Il Fatigue Models

o S

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



i Outline

m Sources of knowledge

m Modeling
m Crack nucleation
m Non propagating cracks
m Crack growth
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: | Source of knowledge

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

Smooth /

JOLELE

specimens =
Crack growth =
SpECI men P Compact tension specimen (CT):
__P_ _a
\ &) Y Kl = BW%_ . f(W)
Z)‘a"‘l 8
7

P

a a ap A3 ¢ ocdya
(2+W)[0'886+4'64(W) — 13'32(W_) +14.72(W) 5.6(w) ]

f(3) =
W a3
1-)

This information can be used to predict, to compute the answer to.......
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i Outline

m Sources of knowledge

= Modeling

mCrack nucleation
m Non propagating cracks
m Crack growth
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i The three BIG fatigue questions

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

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

monotonic

Bauschinger effect:
e monotonic and cyclic stress-
Fig. 1: Portrait of Johann Bauschinger, born on June 11, Stra| n d| ffer ent|

1834, and died on November 25, 1893.
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Cyclic Deformation

Hysteresis |oops

1 3rd
1st reversal

(a)AFUEyoannealed (b) Partially annealed 1402—0__:7,‘2;;” (c) Cold worked
2, oot Ae =0.0078 20—F Ac = 0.0099
= reversals 2N, = 4400 reversals 104‘ 2N; = 2000 reversals
) 2nd, 4th
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T?e

i MODEL.: Cyclic stress-strain curve

:

7z

N

Cyclic stress-
N strain curve
e:i+% 9.1/”|
E &K'
e
1/n'
pe=D5 4, 205 &
E 2K'@

Hysteresis loops for different levels of applied strain

AM 11/03
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* MODEL USES
N\V\ S(1)

AM 11/03

N\

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

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

‘Notched component
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monotonic
cold-worked (cw)

7

stress

cyclic

7/~ monotonic
annealed

plastic strain

Wavy dlip materials

AM 11/03

stress

Planar and wavy slip materials

monotonic cw

| cyclic cw

cyclic annealed

—T1

—-—""—-.——‘-

i /——/— .
monotonic

I annealed

plastic strain

Planar dip materials
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thide / Fatigue Ductility Coefficient

Concept of fatigue damage

lf'l’_'_rl

1954 - Coffin and Manson

Materials ©

SAE 1045, Q&T
° 705 BHN
o 595
A 505
v 450
© 380
SAE 4142, QAT
e 670 BHN
* 560
A 475
¥ 45Q
* 380
SAE 4142, Def.
# 475 BHN
" 450
4 405
Ausformed H-1|
®x 655 BHN
18% Ni Maraging
+ 300ksi
¥ 250
¢ 200

Plastic strains
cause the
accumulation
of “fatigue
damage.”
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MODEL: Strain-life curve

Strain amplitude

D O dadlic gran ampltude

totd strain ampltude

A plagtic drain ampltude

Rever sals (2Nf)

S'f
E

(2Nf)° + e (2N )°

Fatigue test data
from strain-
controlled testson
smooth specimens.

Elastic component of
strain, ?e,

Plastic component of
strain, ?e,
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Transition Fatigue Life

15
K
5 1 total strain ampltude
10°r ' . .i ] O dlastic strain ampltude
% E(_)O-C . |:| A plastic strain ampltude
© —
4 O : 2
E 10 o 7] g
2 é‘
O 3 -
g 10°F E
— &
S
% 10°}
c
©
>~ 1 10 10 1
= 10F Reversals (2Nf)
Steels
1 B [ . .
35— 1 1 ! Trangition fatigue life, N,
500 700 : S - -
HB, Brinell Hardness Elastic strains = plastic strains
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100 -

MODEL.: Linear
cumulative damage

10 1

2,000,000 cycles

|
| | |
ri_>| :\I_ o _
| | T
|
Endurance
Limit

10 4 10 10 6

FatigueLife (N, cycles)

a
[

n;

Mi 5
N;

AM 11/03

107/

Miner's Rule of
Cumulative Fatigue
Damage isthe best
and simplest tool
avallable to estimate
the likelihood of
fatigue failure under
variable load
histories. Miner'srule
hypothesi zes that
fatigue failure will
occur when the sum
of the cycleratios
(n/N.) isequal to or
greater than 1

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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i Mean stress effects

Effects the growth of (small) fatigue cracks.

Good!

Compressive mean stress
Z€ero mean stress
Tensile mean stress

log ?¢e/2

/ log 2N;

AM 11/03 18
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MODEL: Morrow's mean stress
i correction

AM 11/03

ZEero mean stress

- Tenslle mean stress

log 2N;

Dezslf'

2 E

>m 2Ny ) +er (2N )
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MODEL: Mean stress effects

Morrow |22=21 'ES m (2Nf)b+e'f (2N¢)

0.1 2
0.01 L A
F 3
0.001 |
i SWT +200M Pz
0.0001 A
1E+02 1E+03 1E+04 1E+05 1E+06
Cycles
Sma" (2Nf) +s e (2|\|f)b+C Smith-WatsonTopper
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MODEL USES

14

total strain ampltude

D O dadtic strain ampltude

A plagtic strain ampltude

Strain amplitude

5
10

Rever sals (2Nf)

%(2Nf)b +ep (2N )

v 86,000 reversals

A strain gage
mounted in ahigh
stress region of a
component
Indicates acyclic
strain of 0.002. The
number of reversals
to nucleate a crack
(2N,) Is estimated to
be 86,000 or 43,000
cycles.

=
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i Outline

m Sources of knowledge
m Modelling
m Crack nucleation

mNon propagating cracks
m Crack growth

AM 11/03
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i The three BIG fatigue questions

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

AM 11/03 23



Non-propagating cracks

0 Sharp notches
T may nucleate
+150 - cracks but the
- remote stress
& +100 Complete fracture may not be
Z large enough
P to alow the
® a0l crack to leave
the notch
§ stress field.
&

24



i Threshold Stress Intensity oK =Y 55vpa

?S
Theforces driving a crack forward are T
related to the stress intensity factor w‘
sl AIS| 4340 (300-M) steel o l
£ 6F R =0.05
s | At or below the
Al threshold value
A 4 Of ?K, the
2| H=070 memmom o 9  crack doesn't
- grow.
0 ] 1 ] ]
1100 1500 2000 2300
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* MODEL: Non-propagating cracks

Endurance limit for smooth specimens

A Y
\
\
A
\
\

Failure 1aEDKth('_52

Stressrange, ?S
w,
th
Q

Crack length

AM 11/03
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Tensle-Shear

" SpotWeld

Groove DK = DSVpa
Welded Buitt _YaDP/B o -0
Joint “28ypa %
?2P=7?SW
W~ 8
a "/ a /
e initial crack length
cles, Np, Cycles, Np,
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i MODEL USES

= Will the defect of
length a grow
under the applied
stress range ?S7?

w\ = How sensitive

! should our NDT
techniques be to

ensure safety?
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i Outline

m Fatigue mechanisms
m Sources of knowledge

m Modelling
m Crack nucleation
m Non propagating cracks

mCrack growth

AM 11/03
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i The three BIG fatigue questions

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

AM 11/03 30



How fast will it grow???

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

DIAMETER = C

| Cracks grow
. faster as their
" length
INCcreases.

R L
=
€
+

. - i
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i MODEL: Paris Power Law

Growth of fatigue cracksis
correlated with the rangein
stress intensity factor: ?K.

DK =Y DSV pa
da

— =C(DK)"
-~ - COK)




Fatigue fracture surface

Scanning electron
microscope image -
striations clearly visible

¢ — secondary crack fatigue striations
macroscopic fracture : 2 7 e, i ;
et =

propagation
direV
q, T
n\.

crack paths 1-13

AM 11/03 33

Schematic drawing of
a fatigue fracture
surface




{micycle)

da/dn

MODEL: Crack growth rate versus ?K

107

103

10~

109

10 10

10~ "

REGION |1
NON-CONTINUUM
BEHAVIOUR

[ large influence of:
* microstructure
* mean stress
® pnvironment

| REGION 11

| conTINUUM
BEHAVIOUR
(striations) or

| transitition from non-
continuum behaviour
with

| small-to-large influence
of:

l ® microstructure,

| depending on

the material

large influence of:

KC

| final
ltziture

1
I
I
l
I
I
|

REGION 111

| “STATIC MODE"’
BEHAVIOUR \
I (cleavage, intergranular

|* certain combinations| and dimples)

of environment,
mean stress and

large influence of:
® microstructure

1
- 1 | frequency & mean stress
I I | & thickness
1 . . .
THRESHOLD) | | fn:eﬂ ;?rf:::::;rﬂt
log AK

AM 11/03

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

(?K=Y?Svpa).
da _ n
dN CBX)

Paris power law
34



Crack Growth Data

AK, MPa/m o o
0% B o102 All ferritic-pearlitic,
T that is, plain carbon
3 S . steel's behave about
5 1° the same
T | . irrespective of
3 g  strength or grain
§ (Barsom) - Barsom J10% = Sizel
E 3
5 107} ’ / ©
LL / !
z / /,'—— Ultra-high strength |
3 ] ! I AISI 4340 (Ritchie)
! ! ~107
10-9 t 1 | 1 1 |
1 10 102

AK, Stress Intensity Range, ksivin
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Crack growth rates of metals

YT T T[T 25 IR IR T4
- _
— — o A533 alloy steel —
o — aNi-Mo-V alloy steel -]
> 1.0 — — 1.0 |— aHP 9-4-25 alloy steel —
E Titanium _ - *7079-T6 aluminum alloy ]
= Steel g #5456-H321 aluminum alloy
® Aluminum ] ‘E ATi-6 Al-4V titanium alloy —]
© 3
£
s 025 - £ 025 —
> - 3 g
Q — = pu—
g o AG33 alloy steel — ; 7]
2 o Ni-Mo-V alloy steel —] e —
g 2 HP 9-4-25 alloy steel 4 8 _
2 «7079-T6 aluminum alloy S
0.05 — #5456-H321 aluminum alloy- = | —]
aTi-6 Al-4V titanium alloy 0.05
F Y
| | l l 1 | | | ° | | |
10 30 80 180 600 5 5 1% 2 5 10-3
AK ( MPay/m ) AK/E (V)

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

agiven ?K. 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 _ CDK™
dN (- R)K¢- DK

Forman’ s equation which includesthe
effects of mean stress.

da:CDKm
dN (- R)®

Walker’ s equation which includes the
effect of mean stress.
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i PROBLEM: Variable load histories?

While some applications are
actually constant amplitude, | |
many or most applications f) | N ﬂ*
involve variable amplitude ¢ W“ ”M th |
loads (VAL) or variable load

histories (VLH). h

GUST LOADS [RANDOM)

L

GROUND-A1R-GROUND
TRANSITION (DETERMINISTIC)
AM oo

Aircraft load
histories
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FIX: Root mean cube method

e — a (DKi ) n — —T—TT T
- DK = o ;
& " a n ° 9
o 1078 |- o o, —
> - - e @ o =
g - . e o o L -
E B I o 7]
A § * ol o
o B . 0.2 O
= prees ®
™ -Iﬂ--]'"_,_ a ﬂn&fi —
- E o o, ede # -
Y - oe -
= f Ol i
Z -
o ™ uﬂﬂ’ o O CONSTANT AMPLITUDE, R = 0.1, LABORATORY AIR
— h —— -
':( 108 — T it & HLOCK PROGRAMME LANDING GEAR SPECTRUM, —
g E LT LABORATORY AIR =
I - . ®ets o 80, 1 LOAD BLOCK .
o [ o« e, 2 ® e — 7]
5 s =" eol
- . .
% 9 % MA X IMUM STRESS
o L INTENSITY FACTOR 40 -
& - 20} i
10710 L 1 Lo ] 1 1 1 1 B
L7 6 7 8 9 10 20 an 40 &0 60 70 80 90

ROOT MEAMN STRESS INTENSITY FACTOR RANGE AK ., (MPa~/m)

AM 11/03
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PROBLEM: Overloads, under-loads?

40y

E 20
T
r_
@
=
(FF]
-~ 10
e
<
i )
Ly

[ —188 MPa |
=TI I3 MPa

——————e 188 MPa |
4 -
< om W s e
. — 48 MPa

OCCURRENCE OF PEAK LOADS OR STRESSES ™|

e

2107 Ix10°
NUMBER OF CYCLES, n

4+ 10° 5107

Overloads retard crack growth, under-loads accelerate crack growth.

AM 11/03
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PROBLEM: Periodic overloads?

.

LONG PERIOD
I /
- T ¢
)

mﬂﬂﬂnnmmmmmmm%ﬂﬂnﬂ —» i
g e FE TARDATIONS DUE
0 TO OVERLOADS
Effects of Periodic Overloads oM Or et
SHORT
PERIOD +

nﬂJ'\mmmdhﬂ.mmﬂﬂmuthuw —>

CRACK LENGTH, a

-

MUMBER OF CYCLES, n

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

frequent overloads very damaging.
AM 11/03



i FIX: MODEL for crack tip stress fields

Monotonic plastic zone size Stress
Cyclic plastic zone size @ R
Load /(a) ”
(b)
Time
&K q ‘.—_—-00
y éﬁ 2r, —
bp & yg %

Ris2for (a) plane stress and 6 for (b)

AM 11/03 42



i MODEL.: Overload plastic zone size

ma amun

(ry)i= Plastic Zone
at Cycle i

(ro) = Plastic Zone
caused by
Overload

AM 11/03

1 ¥ 9
ry = és H
bp y @

Crack growth
retardation ceases
when the plastic
zone of ith cycle
reaches the
boundary of the
prior overload
plastic zone.

3is2for plane
stress and 6 for
plain strain.
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i MODEL: Retarded crack growth

Whed e moddl

&da O aeda o)

SN s &N s

(fy)i
' 2 o)
Plastic Zone of _ 2T -
ith Cycle Touches b = g_\/__
Boundary of the dp- aj g
Overload Plastic
Zone
1 ey O
i és
2P &S ys ﬂ

AM 11/03



Retarded crack growth

LONG PERIOD ’.{ I'y
mﬂﬂﬂnnmmmmmmm%ﬂﬂnﬂ —» i
g e FE TARDATIONS DUE
0 TO OVERLOADS
Effects of Periodic Overloads oM Or et
SHORT
PERIOD 4

nﬂJ'\mmmdhﬂ.mmﬂﬂmuthuw —>

CRACK LENGTH, a

-

MUMBER OF CYCLES, n

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

frequent overloads very damaging.
AM 11/03



PROBLEM: Periodic overloads?

.

LONG PERIOD
I /
- T ¢
)

mﬂﬂﬂnnmmmmmmm%ﬂﬂnﬂ —» i
g e FE TARDATIONS DUE
0 TO OVERLOADS
Effects of Periodic Overloads oM Or et
SHORT
PERIOD +

nﬂJ'\mmmdhﬂ.mmﬂﬂmuthuw —>

CRACK LENGTH, a

-

MUMBER OF CYCLES, n

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

frequent overloads very damaging.
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i Sequence Effects

da/dN

v/l

AM 11/03

time

| ast one controls!

Compressive overloads
accelerate cdrack growth by
reducing roughness of fracture
surfaces.

Compressive followed by tensile
overloads...retardation!

Tensile followed by
compressive, little retardation

47



Sequence effects

40y

[
=

E
£
m
T
||_
a
=
L
-
W
]
o
o
Ly

1 ] =188 MPa | |
=113 MPa

——————e 188 MPa |
4 -
<l om W s
) — 8 MPa

OCCURRENCE OF PEAK LOADS OR STRESSES ™|

e

102 22102 3% 10° 4% 107 5107
NUMBER OF CYCLES, n

Overloads retard crack growth, under-loads accelerate crack growth.

AM 11/03
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i PROBLEMS: Small Crack Growth?

N

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

AM 11/03



PROBLEMS: Environment?

A. Dissolution of
crack tip.

B. Dissolution plus
H+ acceleration.

log &K

C. H+ accderation

D. Corrosion
products may retard
crack growth at low
?K.

log AK log AK

AIVIE L1L/VO



FIX: Crack closure

s ., S=S,.
@‘ _ _ _ . _ _ Smzao<
Crack 7 \/\/\[E_ / _ Sy St
Open § \“J{ —
Time, t
S A
S=0
‘% L B _ _ S
Crack 7 \/\\/\/\/ Sepens Sotoce
closed 5 VA" —
Time, t

1 Pasticwake ? _ Newplasticdeformation
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CAUSE: Plastic Wake

Wake of Plasticalily Plastic

Deformed Material Zone —.
Crack Face J

A. Crack fully B. Crack Faces C. Faces in fuil
Open in Contact Contact

"o A

wn

bt

= B8

o

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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bridgin
ﬁbngarsg

[/

MODEL: Crack closure

Extrinsic Toughening

Intrinsic Toughening

interlocking
grains

behind crack tip

AM 11/03

initiation of
cleavage
fracture

microvoid .
coalescence

ahead of 'crack tip

da

dn

/\

-C (DK)m(K max)p Eth’inSiC

\/ Intrinsic
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i Other sources of crack closure

Roughness induced
crack closure (RICC)

Oxide induced
crack closure (OICC)

AM 11/03 95



i MODEL: Crack closure

DK Srax - 1 & 0
2K,=U?K| U = =& = 7= Sopen _ g-hﬂ
LK Smax ™ Shin 1- Re S,x«4

U»05+0.4R  (sometimes)

Plasticity induced crack closure (PICC)

A, AL A" Crack tip positions

Plastic zones for
crack positions A...A”

N\

Initial crack length o Plastic wake
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MODEL USE: ?K
The use of the

— E— _ effective stress

Intensity factor

accounts for the
effects of mean

Stress.

effective

—— i —— =033
------------ R =025
R=0

—_— — —— — R=-025
- | —r——r—nr=-05

| Aoy = AKI0.55 +0.35R + 0. 1R?)

AK g (MPa~/m)
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