them from damage and environmental attack, while the fibers
provide the strength and stiffness.

2.1 Types of Reinforcing Fibers

+ Glass Fiber: made by drawing molten glass into fine filaments; offers good strength at low cost, moderate
stiffness, and good impact resistance — the most widely used and economical reinforcement (as in GFRP /
fiberglass).

« Carbon Fiber: produced by controlled pyrolysis (carbonization) of a precursor fiber (commonly PAN); offers
very high strength and stiffness combined with very low weight and excellent fatigue resistance, though at
higher cost than glass fiber.

« Aramid Fiber (Kevlar): an aromatic polyamide fiber; offers excellent toughness and impact/energy-absorption
capability, and high tensile strength, but relatively lower compressive strength compared to carbon fiber.

2.2 Manufacturing Technique — Lay-up Process
The lay-up process is the most common method of manufacturing PMC components:

< Hand Lay-up: layers (plies) of fiber fabric or mat are placed by hand into/onto a mold, with resin applied and
worked into each layer using a roller or brush to remove air and ensure impregnation; low cost but labour-
intensive, suited to low-volume production.

« Automated / Machine Lay-up (e.g., automated tape/fiber placement): fibers or pre-impregnated tapes
(‘prepregs’) are laid down by a computer-controlled machine for greater precision, repeatability, and higher
production rates, typically used in aerospace-grade components.

+ After lay-up, the stacked laminate is cured under heat and pressure (often in an autoclave) so that the resin
cross-links and binds the fiber layers into a solid composite part.
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2.3 Properties of PMCs
« High specific strength and specific stiffness (strength/stiffness per unit weight) — much higher than most
metals.
» Good fatigue resistance and good resistance to corrosion.
« Design flexibility — fiber orientation can be tailored to match the direction of applied loads.

« Limitations: relatively low maximum service temperature (matrix softens/degrades at high temperature), and
can be more brittle in impact compared to some metals.

2.4 Applications of PMCs
« Aerospace: aircraft fuselage panels, wings, and interior structures (e.g., Boeing 787, Airbus A350 use CFRP
extensively).
« Automotive: lightweight body panels, bumpers, and structural reinforcements to improve fuel efficiency.
 Sports goods: bicycle frames, tennis rackets, golf shafts (carbon fiber composites).
 Defense: aramid-fiber (Kevlar) composites in body armor and helmets.
« Wind energy: glass/carbon fiber composite blades for wind turbines.

3. Introduction to Ceramics

Ceramics are inorganic, non-metallic materials — typically compounds of metallic and non-metallic elements
such as oxides (Al203), carbides (SiC), and nitrides (Si3N4) — formed by high-temperature processing. They are
characterized by high hardness, high melting point, excellent chemical stability, and good high-temperature
strength, but they are inherently brittle and show poor resistance to sudden impact or thermal shock in their
monolithic (unreinforced) form.

4. Ceramic Matrix Composites (CMCs)

Ceramic Matrix Composites are developed specifically to overcome the major weakness of monolithic ceramics
— their brittleness and low fracture toughness — while retaining the excellent high-temperature and chemical
stability of ceramics.

4.1 Reinforcement of Ceramic Matrices

« Fiber Reinforcement: continuous ceramic fibers (e.g., SiC fiber, carbon fiber) are embedded in a ceramic
matrix (e.g., SiC, Al203); when a crack starts to form in the brittle matrix, the fibers bridge the crack and
absorb energy, preventing sudden catastrophic failure — this is called 'graceful’ or non-catastrophic fracture.

« Particle Reinforcement: fine ceramic or other hard particles are dispersed within the ceramic matrix to
improve toughness and wear resistance, though the toughening effect is generally lower than with continuous
fibers.

« Common systems: SiC fiber/SiC matrix (SiC/SiC), carbon fiber/SiC matrix (C/SiC), and oxide/oxide CMCs
(alumina fiber in an alumina or mullite matrix).

 The interface (fiber coating, e.g., boron nitride) between fiber and matrix is carefully engineered so that cracks
deflect along the interface rather than passing straight through the fiber — this is key to achieving toughness.

4.2 High-Temperature Applications of CMCs

» CMCs retain their strength, stiffness, and dimensional stability at temperatures where superalloys would
soften or fail (often above 1200°C), while being significantly lighter than metallic superalloys.

+ Gas turbine engines: combustor liners, turbine shrouds, and (increasingly) turbine blades/vanes, allowing
engines to run hotter and more fuel-efficiently (e.g., CMC components in the GE LEAP/GE9X engines).
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+ Aerospace thermal protection: heat shields and leading-edge components for hypersonic vehicles and
spacecraft re-entry, where extreme temperatures and thermal shock resistance are required.

« Automotive & industrial: high-performance brake discs (carbon/ceramic brakes) and furnace/kiln
components requiring high-temperature durability.

5. Diagram

Polymer Matrix Composite (PMC) Ceramic Matrix Composite (CMC)

O
®
@,

Green matrix + continuous fibers (glass/carbon/aramid) Ceramic matrix + fiber/particle reinforcement

The diagram compares the internal structure of a Polymer Matrix Composite (continuous fiber layers embedded in
a polymer resin matrix) and a Ceramic Matrix Composite (ceramic fiber/particle reinforcement embedded in a
ceramic matrix).

6. Comparison: PMC vs CMC

Aspect Polymer Matrix Composite/Ceramic Matrix Composite
(PMCQC) (CMQC)

Matrix Thermoset/thermoplastic polymer|Ceramic (e.g., SiC, Al203)
(e.g., epoxy)

Reinforcement Glass, carbon, or aramid fibers  |Ceramic fibers or particles

Max servicelLow-moderate  (typically  <|Very high (often > 1200°C)

temperature 250°C)

Weight Very light Light (lighter than metals, denser

than PMCs)

Toughness Good  toughness,  ductile-like|Improved toughness Vs
failure monolithic ceramic; still limited

Typical use Aircraft  structure, automotive|Turbine hot-section parts, heat
panels, sports goods shields, brakes
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7. Quick Summary
» Polymers are classified as thermoplastics, thermosets, and elastomers; thermosets (e.g., epoxy) are the
common PMC matrix.

« PMCs combine a polymer matrix with glass, carbon, or aramid fibers, typically manufactured by hand or
automated lay-up, offering high specific strength for aerospace, automotive, and sports applications.

« Ceramics are hard, high-temperature-stable, but brittle; CMCs reinforce a ceramic matrix with fibers or
particles to improve toughness.

« CMCs are used where extremely high temperature and thermal shock resistance are required — turbine hot
sections, heat shields, and high-performance brakes.

Unit-wise Questions — Module 3

2-Mark Questions

No. Question

1 \What is a polymer matrix composite?

2 Name three types of reinforcing fibers used in PMCs.

3 What is the lay-up process?

4 Why are ceramics reinforced to form CMCs?

5 Give one application of CMCs.

5-Mark Questions

No. Question

1 Explain the types of reinforcing fibers used in PMCs and their properties.

2 Describe the lay-up manufacturing technique for polymer matrix composites.

3 Discuss the reinforcement strategies and high-temperature applications of ceramic
matrix composites.

4 Compare PMCs and CMCs in terms of matrix material, properties, and typical
applications.
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MODULE 4

Nanomaterials & Smart Materials

Carbon Nanostructures, Smart & Piezoelectric Materials
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Nanomaterials, Carbon Nanostructures, Smart & Energy Materials

1. Introduction to Nanomaterials

Nanomaterials are materials having at least one external dimension in the size range of 1-100 nm. At this scale,
materials exhibit properties (mechanical, optical, electrical, magnetic, chemical) that differ significantly from
their bulk counterparts, mainly due to the following reasons:

e High surface-to-volume ratio: a large fraction of atoms lie on or near the surface, which increases
reactivity and catalytic activity.

e Quantum confinement effects: when particle size approaches the de Broglie wavelength of electrons,
energy levels become discrete instead of continuous, altering optical and electronic behaviour (e.g., band-
gap widening in quantum dots).

e Increased surface energy: leads to altered melting point, enhanced catalytic behaviour, and modified
mechanical strength.

Because of these effects, nanomaterials often show a higher strength-to-weight ratio, tunable optical and
electronic properties, and enhanced catalytic and sensing ability, making them important across medicine,
electronics, energy, and environmental applications.

2. Classification of Nanomaterials (0D, 1D, 2D, 3D)
Nanomaterials are classified on the basis of the number of dimensions that lie within the nanoscale (1-100 nm).

Type Dimensions in | Dimensions Outside | Examples

Nanoscale Nanoscale
0D (Zero- | All 3 dimensions None Quantum dots,
Dimensional) nanoparticles, fullerenes

(Ce60)

1D (One- | 2 dimensions 1 dimension is long Nanowires, nanorods,
Dimensional) nanotubes, nanofibers
2D (Two- | 1 dimension 2 dimensions are large Graphene, nanosheets,
Dimensional) nanofilms
3D (Three- | None (built of nano | All 3 dimensions Nanocomposites,
Dimensional) building blocks) nanocrystalline bulk solids

Fig 1 Classification of Nanomaterials
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3. Synthesis Methods (One Method for Each Dimension)

(a) OD Nanomaterials - Sol-Gel Method: used for nanoparticles such as TiO2 and SiO2. A metal alkoxide
precursor is hydrolyzed and condensed in solution to form a colloidal sol, which further condenses into a gel. The
gel is then dried and calcined (heat-treated) to yield nanoparticles.

(b) 1D Nanomaterials - Chemical Vapour Deposition (CVD): a metal catalyst nanoparticle (e.g., Fe, Ni, Co) is
deposited on a substrate, and a precursor gas is decomposed on its surface at high temperature in a furnace. Atoms
precipitate out to grow a 1D nanostructure through the Vapour-Liquid-Solid (VLS) mechanism, producing
nanowires or nanotubes.

(c) 2D Nanomaterials - Mechanical/Chemical Exfoliation: a bulk layered material such as graphite is taken, and
the weak van der Waals forces between its layers are overcome using adhesive tape (mechanical exfoliation) or
ultrasonic/chemical treatment in a solvent (liquid-phase exfoliation), peeling off individual atomically-thin 2D
sheets.

(d) 3D Nanomaterials - Powder Metallurgy / Ball Milling: bulk material is mechanically ground into
nanocrystalline powder using high-energy ball milling. The powder is then compacted and sintered to obtain a
bulk 3D material with nano-sized grains throughout its structure.

Dimension Method Principle

0D Sol-Gel Hydrolysis and condensation of a precursor
into colloidal particles

1D CVD (VLS mechanism) Catalytic  vapour-phase growth on a
nanoparticle seed

2D Exfoliation Mechanical/chemical separation of layered
van der Waals solids

3D Ball Milling / Powder Metallurgy | Mechanical grinding and sintering of
nanocrystalline powder

4. Carbon Nanotubes (CNTS)

4.1 Structure

CNTs are cylindrical structures formed by rolling a single sheet of graphene into a seamless tube. Carbon atoms
are arranged in a hexagonal (honeycomb) lattice, each sp2-hybridized carbon being bonded to three neighbours.

e Single-Walled Carbon Nanotubes (SWCNTSs): a single cylinder of graphene, diameter about 1-2 nm.

e Multi-Walled Carbon Nanotubes (MWCNTS): concentric cylinders of graphene, diameter up to about 100
nm.

The chirality, or direction along which the sheet is rolled, determines the electronic character: armchair CNTs are
metallic, zigzag CNTs may be metallic or semiconducting, and chiral CNTSs are generally semiconducting.
4.2 Properties

e Mechanical: extremely high tensile strength (about 50-100 times stronger than steel) with low density, and
high elastic modulus (about 1 TPa).

e Electrical: metallic or semiconducting behaviour depending on chirality, with excellent current-carrying
capacity.

e Thermal: very high thermal conductivity along the tube axis.
e Chemical: large surface area, and readily functionalized for specific applications.
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4.3 Applications

e Field-effect transistors and nanoelectronics.

e Reinforcement in polymer and metal composites for lightweight, high-strength materials.
e Hydrogen storage and energy storage devices such as supercapacitors and batteries.

e (Gas sensors and biosensors.

e Field emission displays and drug delivery systems.

5. Graphene

5.1 Structure

Graphene is a single, one-atom-thick layer of carbon atoms arranged in a 2D hexagonal honeycomb lattice. Each
carbon atom is sp2-hybridized and bonded to three neighbouring carbons through strong sigma bonds, while the
fourth electron forms a delocalized pi-bond system responsible for its conductivity. Graphene is the basic building
block of other carbon allotropes: rolled up, it forms a CNT; stacked, it forms graphite; and wrapped, it forms a

fullerene.

Fig 2 Graphene as the Building Block of Carbon Nanostructures

Graphene
(2D sheet)

ol B

Fullerene (0D)
wrapped sheet
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rolled sheet
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5.2 Properties

e Mechanical: highest known tensile strength of any material (about 130 GPa), with a very high Young's

modulus.

e Electrical: exceptional electron mobility; behaves as a zero-bandgap semiconductor (semimetal).

e Thermal: very high thermal conductivity (about 5000 W/mK).

e Optical: nearly transparent, absorbing only about 2.3% of visible light.

e Other: impermeable to gases, with a very large surface area (about 2630 m2/g).

5.3 Applications

e Transparent, flexible electrodes for touchscreens and flexible electronics.

e High-speed transistors and integrated circuits.

e Energy storage: supercapacitors and battery electrodes.

e Composite reinforcement, sensors, water purification membranes, and anti-corrosion coatings.
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6. Smart Materials

6.1 Definition

Smart materials, also called intelligent or responsive materials, are materials that can sense changes in their
environment (stimuli) and respond in a controlled, predictable, and often reversible manner by altering one or
more of their properties, such as shape, colour, viscosity, or stiffness.

6.2 Classification

Type Stimulus Response Example
Piezoelectric materials Mechanical stress | Electric charge (and | Quartz, PZT
vice versa)
Shape Memory Alloys (SMA) | Heat Returns to a pre-set | Nitinol (Ni-Ti
shape alloy)
Magnetostrictive materials Magnetic field Change in | Terfenol-D
shape/dimension
Electrostrictive materials Electric field Change in shape/strain | Lead Magnesium
Niobate (PMN)
Electrochromic/Photochromic | Electric field/Light | Change in colour WO3; silver
halides
Rheological (ER/MR) fluids | Electric/Magnetic | Change in viscosity ER fluids, MR
field fluids
pH-sensitive materials pH, chemical | Swelling/shrinking, Hydrogels
environment drug release
Self-healing materials Damage/crack Automatic repair Polymers with

microcapsules

Applications of smart materials include structural health monitoring (sensors/actuators in bridges and aircraft),
vibration and noise control, robotics and actuators, biomedical devices such as drug delivery and implants, and
adaptive optics/smart windows.

7. Piezoelectric Materials

7.1 Piezoelectric Effect

The piezoelectric effect is the ability of certain crystalline materials to generate an electric charge or voltage in
response to applied mechanical stress, and conversely, to undergo mechanical deformation when an electric field
is applied. It occurs only in materials that lack a centre of symmetry in their crystal structure, such as quartz, PZT
(lead zirconate titanate), and barium titanate.

e Direct piezoelectric effect: mechanical stress is converted into an electric charge; used in sensors and
mechanical-to-electrical energy conversion.

e Converse (indirect) piezoelectric effect: an applied electric field produces mechanical strain or
deformation; used in actuators.

Mechanism: in a piezoelectric crystal, the unit cell has an asymmetric arrangement of positive and negative ions.
Under mechanical stress, these ions shift relative to one another, creating a net electric dipole moment and hence a
surface charge. Applying an external electric field similarly displaces the ions, producing physical strain.
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Fig 3 Direct and Converse Piezoelectric Effect

Mechanical
Stress (F)

v

Piezoelectric
Crystal

v

Electric Charge /
Voltage (V)

Direct Effect

7.2 Applications

Converse Effect

Sensors: pressure sensors, accelerometers, microphones, and ultrasonic sensors.

Actuators: precision positioning devices, fuel injectors, and inkjet printers.

Energy harvesting: converting vibrational/mechanical energy into electrical energy.
Medical: ultrasound imaging transducers and lithotripsy (kidney stone treatment).
Electronics: quartz crystal oscillators for timing, and SAW (surface acoustic wave) filters.

Ignition systems: piezoelectric spark generation in lighters and gas stoves.

8. Energy Storage Materials (Batteries and Fuel Cells)

8.1 Batteries

A battery converts chemical energy into electrical energy through electrochemical redox reactions occurring at
electrodes separated by an electrolyte. Its basic components are the anode (negative electrode, where oxidation
occurs and electrons are released), the cathode (positive electrode, where reduction occurs and electrons are
accepted), the electrolyte (the medium for ion transport between electrodes), and the separator (which prevents
direct contact between electrodes while allowing ion flow).

Advanced Material — 5th Sem. Metallurgical Engineering
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Fig 4 Working Principle of a Battery (Discharge)

Anode (-)
Oxidation,
releases e-

Electrolyte
(ion transport)

Cathode (+)
Reduction,
accepts e-

Lithium-ion batteries (LIBs): graphite anode, LiCoO2/LiFePO4 cathode, and a lithium-salt electrolyte;

offer high energy density and are used in EVs and electronics.
Lead-acid batteries: Pb anode, PbO2 cathode, H2S04 electrolyte; used in automobiles.

Nickel-metal hydride (NiMH) batteries: used in hybrid vehicles.
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e Solid-state batteries: use a solid electrolyte instead of a liquid one, offering greater safety and higher
energy density (an emerging technology).
8.2 Fuel Cells

A fuel cell converts the chemical energy of a fuel, commonly hydrogen, directly into electrical energy through an
electrochemical reaction with an oxidant (usually oxygen), producing electricity, water, and heat as long as fuel is
supplied. Unlike a battery, it does not store energy internally. At the anode, hydrogen is oxidized to release protons
and electrons; at the cathode, oxygen combines with these protons and electrons to form water; the overall reaction
is 2H2 + 02 to 2H20, releasing electricity and heat.

e PEMFC (Proton Exchange Membrane Fuel Cell): operates at low temperature; used in vehicles.

e SOFC (Solid Oxide Fuel Cell): operates at high temperature; used for stationary power generation.

e AFC (Alkaline Fuel Cell): used in spacecraft, such as in NASA missions.
Fuel cells offer high efficiency, low or zero emissions (only water as a by-product for hydrogen fuel cells), and
continuous operation as long as fuel is supplied.
9. Materials for Sustainable Development

Sustainable materials are those designed, sourced, and used in ways that minimize environmental impact,
conserve resources, and support long-term ecological and economic balance.

Category Examples Role in Sustainability

Renewable/Bio-based Bamboo, biopolymers (PLA), | Reduce dependence on fossil-based

materials natural fibers materials; biodegradable

Recyclable materials Recycled metals, glass, plastics | Reduce waste and raw material
extraction

Energy-efficient Thermoelectric materials, | Reduce energy consumption in

materials aerogels buildings/devices

Materials for renewable | Silicon/perovskite solar cells, | Enable clean energy generation and

energy battery/fuel cell materials storage

Green construction | Fly-ash  bricks, geopolymer | Reduce carbon  footprint  of

materials concrete construction

Water purification | Graphene-oxide-based Provide clean water with low

materials membranes energy input

Lightweight materials CNT/graphene composites, Al-Li | Reduce fuel consumption in
alloys transportation

Principles of sustainable materials design include reducing material and energy use, designing for reuse across
multiple life cycles, ensuring end-of-life recyclability, sourcing renewable/bio-based feedstocks, minimizing
embodied energy in extraction and processing, and avoiding hazardous or toxic substances.

Nanomaterials play a central role in sustainability: CNTs and graphene enable lightweight, high-strength
composites that reduce fuel use; efficient nanocatalysts lower the energy needed for chemical reactions;
nanomaterial-based solar cells and battery electrodes support renewable energy generation and storage; and
nanostructured membranes enable advanced water filtration.
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10. Quick Summary

e Nanomaterials range from 1-100 nm and are classified as 0D, 1D, 2D, or 3D based on how many
dimensions lie within the nanoscale.

e Synthesis: 0D by Sol-Gel, 1D by CVD, 2D by Exfoliation, 3D by Ball Milling.

e CNTs are rolled graphene tubes (SWCNT/MWCNT) with high strength and conductivity, used in
composites, electronics, and energy storage.

e Graphene is a single-layer 2D carbon sheet with exceptional strength, conductivity, and transparency, used
in electronics, energy storage, and sensors.

e Smart materials respond to external stimuli and include piezoelectric materials, SMAs, magnetostrictive
materials, electrochromic materials, ER/MR fluids, and self-healing materials.

e The piezoelectric effect has a direct form (stress to charge) and a converse form (field to strain), used in
sensors, actuators, and energy harvesting.

e Batteries store chemical energy and convert it to electrical energy via electrode reactions, e.g., Li-ion
batteries.

e Fuel cells continuously convert a fuel such as hydrogen and an oxidant into electricity and water.

e Sustainable materials are renewable, recyclable, low-energy, and non-toxic, with nanomaterials playing a
key enabling role.
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Unit-wise Questions - Nanomaterials & Smart Materials

2-Mark Questions

No.

Question

Define nanomaterials and state the typical size range.

List the four classes of nanomaterials based on dimensionality.

Name one synthesis method each for OD and 2D nanomaterials.

Differentiate SWCNT and MWCNT in one line each.

Define the piezoelectric effect.

Give two examples of smart materials.

N[0 |~ ]WIN|PFP

State the overall chemical reaction occurring in a hydrogen fuel cell.

5-Mark Questions

No.

Question

Explain the classification of nanomaterials (0D, 1D, 2D, 3D) with suitable examples and a
diagram.

Describe one synthesis method each for 0D, 1D, 2D, and 3D nanomaterials.

Discuss the structure, properties, and applications of carbon nanotubes.

Discuss the structure, properties, and applications of graphene.

Define smart materials and explain their classification with examples.

Explain the direct and converse piezoelectric effects with their applications.

~N oo oW N

Describe the working principle of a lithium-ion battery and a hydrogen fuel cell with a
diagram.

Discuss the role of materials, including nanomaterials, in sustainable development.
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