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Stages In the development of a fatigue
| crack

o | ey ]

2. Persistent

3. Intrusions
and extrusions
(surface
roughening)

" | slip bands 5. Stage 1 fatigue
crack growth

4. Stage | fatigue

crack growth
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i Cyclic slip

First cycle Many cycles later - cyclic hardening
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Cyclic stress-strain behavior

*Development of cell structures (hardening)
sIncrease in stress amplitude (under strain control)
*Break down of cell structure to form PSBs
Localization of dlip in PSBs

cyclic hardening  cyclic softening

/
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| Slip Band Formation

Cyclically hardened material

Extrusion

Cyclically hardened material

|ntrusion

Cyclically hardened material




Intrusions and extrusions

|ntrusions and
extrusions on the
surface of aNi
specimen




Inirusion

| Crack initiation

Fatigue crack initiation at an inclusion
Cyclic dip steps (PSB)

Fatigue crack initiation at a PSB



Cyclic Plastic Zone

(ry)i = Plastic Zone
at Cycle i

-—
— a—a—
— am—

(ro) = Plastic Zone
caused by
Overload

% T \
Qp

Shear band model



Stage | crack growth

be 4

individual grain

near - tip plastic zone

Stage | crack growth (r. < d)

Is strongly affected by dlip
characteristics, microstructure
dimensions, stress level, extent
of near tip plasticity
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| Stage Il crack growth

ship bands

fatigue crack

Stage Il crack growth (r,>> d)

Fatigue crack growing in
Plexiglas
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:l Source of knowldege

Theintrinsic fatigue
properties of the
component’s material are
determined using small,
smooth or cracked
Specimens.
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Laboratory fatigue test specimens

0 E
! [ =
A
|
Smooth / | /|
specimens i o =
! =
Crack growth T
SpeC| men A Compact tension specimen (CT):
\ et L H|
& i Ky = 1)
P
;
P
4 B ; 42 4.2 29(A3 s el
- f_E t w]'[ﬂ_H_Hr +"'“_“w’ 13.32G) +E ?”‘ﬁ”__ mw}“_l
L | A
E S

Thisinformation can be used to predict, to compute the answer to.......



| The three BIG fatigue guestions

1. Will acrack nucleate? 2. Will it grow? 3. How fast will it grow?
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| Crack nucleation

1. Will acrack nucleate? 2. will itgrow? 3. How fast will it grow?
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Cyclic behavior of materials

monotonic 0 ‘R

L b e, 0

Bauschinger effect:
monotonic and cyclic stress-

Fig. 1: Portranl of Johann Bauschinger, bo J 11 ' '
R A o Rage foih. o M stran different!



Cyclic Deformation

Hysteresis loops

; 3rd
1st reversal

(a) Fully annealed (b) Parti 140_-———7/’, =~
_ artially annealed Vi s {c) Cold worked
fj,f, — 0.0084 Ae = 0.0078 2030= p Ae = 0.0099
t = 8060 reversals 2N; = 4400 reversals 10&‘ 2N; = 2000 reversals
‘ 2nd, 4th
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| MODEL.: Cyclic stress-strain curve

I Ag o Cyclic stress-
\ strain curve
1/n'
| =Z(2)
E \K'

N

1/n'
A£=A_0+2(Mj
E 2K'

Hysteresis loops for different levels of applied strain
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350
MPa

MODEL

Cyclic o

Monotonic
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! ]

- (0.01 >

Monotonic

Cyclic
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Cydic
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7075-T6
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Monotonic

Cyclic

Monotonic

Man-Ten steel

|

|

. Cyclic stress-strain curve
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i MODEL USES
N\V\ (1)

N\

s Simulate local
cyclic stress-strain
behavior at a notch
root.

= May need to
iInclude cyclic
hardening and
softening behavior
and mean stress
relaxation effects.

Notched component
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stress

Planar and wavy slip materials

monotonic
cold-worked (cw)

—

cyclic

~ monotonic
annealed

plastic strain

Wavy dlip materias

stress

monotonic cw

m cyclic cw
/

cyclic annealed

monotonic
annealed

plastic strain

Planar dlip materials
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Concept of fatigue damage

Plastic Strain Amplitude / Fatigue Ductility Coefficient
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Plastic strains
cause the
accumulation
of “fatigue
damage.”
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MODEL.: Strain-life curve

A4
] \ %e
> destic arin amplic Fatigue test data
A& plastic strain ampltude from S[I‘al n-
: o B | controlled tests on
= k ...... / smooth specimens.
2 001 G T
N S «<— Elastic component of
........ 4. strain, Ag,
A
T~ Plastic component of
0001 — strain, Ae
10 16 16 16 P
Rever sals (2Nf)

/
ey = Deg+ Dy = OJ—Ef(sz)b +e (2N )
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Transition Fatigue Life

13

%
] T M tota strain ampltude
105 — ' 1 ] O elastic strain ampltude
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100 -

10

MODEL: Linear

cumulative damage

Miner's Rule of
Cumulative Fatigue
Damage is the best

and simplest tool
2,000,000 cycles available to estimate

. | ! the likelihood of
: fatigue failure under
L - —T —-| variableload

|
|
|
N: ~i | histories. Miner'srule
| Endurance hypothesizes that

|

|

|

|

Limit ' ) ]
fatigue failure will
occur when the sum

1104 s we w7 oOf the cycleratios
Fatigue Life (N, cycles) (ni/Ni) isequal to or
greater than 1
Z% >10 n; = Number of cycles experienced at a given stress or load level.
[

N; = Expected fatigue life at that stress or load level.
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| Mean stress effects

Effects the growth of (small) fatigue cracks.

Good!

Compressive mean stress
Zero mean stress
Tensile mean stress

log Ag/2

/ log 2N,

Bad!
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MODEL: Morrow’s mean stress
| correction

ZEero mean stress

Tensile mean stress

log 2N;

Ae O~

2 E

7m (2N ) +er (2N¢ )
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MODEL: Mean stress effects

Morrow

0.1

A;: of ‘EUm (2N ¢ )b+5lf (2N j )C

SWT -200 MPa

0.01 ¢
F Morrow -200 MPa
0.001 | Morrow +200 MPa 7\\\*~\::
i SWT +200MPa
0.0001 A M . c .
1E+02 1E+03 1E+04 1E+05 1E+06
Cycles
' 2
OmadE O 2b b+c -
s é (2N¢) " +ore (2N¢) Smith-Watson-Topper
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MODEL USES

19 A strain gage
| [ mounted in a high
D e stress region of a
D A plastic strain ampltude component
i J Indicates acyclic
E strain of 0.002. The
g, number of reversals
E to nucleate a crack
5 (2N,) isestimated to
be 86,000 or 43,000
cycles.
Y 86,000 reversals T
I <L
/ Reversals (2Nf) IO
Aet/:A£e+ A, =°J—E‘°(2Nf)b +e (2Ng ) I
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| The three BIG fatigue guestions

1. Will acrack nucleate? 2. Will it grow? 3. How fast will it grow?
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Stress (MN m™)

£ 20H)

+ 260
A,

Non-propagating cracks

Complete fracture

Mo cracks
formed

5

L]

t,-‘q_‘_—_'_'_'_“'—-—-—-_.___r-.

K,

—— o

Non-propagating cracks
formed at notch root

o Motched fatigue limit bascd on stress
to initiate crack at notch root

& Notched fatigue limit based on

complete fracture

10 15

Sharp notches
may nucleate
cracks but the
remote stress
may not be
large enough
to allow the
crack to leave
the notch
stressfield.

34



| Threshold Stress Intensity A=Y ASTm

AS
The forces driving a crack forward are T
related to the stress intensity factor e
2l
sl AISI 4340 (300-M) steel l
£ °r 0% At or below the
= | threshold value
2 e PN . of AK, the
L R=070  ~O == O—megpem—— a crack doesn'’t
! grow.
0 1 M |
1100 1500 2000 2300
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* MODEL: Non-propagating cracks

Endurance limit for smooth specimens

\
\
\
\
\
\

Failure

Stressrange, AS

Crack length
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Tensle-Shear
/ Spot Weld

Groove AK = ASVTa
Welded Butt Y(AFP/B
Joint AS AK‘E( N +AS“”aJ
- W -
AP=ASW

a —/ a /
_________________ initial crack length
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| MODEL USES

= Will the defect of
length a grow

: AS under the applied
stress range AS?
= = How sensitive
l should our NDT
techniques be to
1 ( AKthjz ensure safety?
Sh ~ 1 as
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| The three BIG fatigue guestions

1. Will acrack nucleate? 2. Will it grow? 3. How fast will it grow?
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| How fast will it grow???

Measuring Crack Growth - Everything we
know about crack growth begins herel

R!_ ) !
|
10
ii q? Cracks grow
-y - faster astheir
', —— length
INcreases.
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| MODEL: Paris Power Law

Growth of fatigue cracksis
correlated with the range in
stress intensity factor: AK.

AK =Y ASV ra
da

— = C(AK)"
dN ( )
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Fatigue fracture surface

Scanning electron
microscope image -
striations clearly visible

- _.‘I_ seoindany crack  lalicue stradions
m&l:rL:fa;Jm hf!l'!i..lrﬂ- ! il
e o -
A Schematic drawing of
. ’J1 a fatigue fracture

surface

crack paths 1-13
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(m/icycle)

da/dn

MODEL.: Crack growth rate versus AK

103

1077

108

109

1o~ 'O

10 1

REGION | | REGION 11
NON-CONTINUUM | CONTINUUM
BEHAVIOUR BEHAVIOUR

(striations) or
| transitition from non-
continuum behaviour

— large influence of:
® microstructure

* mean siress l :
®  environment with
| smali-to-large influence
[ of:

|- microstructure,
| depending on
the material

large influence of:

of environment,
mean stress and

Kc
| final
| failure

I
|
I
I
|
I
|

REGION 111

| “STATIC MODE"
BEHAVIOUR \
(cleavage, intergranular

|® certain combinations | and dimples)

large influence of:
®  microstructure

I
- | | [frequency ® mean stress
! | | ® thickness
1 . - .
THRESHOLOV | | litte influence of.
AKhy |
log AK

Crack growth
rate (da/dN) is
related to the
crack tip stress
field and isthus
strongly
correlated with
the range of
stress intensity
factor:

(AK=Y ASVra).

da
— =C(AK)"
. (AK)

Paris power law
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da/dN, Fatigue Crack Growth Rate, in./cycle

Crack Growth Data

10

1075

1077

107°

Martensitic
(Barsom)

1

(Barsom)

/ /
/ /
Il ! Ultra-high strength
/'—_ "
’l i  AIS! 4340 (Ritchie)
!

] ] ] 1 |

Ferritic-pearlitic

-

10 10
AK, Stress Intensity Range, ksivin

2

1073

1072

da/dN, mm/cycle

All ferritic-pearlitic,
that is, plain carbon
steel s behave about
the same
Irrespective of
strength or grain
Sizel
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25
S 40
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E
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k1]
=
£
: 025
a
=
2
2
e
]
= po0s

Crack growth rates of metals

BRIRL

Titanium

Alurminum

R =

Sresl

e AL alloy steel
e Mi-Mo-V alloy steel
& HP 8-4-25 alloy stesl

HEn

«7079-T6 aluminum alloy
#5456-H321 aluminum alloy-
aTi-6 Al-4V titanium alloy

| l l |I

30 80 180 600
AK ( MPa+/m )

fMncroacopsc growth rate (prmdeye.)

5

0.0%

LI Rl L Ll

s A53T allay s1ead

all-Mo-V alloy stesl

— &HP 8-4-25 alloy stesl
= 7079-TE aluminum alloy
sBARR-HIZ21 sluminum alloy
ATi=6 Al-4% fitanium alloy

| | |

2 E W' =2 5 1077

AKE Im)

The fatigue crack growth rates for Al and Ti are much more rapid than steel for

agiven AK. However, when normalized by Y oung’'s Modulus all metals exhibit
about the same behavior.
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| MODEL: Mean stresses (R ratio)

da CAK™

N~ (1-R)Ko-AK

Forman’ s equation which includes the

effects of mean stress.

da:CAKm
dN (1-R)”

Walker’ s equation which includes the

effect of mean stress.
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| PROBLEM: Variable load histories?
While some applications are | h ‘
actually constant amplitude, Mk h '
many or most applications l’M ﬁ ' 1N |
involve variable amplitude N’W-’N' 1'ﬂ~ M w{ﬁ Irﬂ
loads (VAL) or variable load ok ] '
histories (VLH). a
GUST LOADS (RANDDH{\

. WH % hm i“m‘w ‘H m IWM Aircraft load

w | | histories

I | GHDU.I"'!:’:)—-_M.‘-?- G.;“i‘;.-f:;iﬂ
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CRACK PROPAGATION RATE da/dn (m/CYCLE)

FIX: Root mean cube method

1078

108

(AKl ) nl 1 T T T T 3

AK = ]
n g

o o @ uu‘:" _:_

- —

oo o o a -

.5 o o

6‘-" n‘iag“! o -

- ﬂ,{:." 9
oo se .

afzed —

.?. 3

u@ﬁ’ o © CONSTANT AMPLITUDE, R = 0.1 LABORATORY AIR -

o P ¥o ® BLOCK PROGRAMME LANDING GEAR SPECTAUM, —
et o LABORATORY AIR -
80, 1 LOAD BLOCK .

e —n ]

60 ]

% MAXIMUM STRESS

INTENSITY FACTOR 40r =

20 ¢ -

| I | 1 L 1 1 | 1 | I
g 9 10 20 an 40 50 60 70 B0 90

ROOT MEAMN STRESS INTENSITY FACTOR RANGE AK (MPa+/m)
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PROBLEM: Overloads, under-loads?

40r T T =raamrs | |
mnﬂﬂ_ﬂ_m —~113MPa | i ~113 MPa
Um-nr_ 48 MPa | — 48 MPa

) e e [ R MP |
l ._
— 113 AP
<] _ﬂnn]humﬂmw_ o

CRACK LENGTH, a [(mm]

OCCURRENCE OF PEAK LOADS OR STRESSES ™

0 102 2102 3% 10° 4 10° 5 107
NUMBER OF CYCLES, n

Overloads retard crack growth, under-loads accelerate crack growth.
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| PROBLEM: Periodic overloads?

Wl —» 6
Effects of Periodic Overloads NUMBER OF CYELES. 1 -

SHORT

PERIOD | +

WJ\HJU].HI‘J\HWUUl”ﬂﬂlmﬂﬂfUlﬂﬂI —»

CRACK LENGTH

MUMBER OF CYCLES, n

|nfrequent overloads help, but more frequent may be even better. Too

frequent overloads very damaging.
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| FIX: MODEL for crack tip stress fields

Monotonic plastic zone size Stress
Cyclic plastic zone size @) . L
Load /(a) Crack A -
“zroo"‘
(b)
AT
Time Crack :‘“ )
_1 [K J e
y 2o
B\ oy

Ris2for (@) plane stress and 6 for (b)
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| MODEL.: Overload plastic zone size

Crack growth
Y foane, Zone retardation ceases
when the plastic
i | zone of ith cycle
(ro) = Plastic Zone
g\!:;s::ogy reaches the
boundary of the
prior overload

plastic zone.

stress and 6 for
plain strain.

Ris2for plane
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| MODEL.: Retarded crack growth

Wheder model

e

k.

Boundary of the

k
Plastic Zone of _ 2 I‘y
ith Cycle Touches B= — .

Overload Plastic
Zone

1£K
ry =
271\ Oys
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| Retarded crack growth

nﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂmmmwﬁnﬂﬂn —>»
Effects of Periodic Overloads g -
mﬂ\ﬂmmf‘ﬁﬂlﬂ.ﬂll{l”ﬂHJ‘J\ﬂﬂfUlﬂﬂI —>»

MUMBER OF CYCLES, n

|nfrequent overloads help, but more frequent may be even better. Too

frequent overloads very damaging.
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| PROBLEM: Periodic overloads?

Wl —» 6
Effects of Periodic Overloads NUMBER OF CYELES. 1 -

SHORT

PERIOD | +

WJ\HJU].HI‘J\HWUUl”ﬂﬂlmﬂﬂfUlﬂﬂI —»

CRACK LENGTH

MUMBER OF CYCLES, n

|nfrequent overloads help, but more frequent may be even better. Too

frequent overloads very damaging.
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| Sequence Effects

| ast one controls!

Compressive overloads

- accelerate cdrack growth by
K '\/\/\/\/) reducing roughness of fracture
. M surfaces.

time

Compressive followed by tensile
overloads...retardation!

da/dN

Tenslle followed by
compressive, little retardation
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Seqguence effects

o T T = [ =mwe | |
=113 MPa

—— 188 MPa ]
_. =
EI ﬂﬂ ”JU =113 MPa
_ — 48 MPa

20

CRACK LENGTH, a [(mm]

OCCURRENCE OF PEAK LOADS OR STRESSES ™

0 10 2410 3x102 4107 5. 102
MUMBER OF CYCLES, n

Overloads retard crack growth, under-loads accelerate crack growth.
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| PROBLEMS: Small Crack Growth?

N

Small cracks don’t behave like long cracks! Why?



PROBLEMS: Environment?

A. Dissolution of
crack tip.

B. Dissolution plus
H+ acceleration.

C. H+ accderation

D. Corrosion
products may retard
crack growth at low
AK.
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FIX: Crack closure

Crack
open

Sopen' ScI ose

Remote Stress, S

—

S

S
SSSSSNNNNES
SN S S
iR open’ clo
TS,
50505 5050505
CI OS€d AR

o

Remote Stress, S

Time, t

I+

]
el
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CAUSE: Plastic Wake

Wwake of Plasticaolily Plastic

Deformed Materigl 2one 3

Crack Face

A. Crack fully B. Crack fFaces C. Faces in Fuil
Open in Contact Contact

"o A

W

bt

= B8

b

C - -
Time

Short cracks can’'t do this so they behave differently!
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* “Effective” part of load history

| Damaging portion of loading histor

Opening load

Nondamaging portion of loading hist
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MODEL: Crack closure

Extrinsic Toughening
s

behind crack tip

Intrinsic Toughening

initiation of
cleavage
fracture

microvoid
coalescencea

ahead of crack tip

da
dn

22 C (AK)™(K o )IO

Extrinsic

\/ Intrinsic
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i Other sources of crack closure

Roughness induced
crack closure (RICC)

Oxide induced
crack closure (OICC)
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| MODEL: Crack closure

AK Siex = Smin 1-R

U=05+04R  (sometimes)

Plasticity induced crack closure (PICC)

A AL A" Crack tip positions

Plastic zones for
crack positions A...A”

Initial crack length m Plastic wake
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MODEL USE

- AK

¥
da L] |-I'I .'I
— =C(AK)"|
" dN III.- ! _,."
caabr T iy
I|II .-'I -'Ill ;
i II { ll J
i rl 'llll / /
I-II.II .I'II ]
I f o
L / r
IIl:.l __."I."f
A a
- _.-':." JIII..II.-.
/ J"Ill.l'll
."II R
i IIII [ 4
/ bof

effective

The use of the
effective stress
intensity factor
accounts for the
effects of mean
stress.
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MODEL USE

Use of AK 4

Crack closure at a
notch model.

| nformation about
U(a) becomesthe
“sticking point.”

-1
_raf da
N F = Ia (d_Nj da

%:::> 1. Initiation?
};.J"a“‘ 2. Growth?
|
|
L
|
| 3. Life?
.

K(3

Q|

U@)

'

Kol 3

Kth———

da da

-
|

1 f 2K eff( 9

Bilinear Paris Law
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| PROBLEM: Fully plastic conditions?

Correlate crack growth rate with strain intensity?

AK =E AeY (a)va

Correlate crack growth rate with values of the Jintegral ?

AK?=AJE=16Ac’a +

50A0°Ae , aE

1+n
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| PROBLEM: Fully plastic conditions?

Correlate crack growth rate with values of the crack
tip opening displacement (COD)?

COD
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