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Introduction Structure of Materials

1.1. Structure of Materials
Introduction

Types of crystal structures in metals Sparky
(2013)

Crystal and Grain Structures New Technique
Provides Detailed Views of Metals’ Crystal

Structure (2016). “Polycrystallinity”

Dislocations and their “motion” under load

Figure from Sparky (2013)
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Introduction Understanding the Stress-Strain Curve

1.2. Understanding the Stress-Strain Curve
Introduction

The Uniaxial Tensile Test

Figure from Rajendran 2011

Figure from Connor 2020

Terminology

1 Proportionality Limit;

2 Elastic Limit;

3 Yield Point;

4 Ultimate Strength;

5 Fracture Point;

6 Elongation at Failure;

Ductile Fracture

Figure from Rajendran
2011
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Introduction Failure Mechanisms

1.3. Failure Mechanisms: Fracture
1. Introduction

“Griffith Theory” of brittle
fracture

Theoretical fracture stress
∼ E

5
− E

30
(steel ∼ E

1000
)

Fracture occurs when
Estrain = Esurface

Crack propagates when
dEstrain

dL
=

dEsurface

dL

Ductile Fracture

Ductile Fracture Rajendran 2011

Ductile vs Brittle Fracture Rajendran 2011

Balaji, N. N. (AE, IITM) AS2070 April 9, 2025 5 / 13



Introduction Failure Mechanisms

1.3. Failure Mechanisms: Fracture
1. Introduction

“Griffith Theory” of brittle
fracture

Theoretical fracture stress
∼ E

5
− E

30
(steel ∼ E

1000
)

Fracture occurs when
Estrain = Esurface

Crack propagates when
dEstrain

dL
=

dEsurface

dL

Ductile Fracture

Ductile Fracture Rajendran 2011

Ductile vs Brittle Fracture Rajendran 2011

Balaji, N. N. (AE, IITM) AS2070 April 9, 2025 5 / 13



Introduction Failure Mechanisms

1.3. Failure Mechanisms: Fracture
1. Introduction

“Griffith Theory” of brittle
fracture

Theoretical fracture stress
∼ E

5
− E

30
(steel ∼ E

1000
)

Fracture occurs when
Estrain = Esurface

Crack propagates when
dEstrain

dL
=

dEsurface

dL

Ductile Fracture

Ductile Fracture Rajendran 2011

Ductile vs Brittle Fracture Rajendran 2011

Balaji, N. N. (AE, IITM) AS2070 April 9, 2025 5 / 13



Introduction Failure Mechanisms

1.3. Failure Mechanisms: Fatigue
1. Introduction

..over 90% of mechanical failures are caused because of metal fatigue What Is Metal
Fatigue? 2021...

Fatigue variables Megson 2013

The S-n Diagram Megson 2013

The De Havilland Comet The deHavilland
Comet Disaster 2019 [lecture]A more recent example (2021 United Airlines

Boeing 777) DCA21FA085Aspx. [video]

Fatigue Crack Propagation: Beech
Marks

Figure from Fatigue Physics 2024

S-N Curves for Common Metals ( Jr and Rethwisch

2012)

Homework: Watch this video on Fatigue testing.
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Introduction Energy Release Rate

1.4. Energy Release Rate: Griffith’s Analysis
Introduction

Simplistic picture of the introduction of a crack
in a stretched specimen(Figure from sec 2.5 in Kumar
2009)

Because of the crack, we assume
σ ≈ 0 in the triangles.

Corresponding energy loss:

ER = V∆ × (
σ2

2E
) =

2a2λtσ2

E
.

For thin plates, λ = π
2 . So,

ER =
πa2tσ2

E
.

The “creation” of a surface takes
energy. We write this as,

ES = 2(2at)γ = 4atγ.

(Figure from Kumar 2009)

Food For Thought

What would a “safe size” of crack be, for a
given loading condition? Hint: Think
incrementally

What type of an experiment would be
necessary to confirm this mathematical
framework?
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Introduction Linear Elastic Fracture Mechanics

1.5. Linear Elastic Fracture Mechanics
Introduction

Consider the following two cases.
Question: Where will the point of peak stress occur? And which will have
higher maximum stress?

Case 1

Analytical Solution

σr = T (1− r21
r2
), σθ = T (1 +

r21
r2
)

=⇒ σmax = 2T

Case 2

Analytical Solution

σr = T (1− r21
r2
) + (·) cos(2θ), σθ = . . .

=⇒ σmax = 3T

(Ref: Sec. 8.4.2 in Sadd 2009)

Case 3

σmax = 4T
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Introduction Modes of Fracture

1.6. Modes of Fracture
Introduction

(Figure from Kumar 2009)
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Introduction to Fatigue

2. Introduction to Fatigue

Concepts

Safe Life: RUL

Fail-Safe: Redundancy

Tensile Stresses: The Goodman
Diagram

(Figure 15.2 from Megson 2013)

Sa

Sa,0
= 1−

(
Sm

Su

)m

(Figure 15.1 from Megson 2013)

The S-N Curve

(Figure from Megson 2013)

σalt = σ∞

(
1 +

C√
N

)
, N ∝ 1

σmean
.
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Introduction to Fatigue The deHavilland Comet

2.1. The deHavilland Comet
Introduction to Fatigue

No aircraft has contributed more to safety in the jet age than the Comet.
The lessons it taught the world of aeronautics live in every jet airliner flying
today. – D.D. Dempster, 1959, in The Tale of the Comet

(Figures from “De Havilland Comet” 2025)
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Introduction to Fatigue Miner’s Rule

2.2. Miner’s Rule
Introduction to Fatigue

Suppose at an operation level of σm, σa, the fatigue life is N and the
structure undergoes n cycles, Miner’s rule posits that n

N is the fraction of
life that has been consumed.

Suppose a structure undergoes multiple stress levels in its loading history,
the total fraction of fatigue life that has been consumed is written as

n1

N1
+

n2

N2
+

n3

N3
+ . . . .

The structure is expected to fail when this sum becomes 1.0..
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