
Chapter Ⅰ Failure analysis of machine element

THE END

Excessive deformation
Fracture
Fatigue

Common failure classes:

Wear
High temperature creep
Corrosion



§1-1   The excessive deformation of parts 
at room temperature and on dead load

1.1.1   Stress-strain behavior of engineering
materials in dead tension

1.  Stress-strain behavior of annealed low carbon steel

OA:    elastic deformation
ABC:  yield
CDE:   plastic deformation
E:        fracture

THE END



Stress-strain curve  of  annealed low carbon steel
THE END



2.  Stress-strain behavior  of  other type of materials

Stress-strain curves  of  other materials
1-- pure metals, 2-- brittle materials, 3-- high elastic materials

THE END



1.1.2   Indexes of property on dead load
1.  Stiffness

For one-way tension (or compression):

P A EAσ
ε ε

⋅
= = E — elastic modulus

For pure shear:

P A GAτ τ
γ γ

⋅
= = G — shear modulus

THE END



2.  Strength

— elastic limiteσ

— yield strengthsσ

— tensile strengthbσ

— fracture strengthkσ

Stress-strain curve  of  annealed 
low carbon steel

THE END

— proportional limitpσ



E — elastic modulus E σ
ε

=

G — shear modulus G τ
γ

=

u — elastic energy
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3.  Elasticity

Elastic energy

εe

THE END

— max-elastic straineε



Contraction ratio of  area
at fracture face

0

0
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4.  Plasticity

Tensile elongation 0

0
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5.  Hardness
Brinell hardness HBS

THE END



Rockwell hardness HRC

THE END



Vickers hardness  HV

THE END



1.1.3   Failure of excessive elastic deformation

1.  Phenomenon

2.  Cause

Insufficient Stiffness
P EA
ε
=

3. Solution⎧⎨
⎩

select materials that have higher  E

increase A of parts
THE END





1.1.4  Failure of excessive plastic deformation

1.  Phenomenon

2.  Cause

Insufficient strength

e sor orσ σ σp    

select materials that have
higher e sor orσ σ σp    3. Solution

⎧
⎨
⎩ increase the                             of materialse sor orσ σ σp    

THE END



§1-2  Fracture of parts on dead or impact load
1.2.1  Basic concepts  of  ductile fracture and brittle fracture

1. Ductile fracture 

2. Brittle fracture

THE END



THE END



1.2.2   Impact toughness and its index 

The specimen for impact test Principle illustration of impact test

1.  Impact test

THE END



2.  Impact toughness

3.  Impact toughness index — Ka

Impact work ( )KA J---          

Area of fracture face 2( )KF cm---                  

2( )K
K

K

Aa J cm
F

−= ⋅  

THE END



The impact toughness
decreases with decreasing
temperature

There is a ductile-brittle 
transition temperature KT

4.  The relationship  between the impact toughness
and  temperature

Diagram of change in impacttoughness
of three kinds of steels with temperatureTHE END



1.2.3  Fracture toughness and its index
1.  Fracture toughness

2.  Fracture toughness index 

For the crack of typeⅠ

open-crack (type I)

1/ 2
C ( )K Y a MPa mσΙ = ⋅  

— tensile stressσ
— length of half a cracka
— a factor of geometric form of the crack of typeⅠY

Y≈1～2 THE END



3.  Application of        to engineering designCKΙ

Application to selection of materials
As the known      and     ,σ a >CK Y aσΙ   

σCKΙAs the known       and     , max
CKa

Yσ
Ι⎛ ⎞

⎜ ⎟
⎝ ⎠

2

  <

Application to definition of maximum length of crack maxa

Application to definition of maximum tensile stress maxσ

CKΙAs the known       and          ,maxa <max
max

CK
Y a

σ Ι  

THE END



4.  Solutions of increasing        of materialsCK Ι

By alloying

By heat treatment

THE END



1.2.4  Influence factors on the brittle fracture 

THE END

Nature of materials



Loading mode

Size of parts

Temperature and loading velocity

Diagram of change in  yield 
strength with temperature

Stress concentration

Diagram of  stress concentration at 
notch on dead load 

THE END



§1-3  Fatigue fracture of parts on alternating load
1.3.1  Basic concepts of fatigue fracture 

1.  Alternating load

Several common kinds of alternating stressTHE END



THE END



THE END



THE END



THE END



THE END



2.  Feature of fatigue fracture

lower stress sσ σ<

Suddenness and brittle fracture

Course of fracturing

Crack forming        Crack propagating        Final fracturing

THE END



THE END

There are three zones in the fatigue fracture face
Fatigue crack source zone
Fatigue crack propagating zone
Final fracturing zone

1.3.2  Feature of fatigue fracture face

Diagram of fatigue fracture face



3. The final fracturing zone
There are Radial streak lines

2. The fatigue crack propagating zone
There are fatigue streak 
lines like  “shell streak”
or “sea beach”

THE END

⎧
⎨
⎩

Forming at place 
where the stress 
concentrating

Internal defects (impurity, hole)
Processing defects (tool marks, micro-crack)
Unseasonable design (suddenly change in 
cross section)

1. The fatigue crack source zone

Diagram of fatigue fracture face



1.3.3  The fatigue resistance index of no-crack
parts (components)

1.  Fatigue limit and overload endurance value
1)  Fatigue curve

Rotating bending fatigue test

Diagram of fatigue curve 

THE END



2)  Fatigue limit — 1σ −

4)  Overload endurance value

3)  Conditional fatigue limit

THE END

Two types of fatigue curve a) for ferrous and
b) for some non-ferrous (e.g, Al alloys)
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1σ− — Fatigue limit of the smooth specimen
— Fatigue limit of the notched specimen1Nσ−

mσ — Mean stress at stress concentration 
— Maximum stress at stress concentration m a xσ

2.  sensitivity of fatigue to 
notch — q

Stress concentration 
at notch on dead 
load (a) and effect 
of the stress 
concentration on 
fatigue limit (b)

smooth specimen

notched specimen

THE END



1.3.4  Factors affecting fatigue resistance
1.  Load types

Tension-compression fatigue
Torsion fatigue
Tension-tension fatigue

THE END

2.  Nature of materials 
1)  Different materials have different 1σ−

The fatigue curves of some materials 



2)  Different microstructures for the same material have different 

1σ −

3)  Purity of materials has enormous affect

The effect of perity of 4043 steel on the fatigue curves
THE END



4.  Temperature

5.  Corrosive medium THE END

3.  Surface state of parts

1)  Smoothness of surface

2)  Stress state of surface



§1-4  The wear failure of parts  

⎧
⎪
⎪
⎨
⎪
⎪⎩

Common wear failure classes

Adhesive wear

Contact fatigue

Corrosive wear

Grain abrasion

THE END



1.4.1  Adhesive wear
1.  Phenomenon

3.  Solution

2.  Mechanism

Diagram of  mechanism of the adhesive wear
THE END



1.4.2  Grain abrasion

THE END

1.  Phenomenon



2.  Mechanism

Diagram of  mechanism of the grain abrasion
THE END



THE END

3.  Solution

The relationship between 
relative wear resistance and 

hardness of materials 
enduring grain-abrasion 



1.4.3  Corrosive wear

1.  Oxidative wear

1)  Phenomenon

2)  Cause

3)  Solution

THE END



THE END

2)  Cause

2.  Fretting wear

1)  Phenomenon

3)  Solution

Schematic of examples in design of fitted axle by pressing  



1.4.4  Contact fatigue
1.  Phenomenon

THE END



THE END



THE END



2.  Mechanism
3.  Solution

THE END



THE END



§1-5  The creep deformation and fracture
of parts at high temperature

1.5.1  Failure of parts at high-temperature
1.  High-temperature creep

THE END



2.  High-temperature oxidation

THE END



1.5.2  Creep limit and endurance strength

THE END

1.  Typical curve of creep

Typical curve of 
creep

The effects of stress (a) and temperature (b) on curves of creep



2.  Creep limit
T
εσ &

/
T

tδσ
3.  Endurance strength

T
tσ

1.5.3  The way to increase mechanical properties
of metals at high-temperature

THE END


