
Characteristics affecting each stage of fatigue fracture
 
This chapter presents fatigue of metals, stages in fatigue fracture and material 

characteristics affecting each stage of fatigue fracture. Further, relationship between the 

fatigue fracture and stress intensity factor has also been elaborated.   
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The fluctuations in magnitude and direction of the load adversely affect the life and performance 

of an mechanical component compared to that under static loading condition. This adverse 

effect of load fluctuations on life of a mechanical component is called fatigue. Reduction in life of 

the mechanical components subjected to fatigue loads is mainly caused by premature fracture 

due to early nucleation and growth of cracks in the areas of high stress concentration occurring 

either due to abrupt change in cross section or presence of dis-continuities in form of cracks, 

blow holes, weak materials etc. 

26.1 Fracture under fatigue loading  

The fracture of the mechanical components under fatigue load conditions generally takes place 

in three steps a) nucleation of cracks or crack like discontinuities, b) stable growth of crack and 

c) catastrophic and unstable fracture. Number of fatigue load cycles required to complete each 

of the above three stages of the fatigue eventually determines the fatigue life of the component 

(Fig. 26.1). Each stage of fatigue fracture ranging from crack nucleation to catastrophic unstable 

fracture is controlled by different properties such as surface properties, mechanical and 

metallurgical properties of the components in question. Any of the factors related with material 

geometry of the component and loading condition which can delay the completion of any of the 

above three stages of the fatigue will increase the fatigue life.  
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26.2 F

26.2.1 S

Surface c

hardness

provided 

engineer

to slip u

irregulari

Continue

crack like

takes ab

mechanis

 Photograph

actors affec

Surface crac

crack nuclea

s, yield stre

there is not

ring compon

nder the inf

ties of mic

ed slip at ce

e discontinu

bout 10-20%

sm of fatigu

h of fatigue f

cting the st

ck nucleatio

ation stage i

ength and 

t stress rais

nent are nuc

fluence of fl

ron level w

rtain crystau

ities at the s

% of total 

ue crack nuc

fracture surfa

ages of fati

on stage 

s primarily i

ductility of

er causing s

cleated by m

uctuating lo

which act as

uographic pl

surface. It is

fatigue life 

cleation is b

ace of a wel

igue fractur

nfluenced by

the engine

stress localiz

micro-level d

oads. Repea

s stress ra

lanes due  t

s generally b

cycle of th

ased on mic

d joint  

re  

y surface pr

eering comp

zation. Crac

eformation o

ated fluctuat

iser and sit

to fluctuating

believed tha

he enginee

cro-level slip

roperties suc

ponent subj

cks on the s

occurring at

tion of loads

te for stres

g load cycle

at first crack 

ring compo

p deformatio

 

ch as rough

ected to fa

mooth surfa

t the surface

s results su

ss concentra

e finally prod

nucleation s

onent. Since

on at the su

ness, 

atigue 

ace of 

e due 

urface 

ation. 

duces 

stage 

e the 

urface 



therefore

yield stre

thereby l

stage (Fi

surface f

grinding, 

ductility 

hardenin

 F

Surface 

joints ge

can act a

promote 

Residual

opposite 

metal low

condition

26.2.2 S

A crack 

the fact t

loading w

in case o

e factors like

ength and 

lower the nu

g. 26.2). He

finish (so a

lapping, po

using vario

g treatment.

ig. 26.2 Sch

nucleation s

nerally poss

as a stress r

or discoura

 stresses si

kind tends 

wers the fat

ns and surfac

Stable Crack

nucleated in

that whethe

with low stre

of fracture to

e surface irr

low hardne

umber of fa

ence, for enh

as to reduce

lishing etc.),

ous approac

.     

hematic of fa

stage in cas

sess poor su

raiser. Furth

age the su

milar to that

to discourag

tigue life up

ce condition

k Growth St

n first stage 

r there is en

ess ratio (rat

ugh materia

regularities (

ss would fa

tigue load c

hancing the f

e stress co

, increase th

ches namel

atigue crack 

e of welded

urface finish

er, the deve

rface nuclea

t of external

ge the crack

p to 90% de

s of weld.  

tage  

may be pro

nough fluctu

tio of low mi

als may lead 

(increasing s

acilitate the

cycles requi

fatigue life a

ncentration 

he surface ha

y shot pee

nucleation m

d joints beco

h and weld d

elopment of 

ation stage 

l loading fac

k nucleation.

epending up

opagating or

uation of loa

nimum stres

to the existe

stress conc

e micro-leve

red for com

attempts are 

due to sur

ardness and

ening, carbu

mechanism 

omes very c

discontinuity

residual stre

depending 

cilitate the c

 This is the 

pon the type

r non-propa

ad or not for

ss and high 

ence of non-

entration), h

el surface d

mpleting the 

always mad

rface irregul

d yield streng

urizing, nitri

crucial as alm

y of one or 

esses in we

 upon the 

crack nuclea

reason why

e of the we

agating type 

r a given m

maximum s

-propagating

high ductility

deformations

crack nucle

de to improv

larities if an

gth and lowe

iding, and 

most all the 

other kind w

ld joints can

type of loa

ation while th

y welding of 

ld joints, loa

depending 

material. A fa

stress) espe

g crack.   

y, low 

s and 

eation 

ve the 

ny by 

er the 

other 

 

weld 

which 

n also 

ading. 

hat of 

base 

ading 

upon 

atigue 

ecially 



However, growth of a propagating crack is primary determined by stress range (difference of 

maximum and minimum stress) and material properties such as ductility, yield strength and 

microstructural characteristics (size, shape and distribution of hard second phase particle in 

matrix). An increase in stress range in general increases the rate of stable crack growth in 

second stage of fatigue fracture. Increase in yield strength and reduction in ductility increase the 

crack growth rate primarily due to reduction in extent of plastic deformation (which reduces 

blunting of crack tip so the crack remains sharp tipped) experienced by material ahead of crack 

tip under the influence of external load. Increase blunting of crack tip lowers the stress 

concentration at the crack tip and thereby reduces the crack growth rate while a combination of 

high yield strength and low ductility causes limited plastic deformation at crack tip which in turn 

results in high stress concentration at the crack tip. High stress concentration at the crack tip 

produces rapid crack growth which reduces number of fatigue load cycle (fatigue life) required 

for completion of second stage of fatigue fracture of component.   

All the factors associated with loading pattern and material which increase the stable crack 

growth rate, lower the number of fatigue load cycle required for fracture. High stress range in 

general increases the stable crack growth rate. Therefore, attempts are made by design and 

manufacturing engineers to design the weld joints so as to reduce the stress range on the weld 

during service (of possible) and lower the crack growth rate by developing weld joints of fracture 

tough material (having requisite ductility and yield strength).   

The fracture mechanics principles have also been applied in fatigue studies to understand the 

conditions required for different stages of fatigue. The fracture mechanics considers the 

materials properties, crack size and applied stress condition for suggesting the conditions for 

growth of crack under fatigue condition. One of common terms in fracture toughness is stress 

intensity factor indicating the stress intensity near the tip of crack and is extensively used to 

predict the crack propagation and fracture conditions in case of homogeneous, 

linear elastic material for providing a failure criterion for brittle materials. Stress intensity factor 

(K) under uni-axial stress condition is given by σ(πc)1/2. Where σ is applied stress (MPa), π is 

the constant, c is length (in m) of surface crack (half crack length of crack insides the body). For 

a given crack length, under varying load conditions stress intensity factor varies from max to min 

level as per externally applied stress. The variation in stress intensity factor is called stress 

intensity factor range (∆K). A minimum stress intensity factor range needed for commencement 

of propagation of the crack is called threshold stress intensity factor (∆Kth) as shown in Fig. 

26.3. The Paris law shows the relationship between the stress intensity factor range (∆K) and 



crack growth rate (dc/dN) per load cycle in second stage of fatigue fracture and is expressed as 

below.   

Crack growth rate (dc/dN)= C(∆K)m 

 Where c is the crack length, N is the number of load cycles and m is slope of curve in stage 2 

of crack growth (Fig. 26.3).  

26.2.3 Sudden fracture (Unstable crack growth) 

Third of stage of fatigue fracture corresponds to unstable rapid crack growth causing abrupt 

facture. This stage commences only when load resisting cross sectional area of the engineering 

component (due to stable crack growth in second stage of fatigue fracture) is reduced to such 

an extent that it becomes unable to withstand maximum stress being applied during service. 

Hence, under such condition material failure occurs largely due to overloading of the remaining 

cross-section area. The mode of fracture at the third stage of fatigue failure may be ductile or 

brittle depending upon type of the material. Materials of high fracture toughness allow second 

stage stable crack growth (of fatigue fracture) to a greater extent which in turn delays the 

commencement of third stage unstable crack propagation (Fig. 26.3). Conversely for a given 

load, material of high fracture toughness (high strength and high ductility) can withstand to a 

very low load resisting cross sectional area prior to the commencement of third stage of fatigue 

failure than that of low fracture toughness matel.  
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Fig. 26.3 Stage II stable fatigue crack growth rate vs stress intensity factor range in fatigue test.  
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