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FRACTURE
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Fracture is the separation or fragmcntanon of a solid body into two or more parts
ander the action of load. Dunng fracturc atomic bonds are broken and new surfaces are

formed.
TYPES OFF FRACTURE
Fractures arc broadly classified into
? (i) Ductile or Type I fracture
.+ (i) Brittle or Type Il fracture
(iii) Shear or Type I1I fracture
i) Ductile fracture or Type 1 fracture

Itis characterised by an appreciable amount of plastic deformation. The fracture proceeds
relatively slowly and the fracture surface is dull in appearance, Ductile fracture is of two types:

(a) Highly ductile fracture.
(b) Moderately ductile fracture or Cup and Cone Fracture.

(a) Highly ductile fracture : In this the material nchs down to a point fracture and yields to
100% reduction in cross sectional arca.

: _ Eg:soft metals like pure gold, lead ete.,

Fig. 1.41: Highly ductile fracture
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(B) CUP AND CONE FRACTURE - STAGES

L L

45
; L cupvr
e v fib
€ neck 3 cone Shear
(a) (k) ) d (e)

Fig. 1.42 ; Stages of Cup and cone fracture

Stage (a) - [Initial necking or reduction in cross - sectional arca takes place.
(b) - Small cavities or voids form in the interior of the cross section.
(c) - Asloadis increased these minute cavities join together Ecn-alt:_soc)l to
. form an elliptical crack which has its long axis perpendicular to the direction
of load.
(d) - Thecrack continues lo grow in adircetion parallel to its major axis.
(c) - Finally, fracturc resulls due to rapid propagation of the crack.

The fracture surface has two portions. One is the outer perilmclcr of the ncck‘ \'.'hcrE
fracture takes place by shear deformation atan angle of 45° approximately to the tensile loa
because thisis the angle at which the shear stress is maximum. 1119 olhclr portion |5_|th mt;:-noc
which has an irregular or fibrous appearance wllilc the sheared portion will have a shiny sur ace,

ii) Brittle fractureor Type Il fracture -
Like in ductile fracture, herealso small cavities ointogether to form a crack and this cr:-ili
propagates. Butall these stages happen instantly and the material failure takes place suddenly;

{

Basics, Mechanical Behavior, Failure of Materials

A

Fracture surface is granular and almost normal to the direction of the
tensile load. There is successive and repeated breaking of the bonds at
the atomic level, along specific erystallographic plancs called cleavage
planes (for example (0001) basal plane in HCP zinc).

Tendency for brittle fracture js increased with (a) decreasing
femperature (b) increasing strain rate or rate of loading (c) tri-axial
stress conditions usually produced by a notch. !
Fig. 1.43 (a):
Brittle fracture

.
D

Fig. 1.43 (b} : Shear fracture

Intergranular fracture : In this the crack propagates along
{he grain boundaries and fracture occurs.

Intragranular Fracture : In this the fracture crack passes through
the grains and the fractures surface looks granular. This is also known
s Transgranular fracture,

{ii) Shear Fracture or Type IT1 fracture

_ Thistype of fracture i found in ductile single crystals. Thisis
promoted by shear stresses and occurs as result of extensive slip on
the active slip plane. Fracturc surfaces are normally at45° to the direction
oftensile load and appear shiny owing to extensive slip between surfaces
before fracture.

Note to students : To understand the different types of fracture,
take chalk pieces and try to break ir by (i) pulling it apart
{ii) erushing (iii) twisting holding both ends.

Preference of ductile over brittle failure

Ductile fracture is almost always preferred over brittle failure. This is because brittle
{racture occurs spontancously and suddenly without any waming which is due to the rapid
crack propagation. In case of ductile fracture which is preceded by considerable plastic
deformation, preventive measures can be taken o avoid fractures after identifying plastic
deformation.

%
Study of Fracture Surfaces

It is an important activity in the industry to study the fracture surfaces of materials or
components which have failed. Fracture surfaces provide evidence to the mode of failure
that would have occured. Fracture surface cxamination is a great tool in failure analysis

Note : Students are advised to observe and interpret the fracture surfaces of different
materials subjected to destructive tests in Material Testing Laboratory. -
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" ductile and brittle. There is also @ narrow temperature range through which a materiz, g
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~~~ DUCTILE TO BRITTLE TRANSITION

| 7
Ho ]
The different types of fractures that have been discussed so far are not specific jo ! ; G;R III‘I ITI_I S..CRITERIONDFBRITTLE FRA?TURE
particular materials. In other words, mild steel, a known ductile material will not underg, 4§ Thc earelion’ cbiesig Mngﬂ}ofan ideal crystal having noimpcrfmiumi iti
‘ductile fracture always nor will cast iron, a known britile material, will undergo britile§ 15 00 4 'mes.ljtj'c strength of real materials normally observed. Griffith uﬁgthndI:I:I:setl:mw
fracture always. In fact, mild steel can undergo brittle fracture while cast iron can undergo i %‘?mﬁ; ls:’i{.’::dcﬂ chane theoretical and observed values of fracture stren n?; :.f
ductile fracture, depending upon at what temperature the tensile tests are conducted. In g LA that the real material under consideration is not d E

efect free but containg

other words, mild steel acts as a ductile material at room temperature but becomes brittlea tration and lowers the

sub-zero temperature while cast iron can become ductile at higher temperature, Mild steel
also fracturcs in a brittle manner when subjected to sudden loading as is scen in the Impact]
Test in the MT Lab.

For all materials, there exists two ranges of temperatures during which they actas}

rge number of microscopic cracks which produces stress concen
Fgl.h ofthe malcn?'l. W_’hen these microscopic cracks join together the crack formed will
5 ,’_.EP"’-E‘“e and r_csults in brittle fracture. To form any new surface, energy inrequi ;
‘energy is supplied by the clastic strain energy stored in the metal .d”n'ng \ mdr?ql“fedland this
ted as, . ing. This can be

E R “:J crack will propagate and result in Sracture, when the decrease in elastic strain
. Yenergy is arfe‘a.r.‘ equal to !he_energy required to create the new surface”. This is Griffith's
Zcriteria for brittle fracture. Griffith's theory can also be stated as “4 crack will propagate and

“Produce brittle fracture where there is no net energy change in the system wi ‘i
i the crack lengih™. . BAENTE e system with any increase

undergoes transition from ductile to brittle and vice-versa.

Ductile - britile
tpnsitien range,
R}

— gli;::;f;iau of an expression for the fracture strength of a real material based on Griffith's
i Considera platc of unit thickness with a crack of length 2C at the interior. The approximate

volume of this crack is wC? (thickness is unity)
Elastic strain energy per unit volume released

Fractare (Impact) energy ——————

] .
1
|
i 1
1 1
] 1
1 1 i o g’
: : inorder to form the crack =——
" 1 04% C R &
: ' Steel (negative sign indicates energy is released)
i : Total elastic strain energy released for the
E | 1 h . -g? = '
| ! spreading of the crack, U= et & ’
1 )
. | } Total surface energy gained by the creation of
Brittle : [ . the two crack surfaces, U, =4 (%, ’
T 'C 10°C 80°C (v %, %2 x surface area (2C x 1))
- . Netenergy, U = U, + U, Fig. 1.45 : Plotc of umit thickness
i . _g?
. Fig. 1.44 Ductife-Britile transition curve il R B * S
X 4 vl ‘hich behaves as a battle - . P
The diagram shows ductile-brittle transition fura!].d}%_c steel w ld ile (high fracture According to Griffith, a crack will propagate and produce a brittle fracture when the net
material (low fracture cnergy) at lower temperature whils et s e

energy of the system remains constant even as the crack extends. In other words the crack will

propagate into a brittle fracture when change in Net energy with reference to the incremental
change in the crack length is zero.

energics) upwards of room temperature.
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length.
Relation for fractu

I i croueTip . o depedy on Leodony

cture Toughness

du
ie. g5 =0 = 4 (u,+uy=0 s '
d ac (11 engincering materials have cracks or flaws present in them. Therefore the fracture
capability of a ial must be evaluated in the p of such defeets. The

a[=ed ;e pacr| =0 :  resist ial in the

o A ; e resistance of a material in the presence of cracks or discontinuities is known as its
fr fure toughness”.

: racture toughness of a material can also be defined as the critical value of the *strain

release rate’ (G) which makes the crack propagate to fracture.

“Another parameter which is more commonly used to describe the fracture toughness of

is known as the *Critical stress Intensity factor* (K.)

K, =0 YJrC

K, isa property of the material just like *yield strength” orultimats tensile strength’ and
e ct{:lnlil:lcd from fracture tests. Fracture initiates in a material 2s soon as K isreached,
ol ghinc ing stress ori i =C’l‘_8¢k!mgl.h(c)mtnlh.

1
a
9 pac =4y,
E

2E

fracture strength of the material in the presence of cra

cks of knowrt

Where o, is the

ve strength when thickness is also considered :

Where ¥, = Surface energy/unit arca
¥ = Poisson’s ratio, .
Concept of Fracture Mechanics

]

Ul
List of Formulae

: I Ev,
® 1. Theorctical cohesive strength,6_ =\ —a:— Nm)

Fracture Mechanics is the engincering analysis of various factors that causes fracture off s Where .

engincering materials. Fracure mechanics makes it possible to determine whether a crack of : E = Young's Modulus (N'rr)

given length in amaterial is dangerous and whether itwill propagate to fracturcata given stress Y, = Surface energyviunitares (=) '

level. It also permits the selection of materials for resistance 10 fracture and the s_clcction ofa a, = Equilibrium distance for ssbiSoy hetwee tor s
. | (m) = o

priate design whichis resistant to fracture.

Elements of Fracture Mechanics 2, Fracture strength of a material with a crack.

appro|

i) Strain Energy release rate (G) {
4 within the metal increases. This sto o]

When metals are stressed, strain energy stor \
encriy is responsible for increasing the crack length and thereby gets reduced. Therefor} Where C = halflenath ofs b .
& of transfer of strain cnergy to the process of crack ) ongth of'a knows crack bet witf ot duciness

“Strain energy release rate' s the ral
extension. 3, Fracture strength when thickness is also Seasdensd

) o nCo; .
For a crack length of 2 C, the strain cnergy relcase rate is given by, G = E . , 21,k
28y LR (SRR
<son of this equation with Griffith jong=—=shows that G=2 /
A comparison of this ¢q ion with Griffith's equation &7 ="~ shows that G =27, where ¥, ™ Srthoe covy vt s

¥ = Podsons e

.

whun b cital wdain sy quleu Ml (G e addved (W SRR B0 S et
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iify Geometric constant, y = |
*(iv) Fracture strcnglh,u,= 7T
e know that 'KIC'YG!JR -

2% = 1 x0,Jux086x10~
: G, = 500.20 MPa
Arclatively large plate of a glass is subjected to a tensile stress of 40 MPa. i
51 Ifthe i
: % surface @cfgyandt!‘lﬂdulus of’ ela‘sl:mty forthis glass are 0.3 J/m* and 69 Ghmm
r - . determine the maximum length of a surface crack that will result in a fracture,
. gjgﬁm 3

i i i y . ) : | Givendata:
1. Determine the critical crack length for a unit thickness crack in a thick material of K3 ‘-f:‘“ﬁ) Tenistle stices; & <4ONBY
Sidpier °58,0,=

24.2 MPa +/m , which is under a stress of 350 MPa. Assumc size factor, y=1. i o, = 40 10N/t
(Jan. 2004, VTU) (i) Specific surface energy, ¥, = 0.3 J/m?
: (i) Modulus of Elasticity, E=69 GPa .
- or E = 69%10°MPa.
or E = 69 % 10°N/m?*
(iv)  Critical ¢rack length, 2C=7?
- Weknow that, from Griffith's theory,

1
4. Strain encrgy release rate, G = KC—;L

5. Critical stress intensity factor.K: =Yo,/nC
(or Plain Strain Fracture Toughness)
where - ©, = fracture stress
C = halflength of crack
Y = SizeFactor (constant) (Assume | if not éivcn}

SOLVED PROBLEMS

i Solution :

Given data: . .

1. (i) Critical stress Intensity factor, K, =24.2 MPa Jm
(i) Given value of (fracture) stress, 6, = 350 Mpa
(iif) Size factor,y=1 i

(iv) Critical length of crack, 2 C=?. o = 2Ey,
We know that, K.=Yo, 1_-'rl:C nC
242 = 1x350%/nC . Subtitating, 40K 105 = 2x69xlC0'x0.3
. b4

Halflength,C = 0.00152m
.. Critical crack length, 2 C =0.00304 m .
' 3. The critical stress intensity factor (K,) of a material used for a component is 26
! Ji . What is the applied stress that will cause fracture if the component contains af

I intermal rack length 1.72 mm? Agsume geome(ric cnsanty™ ¥ Frochue Towghiey i~ T tre heghaf STF ot an be
. = L bdbes
' Solution : _ ' ¢ wpped Fesl c,}‘ trawiceg  Shrudhuee

Givendata:
() K.=26MPaJm

(i) Cracklength,2C=1 72 mm
C = 0.86mm=0.86 x 10-'m

. C=82%10"m
* or Critical crack length, 2C=16.4pm or 2C =164 x 10 m
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FATIGUE

Introduction

In several applications, componenis have to withstand different kinds of load at differ
times. Materials subjected to these f] ing or repeated loads tend to show a behavio
which is different from what they show under steady loads. This behaviour is known as fa
and duc to this the strength and service life of several components get reduced. Therefor
fatigue is a gencral lerm used to describe the behaviour of materials under repeated cycles
stress and strain which causes a deterioration of the material and results in a progressive frach

Fatigue occurs at stresses well within the ordinary elastic range as measured in the static?

tension test. Fracture resulting from fatigue is very difficult to predict and hence a goog

understanding of fatigue behaviour is very important. _
Springs deflecting Lo various amounts, aircraft wings subjected to repeated pust loads,

rubber tyres deforming repeatedly with cach revolution of the wheel etc., can all lead to

failure by fatigue.
TYPES OF FATIGUE LOADING WITH EXAMPLES

i) Completely reversed cycle of stress :

Tension

£ VRN
sl N/ 1

Fig. 1.46 : Alrernate tensile and compressive siresses

- Cycles —»

o, = Stressamplitude ' o, = range of stress
G, = maximum stress G, = minimumstress
Cpery = 0

\ «/

re a member is subjected to cppt_ﬁi‘-c Y
nuously in either

rs and failure by

' Fig .46 illustrates the type of fatigue loading whe
ds aliernately with a mean of zero, For example bending of steel wire conti
tions leads to alternate tensile and compressive stresses on its surface laye:

fliguc. :

+ -
e

Stress 0 L
s

e

Cycles ——»

Fig. 1.47 ; Vavious degrees of rension

Fig 1.47 shows the type of fatigue loading where a member is subjected to only tension

butto various degrees. A spring subjected to repeated t as ina toy would lead to fatigue
failure. [

iii) Trregular or Random stress cycle :
A

IRRARSAVASAS

Cycles ———»

L 4 Fig 148 : Irreguiar loads

Fig 1.48 shows a type of fatigue loadin,
. : g where a member could be subj i
loads just as in the case of an aircraft wing subjected to wind loads. Appleca e
Stages of fatigue failure
Let us consider a ductile material which is subj i

! u jected to simple altemnatin i
tompressive stresses. Failure by fatigue is found to take place in three slagcsl% _—
(i) Crack nucleation (ii) Crack growth (iii) Fracture .
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o
To . MECHANISMS OF FATIGUE FAILURE
Some of the theories which explain the mechanism of crank nucleati \ ;
fire are mentioned below, leading to fatigue

{ Wood'stheory b) Orowan's theory
Cottrell and Hull theory  d) Mott theory
Wood's theory’

We know that ‘slip” takes place along certain crystallographic planes due to shear stresses
acting along those plancs. When an alternate load is applied, the direction of the shear stresses
change alternately. This causes back and forth slip movements in opposite directions. Slip
ds are produced due to this systematic buildup of fine slip movements in either directions.
These slip movements are in the order of 1 nanometer. These slip bands er¢ nothing but intrusions
ﬁd;ximsiuus formed on the surface of the specimen to form surface imegularities which are
] -*;#"‘wd as cracks, Once the cracks are nucleated, growth of these cracks takes place continuously
1o stress concentration before fracture occurs,

31 Typically, the crack growth period accounts for 75-90% of the fatigue life in the part.

7' The stages through which slip band extrusions and intrusions are formed are illustrated in
¢ the fig. 1.50,

a a a

Fig. 1.49 {a) : Crack Nucleation Figg. 1.49 (b) : Crack growth  Fig. 149 {c) Fracture
i) Crack nucleation :

During the first few cycles of loading, localized changes take place in the structure ]
various places within the material. These changes lead to the formation of submicrascap
cracks. These cracks are usually formed at the surface of the specimen. There are scveral
theories like Orowans theory, Cottrell & Hull theory ete., which explain the mechanism off
crack nucleation.

if) Crack growth:
The submicroscopic cracks formed grow as the cycles of loading continue and becomg|

microscopic cracks Surfsce of the specimen

|
wiR

v/ i
; -85 i A

Where C = half of crack length which results in fracture T

Shear
iii) Fracture: wiress

When critical size is reached, the crack propagates. The area of cross-sectio
supporting the load gets reduced thus increasing the stress valuc and fracture finally oceurs;

Non-propagating eracks

Cracks which do not propagate and result in fracture arc known as non-propagatingg
cracks. In any solid, there will always be a number of cracks. Only such eracks whick]
attain the critical size will grow (propagatc). According to Griffith’s theory a cracllz will
propagate and result in brittle fracture only when there is no net energy change in thdj
system with any increase in crack length .

We know that G, = J—F

Intrusions

Fig, 1,50 Wood s mechanism of Fatigue Crack Nucleation
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b) Orowans ‘Polycrystalline Model” theory
Consider a polycrystallinc sample consisting of a number of grains. Let *A” be one of
grains which is weaker then the surrounding grains.

When load is applied to this sample, grain A being weaker than the rest, yields in th]
directions of loading. When the load is reversed, grain A tries to vicld in the opposite direction
As the loads are continuously alternated, grain A continuously yields in opposite directions ani |
faster than the rest of the grains. This causes a relative movement between grain A and th
surrounding grains and leads to the formation of fine submicroscopic cracksat the grain boundary
of grain A.

In a polyerystalline sample, there may be a number of such grains which may te
weaker than their surrounding grains. Hence a number of submicroscopic cracks may be
expected to form at their boundaries. Subsequent cycles of stresses helps in the coalescence
of a number of submicrascopic cracks to form a bigger crack which may grow and result in
fracture.

In gencral fatigue cracks begins at the surface of the specimen, probably because the
grains adjacent to the surface are less restricted than the surt
grains like ‘grain A’ can be expected to be found next to the surface.

FATIGUE TESTING -BY RR MOORE REVERSED-BENDING MACHINE
Fatigue failures in engineering materials are observed by conducting the fatigue test which
involves the plotting of an S-N diagram. One such test is the R R Moore reversed-bending
fatigue testing machine.
Specimens subjected to fatigue fest are made to undergo fluctuating or opposite stresscs.
One such test arrangement is shown in the fig. where the specimen is bent with the help ol
weights as well as rotated. By this, altemate tensile and compressive stresses arc imposed on
the various layers of the specimen.

grains, Therefore weak |-

o

FI:XiI?lc

Specimen

Hi-speed
motor

Weight
Fig. 1.51 : RR Moore Fatigue Test

A counter coupled to the motor counts th i iment
onducted for different loads, and differ:nr:l:nurlz‘le;:ricgdc? s o e
§5N s cycles to fractures are noted to draw the

S-N DIAGRAMS

The 8-N curve which gives informati i
s ‘ . ! on on the fatigue behaviour of 2 material i
stress (8) against the number of cy¢les to failure (N). The value of stress lhl::ais pl(:t:;:z::;:

9,,0,,.> ..., The values of N are usually taken along a log scale.

] M Steel
N
\

‘-\_H-““-
b - 1 B \ _
\\\ Fatigue Hmit
Stress, 8 Atler
4 \‘-.___ -
"\_‘_‘-
J 10 w 0 10 10

No. of eycles to Failures, N =——————ou

Fig. 1.52 : 8-N curves of Mild stecl and Alloy
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~ Fatigue Limit or Endurance Limt (o)

tis the stress I?elow which a material will not fail for any number of eycles, For ferrous
Is it is approximately half of the ultimate tensile strength. For non-ferrous metals since
e is no fatigue limit, endurance limit is taken to be the stress at which it endures ‘N number
i -les without failure. *N'is usually taken as 5 x 10* eycles for non-ferrous metals,

: ‘FACTORS AFFECTING FATIGUE LIFE

!Effect of stress concentration on fatigue : '

! Stress concentrations are actually responsible for the majority of fatigue failures oceuring
ice. All machine elements contain stress raisers like fillets, key ways, screw threads,
sity etc., Fatigue cracks are nucleated in the region of such geometrical irregularities,
‘The actual effectiveness of stress concentration is measured by the Jatigue strength
etion factor (K,). :

It is defined as the ratio of the fatigue strength of a member without any stress
neentration (G,) to the fatigue strength of the same member with the specified stress

The S-MN curve is plotted by applying a cyclic load atany particular value of stress ap (il 5 25)
repeated continuously until the specimen fails. The number of eycles required for failure at gy ;
stress in plotted. Specimens would fail for different number of cycles when held at differey
stresses and hence a number of points are obtained. By joining all these points, a S-N curyd
typical of that material is obtained.

Fig 1.52 shows the S-N curves for two metals-mild steel and an aluminimu alloy. Itig
seen from the S-N curves for both metals that the number of cycles which ametal can endy
before failure, increases with decreasing stress. But in the case of mild steel, th
S-N curve becomes horizontal at a certain limiting stress. Below this limiting stress, cail
the fatigue limit or endurance limit, the material can endure an infinite number of evel
without failure. This means that if the stress is below the fatigue limit, the material i
never fail for any number of cycles of stresses,

In the case of the non-ferrous aluminium alloy, the S-N curve slopes graduall
downward with increasing number of cycles. This material does not have a true fatig
limit because the S-N curve never becomes horizontal. In such cases the fatigue lim

arbitrarily taken as the stress at which 10° cycles (for example) is required for failure. _?entraiion (@). s
! . + s o'

. FATIGUE PROPERTIES ; % Fatigue failure by stress concentration can be minimized by reducing the avoidable

1) Fatigue Life (N): - : iﬁﬁs' raisers through careful design and the prevention of stress raisers by careful machizi :

nd fabrication.

2) Size Effect :
= Expn‘:rimems have shown that fatigue strength of large members is lower than that of
s:‘phll specimens. This may be due to two reasons :

i) The larger member will have a larger distribution of weak points than the smaller

one and on an average, fails at a lower stress.
ii) Larger members have larger surface areas. This is important because the imperfections
. that causc fatigue failure are usually at the surface.

3) Surface Rougliness .

Pl'?tfficﬂ"y almostall fatigue cracks nucleate at the surface of the members, Therefore
the conditions of the surface such as surface roughness and surface oxidation or corrosion
are very important,

Experiments have shown that different surface finishes of the same material can

appreciably affect fatigue performance. Smoothly polished specimens have higher fatigue
strengths,

Itis the total number of cycles required to bring about final fracture in a specimen at £
given stress. Fatigue life for a given condition isa property of the individual specimen and is}
arrived atafier testing a number of specimens at the same stress.

2) Fatigue life for P percent survival (Np): |

Itis the fatigue life for which P percent of the population of samples tested have a longer
life than the rest. ;

For example, N, is the fatigue life for which 90% of the samples would be expeciedta,
survive and 10% to fail at a particular stress. ¢

3) Median Fatigue Life : .

Itis the fatigue life for which 50% of the population of samples fail and the other 50%

survive ata particular stress,
4) Fatigue Strength (0,):

Itis the stress at which a material can withstand repeatedly 'N' number of cycles before

failure. In other words it is the strength of a material for a particular fatigue life,
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" 4) Surface Residual Stress )
Residual stresses are nothing but locked up stresses which ar¢ P_'csvc';ls:;‘n“l I::g;‘::n !
When it js not subjected to an external force. Residual stresses arise d“""l:}"’ ml; piinnds ;
cold working when the plastic deformation would not be uniform lllmusz?m £ i itw'
" thepary, Residual siresses can be cither tensile or compressive dc;wn ingon |
Plastically doformed carlier by tensile or compressive loads respectively. 55
Those residual stresses at the surface of the members add themselves to lh(‘: c:;l.cr ?
eyelic siress that is being applied and help in the nucleation of cracks and their further
Propagation,
5) Effect of Temperature : !
() Low temperature : Fatigue tests on metals carriuAd out at bel
shows that fatigue strength increases with decreasing temperature, - ‘
(i) High temperature : In gencral, fatigue strength of metals decreases with increasing:
temperaturc above room temperature. y 3
6) Effeet of Environment : ) .
Environment also plays an important role in the fatigue _bch.wiour of mmenalsi [
fatiguc takes place in a metal which is present in a corrosive environment, the rate nl_wh! i
the fatigue crack propagates is greatly increased duc to the chemical alu;lck, 'H}c combinatioglf
: f corrasion attack and cyclic stresses on a metal is known as corrosion fatigue. !

low room temperature

FATIGUE PROTECTION METHODS

A number of methods are available to improve fatigue performance of materials. Some ol

them are design based while some others are based on either service condition or surfa
treatmeny,

1. Design for fatigue .
Fatigue performance can be improved by avoiding sharp comers and ins!cg:] pmvldm
arounded fillet as shown in fig. This is because fatigue cracks are usually initiated at the$

Intersection of two sections.

]

Bad design Good design

3 g, Mechanical Behavior, Failure of M

mu {he workpicce surface due to cutti
fatigue life. Therefore in order to ov
fmroved by pol
" @, Introduce residual Compressive Stress

= 1T
nullify or reduce the effect of external tensile stresses. But if the external stresses acting

o the
4, Case [Tardening

=2, Surface Treatment

During machining operation small scratches and grooves are invariably introdus,
ng tool action. These surface markings can limitr,
crcome these, the surface finish of the workpicee s
I the fatigue life significantly.

ishing which
Introducing residual compressive stresses within the outer layer of the workpicee can

is also compressive, this will not help.

This is a technique by which both surface hardness and fatigue life are enhanced for

Steel alloys. This is accomplished by cither Carburizing or Nitriding process in which a
thin layer (or a case) of the surface of the workpicee is hardened (Refer chapter on Heat

: Treatment for details)

5. Reduce Corrosion
Corrosion decreases fatigue performance. To overcome this, some of the approaches

are:

i) Applying protective surface coatings
ii) Selecting more corrosion - resistant materials
iii) Reducing the corrosivenesss of the environment,

<

R

Qg!' A

~
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CREEP

Deseription of the Phenomenon

When materials under several service conditions are required to sustain steady loads fof
long periods of time, they undergo a time dependent deformation, This is known as ereepa
can also be defined as ‘the slow and progressive deformation of a material with time at const,
stress . In other words, creep deformation refers to that permanent deformation which oceurs if
materials that are exposed to lower values of stress (< clastic limit) but fora prolonged length of

time.

Creep in most of the materials, however, is found to occur predominantly at higheg
temperatures than at lower temperatures. Therefore the study of creep is very important ;
those materials which are used at kigh temperatures like compenents of gas turbines, funn:
rockets, missiles etc. But therc arc exceptions like lead and plastic which undergo creep it roon

temperature also.

At clevated temperature, the tensile propertics of most engineering metals are very sensitivg

to both strain rate and time of exposure than at lower temperatures,

Generally temperatures above 0.4 T_ (T, =Melting temperature) arc considered as hig

temperatures,

~ THREE STAGES OF CREEP - THROUGH CREEP CURVE

The creep curve is obtained by applying a constant tensile load below the yicld pointto

specimen maintained at constant temperature, The strain or the elongation of the sp
then determined as a function of time.

-g-% = Minimum creep rate

Time,{ ——»

Fig. 1.53 ; Three stages of Creep Deformation

echanical Behavior, Failure of Materialy
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‘As soon as the specimen is loaded, there will be an instantancous Strain whict :

{ b

‘g the crecp curve. Further deformation of the metal only after the iy ich is dcml:uold
sidered as ‘creep deformation”. aneous strain js
Creep deformation of materials upto failure are divided into 3 stages - (j) p,:

(if) Secondary creep (iii) Tertiary creep. (i) Primary creep
rimary Creep

l

The crecp ratc goes on reducing because as the metal deforms it und, :

: CIROes strain i

nierl‘m more and more re to further elongation. Primary creep js mam:?nr:’:ﬁmg
od of transient creep. Primary Creep is important for those mate i

rials which undergo creep
'_‘-I(I']):-Suondnry Creep @
This stage is a period of nearly constant creep rate. The creep rate §
: i i . t2 is constan
'strain-hardening ' and ‘recovery’ effects balance each-ather. The average v:?ue ol‘:}fxc =
rate during secondary creep is called the minimum creep rate. This is an important a,: ::'e:},p
curve because most of the working components will be in this state, Secondary mpzp is al =
known assteady siate creep. Creep in this region takes place by the viscous flow in the n-,;;tn;-iajs:
(iif) Tertiary Creep : ‘
This stage is a period of increasing strain rate. Tertiary ereep occurs when there i
effective reduction in cross-sectional area due to necking or internal void {cmmﬂes;s;n
stress at that cross-section increases and consequently the value of strain also in:rca-scs t ;
faster rate before the occurrence of fracture. o
I the stress is kept constant instead of the load or if true strain
: strain is taken j i i
then the resulting fracture due to creep would be at ‘B”. -

Transient Creep

The principle characteristic of transient creep is the decreasi i i
Deformation is rapid at first but gradually becomes slower and smwl:g“m‘:‘::l:efon;aa::;
some fixed value. Transient creep in metals is observed at all temperatures, ev a;!pb Jut
zero. Hence it is sometimes referred to as *Cold Creep”. e Eoe

lnitially as soon as the metal is loaded, instantancous strain ‘i ‘hich i
stnpp_ed by the strain hardening of the material. As the load is held cons::n’tjlhl‘:k ni:tl:al-:r u:dl:go:
trall'lswfﬂ creep where small additional amounts of elongation takes place produced by thermal
activation. Each increment in strain duc to yielding causes a further small increase in the strength

” '
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U2 19 strain-hardening, Consequently, as time progresses, further clongation becomes more
and more difficylt and the rate of deformation decreases, Thus transient ereep approaches 3
constant rte on the creep curve and enters the secondary stage.

Transient
_-——"

Steady state (viscous)

sifdin g Fig. 1.54 : Trunsicnt and

Elastic plus
¢ Viscous Creep

plastic

Time,t —————————>

Viscous Creep

. Viscous creep is characterized by the viscous flow of the m:ncrialleic‘h means that the
15 @ canstant or a steady increase in deformation at constant stress. This is in the ablsr:ncc of 1
strengthening mechanism like strain hardening. Although strain hardening is present its effect
Just balanced by the ‘recovery' process which has the opposite effect i.c:. soﬂer_nng Il1_c metal;
On one hand the strength of the material is increased for each increment in plastic strain ducto
strain hardening and on the other hand the strength is decreased by Recovery so that more
plastic deformation takes place. This cycle is repeated continuously and keeps th.c ereep
constant fora long time. Viscous creep is stopped when there is considcyable rcduclu_m in cross:
sectional area and enters the tertiary stage. The rate of deformation increases rapidly in this
37 stage and fracture oceurs at the end of this stage. "
Viscous creep is also known as ‘Hot ereep” since it is obseived only at highet
temperatures. ’

Viscous creep

Creep curve - Transientcrecp  +

b

Sudden strain +

y Ey

]

T T

—

Fig. 1.55 : Components of Crecp enrve

.

: q.,/,.@

. g
fasies, Mechanical Behavior, Foilure of Materials "Q‘é il
s
&
Effcct of low temperature — %S
Temperatures below T, /4 are normally called as lower temy Lower iesapermn, ¥

because strain hardening cffects will be s,

ing rate. This is k
have an cffect of decreasing the crecp e i A g

and ‘recovery' process is negligible. Cn.:q'l occurring at lower tem)
(ogarithmic creep’ and follows the equation,
' e=alnt
i where € - strain, @ = constant and t = time. . ‘
To move any dislocation, a suitable activation energy in nccdcd which may be wadcd
byahigher load or a higher temperature. Different dislocations pecd different levels of activation
energy to begin their t. On the application of load at lower s:cmpcmur.w. ﬁ:: dislocations
with the lowest activation energy move first to produce the initial crecp strain. When lh_:sd:
hausted, creep can only by the movement of dislocation

ahions arc

easy-to-move disl

3 of higher activation energies, Since lower temperatures cannot provide high activation encrgics,

the crecp rate decreases.

Low temperature logarithmic crecp obeys a mechanical equation of state ie., the mte of
strain at a given time depends only on the instantaneous values of stress and strain and not on
the previous strain history.

Effect of high temperature @
Higher temperature have an effect of increasing the crecp rate. The following are the

“‘structural changes ' that take place during creep at higher temperaturss @

(i) Mability of atoms increases rapidly with temperature and they occupy lower energy

positions.
(ii) Mobility of dislocations also increase and they overcome the obstacles by the machanism
of elimb.

(i) The concentration of vacanics increases with lemperature and the rate of diffesion ncreases.

(iv) Recrystallization takes place as a result of increased rate of diffusion.

(v) Additional slip systems come into effect at elevated temperatures. Example In FCC
aluminium apart from (111) plane, slip takes place alsa on (100) and (211) planes.

(vi) Grains in polycrystalline materials move relative to cach other. This *grain-boundary
sliding’ is a shear process which occurs in the direction of the grain boundary and leads
to intergranular cracks, Creep at higher temperatures 1s strongly dependent on previous
strain history and henee does not follow a mechanical equation of state.
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Effects of (i) Temperature and (ii) Stress on creep curve

FF, or o,

il
As we observe Freer i

fr,“m the above
diagram failure due to
CTeep takes place
faster whep ejther

SIEss or temperature

1S increased, In ofher
words, higher ‘the
Operating temperature
OF stress, steady state

Creep strain ———

T,>T,>T, i
grara

91

When dislocations come across obstacles they use vacancies or interstitial atoms to climb
around them for slip and hence plastic deformation to continue,

=2 At clevated temperatures, the' grains in polyerystalline materials are able to move relative

h other. This is called grain boundary sliding and is a shear process which occurs in the

jon of the grain boundary. A large number of grains sliding with each other eventually

in plastic deformation due to creep. Grain boundary sliding is further promoted by
sing the temperature and / or decreasing the strain rate.

Since grain boundary sliding and hence creep deformation is pronounced at finer grain

, it is better to use a coarse grained material for better creep properties. In fact, Ni-based

'su_'ggF_ alloy single crystals with no grain boundaries are used to make turbine blades which

liminates the possibility of creep at higher temperatures by pre-empting grain boundary sliding.

€reep duration is
lower, .

| Time ———>
-j: Fig, 1,56 : Temp. & Stress Vs Creep curve
il.' MECHANISMS OF CREEP
il Among the many theories of Crecp mechanismis, the following important ones are dis
i I. .-
1| () Dislocation glide . .
i This inyolyes the movement of dislocations along slip planes and the barriers are ove
1 by themmal activations. This mechanism occurs at higher values of stress.
f 'ri (i) Distacation climb f
{  Under certain conditions an edge Before After
i dislocation can move out of aslip plane
0010 an angther parallel plane dircetly o~ 1
above or bejouy the slip plane. This is i 1
the process of dislocation climb. \ 1
Dislocation climb’ occurs by the 1 5
diffusion of yacancies to the dislocation ._'
sttes and the dislocations in tum climb
Up o fill the yacancy. Disloeation climb L - distocation
S controlled by diffusion and hence Fig 1.57: Dislocation. (%, 3 caney
0Ceurs most readily. at clevated " climb ¥
temperatyre, ;
d
[

Diffusion Creep

- .Cansider specimen A subjected to a tensile load P at a higher temperature. The effect
of the tensile load would be to increase the length and decrease the lateral dimension. The
effect of the Ligher temperature would be to increase vacancy movement, As the workpiece
- is stretched in one direction, atoms from the sides move towards the top of the specimen

while vacancies migrate from the top to the sides. This diffusion of aloms and vacancies in
~ opposite directions over a period of time contributes to more elongation, and is known as
diffusion creep.

——A (after loading)
<— A (before loading)

\,
/a

Fig. 1.58 : Creep due ro diffusion
CREEP RESISTANT MATERIALS
Following are a few factors which affect the creep behaviour of materials:
i) Melting temperature: Higher the melting temperature, better is the creep resistance
ii) Elastic Modulus: Higher the value better is the creep resistance.
ili) Grain size: Finer the grain size lower is the creep resistance and vice - versa.
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i
iv) Cast structure: Single crystals produce the best creep resistance
grains and then by equi-axed grains. .

v¥) Crystal defects: Greater the population of crystal defects like vacancics,

followed by columnay

lower will be
the creep resistance.
Materials which have one or more favorable propertics mentioned above makes good
alloys for high - temperature use, Some of them are:
a) Nickel-based super alloys suchas Waspaloy, Astroloy,
Molybdenum, Cobalt, Tilzlniur_n elc.
b) Stainless steels both austenitic as well as martensitic.

¢) Refractory alloys based on Cobalt, Molybdenum and Tungsten.

IN 100 etc. which contain Chromium,

CREEP PROPERTIES

(i) Creep Strength : _
It is defined as, “the highest siress that a material can u-ffhsrafmf tw'.‘hom excessive
deformation for a specified length of time . 1t is also known as ‘Crecp .*u-.jm . ‘ )
ex. Creep strength for 2 steam turbine blade may be that stress which will produce _'|Ll.51 0.2%
creep for 10,000 hours of working at 800°C.
(ii) Creep Rupture strength :
It is defined as, “the highest stress thal a r‘na.'erigf can withstan
specified length of time".
ex. For the same turbine blade the
10,000 hours at 800°C. :
Creep rupture strength is also known as
strength”

rupture strength is that stress which produces a fracture in

“Stress - rupture strength®” or simply “rupture

Experiments to determine :
(i) Creep strength
To determine ‘Creep strength’, the test is carri
avoid tertiary creep. Precise Mcasurement of strain is v
rate has to be determined. Tests are frequently conducte
and the total strain is often less than 0.5%

¢d out at relatively low stresses so a5 to
cry important since the minimum creep

o without rupture fora

d for periods from 2000 hrs - 10,000 hes __

(i) Creep rupture strength

Higher loads are used to determine ‘rupture strength® so that the crecp rate may be highy,
-j‘hc loads may be such that the tests may be terminated in 1000 hrs and the total strain may s
“around 50%. '

F Simpler strain measuring devices such as dial gauges can be used. Rupture strength
equipments are simpler to build to maintain and to operate than “Creep strength® testing

-;'equipmcnts.

" STRESS RELAXATION
Stress relaxation is the time dependent decrease In stress acting on 2 body which is
_constrained to a certain fixed deformation. In other words it is the reduction in the value of the
wstress in those components which are not allowed to elongate. Stress relaxation takes place in

::bolls and other members which are required to hold rigid bodies in tight contact. Stress in such
-amember will reduce after long periods of time,

Expression for stress relaxation

Consider a tensile specimen which is subjected to a constant initial load ¢ a1 elevated
{emperatures. !

The total strain € of the specimen is given by,

€ =€ te, where €, = elastic strain

‘€ == (1) €, = plastic (creep) strain
Due to creep, the specimen tries to increase in length. But if its is constrained at it’s two
ends, the total strain remains constant at any point of time. However whatever strain the specimen

bas undcrgqnc will become plastic while the elastic strain goes on decreasing. In other words
all the elastic deformation is converted to plastic deformation with the passage of time.

=E+Er

Since the tofal strain does not change with respect to time, differentiate € with respect to
tand equate it to zero.

@ = :_I(EG+EI‘) =0

dt
de, _ e .
d - a =k
g de,
But g, - E and & = Bo*
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where
G = stress
E = Young's modulus
B,n = constanis (n > 1)
Substituting these values in (2)

' _d_[g] o
| alg) =~ %°
|
ldo _
¢ E dt
| Integrating both sides, i
1 do .
E JI“ = —I Bo
do .
— = —-BE|dt
a" I
s =
(n_l}s(n-n; = -BEt +C
To find the value of C _
At 1=0, G =0 where ©,
S S s4e
(n_l}ql[lrvl] =-BE =
1
e (n—l)oi[""’
! Substituting (4) in (3)
=1 BEtL — ___1_—
[n-l]o‘:""’ 5 (n KL ,}G‘[n—u

. = initial stress

- stross - relaxation, This equation gives
o value of sITess @ at any point of time 't

jili the initial stress being @ It is seen from Stress

Time

' Fig 1.60; Stress Vr time

Fig.1.59 : Minimunt Creep rate -
Listof Formulae

; .- 1. Low temperature ereep strain, € =< [n(t)
Where oo = ounsimln

t = time
2. Siress relaxation expression
o 1

l.
=== (3) pcey =‘F;+BE(n—l)t

g
G, = Applied constant stress
E = Young'sMod:lus

B,n = Constants (n> 1)

t = time (hrs)

o = Nelaxed stress after time duration *t'

where

= de
e (4) Minimum creep rate, # =Bg"

where ‘G = applied stress

B,n = constants(n>1)

SOLVED PROBLEM

0_{--11

1
= " ral) BE (n-1)t
ol{n T {n—1)

L. A steel bolt, clamping two rigid plates together, is held at 600° C with initial tightening
stress 75 MPa. The minimum treep rate is 2.8 x 10°# m/m /hour at a stress of 30 MPa.
Determine the stress remaining after one yearin the steel bolt. Take E=2 x 10°MPaand

constanin=73. .
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Solution :
Given data @
() Initial stress, 0, = 75 MPa
(i) Minimum creep rate, %i—" =B o"=2.8 x 10* m/m/hour
~ where ¢ = 30MPa
(i) Yeung’s Modulus, E=2x%10°MPa
(ivy Constantn=3
(v) t=1 year= 365 x 24 =8760 hours
(vi) b= ?, Relaxed stress, 6 =17
Tofind b |

We know that, - —2 =Bg"

Taking log on both sides,

de, \ .
log[f} =logB+nlogo

log (2.8 x 10-%) = log B +3 log 30
—-7.55 = log B +4.431
logB =-11.98~-12

B =10".
; 11 |
Relaxed stress, -U—n_T = —__GE“'” + BE (nf Dt
- i 1 o o
Substituting the values = = 556 +10"12x2x10°(3-1) 8760
1 ' *
= - 35040.000177 x 107 ,
cz- = :
© 35040107

o = 16.89 MPa

This means that the initial tightening stress of 75 MPa has cased (relaxed) to 16.89
MPa after a passage of onc year,
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